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1. This stnndardizmion handbook W)asdeveloped b! the Field %fcIy Activily of the US Army Mawr+!

Command with the assistance of other orgnnizntions within the Department of the Army.

2. This document supplements department manuals. dircctivcs, milimry standards. etc.. and provides

information on the design of mfc polyphasc clectricnl systems.
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FOREWORD

The primary purpose of !his handbook is m improw
the safely of polyphasc dectrical. systems and cOmP+
ncrm by nddmssing the msocimcd risks and hnzards
and by offering solutions for eliminating or reducing
them. To fncilimte its use. the hmdbook is divided into
IWO nmjor pmtx (I) gcncnd safety considcmi ions pre-
sented in Chapters 2 nnd 3 tmd (2) design safety for
specific items of clcctricnl equipment prcscn!ed in
Chapters 4 through 8. Funhcrtrmc. the chapters con-
form to the following smndnrdizcd formnt to nssisI the
rmdcr introduction. induced environment. hazards. dc-
fign considerations. compmibiliiy mnd imcropemi?ili[y:

ii

!6( critcrin for design and item xcepmnce. nnd opcm-
ti.mml premulions. The hmdbook content. although
brood. is sufficicndy specific to mtisfy the needs of the
design engineer. snfcty mnnngcr. s~fcty engineer. nnd
equipment user.

This handbook was dewloped under !hc auspices of
the Army Mmcricl Com!mmdk Engineering Des@ Hmd-
book Program. which is under the direc!ion of [he US
Army Mmmgcmcnt Engineering College. The hmdbook
wns written by the Research Tri~nglc Institute under
Contnxt No. DAAA08-80-C4247.
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DESIGN CONSIDERATIONS ..... .... ..... .... .... ... .. ..... ... ... ..... ... ... ... ..... .... ... ... .... .... ... .... ..... .. .... .... ..
COMPATIBILITY AND lNTEROPERABILITY ... ... ... ..... .... ... .... .... ... ... .... .... .... ... .... ... .... ... ..... ..

Tmn.sfonncr .... ... ... .... ..... .... ... .... ... .... ... .... ... .... ... .. ...... ... ... ..... .... .... ... ... ..... .. .. ... .... ... ... ..... ... .........
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—- —--—--- -. —-.-—
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CHAPTER 1

INTRODUCTION

This handbook wasprepared to icfen[{~v and discuss dwse design aspects of polvphme systems thaI impucf

the safety ofpersonnel and equipment. In this introductory chapter the scope of the handbook is defined in

terms of the equipment covered—i.e.. electriccds.wems that generate. dismibute. and usepolyphase electrical

power-and in terms of the type of information included. i.e.. only those design issues IliaI afiecf saJeo are
discussed. De.nirions and descriptions of the components and conjigurotions of SWernS are included IO

illustrate t.vpes of ●quipment and to imroduce the terminology usedfor those s.vs:ems. Finallv. the organiza-

tion of the handbook is described ond e.ramples illustrating suggwed application of it are given.

i-O LIST OF SYMBOLS

n = numkr of phases. dimensionless

V* = vollngc bctwccn adjmcnt Iincs orckcd according
10 phnsc, V

V- = vohngc bctwccn any line nnd ncutcrd. V

l-l PURPOSE
The purpose of this handbook is to provide tcchnicnl

guidance for those nspccts of the design of polyphnsc (two
or more pbnsss) electrical systems nnd components thm
nffcct the snfety of pcmonncl and equipment. Design
information is given for femur-m that. if designed prop-
erly, will minimize the risk of an accident. Technical
femurs tbnt nffcct system pcrformnnce. cfllcicncy. or
convenience arc not discussed unless these fenturcs nffcct
!hc safety of pccsonnci or equipment.

~Is hrmdbook is imc.nded IOfill the gnp txtwcn rcfer-
encc texts on system safely nnd Iexts on clcctricrd sysm.m
engineering but is not intended us n rcpktcemem for
either. It supplements system mfety mrmwds by providing
technicol in forcmnion spccilic to clccwimd system snfcly,
Thii information includes identification of hnznrds in
c!cctrical sysmns and prcc~utionmy mmsurcs that elimi-
nate the hnmrds or rcdum ihe risk nssuciatcd with !bcm.
Thii hnndbook nfso nugmems tcchniml power systcm
hnndbooks by providing n discussion of safc!y-rclntcd
design considermions for power sywems. The power sys-
tem designer en” usc this hnndbook to flng sys!cm consid-
erations tbnt must bc mkcn into nccount in tbc design and
can find tcchnicd guidmwc on the nppropcintc mctbod of
implementing lbc required design fmtuccs.

I-2 SCOPE

1-2.1 SYSTEMS COVERED IN THIS
HANDBOOK

Ccwcrcd in this hnndbook arc polyphasc electrical sys-
tcrmuscd by!be US Army rhntcithcr moybcponmcd
continuously by nn engkdrib,gn-gcncmtor sa or powered

by o backup cnginedrivcn-gcncrnmr set. which supplies
power when [be primmy supply is disabled. The typical
polyphmcsyncm used bythchny hmccnainchmnacns ‘k

1. Alternating current (AC)
2. Power capacity up to 750 kVA
3. Polyphnsc-usunlly J phnscs
4. tim voltngcs of 120. 240, 22C0, or 2400 Vnc

between nny phase and ground (208.416. 3800.or4160
Vnc bawcen phnscs)

5. Tncticd systems or backup systems used for stm-
tegic equipment. e.g., communicmion fncililics. or
hospimls.

Thk himdbook covers clcctricd system components
nnd interconnections from [he power source through the
distribution system m those end-items Ihn! arc conmcted
dircmly to tbmc-phnsc systems. The power sources cowcml
nrc primmily the cnginedri~,cn-gcnemtor set including
the prime mover (imemnl combustion engine or turbine)
ond tbc gcncrmors driven by them. In nddi! ion. the in!cr-
fncc with permmmm utili!y systems is discussed tkmg
with wnnsfer switching npp~mtus to provide infocmntion
pcninent to those systems thm usc cnginedrivcn-gcncm-
tor sets as n backup power system. Also di.ccusscd arc tbc
safety aspects of those end-items tbm tuc conncctcd
directly to the polyphnse system. These componcms
include large motors. strip hcmers. and communicmions
equipment. The trnnsformcrs thm ccmvcn the polyphnsc
power to one or more single-pbnse circuiu arc dso dis-
cussed ns m end-item. ,Not discussed m end-i!cms twc the
wiring or Iotis associated with the single-phase circuits
connected to the tmnsformcr secondmy.

1-2.2 TECHNfCAL DATA INCLUDED IN “
HANDBOOK

As smtcd in the pm. I-1, !he purpose of this htmdbook
is to provide technical guidmwc for !hc design of poly-
pbasc systems nnd components tba ~fkm.$ tbe safety of
personnel and equipment. For this rczson only design
fcomre? [ho! affect snfcty wc discussed in this bmdbook.

——. . . l-l ____
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Those femum that ~ffect only system pcrformnncc and
do not impact safety arc not discussed since !hcy me
covered extensively in the numerous design hnndbooks
on clccwicd power sysmns.

M lL-STD-882 (Ref. 1) requires thnt htmmds. cspe-
cinlly those inmlving cmnstrophic or criticnl risks. shall
& reduad through design selection or reduced by
~pproprime w~ming devices.

If the hazard cmmm be climinntcd or the risk cmmot be
reduced wi!h wnming devices. opemtiond procedures
and pmonncl training must be used to minimize the
hnznrd. Therefore. system operation nnd mnintennncc
manuals must discuss [he proper prtiduru for safe
opcrmion of the system. tmd opcmtors and mnin!cnnncc
personnel musi be tmincd in !hosc procedures. For this
rmson operation and mnintennn= promdums that hnw
safety implicrmions me discussed M well. Procedures dis-
cussed me those that have an inhcrmu hnznrd m person-
nel m the time the procedure is performed md those
procedures thnt. if improperly performed. mny prccipi-
truc unmfe conditions !hrm rcmnin after the proccdum hm
been completed. The intent is no! m include dcmilcd
procedures in thu hrmdbook but mthcr to describe pmc-
tices thn: must be incorporated in procedures and the
mlionnle behind them.

I-3 DESCRIPTION OF POLYPHASE
SYSTEMS

1-3.1 DEFINITION OF POLYPHASE
SYSTE,MS

Electric power consisting of nltcrnnting voltngcs and
currents is tmnsmitted from one Iocmion to another using
one of the system configurations shown in Fig. I-1. In
these di~grnms. trrmsformcrs me used to illustmlc n pos-
sible driving source for each configuration. and only [he
secondmy connections of the trnnsformcm nrc shown.
The grounding points shown represent commonly cn-
countemd grounding schemes. Other schemes arc used.
and grounding considemtions me discussed in pnr. 3-
3.3.The three configurations shown arc described in the
following pmgmphx

1. Sing/e-P/free. The simplest of m AC elcctricd
distribution system. the single-phnse-shown in Fig. I-
l(A)-comists of n single wire m supply power to the load
and n raurn wire (usuidly grounded at the gcncmmr or
primnry tmnsformer) to complete the circuit. This con-
Iigumtion u dcsigncucd by 16-2W. which mmm one
phnsc. two wire. d is the symbol for pbnsc.”

2. Split-Phase. [n n split-phnse system—shown in
Fig. I-1 (B)—power is supplied from two equul voltage
sources (two windings on n tmnsformcr) connected to n

Whe wire count indkmed by (he nomtion ‘1 +2\V- dca not
include the ground conncctoc conseqmmly. n konductor
cable will k required to supply power in n l&2\V system. The
same is true wknevcr designating wiring. i.e.. include the
ground wire as part ofthc wire ccmm. For exnmplc. con figurrv
tions such as 3&3W and Jew require 4- and ~Onductor
mble. respectively.

common neutml. which is uswdly grounded. The two
sources have equnl vol!nge OUIPUI.S.which nre opposite in
the polmil y ( IE04eg ph=c difference). The splh-phm.c
system will deliver n specified power more efficiently then
n single-phnsc system if Ihc load is divided bcwvccn [he
two lines. This increase in efficiency is due m n reduction
in losses in the common raurn line mising from the
pnninl or total cnnccllntion of the out-of-phase rc!urn
currents from c~ch of !he loads. Spli!-phnsc systems arc
dcsignntcd us 1.f.-3\V for one phase. lhrec wire.

3. PO/YphUm S.wcm. The !crm “polyph~.. means
many phns= and us most popular mound the turn of the
century when phnsc networks were considered in limitless
dimensions. However. this very quickly gnve wny to
!hrm-phase sys!cms bw.ed on cfficicncf and prn.ctictiity.
T?ICIerm “poiyphmc” ~ivcs rmher limited usc in mod-
ern tcchnicnl Iuermum. The term is used in this hmdbook
IISn mn!ter of thoroughness since the sdcty considcr~-
tions would apply to networks of more thnn three phmcs
and m help clmify the reaming of this infrequency used
term. In n polyphnse system—shown in Fig. i- I(C)—
power is delivered m n load over three or more lines with
or without o common return. The voltngc on the lines is
the snmc wi[h respect too common ncutrd. Hou,ct.cr. the
phase of tbe volmge on nny line is different from the phase
of each of the other Iincs. For ihe most common threc-
phnsc configuration. Ihe phnsc on onc Iinc differs by 120
dcg from each of the other IWO.

Polyphnsc systems hnw cermin chnraacrimics !htn dif-
fcrcminte them from single-phmc systemx

1. Voknges arc present that hnve a phrtsc relationship
o!hcr thnn O dcg (in phmc) or 180 dcg (out of phnsc).

2. AI nny instnm. some volmge is present on m lens
two lines of n polyphnse system. nnd power is being
deliw’cd to the load continuously. In the single-or split-
phnse systems the voltnge on RII lines simultaneously
diminishes to zero during the poluity rcverml. which
occurs lwicc during each cycle of the line frequency.

3. When the Iinesnreordcred in thcscquencc of their
phnsc, the vol:oge Imwccn ~djrtmnt lines and the volmge
between [he Iimt nnd last Iinc.stwccquol. Also [he ~,olt~ge
nmong nkl lines tmd the common ncutml uc eqwd.

The rel~tionship be!wecn !he line-m-line nnd the linc-
to-nmnml voltages is

Vd = vm{2(l – Cos ()360 ~m, “
y] (l-1)

where
% = ~.oltn~ between ndjncem lines ordered IICCOrd-

ing to phnsc. V
V- = volmge bcovccn any Iinc nnd ncutml. V

n = number of phases. dimensionless.

For the most common system. three-phnse. Eq. I- I
becomes

VA = 1.732 Van. V. ( 1-2)

—. ——
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1-3.1.1 System Components
A di~grnm of n power system of the tYPCgenerally used

by [he Army in the field is shown in Fig. 1-2. The system
shown in thB figure incorporates mnny of the compo-
ncms thm cm be used in polyphasc electrical sys!ems
centered mound engined riven-gencrntor sets. Fig. I-2 is
included m illustrme the typical interconnection of the
components to be discussed in Ibis handbook ond the
function of tbosc components in the system. Howewr,
when comigwcd properly, the components mny bc used
for other nppiicmioas w well. (For exnmplc, switchgcnr,
used in this contigtwmion for selecting the source of
power. may nfso be ascd for isoln!ing circuits for mninte-
nnncc or controlling the power to Inrge Ionds. ) The vnr-
ious components shown me discussed in [he pnrngmphs
thm follow.

1-3.1.1.1 Engine-Driven-Genemtor Set
The cngincdrivcn-gencrmor set consists of an internnl

combustion or turbine engine whose romting shrift output

is used to drive nn aftr.rnmor or genermor to produce
clccwici!y. In (his hnndbook only those systems that
generate thrse-pha.sc power we discussed, dlhough there
am single-phnse unils with output cmp~citics as low U, 500
W thnt arc nvnilablc in the Army inventory.

1-3.1.1.2 Distribution System
The distribution system is nn cncompnssing term for

tbe collection of cnbling tmd components, wbicb tnms-
pon the clecwicnl power from the source or poim of
generation m the uhimme lotsd. Dkuibution systems mr
somc!imcs diffcmmintcd by the lc~,el of volmge they con-
duct within n system. Distribution of power is usunlly
more efficient w higher volmges bemuse of tbc lower
currcm and consequent lower line losses. Howew~. since
tbc line ultimately must feed end-items requiring lower
voltngcs, tbc distribution system is sometimes divided
into two section% n primmy distribution system thm dis-
tributes tbc power over significant di.stnnccs to trans-
formers Iocmcd near tbc end-items to k powered by the
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system and n secondnry distribution system tbm distrib.
utcs the low voltage power from the transformer to
ncnrby loads. A discussion of the components tbnt may be
used in the distribution system follows.

1-3.1 .1.2.1 Tmnsmission Lines
Tmnsmission lines art the czbling thru connects the

power source to tbc loads located some distance away.
Tmnsmisskn lines mny be buried. mounted on poles
(nmid), or Inid along the surfnm of the ground.

1-3.1 .1.2.2 BUS Bnrs
Bus b~m me a se! of rigid conductors used within

enclosures to distribute power to various components or
mounted in rrucwnys m distribute potvcr within build-
ings. Bus bar di.nri bution systems arc u.suqlly configured
so thm external connections me ensily mnde by bolting.
clamping, or otherwise attaching conductors or connect-
ing devices to the bus bins. Therefore. bus bms arc com-
monly used in bigh<urrent distribution systems confined
to smnll mea or in distribution systems tbnt must be
modilicd frequently to accommodate changes in loads or
conllgurations.

I-3. I.I.2J Distribution Tmnsformem

Distribution tmnsformcm arc used m tmnsform the
vo[tngc level of tbe distribution network m n higbcr or
lower volmge. The trtmsl%rmcr may be used to transform
the generator output to tbc high voltage for transmission
with minimid losses nnd back to low voltngc for consump-
tion III the loud.

1-3. I. I.2.4 Switching Systems
Switching components used in polyphasc systems PCr-

form tbc same function as switches in any system. i.e., the
convenient making or brmking of tbc continuity of n
conductor pab. In polyphnsc systems vmious types of
switchgcnr arc used for !hc following purposm

1. Disconnection of sections of transmission iincs for
mnimenrmce

2. Isolmion of sections of tnmsmklon line to remove
ground fnults (conductor shorted m ground) and to nllow
rcstormion of power to rcmnindcr of system

3. Removal of power from end-items or systems
4. Swi!cbing between sources of power.

Switchgem is used in n wide variety of forms within
polyphi.mc systems. Some of !hcsc forms include bigb-
c~p~cily switching sys!cms capable of opcrntin8 under
full-load conditions tmd Iightduty switches used [o
recotilgum II distribution system tbnt mus! be opernted
wbcn fitile or no loti current is flowing. ALSOincluded in
the definition of switchgcrm arc the m!tomntic switches
with powered controls tb.nt rtrc used for circuit protection
or for extinguishing nrcs.

1-3.1 .1.2.5 Protective Devices
Protective devices used in distribution systems include

devices thm prwent cxccssivc current in conductors. e.g..
fuses or circuit brcukcm. or imermpt power during ovcr-
or undcrvolmgc conditions. Fuses and circuit brcnks

Iypicdly MC used where power enters nn elccwicnl cable
nnd nrc sized to prevent current flow grcmer lhnn that
which cm flow snfcly through the c~ble. Ck’cuit brmkcrs
mny nfso be used with volmge sensing (instead ofcurrcm
sensing) m interrupt power to n cri!icd load wbcn vol!ngc
rises (or fmlls) to lc~.cls that could cnusc danmge or with
current imbnlnnce sensing m remow hazardous voltages
when snmll Ienkoge currents ~rc detected (ground fnuh
circuit interrupters (G FCI)). Fhmlly. ~ crowbw configu-
mtion mny be used to trip ovcrcurrm devicu by inducing
n line-to-ground frudt when m unsafe condition is
dcwctcd.

1-3.1.13 End-Items
In [his bandbook. end-items refer to pieces of cquip-

mcm tbnt nrc powered from o polyphrtsc source. which
usually implies those loads thn! require more than one
kW of power. Common end-items include Inrge mom%.,
beaters. high-powered communicmion equipment. indus-
wird nppnrnIus-c.&, welding and mctnkworking quip-
mcm-nnd ,X-my quipmcnt.

1-3.1.2 System COnligumtiOns I

Presented in this pnmgmph am the vm’ious mewu of
classifying polypbnse systems nccording 10 system topol-
ogy. cnp~city, and app[icmion. These clmsiiicztions nrc
prescmed to define the terminology used botb in industry
and tbroughou! this bnndbook.

1-3.1.2.1 System Topology
The usual configurations used for polyphnsc systems”

me shown in Fig. I-3 nlong with the terminology used [o
idcmify !hc various lines used. Tbc wye or “Y-co ntigum-
tion shown in Fig. 1-3(A) is the most common contigum-
tion for n power source bccnusc the grounded ncutmf
insure.! that the voltngc with rc.spca 10ground of each line
is the mme and. therefore. [he mnximum vo[tngc to
ground is tbc lowest nch!evnblc. The del!n or “A”configu -
rntion shown in Fig. I-3(B) is commonly used for Ionds in
which the voltage rclmionship between the lines nnd
ground nrc csmblished elsetvhcrc. e.g., m the source.
Other conligumtion.s m-c sometimes used. such a the
dclt~ with one line grounded ns shown in Fig. 1-3(C). Tbii
configumtion has two lines with ~ volmge wi~b IESIYXIto
ground. which is 1.732 times !he line-m-neutral vohngc of
the wyc conligumtion.

Electrical systems powered by engincdtit.cn-gcncmtor
sets used by !be Army in Ihe field NC gcnernlly single or
split phase for power Iewls below 3k\V. Systems powered
by Imgcr generators wc usmdly tbrcc-phnsc. four-wire
sys!ems but may tx three-wire systems if only dclm-
connccted Ionds me used.

1-3.1 .2.2 Electrical Pnrnmeters
The clcctricrd syslcms ~rc ~lso cln.ssiticd according to

the pmnmctcrs [hm dcscribc the power thm cm bc sup-
plied by tbcm. These clcctricd pm~mctcrs include

1. lIoltaKe. TtIc volmgc may be cilher line-to-line or
line-m-ground.

.— I-5
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2. Currem. maximum. This is the mnximum current
that can be delivered by the syswm.

3. Prover. maximum. This k the mnximum power
thm cm be delivered hy the system. determined by the
vohagc nnd current.

4. Frequency. The frcq ucncy ih m is nssocint cd wit h
the sinusoidd line Voltnfic and curmm.

An cnginedrivcn-gencrntor se! powered elccwicd sys-
tem used by the Army gcncrnlly opcmtes m linc-to-
ncmnd volmgcs of [20 V (20S V line-to-line) wi!h an
opemting frequency of do Hz Systems powered by high-
c~pncity gcncrnmrs (750 kW) may opemtc m 2400 V
line-to-neutral (4 IW V line-m-line) using transformers to
convcn these volmge levels to the 120-V or 208-V levels
required by typictd loads. The power capacity (rind thcm-
fore current) depends on the gcnemtors. which range in
c~pncity from 1.5 kW up m 750 k\V. used to power the
system.

1-3.1.2.3 Standby vs Primary Power Systems
Poiypbnsc sysmns arc nlso classified by [heir rcliobility

requirements. The source of power for polyphme systems
is usunlly the commercial utility system, which in the
United SUMCSbrts few outngu per ycm. If no power
oumgcs cm be Iolerntcd. the primm’y system k nug-
mcmed by IIbackup system that supplies power to critical
loads when the primwy system fnils. These sys!cms me
chmnctcrizcd by the following four pnmmcwrs ( Ref. 2):

1. Type. ‘Ilk pnrumcter-nlso culled “mlcrnnce
duration of power fnhe”-rcfcm to the maximum dum-
ticm of n power omngc that am be tolermcd. which. in [he
case of n bnckup system. refers to the nllownblc time
between the onset of ~ power omnge rmd the time the
backup system must begin to supply power.

2. CIRJS. Clnss, also cnkd “recommended auxiliary
supply time”. is the maximum length of time the bnckup
power source must continuously supply power.

3. Cmegor.v. This pmnmeter refers to the nature Of
the backup power source. CtneEory A sources me those
cnpable of beginning opcrm ion immedin!cly, e.g.. bntmy-
powcmd or incninl systems, wherens Cmcgory B systems
arc engine-powered UNI.Ythm require ~ ccrmin period of
time to begin opcmtion.

4. level. bvel is the rclmive imporwmm of mninmin-
ing power. Level I systems am those systems wbcrc loss of
power would result in loss of life or serious inju~ there-
fore. nn immedin!c smndby is requkcd. In Level 2 systems
the conscqucnccs of loss of power me ktcrmedke. but
tbc use of n sumdby systcm k still Iegnlly rcqukcd. In n
Level 3 system the 10SSof power would not jcopnrdizc t he
life or health of personnel. but nn uninterrupted supply of
power is required bemuse of economic or convenience
reasons.

Army systems may opcrmc with n primary gcncrntor or
with n “bet”, “warm”. or “cold- sumdby genermor. A
“hot” sumdby k opcrmhg and providing power to n
dummy load. n ‘wnrm-cngincdrivcn-gc ncrmor set is onc
thm employs ~uxili~~ hcming devices to m~inmin clc-
vmed engine tcmpcmturcs so the engine may be started
quickly. tmd o “cold” stnndby is ~ generator thm mum be
stinted m rcpk!cc the primnry-gcncmmr on-line.

1-3.2 EQUIPMENT POWERED BY
POLYPHASE SYSTEMS

1-3.2. ! Introduction
Equipment may be powered from a [hree-phnsc prover

source cirhcr bccnusc the equipment itself justifies the
insmllntion of n three-phme power source or bemuse the
quipmcn! is operated from o three-phnsc source installed
to operate mother power source lowed ncnrby. The
fcmurcs of three-phase power thot justify its usc with
mrmintypes ofequipmcnt include

1. Eflcienl Prover Transmission. Lines Iosscs m less
with polyphnsc power than with single-phwc power
sources.

2. Continuous Supply of POwcr. Akhough power
from nsingle-phnsc supply diminishcstozero~! least
twice during each power line CYC!C.the totnk power from
dl lines of n bnlnnced three-phn.sc system does MI( cbnnge
with time. (Imbtdtmccd loads will introduce n cyclic varin-
!ionin the power delivered.)

3. Eflcien: MoIor Operalion. .&imors Opcmted from
polyphnse power draw Iou.ersmningcummts nnd run
more efficiently than similnrly constructed motors
powered by n single-phnsc supply.

Equipment tbm is opcrmed from polyph= systems
tYP~lly has one or more of the following chzwnctcrist ia.
which allow it m use advantageously the femmes of threc-
phosc pOUeC

i. High-Power Loads. Three-phase power is usunlly
used where [be snvings from incrensed efficiency offset the
cm! of !he ndditionnl complexity of thcgcncrming nnd
distribution system. The swings realized me proponiomd
to the power consumed by [he lo~d. Consequently, !hrcc-
phnsc Ionds arc U5Ull[1ythose thm dmw high pO~er.

2. Physically hrge Electrical Equipmem. Polyphmc
cquipmem. bemuse of it.! high-power c~pnbility. tends m
be Inrgc. AISOthe Iwge multiwirc interconnections ncccs-
snry for polyphnse power do not cncoumge its usc on
smafl hnnd-held equipment.

3. Gmupsof Equipment. Equipmcm.t ypicdlynoi
opcrmcd from n polyphnsc source, cm be grouped
together with mherquipmcnt to form nsystcm thcu is
powered by n polyphnsc system.

TIM subpmngmphs [hm follow identify !ypictd quip-
mcm used by the Army thm is powered by polyphme
systems. This list is not n comprehensive one of nll thrcc-
phnsc equipment but simply provides cxnmplcs of the
more common npplicntions.

1-3.2.2 Rndnrs
Developments in radar technology h~w made possible

the replncemen! of thelmge. rotnting nnlennnstmctum
with n stmionory. clcctronic~lly stcernblc nntennn nrmy,
which climinmcs the Itwgc motors in the rnd~rs. Also.
ndwmccs in the suuc of the ml ofclcctronics hm.e reduced
the power rcquircmcnts for p-forming various signnl-
procc.ssing functions on the radar return sigmd. However.
the incrcnsc insystcmcomplcxity hns lc~d to the addition
of Imge ~moums of nncilkwy equipment for gcncmlion of
signals. received signtd dctcclion. md mrgct tracking. M
of which hos hcrcmcd thesizc and power mqukcmcnu of
the rndm focility. An cx?mplc of ~ modern mdm facility
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fielded by ihe Army is the PATR1OT missile system. This
sysmmemploysn 150-kWgcnernmr mounted on~tmck
to power the radar nnd wc~pons control system and n
second 60-kW unit forthccommnnd nnd rclmy groups.

An exnmplc of ~ smafler mdnr fncility is thnt used with
the HA WK guided mifiilc system..’fli ssys[cmis housed
with multichzmncl communicmion f~cilities in ~ shchcr
that nfso serves us n phnoon command post. Power
mquimmcnts forthccomplcte shclternm 12.5 t024kW
($dpci;~n the amount ofeq.ipment that is operating)

1-3.2.3 Communication Equipment
Although high-power mdios tmd complex communica-

tion systems cm be powered directly from polyphasc
power. the more common us ofpolyphnsc powr cm
mcticti communicmion npplicmiom is’the powcringof
shelters thnt contain multiple singfc.phme loitdsdistrib-
uted among the phnscs. Alternatively, polyphasc sources
ofthcnpproprinte. c~p~cityctm be used to supply power
to multiple quipmcnt shcl!crs. which orccdlocatd to
form n communicmion fncility. Examples of communica-
tion equipment or systems thnt nre powered by thrcc-
phnse gencmtors include

1. AN/TSC-S8. Tncticd SMcllite Communication
System. which w ~ 10-kW genermor

2. AN/lTC-3K. Tactical Telephone Communication
System. used n! division hcndqunrtcrs nnd corps level. is
powcmd by n 30-kW gcnemmr.

3. AN/TYC-39. Automolic ,Mesmge Switch. is used
for secure nummntic switching of dam nnd nnrmtive
informixion m corps nnd theater army nodes. This system
is powered by n 60-kW generator.

4. AN/ MSC-16, Smelli!c Communication Tcrminnf.
is currently being dewloped. A lGO-kW gencrntor powers
the totnl system, supplyin8 single-phnsc power 10 most of
the intcmd subsysmns and three-phnsc power to the
microw~ve power amplifier.

1-3.2.4 Welding Equipment
\Veldin8 equipment in usc in the Army IypiCtdly iS

designed to operate from n wide vnricty of power
sources-either from its own internal engine. from n
singfc-phnsc source. or from one phw of ~ polyphase
source. Electric-powered welding equipment likely to be
included in licld~ble mohilc repair shops. used for m~in-
tcntmcc tmd light construction. iypicdly requires 12 kW
from n single-ph~ source. Ummlly Inrgcr units me
powered from built-in diesel engines.

1.3.2.5 Medical Equipment
Smrilizersnnd X-ray mmhines arc the most commonly

encountered clcciricdly opcmtcd items found in ArmY
field hospimls. Ex~mplcs of !hc swilizcrs include the
Sterilizer. Surgical Instrument tmd Dressing, Field. Elcc.
wicd nnd Fuel Operated ( FSN 653040-926-215 I) tmd the
Stcriliicr. Surgical In.wmmem md Dressing. Dud Ch~m-
bcr. referred IO m the “piggyb~ck- unit (FSN 6530-00-
027-5260). Either oft hcsc sterilizers mny be configured to
opcrmc from eilhcr single-phnsc or three-phnsc pmvcr

cmd draws 9 kW in ciuh cue. (Wth the ~ppropritm
ntutchment. either sterilizer mny be opcmucd from fuel
tdso.) This equipment is designed to be compzuiblc with
most mmilnblc sources of pou,cr, including generator- and
utility-supplied power in [he United Smws rmd nbroti.

The Military R~diogmphic ond Fluoroscopic .X my
(FSN 652541-192-1884) is used in Army field hospimls.
This unit nlsocan be powered from nsinglc-phmc(220V)
system or from two phnscs of n three-phmc sysem
(208Vh it draws approximately 45 k\V in cxh cme.

1-3.2.6 Other Equipment
Equipment powered by polyphnsc systems is not

Iimi!cd to the items listed in the prcccdin8 pmagmphs.
There men number of special purpose. ficlddcploy~ble
sys[ems whose pou,er requirements me sufficient to jm-
tify the uss of n polyphnse power source. frequently tbnt
supplied by built-in cngincdriWn-8cncmt0r =!.s. One
system is the Reverse Osmosis Wmer Purilicmion Unit
(ROWPU), which dccontnminmcs water by pumping it
under high pressure through tubes conminin8 n special
spiral-wound mcmbmne. A 600-G PH (gnklons per hour)
unit. which uses n 30-kW polyphnx gencmtor for sup-
plying power m the ln~c electric-momrdrivcn pumps. is
currently in use by the Army nnd .Mnrinc Corps. Larger
units with cnp~citics of 3000 G PH. which will require
grmtcr quantities of power, am bcin8 developed.

1-4 HANDBOOK OVERVIEW”
.—

1-4.1 HANDBOOK ORGANIZATION
The seven subsequent chapters of this handbook cm be

divided into two major groups. 10 the fimt group. ~cncml
considerations for safety in clcctricrd cquipmcm arc dis-
cussed. In the second group. design safety considerations
for specific items of elccwicd equipment rue addressed.

The first group of chnptcrs. covering gcncrnl considcm-
tions for snfety in electrical equipmem, consists of Chnp-
tcrs 2 and 3. Safety considerations npproprirne for. but
not unique to. specific elcctricol equipment me discussed
in Chnpwr 2. “General Snfcty Considerations”. Topics
included in this chapter nrc risk assessment. hnznrd limits
(mnximum surfnce tempcrmmcs. exposed \,oltngcs. etc.)
and sources of hnznrd information specific m elcclricnl
equipment.

Chnptcr 3. “Sywcm Design”. describes gcncrd design
considcrntions for the electriad system as ~ whole nnd
considermions common m nll pints of ihe system. Dis-
cussed in [his chnpter me chnrnctcristics of the environ-
ment thnt nffcct the opermion ofclcctricnl equipment md
tYPic~l cnvironmcms in which the equipment is expected
to opermc. Also discussed me system considcmtions thnt
nPPIY tO all components in the system such topics s
system grounding and mmcritd selection me included.

The group of chnptcrs thm trcms tbe stifcly-rclmcd
design factors for specific polyphnsc c!ccwicd system
components comprises the l~rgcsl portion of this hmd-
book. Choptcm in [his group dcscribc problems asso-
cimcd with specific components. e.g.. dislribul iOn sYstcm
components. (such as trnnsformcrs. sw,itchgcm. znd trans-
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mission lines), end-item% rmd portable nnd pmnmncmly
installed test and mensurcmcm equipment.

The design information [or electrical components is
prtscn!ed in n uniform manner throughout thu hnnd-
book. Hnurds. design features ncccsmry to minimize
those hnzmds. and operational considcmtions twc dis-
cussed for ench component. The discussion of the design
in formn! ion for each component is organized in!o sub-
pm-ugrnphs with the titk and content of cnch subpnm-
grnph as follows

1. In:roduclion. Thiu topic defines [he component
and describes those components thm nre typically found
in polyph.mc systems of the c~p~city thm could be
powered by engincdriven-genemtor sets (up 10 750
kVA). “

2. Induced .%vironment. TIy tdtermion of the envi-
ronment made by the component thnt could nffcct !hc
operation of the component or other equipment loaned
nearby is described. Subtopics. such us hcming and prcs-
encc of high voltngc. we prcscmcd.

3. Hu:ards. In th~ subpamgmph mfety hazards thnt
me introduced by the equipment both in normnl opern-
tion and in the even! of component fnilurc MC discussed.
Sxnmple haznrds include electrocution during normal
opemtion and fire or explosion resulting from ovcrcur-
rcms. which can occur in the event of component failure.

4. Design Considerations. Tcchnicnl in fornmtion
concerning proper design of c!ccwicd equipment to min-
imize n.ssoched hnznrds is presented.

5. Compatibilif.v and Intcroperabijiv. A d~cussion
of the compatibility and intcropcrnbility issues nssocimcd
wilh the component and other components in the system
is presented. Two units me compntihlc when [heir few
turcs md chwtmeristics allow crtch unit to be used u n
direct rcplnccment for the other. Two units arc interoper-
nble when they cm be opcmtcd satisfactorily in the same
system simultaneously. Fcaums and chnmctcrislics of
electrical components that nffcct or determine compati-
bility and intcropernbility nrc discussed under this bend-
ing. Hazards introduced when dissimilrw units m-eused in
the some or similnr systems ore discussed. including those
problems that mise from the direct electrical interconnec-
tion of incompmiblc e!cctrictd components md the potcn-
tinl problems that nrisc from incompatible or nonimcrop-
emble components in [he same supply inventory. Ex-
nmples of problems imroduced for the Imtcr reason
include (1) hazard due to improper connection of n
replacement component thnt was connected impropdy
because of differcm ktbcling or configuration nnd (2)
hmnrds introduced bemuse of in~dvcncnt use ofsuppliu
or replacement parts intended for o simiku but incomp~!-
iblc component in the same inwmory.

6. Tesf Criwia for Design and hem .-Tcccpmmce.
This subpmngruph provides n list of pcrformnncc pnmmc-
tcm ;hnt should be verified through ncccptnncc testing to
prevent or detect hnznrds thm could be imroduccd
through component failure or improper design. The
nmurc of the test is briefly discussed along with the rm-
sons for the importance of it.

7. Oper.mional Precou: ions. The procedures that
must be specified in training programs md opcmling

mnnunls tmd the rmionnlc for their importance wc dis-
cussed. Tlw intent of this discussion is not 10 describe the
procedure but to stme considcrmions thnl should be
covered in published procedures.

1-4.2 HOW TO USE THIS HANDBOOK
The stotcd objective of thk hnndbook is to provide

technic!d guidnnce for [hose aspects of clccwicd system
and componem design thm nffect the safety of personnel
nnd cquipmcm. Since only !hosc design issues that impact
safety nrc addressed. this hnndbook should not be consid-
ered n complete hnndbook on polyphnsc electrical sys-
tems. but instend it is intended to supplcmem the numer-
ous handbooks mailable on the subject of power gcnem-
tion and tnmsmission syswms. TIM intended npplicmions
for Ibis hnndbook nm described by type of user. i.e..

1. Design .%gineer. When designing equipment for
polyplinsc elecwicnl systems for militmy npplicmions. the
design cnginctr should refer !wicc to the ch~pter or p~rn-
grnph pcrmining to the equipment being designed. The
firs! reference should bc prior to initizming the design. or
m least prior to completing [he design. to identify those
design fnctom that nffec! snicty. The second check should
be after the design is completed to determine whciher nfl
mfcty consider! ions arc covered ndcquntely nnd prop-
erly. This process should begin us ctwly u possible [o
insure the physicrd conligurtuion. mztcrinl selection. nnd
component selection m-c chosen properly for mfc opem-
tion. Most of the mnterhd included in thu hnndbook u
np,proprinte for the design engineer since the purpose of
th~ hnndbook is 10 discuss snfcty-rclmcd design issues.

2. S@I,P ,!f~nagcr. Pemons responsible for the stdetY
of personnel using elec!rictd generation and distribution
equipment should use [he description of hamrds nsso-
cintcd wilh electrical quipmcnt to identify critical or
hoznrdous nrms in c!cctriml sys!ems.

3. .%fet.v figinccr. Topics under [hc SPCCfiCitem Of
equipmcm. such IISdesign considerations. will be of inter-
est to the snfe!y engineer bemuse they provide informa-
tion on femuru that should be incorporntcd into [he
systems m enhance cwemll snfcty. This information cxn
be used m the bmsis of n chcckfiit to in-sure that equipment
designs include odeqtmte and npproprimc provisions for
safety nnd [hut modificn! ions do not defeat existing snfety
fcmum.

In nddition. safety engineers cmd other engineers
chnrged wi!h engineering the s~fcty into military equip-
ment may find the mmcrinl in Chapter 2 nppiic~blc lo !he
assessment of the snfct y of elec!ricnl equipment. .Mcucrhd
in this chnpva provides information sp~ilic to clcclrical
systems and cnn augment the system snfe!y in formmion
found in mfcty htmdbooks and .MIL-STD-882.

4. Equipment User. The user of equipment will profit
from the information found .in the chapter or pmagmph
that discusses the design famms and the opcrmiorml
procedures specific to Ihe item of equipment or compo-
nent of interest. This information will provide insigh! into
the purpose of the design fcmures md insmllmion proce-
dures. With this undcmtnnding the user will be less likely
to ncgntc inadvertently snfay provisions of !hc design.
either through innpproprimc Iicld.cxpcdicnt repair of the
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unit or improper insmllmion. This undcrstnnding will 2. G. Strommc. “Multiple LcwAs md Cbmsilicmions of
make the user more cognizant of design nnd operational Emergency ElcctricA Power Systems-. Conference
fnmors that affccl the safety of personnel and equipment Record ror IEEE Industrial. rmd Power System
during operation 0[ elccwicnl equipment. Tcchnicd Conference. Houston. TX. 1980. pp. 27-30.
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CHAPTER 2

GENERAL SAFETY CONSIDERATIONS

f)iscccssed in this chapter are those safel.v-reiawd cotwidera:iom IhaI n$usl be uddressed Cfurins tile
development of electrical equipment, primaril! in establishing IhOSe C’quip!rzent reql<iremenls IhUI inlpOcl

safely or in assessing dw:afet.v of Ihe system. M lL-STD+82 provides xuidnnce On IIW nloJrOxenlenr OJCISOfW
program conducted during equiptnenl development and provides. omong cxher ropics. a risk assessment

procedure. The information in this chapter supplements MIL-S TD-882 b.v providing infornlalion IhUI is

unique m ekctricai systems. Considermions inrpcsrmnt @r ussessi!lg IIIC risk associated Wilh electrical

apparatus are discussed along tvith g[iidance~or determining acceptable ris~for those s?slems. A ISOdiscussed
are hazards (hat are common 10 various items in polyphase clectricol swems-e.g.. electrical shOck. noise.

fire. and e.wreme temperatures—and the restrictions placed on equipmen! 10 assure IhCWnO unnece=arY

hazards are introduced. Finallv. sources of safe:.v information are iden@d. These sOurces include slandards
and spect~cations for safety programs, ond safet.v consideral ions for equipnzent design as ~~’e[las dala bases

comaining electrical uccidem isformarion.

2-O--LIST OF SYMBOLS
~ = vib~~ti~nCxpmd M Iincar displacement.

pe~k-to-pcnk or rms corresponding m the
mamcr in which o, is specified. m

u. = vibration expressed us wcclcrotion. pc~k-m-
p.mk or rms. m/s:

U“ = MIS ~~lerntiOn in .r-di~tion (see % 2-5).

u- = ~ms tmcclcmtion in .rdireaion (see Fig. 2-5) ,
m/s:

U,l = rrm mc+rntion in y-direction (see Fig. 2-5).
8

IJP = rms ,nccelemlion in .!.dimction (SCCFig. 2-5}
m\s-

% = rms rtccclcrmion in :dircction (see Fig. 2-i),
8

am = rms :nccclcrm ion in :dircct ion (see Fig, 2-1).
mts

/ = frequency, Hz
I = current. mA or A
t = ,im~. ~

2-1 INTRODUCTION

Gcncml issuesthm arc not specific to u pmcicuinr item
of quipmcm arc discussedin this chapter. SufcIy mpics—
such as risk nsscssmcnt. sources of snfcty informmion.
nnd gcneml requirements for hm,ard reduction-which
pcrmin to oil clcctriad componcms me discussed. Suicty
considemtions thm arc specific to t hc design of clectricd
hmdwtwc mx discuss.d clscwhcrc in this htmdbook.
Chmptcr 3 focuses on mfe!y considertnions in clectricrd

-.

----

syslc,m design. ;nd the remaining choptcrs focus on snfet y
cons fidcrntions m the design O( different components.

2-2 RISK ASS ESSIM ENT
Risk nsscssment is defined by M IL-STD-882 ( Ref. I) as

!hc dewrminnt ion of the level of risk. either in rclmive or
obsolutctcrms. duetoone ormorcspecificd hnzivds. The
purposes of risk assessments me to iden[ify hazards thn!
require the most ntmntion and to amble mwmgcmcnt m
make intelligent decisions about the Icwl of mention
required for reducing the hazard. Risk is specified in
terms of two fnctors-tbe severity of consequences from
the hnznrd tmd the likelihood of occurrence of [he hmwd.

Usunlly n hnznrd is introduced by nn unintentional
rcdircc! ion of energy. In nn clecmicd system the effects of
such n hazard can be f~r-rcmhing due m the Inrgc nmount
of potential energy nssocimcd wi!h elmtricd systcrns and
to (he cxtcnsiw ~rc~ ot.er which energy is dkmibutcd. The
consequences of m nccidcn! in m electrical system may
be cimmrophic. and personnel located ~ considerable
distmmc from the original fmdt can be affected by the
hnznrd.

Assessment of risk begins with Ihc dctcrmirmtion of the
hnznrds and the nnture of their impact. To determine risk
mlmcd to clccwictd nppmntus, the consequences of nn
identified hnznrd arc assessed by one of scvernl
methods—o tcchnicd review of the operation of the sys-
tem. o review of “lessons Icmwd- from dnm bases record-
ing mcidcnts on similm equipmcm. or by following pre-
scribed mfcty memurcs given in published elcctricd
snfcty texts ( Rcfs. 2 md 3). Pm. 2-4 identities sources of
in formmion that mny bc used to idemify hmmds.

..—
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2-2.1 HAZARD SIWERITY
Seveml techniques arc mmilnble for the detcrminntion

of hiunrd sewrity. In one technique the severity is
expressed by !he amount of monetnry loss likely m be
incurred if the hzizmd cmses m ~ccident. Although this
method permits precise assessment of loss. ccrmin incul-
culoblc losses. such u ‘loss of life or pcrmnnem bodily
injury. rue diflicuh m express in monemry terms.

To qwmtify the scwriIy of n gken hn!mrd. it is often
sufficient to specify the effect in terms of the four cmcgo-
rics spechicd in M IL-ST D-882 (Ref. I). These four cme-
gorics imd !hcir designmions arc

1. Czmmrophic (Cmegory 1)—rc.subs in dcmh or
system loss

2. Crilical (Category 11)—scvcrc injury or illness
3. .Mnmind (Cme~OW 1ID-minor iniuw or illness.. .

minor sysw; damage - -
4. ,Neg@ible (Category IV)-insignificant injury, ill-

ness. or d~mnge.
Sc%,erily of electrical hnznrds mny Lx determined from

[he same sources for the identilicrition of hnzm-ds in the
preceding pmagmph. The techniques tuc us follows

1. From [he hnznrds identified. find exnmplcs of
similm occurrences in lessons-learned dmn bnscs. safety
bnndbooks. or Iitcrntum in which the effects of hnznrds
arc discussed. From the description. determine the dcgmc
of severity by compming the effects of the hnmrds with
the definitions of the categories giwn in ,MlL-STD-882.

2. For ench hnznrd, determine :he consequences of it
by an tmnlysis or review of the hnzmd mechanism. and
determine the degree of sevcriiy by comparing the effect
with the definition of each cmegory given in .M1L-STD-
882. (Elec!rkd snfciy textbooks gcncmlly describe. or m
least enumerate. the hnzmd mechanisms.)

Potcminl ~ccidcn! scenarios in the proposed ~pplic~-
tion may differ from cn.ws documented in texts. hnnd-
books. and dmn bases bemuse of the vm-hbility in cir-
cumstances surrounding each possible nccidcnt. Come.
qucndy, cxisiing in formmion on accident smerity from
these sources may or may not be appropriate for the
siuuuion tilng analyzed. [n all cnsss. sound cngincming
judgmcm and n logical mmlysis must be applied to nscer-
tnin the rmsonnblc hnznrd consequence prior to deter-
mining the nppropriac severity category.

The severity of n htunrd is gcncrrdly considered to he
the “worst Cnse- or most set.crc conscqucncc. which is n
direct result of [he bnznrd. However. n more rtccwnte
-mcnt of haznrd severity would include intangible
and indirect effects of the hazard. Imnngiblc cffcms
include rtdvcrsc publicity nnd lower morale. which could
result from an nccidcnt. Indirect effects include lost pro-
ductive lime and ~ dccrcnsc in stnff effectiveness bccmm
of incop~cit!uion of trained key p.a-sonnel. Typically, the
inmngible and indirect cffec!s arc not included because of
the difficulty of nccurmcly quantifying the losses n.$-
socimcd with these effects. The consideration of the
imnngiblc or indirca effects is usutdly limited to applying
judgmcn! &sto whether the inmngiblc or indirect effects
wumnt ihc clcwuion of the risk sei.erity chssilicmion to
ihc next higher Icwl. Note tha if the indirect consqucncc

him n low conditional proh~hility of occurrence (prob-
ability thnt the indircc! event will occur given thm an
nccidcm hm resulted from the hnzmd) but hm o severity
thm is much grcmcr than the direct conscqucncc of the
hnznrd rdonc. then the -mem of risk should be consid-
ered for two cases-i. e.. one in which the indirect consc-
qucncedocs notoccurimd one in which i!docs. Themscs
will hwcdiffcrcnt scvcrilicso nddiffcrcnt prob~bilitics of
occurrence. Since the purpose of risk mscssmcnt is m
mnk hazards in terms of signillcmmc. consideration O(
bmh cases will nllow !hc cmc that is most signilicmt to
determine the rcltniw ncccs-sity for corrective action.

Equipment m be used in o mcticd environment pro-
vides on cx~mple of where indirect consequences of n
hwnrd may lend to far mom severe consequences. An
ncciden! from the hw.nrd mny lc~d to inc~pacimtion of
crilictd troops or equipment. which reduces the lighting
effectiwness lhk mny result in numerous troops being
subjected to hostile nction. Suited another wny, if the
rclinbilh y of crilicnl milimry systems including both per-
sonnel and equipment cm be mntcridly reduced by
hnznrds. then any assessment of the severity of the hazard
musi be ndjusted nccordingfy. The -merit of hnzard
severity must be bmd on n careful mmlysis of the conse-
quences of n pmicular hazard occurring when the system
is opcra!ed in n batlelield cnvironmem. Thii asscssmcm
includes on analysis of the cxtcm of damage or injury thnt
would be likely due to increased vulncmbifity to enemy
nc!ion. These considermions might well ncccssiuuc the
addition of o fifth sewrity cmegory, “multiple inc2pui-
mting injuries or cnsucd!ics”. ( Hozrmds identified in this
category would be !be most signiticrmt imd should there-
fore be reduced through design modilicmions.)

2-2.2 HAZARD PROBABILITY
The probability of the occurrence of o hazmd may bc

smted qunmitmidy or qunfitmively. Quimtimtive stme-
mcnu of pro b~bility usually consist of the pro bahifity of
the hnmrd occurring within the lifetime of the system:
within n specilkd period. i.e., one ye~n within ~ specified
period of operation. i.e., per hour of opcmtion: or for n
ccrmin number of o~rmions. For electrical equipment
thm is opcrnted cominuously. the probability of the
occurrence uswdly is expressed ~pproprintely in terms of
[he probability of occurrence over the life of [be system.
In some cues. the occurrence of an accident depends on
the simultaneous occurrence of two or more conditions.
In ihcsc cases the probability of the occurrence of an
accident may be determined by fmdt tree analysis. which
determines quantimtivcty the combination of individual
cwnt probabilities. Quantimtive techniques fordetcrmin-
ing hnznrd probnhility me described in numerous system
safety texts, including Refs. 4 rmd 5.

Hazard probability, like hazard severity, nlso may be
determined according m qunlitntivc classifications. Qudi-
tmivc detcrminntions of hazard probability arc more cns-
ily performed than arc qumuimiive dctcrmin.miens. M IL-
STD-882 recommends probnhility he specified quali-
tmi~.ely according to (he following categories..—

1.2.—. ----- .
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1. Frequent—likely to occur frequently (defined as
“A- frrquency in .MIL-STD-K82)

2. Prob~blc-um several times o$.cr the life of the
quipmcm (defined u “B” frequency)

3. Occm.ionnl-likely to occur sometime in the life
of m item (defined M “C- (rcquency)

4. Remote—dikcly to occur but possible (defined
IIS“D” frequency)

5. Improbable—unlikely IO occur but not impossi-
ble (defined m “E” frequency).
A more complete discussion of !hcsc qwditmive prob-
ability clmsiticmions is given in ,MIL-STD-S82.

The prob~biiity of occurrence of n hnznrd tha depends
on !he occurrence of multiple evens-whose individual
probnbtlitics we spccilied by qurdkmive clnssilicmions—
nmy be determined by IIpromdum described in Ref. 6. In
this technique. judiciously chosen probnbiliy values arc
=igncd to ench clnssitlcmion. This nssignmem permits
the w of n con~.cntionnl fmdt tree nnnkysis to cnlculme n
qurmtitntivc prob~bility for the combination. Finnlly, n
quantitative prob~bility clnssificmion is obmincd from
the qunntimtivc cdculmions by !cfcrrncc to o sef of
defined rnngcs.

For elccuicnl systems the probability of n fnult may be
determined by stnndmd fault tree mmkysis wchniqucs by
using rdinbikity data sfxcilicd for clcctricrd components
nnd specified probnbiliiies of humm error found in
bnndbooks such ns Ref. 7. If dim ore not specified for n
s~ cOmPonent or system. the failure rmc dnm for n
stmdnr component or system mny ix used by taking into
account diffcrcncu tbm might influence the probrtbtlity.

2-2.3 RISK ACCEPTANCE CRITERIA -
Although zero risk is tbe god for all systems, it will

seldom be nch!eved bccnusc it nmy be obtained only n! [he
.mcrificc of performance objectives m M great expense.
Therefore. systems will dwoys have some finite probnbil-
i!y thnt n specified hnznrd will occur. Obviously. the
grauer the severity of the haznrd. the lower this probabil-
ity must be. The level of ncccpmble risk mny be deter-
mined bypothctically on the bnsis of economics by con-
sidering the prob~blc losses from hnznrds along with the
cost of measures to prm’em them and the cost of rcdu=d
pa formnncc mmibutcd to those measures. The coilaxion
of dnm ncccssnry for those cnlculmiom would be tedious
and would probably require numerous assumptions dur-
ing the coumc of the nnnkysis. in.wcad. [be osses.$mcnt of
the ncccpmblc risk is frrqucndy made by mnnngemem
bn.%edupon recommendations of snfety Frsonnel who
arc knowlcdge~blc of systems similar to the one under
development and who nre familiar with the relmive fre-
quency of accidents on those systems.

“No detectnblc risk should be accepted without nn
mtempt to reduce it by the process thm follows. First. the
hamrd should IX r-educed by quipmem design to reduce
baznrd prob~bility rind/or scveri!y. Second. if it is no:
possible to reduce the hnznrd without jeopmdizing pcrfor-
mnncc requirements. warning devices to detect the prrs-
cncc of un.mfe conditions should be incorpormcd into [he
design. Next. wnrning labels should be nffixcd IO cquip-———

-—. . . ,__
mcnt to warn personnel of potentud hnznrds. Fiiinlly; if
the hnznrd cmmot Lx reduced by my other mems. lrain-
ing progrnms should bc used to cducme dl personnel
about safety mensurn to avoid [hc hnmrd.

Even when all safety mensums hm,c been incorpormcd..
some risks still remnin. Fig. 2-1 illuswmes the two [ypcs of
risk assessment mntriccs given in .MIL-ST D-882 tmd
identifies regions of ncccpmblc imd unmcepmblc risk.
Also identified am regions in which risk is conditionally
ncmpmble. ,Notc thm the definitions of occcpmble risk
shown in Fig. 2-1 arc only exnmplcs. Olhcr f~ctors m be
considered in dctcrmimuion of xceptnble risk include the
consequences of safety measures. the pm-fornmncc vtduc
of equipment. and moncwwy considemtio~s. ,,

2-3 DEFINITION OF HAZARD LIiMITS I
2-3.1 ELECTRICAL SHOCK

Electrical shock k II potential hmnrd nssc.tinted with
electrical nppmmus. Conscquenas of electrical shock
include

1. Potential damage m [he body caused by the flow
of electric curmn! through it

2. Injury thm may be produced by the involuntary
musculnr contractions thm occur when ihc current flows
through nerve md muscle tissue

3. Burns m the locations where [he current enters or
Iewcs tbc body or along the current pnth.

Electric shock dirccdy affect.! the body by interfering
with the mm-nml mechtmisms of muscle control by the
nervous system. The most signilictmt effects am the dis-
ruption of brcah!ng. the disruption of hcm action. and
the “hold-cm” e{fcct. [f the muscles that control the din-
phmgm MCparalyzed by the current flow, tbc subject may
suffoauc unless [be circuit is broken quickly nnd proper
brcmhing is rmored either by nmurnl mmms or by nrtifi-!
cinl respiration. The more common cnuse of death from!
clectromt ion is the initiation of ventricular Iibrillm ion in!
the hemt. In thu condition the normnl control mechnnism!
of hcnrt muscles by nerves is rendered inoperative, and!
the various muscles contract randomly, or quiver. which
prevents the viud pumping action of [he heart. The “hold-
on” effect is the involuntary gripping of nn energized
conductor by [he victim. who. tdthough conscious. cnn-
ncd rclensc the grip. This inc~pncity to break the circuit
prolongs the current flow, which cnhnnca the effect on.
the viclim and incrcnxs the Iikclihocd of fmnl suffocmion~
or vcntriculm Iibrillm ion. Toble 2- I gims tbe effects of
various levels of Clcctricnl current flow on the body.

The risk of electrocution is dqxndent on three fnclors.”
nnmely,

1. Pmh of current
2. Frequency rmd level of current
3. Durmion of current flow.

These fnctors ore discussed in the ptw~gmphs that follow.
The prtth of current flow through {hc body during

electrical shock is determined by points of conmct with
the clectrimd source. Shock occurring when hands or
arms comnct n wltnge source cmd the feet we grounded.
e.g.. stnnding on damp cnrth. gcncmlly is serious brmusc.

2-3
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k
Frequency of
Occurrence

A — Frequent

B — Probable

C — Occasional

I Hazard Categories

Hazard Categories

Frequency of I II Ill Iv
Occurrence Cafestrophic Critical Marginal Negligible

-’::==::,:::::,::::=:.::
A — Frequent 1 3

.:::::::*:=,:::=:.,:.

B — Probable 2

C — Occasional 4

D — Remote

, ,_lmpmbable ~

KEY

n Unacceptable IZZZl U~~d~~?os;$q~;Ig Activity

~ Acceptable With Review m Acceptable withoul Review
by Managing Activity

Figure 2-1. Example Risk Assessment Metrices Showing Regions of Acceptable, Conditionally
Acceptable, and Unncceptnble Risk (Ref. 1)
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TABLE 2-1
EFFECTS OF ELECTRIC CURRENT ON HUMANS (Ref. 2)

Curium mA

Allcrnnlinj!

Effect Direct 60 Hz 10.000 Hz

h4en Women Men Women Men \VOmen

Slight sensation on hand I 0.6 0.4 0.3 7 5

Perception threshold 5.2 3.5 1.1 0.7 12 8

Shock-not p~inful, muscular
control not 10s1 9 6 1.8 1.2 17 11

Shock-painful, muscular
control not 10s1 69 41 9 6 55 37

Shock-painful. let-Eo
threshold 76 51 16 10.5 75 60

Shock-painful and sevcm.
musculnr conmctions
breathing diflicuk 90 60 23 Is 94 63

Shmk—possible ventricular
Iibrillntion effect from 3-s
shocks 500 500 100 100

Short shocks hnving durmion
1. s 165/6 165/ ~

High-voltage surges 50” 50” 13.6” 13.6*

‘Energy in W.s or J

Note that = low os 30 V cm IX mmidmcd dmgcrous. (Set p~r. 8. TB 385-4.)
——— . .

From Accident F?cvcmion M.anuoljor Industrial Op#atiom. .%ginccring and Technology. Volume. Ll[hSdition. Copyright 0 19EQby
,Nmionnl Safety Comcil. Ch@o. IL, Used with pcnntiton.

the current pnth trnvcls through the tmnk of the body
where the life-susmining organs arc locmed.

The lewd of current flow is dependent on conductor
voltages, [he resistance of the body bctu,ccn points of
comma. nnd the cffcctivc rcsistrmcc n! the points of con-
tact. High. voltngc sources pose the grcntcst threat of
injury from clcctricnl shock. Hotvcver. low-voltage
sources. such M I I 7 Vnc or less, cnn be very hnznrdous
when the contnct arm is kwge (u.hich reduces resismncc),
whcnthc skin is mois! ord~mp m the point ofcontnct, or
when tbe outer Inycrs of ihe epidermis arc pcnetrnmd. For
the km rcnson. it is most impormm thcu exposed conduc-
tors be configured so tbnt inndvenent penctrmion of the
skin k impossible.

The frequency of the current also nffec!s the severity of
injury from elecwicnl shock. Unfortunately, [he frequency
(50-&3 Hz) normnlly used for power is likely to induce
venmiculm Iibrillmion. Electrocution is more likely m
normcd power frequencies than it is m DC frequencies or
M frequencies nbovc 100 HZ Currents m high frequencies
usually do not induce electrocution becnusc of the ‘skin
effect-, i.e.. n high-frequency effect in which current flow

——— ——. . 2-5

is confined 10 surfnccs (“skin”) of imperfect conduct ors.”
However. severe skin burns mny be incurred from clccwi-
CU1shock from high-frequency currcms.

The probability of electrocution incrmscs u.ilh dura-
tion of current flow, through the body. The grnph in Fig.
2-2 illustrates relationships between currents m which
electrocution is prob~bk ond durations of current flow
for 60-Hz power (Refs. 3.8. nnd 9).

2-3.2 NOISE
Exposurr m excessive noise may result in either a wm-

pomry or permnncnt loss of hewing. Pcrmnnem loss is
caused by irmi,ersible damage m the coni—the orgnn of
the inner mr that senses sound wnves, dctcrmincs their
spectrnl content. and pmscs the information to the bmin
through the nudito~ nerves. An curly symptom of hcw
ing loss is n diminished scnsi!ivity to I@h frequencies.
usunlly 1%1 noted by diflicuhy in understanding speech in
n noisy environment. Other symptoms include tinnitus (8
ringing sensmion), muffled hearing, nnd n sensation of
fullness in the ems. These enrly symp!oms of hawing
domnge moy progress to o total loss of henring.

. . . ..-
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Figure 2-2. Current Sufficient to Cause Electrocution vs Time for 60-Hz Power (Ref. 8)

,Noisc thm cm lead to hemirrg dnmngc is divided into
two categories. i.e.. stend y s:me nnd impulse noise. Stead y
state noise corresponds ton tone or comhinn! ion of mm=
lhnt, nl[hough trot nccesnrily comtnnt in frequency or
nmplitudc. rcmnimr at n stcndy. elcvmcd level for n long
period of time. The pmnmcm.rs dcscrihing stendy stntc
noise arc ttmpfitudc and frequency spectrnl content. In
contrast. impulse noi.w is n noise pulse ofshon durmion
or burst. which rises nbovc n toler~blc background level
of noise. Impulse noise is chamctcrizcd by peak nmpli-
tudc ond dumtion.

The hnmrd due to noise exposure increases with noise
level nnd expomnt period. ,Mnximum or recommended
exposure lcvcfs urc spccifted in three wnys. i.e..

1. Hewing d~mage-risk critcrk tha specify [he
rclmionsbip hcnvccn noise exposure-dcscribcd in nmpli-
tude, dumlion. turd spectrnl chnrncteristics-nrrd (he
prob~bility of tcmpomry or p-nmtumnt hcming loss.

These critcrin serve os the basis for smndnrds thm set’
limits for noise exposure or gcnermion.

2. Hearing cons. a%mtioncritcrin define noise expo-
sure fimits for personnel and specify hewing comcmmion
progmms. These criteria m-c specified in TB-M ED-SO 1
(Ref. 10) and MIL-STD-1472 (Ref. i l).

3. Mnterinl design mmdmds provide specific noise
Iimiu for equipment to conform with smndmds for noise
cnvironmcnud exposure given by criteria in Item I with
nllownnms mnde for hewing protection nnd necessity for
perxomd communication. For the Army. equipment
rcquircmems arc spcciticd in M lL-STD-1474 (Ref. 12).

Fig. 2-3 from Ref. 10 ilhutrmcr the mlmion bctwccn the
risk ossocintcd with intensity of stendy smtc rroisc ex-
posure nnd durntion. For noise Ievcls below 80 d BA, !hc
risk of hearing dnmoge is ncgiigibfc even for long-mm
exposures. At 84 dBA. exposure for up to 8 h produces
negligible risk. Noise intensities ~bo$.c I I6 d BA for even

2-6
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shon periods produce o risk Cmegory 11B“, which means
that a criical injury -e.g., severe noise-induced. scnsory-
neurnl hcming loss sewrc occupmiomd illnesx or major
property d~mogc—prob~bly will occur bemuse of the
noise exposure. Shon-term exposure. < 2’.2min. to noise
levefs between 34 and I I6 dBA produces nn intermediate
risk Cmegory ilIC. which implies thm on injury ofmrmgi-
rml signiticmm may occur in lime. e.g.. n mild high-
frequcncy hcming loss with no communication hnndicnp.
Examples of noise produced m this level include ltlwn-
mowm-s with n noise Iewl m !hc opcrntor”s position in the
range of 80 to 90 dB and chnin mws at n range of 100 m
125 dB.

The risks a.wocintcd with impulse and ultrasonic noise
me dso specified in TB+S ED-SO 1. lmpul.w noises cxcsed -
ing 140 dBP. which m typical of Smmll nrms fire. MC
cmegorized u a risk Cmegory IIB. Tnblc 2-2 givss Imels
of ultrasonic noise. which. if hu:ing S h or longer, produce
? risk Cmcgory II B.

Lower Iimiu mny be prescribed for siumions in which
ndqumc or safe pcrfonmmcc of tasks requires thn! the
opcmtor hem and respond m sounds that could be
mnsked by noise Icvcfs below the thmshcdd for significnn!
risk. Both Ml L-STD- 1472 (Ref. I I) ond MI L-STD- 1474
(Ref. 12) define maximum recommended sound levels for
Wdk IMCZMSuch us gcneraf work spmcs. areas in which
frequent telephone use is required. and extremely quiet

‘Risk deliniliom such as [IB. IIIC. etc.. am theconcmmation of
n Roman numcml indicating hnznrd sewrity with n later indicat-
ing hnmrd frequency. fkfinitioru of the various symbols me
given in pm. 2-2.I Und 2-2.2.

—.

TABLE 2-2
ULTRASONIC NOISE THRESHOLDS FOR

A RISK CATEGORY IIIB AFTER 8-h
EXPOSURE (Ref. 10)

Onc-Thkd Octave Bmd Level of Noise in
Center Frequency, One-Thkd Ocmve Band.

kHz dB

10

I2.s
[6.
20.
2s.
31.s
40.

so

80

80
I0s
110
115
115

mmu. Tnblc 2-3 summmizcs the limits for occupied areas
05 specified in ,MlL-STD- 1474.

Typicnlly. acoustical noise limits for cquipmcm use
specified for noise levels m the normal opcmtor position,
either within the equipment for vehicles or adjncem to it
for power band tools. For some cquipmcn!, additional
requircmcnu arc imposed cm the maximum Icvel of
ncousticnl noise that can be emitted into the surrounding
environment. This noise. referred to us exterior noise.
should be limited to prevent ndwsc effects on pmonncl
who must tverk ncnr the equipment for long periods or
whose prcscncc in the area is coincidental and who. there-
fore, would not be expected m u,ear cm prowction. LimiIs
for exterior noise with reference to mcnsuremcnt procc-

. durcs arc given in iMI L-STD-1474 for mo[or ~ehicl~. _

110 -
no

1%
u
_.

$? 100
~ Ufc

g

~ 90 —

Below Hearing Hszard Risk Crileria

80
1 2t 3 456B1O 20 30 40 60 80100 “200 300400 t 600800

2.23 460 91

Duration of Noise Exposure, min

)

_ Figure 2-3. Ris~ Assessment Codes for Noise Amplitude and Devintion (Ref. 10) -
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TABLE 2-3
STEADY STATE NOISE Ll,hlITS FOR

PERSONNEL-OCCUPIED AREAS (Ref. 12)

Octilw
Band ‘calcgOrj-

Cemer
Frequency,

Hz A’Bb~Db~F

63 130d B 121dB llldB 106dB
125 I 19 111 101 96

I 10 103 94 S9
?: 106 102 88 83

105 100 85 SO
1% 112 100 84’ 79
4000 Ilo 100 S4 79
8000 110 100 86 81

dBA 108 100 90 <85 7S 65
criteria

Alternate PSI L-4 Criterin’ 67 57

NOTES

“ Da_mitionr of cmcgoria me

(NoIe that CaIegorics. A. B, C, and D arc bnscd primarily on
hcting conserw’rdionpriorities. whcrzm k rcmnining cme-
gorics arc breed primarily on communication requirements).

Cawgory A. No direct pcr$.n-m-f%rmn voice communica-
tion required. ,Maximum design limit. Henr-
ing prcmmion rquimt.

Cs.ICSoryB. System requirement forelecwically nidcd com-
munication via attenuating helmet or headset.
,Noise levels MC hazardous to unprotected
cm-s.

Cmegov C. No frequent. dir.m person-m-pmron voim
communication required. Ckcnsionaf shouted
commmiicmion may be posiblc m n diltnncc
of 0.3 m ( 1 h). Hewing protection rquircd.

Ca!cgoq’ D. No frcqucm. direct pcman-m-pmon voice
communication required. Occasional shouted
communication may k possible at n distnncc
of 0.6 m (2 fI). f-evch in excess of CmeWWYD
require bearing protection.

Cmegoty E. C2ccdJmd Mcphonc or radio w or occcl-
sionnl communication m dismncu up IO1.5m
(5 ft) required. (For mobile or wrvwponnbk
Systcnu).

Category F. Frequent telcphoru or rndio .% or frquem.
dirm communication cddismncu up to 1.5m
(S ft) ccquircd. (For mobile or trnnsponabk
syxcnu).

b In those CIJSCSwhere the mission profile for the quipmem
being develod cxcccds 8 h of operation in each 24 h. the
limits spccikd in Categories A. B. C. and D shall be rcduccd
sufficiently to aflow for an exposure for longer tbrm 8 h. Z-S
OPprOKd by the prwuring mtivity inconj””ction with the
Surgeon Gcnemf30fficc. HQDA, DASG. PSP. Wnshing.
ton.-DC 20314.

c Criteria in Categories E nnd F arc defined by either the sound
level in dBA or the prcfermd speech intcrfcrencc level IPSIL.

4). The dBA sound level k tbc desired requircnwm. Where it
is not possibkto meet thespecikd dBA level. thecomcs-
ponding PSI-L-4 Ievcl rquircmcnts sh.11 be met.

‘ PSIL-i-Preferred Speech [nterfcrcncc Leve!—A mcssngc
of cffcctivcn- of noise in mnkin8 speech. h is the arithmetic
mcanind Bofsound prusure kvclsinth cfouractivebands
with them”tcr fmq”e”cimof5M. lCHI0.2000.nnd40@3 Hz.

constmction equipment. nnd mobile gcnemtinB sets. The
specific levels quod mngc from 76 to 85 dBA M dis-
mnces0f70r 15.2 m(230r50fL)

2-3.3 TE&lPER,\TURE

2-3.3.1 High Temperature (Burns)
Tiisuc burns arc produced from the heruing of the skin

either b} dirrc! contact with n bot mmcritd or by absorp-
tion of rndinnt energy, e.g.. common sunburn. Burns arc
clnssi lied into three degrees of scwrity, i.e..

1. Firm. &gree Burns. The firsidegrcc burn is the
Icxt sc~,ere. II is chnrackzed by n redness of the skin
accompanied by pain in !be area of !bc bum.

2. Second. Degree Burns. The seconddegrec bum is
more severe than the tirwdegree burn and is cbnmc:cr-
izcd by the pmscncc of blisters, often containing fluid.
Scconddcgrcc burns am more painful than firstdcgmc
burns. espccinlly if the blister opens. bccmIsc the separa-
tion of skin layers results in exposure of nerve endings.

3. 7Zird- Degree Burns. The most severe burns me
clnssiticd mr thirddcgrcc burns and arc chnrnctcrizcd by
significant dnmngc to the skin and underlying tissue.
Tbirddcgrcc burns may be idcmiticd by a white. light
gre.y. brown. or blnck appenrnnce of the skin where tbc
color depends on the severity of ihe burn and tbe source
(contact with fluid. flume. or bcmed surface).

The set.crity of n bum depends cm several fnctom
including

1. ’37x tempenxurc at the surface of the contact
2. The durntion of conmct
3. The thermal coupling between the hcmd surface

and the tissue in contact with it.
Table 2-4 lists effects on skin in conmct with heated
sutfnca under different condiiicms.

TABLE 2-4
EFFECTS ON SKIN FROhl CONTACT

WITH HEATED SURFACES
(Adapted from Refs. 13 mrd 14)

ITemperature.
“c (“m Sensation or Effect I

k
(2 12) %conddcgrce hum on 15-s contact
( 180) %conddcgrcc burn on 30-s contact
( 160) Seconddcgrce burn on 60+ conmct

..-. .— -. —— 2-8 .
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Tnblc 2-I indicates thn! bum hazard k not signilkmt
when [he temperature of the conmctcd surfnct is below
49° C (1200 F). For [his muon. ,MIL-STD-1472 (Ref. 11)
requires thm exposed equipment surfaces that must be
hnndled must be kept below 49° C ( 120° F), and surfwms
th$u wc subject m inndvertcm conmct must be kept below
IKJ’3C(140” F). “

2-3.3.2 Low Tempemlure (Ref. 13)
Skin contnct with Iow-tempcrmure surfacu may rcsuh

in bum-like injury to the [issue. Typically, fros!bi!c is
induced by brief contact wilh severely cold tem~mtum
or prolonged contact wi!h n moderately cold cnvircm-
ment. f,Tempcmums do not h~vc to bc below freezing. ) [n
severe cm.cs the tissue ncumlly freezes imd dies. If the
circulatory vessels UK affected. gnngrene may result from
imptired circulmion in the vicinity.

The probability of frostbiic increases with dccmsing
tempemturc and with incrc=ing thcrmnl conductivity
between cold mntcriid and skin. e.g.. immersion in n cold
liquid. In air or liquids !hc cooling effect thm produces
frostbite is nccclcmmd by motion of the cooling medium.
A 16.1-km/h (lo-mph) wind in nmbicnt air 8! -6°C
(21“ F) produces n cooling effect cquivnlent to still air m
-15° C (5° F). This effect. cnllcd the windchill effect. dots
not induce the freezing of tissue when the nir tcmperntum
is above freezing, but it does reduce the exposure time
that can be !olemted when the nmbicnt tempemomc u
below freezing.

However, it is not ncccsmmy for the ambient tempcm-
turc to be below freezing for damage to occur. Frostbite
mny be induced even when the tcmpcrmurc is ncnr but
slightly nbove freezing. Also the exposure to cold tcmper-
nturcs may reduce circulmion rnd thereby cam numb-
ness or chtlblnins. which me chnrncterizcd by itching and
swelling. Long-term exposure m even higher tempern-
nwcs, up to 12°C (S4” F), can produce symptoms of
trench foot, or immersion foot. In !his ailment. the legs
become cold, pnlc. and numb this is followed by swelling
and redness. Damngc to nerves mny occur. nnd IJ low of
feeling may Ins! for weeks nf!er the return to ambient
tempcrmure.

2-3.4 FIRE
fire k m exothermic oxidation-reduction rmction.

which is sc[f-susmininx until either of the rc~cmnts k
consumed. From the s~ety perspective fire produces sev-
eral imponnm effect.% (I) hem. possibly intc~ (2) gases
produced by partial or complete combustion of the burn-
ing mntcriti and (3) the consumption of the fuel.

The most obvious hnznrd duc to fire is the destruction
of propcny+. g.. dnmoge due to total or pmti~l con-
sumption. melting, bnking, and smoke. However. the
primary hnznrds to humnn life me ihc emitted smoke and
gum bccmw these baznrds me the principal ctwscs of
danh from fire.

Fire or combustion can take plocc when !hrec ingrc-
dicms me prescm—i.e.. ~ fuel. nn oxidizer. and nn igni.
tion source. For fire to be initiztcd and susmincd requires
thm the fuel nnd oxidizer exist in suimblc proportions;—

have the proper conmct nrcx and n physical shnpe thm
nllows susmincd combustion. e.g.. the fuel must not huve
n shape thm conducts hem nwny from the sile ofcombus-
!ion faster than the mtc M which (he hem is generated.

,Sumerous materials-solids. liquids. or gnscs-m~y he
used m fuel. Typically. only fuels thnt m easily ignitable
are burned intentionally for (he gencrmion of hem or
mechanical energy. The suimbility of ~ mntcrinl for w as
o fuel or tbe suimbility of n mmrinl for usc where fire
remrdrmt chnrncteris!ics wc desired nmy be dctcrmimd
by examining the temperatures w which combustion is
initiated or sustained nnd the concentration of oxygen
neccs.mry to susmin combustion. The fhmmnbility char-
acteristics of mntcrinls me usually specified in one or
more of Ihc following term

1. Flash Point. The minimum tempermurc IXwhich ‘.
n liquid will giw off combustible v~pors m ~ rme thm is
$u~!cicnt to produce n conccntrnlion of the vnpor in the
adjacent ntmospherc thm can be ignited

2. Fire Poim. The Iowest tempcrmurc m which n
liquid will give off vapor III n rnte sufficient to mtintnin
combustion

3. Igni[ion Temperanwc. The minimum tempem-
turc m which n flammable materinl will begin burning
bemuse of its own hem in the obscncc of spmk, flame. or
other loml ignition source

4. Lower Flammabi[i!y Limif. The pci-ccnmge of
fuel in air m one atmosphere thn! will ignite tmd bum

5. O.rygen lnde.r. The Iowe.s oxygen concenwmion
thn! will suppon the combustion of n git.cn mntcrinl.

Tnhlc 2-5 Iisls combustion chmnctcristics of vnrious
mmcrhds. including solids. liquids. cmd gnses Ihm we
used in, or found nenr. eicctricnl opptmmus.

f% must Lx ini!imcd by n source of emrgy suficicm to
raise the temperature of some portion of the fuel to n
tempernturc nbovc the ignition tcmpcmturc. Typical igni-
tion soumcs nrc

1. Open flume from .xmdks. gns pilot lights. etc.
2. Elccwicd or mechnnicd sptwks. including those

produced by sm!ic discharge and twcing of elcctricd cir-
cuits or welding equipment and those from grinding or
colliding hard mntcrinl

3. Hemed surfnms produced by hot gnscs. elmricd
resistnncc. or friction bclwccn moving pmw

4. Sponmncous ignition crmsed by hem buildup of
fuel constituents to the point m which hem is sufficient to
ignite !hc bulk of Ihc material

5. Chemical reaction in which two rc~ctiv.c compo-
nents produce energy sufficient to ignim !hc surrounding
mnleritd

6. Adinbmic compression of ga$es
7. Radiation. especially conccntnned solar mdim

tion or intense mdimion from n high-energy source such
M n Imser

8. Ctutdylic mtion thnt mnkcs possible. or ~cccler-
mcs. exothcrmic rmctions tha giw off hem sufficient to
ignite ndjmcm mtucr-inls.

As mcmioncd previously. the form of the fuel hm ~
signilicmt effect on its combustion properties. [1 n mme-
riol thnt is ignited cmily is ground into n fine dust. ii will

~.g.— -. -—
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TABLE 2-5

IGNITION TEMPERATURES OF COiNIMON MATERIALS (Refs. 15 and 16)

—

,Matcriid - I Tempem!ure

“c I “F

Absorbcnl Cotton
Acetate
Acetone
Acct ylcne
Acrylic
Benzene (Bcnzol)
Butane
Carbon Monoxide
Carbon Soot
G1lophnne
Celluloss AmIrItc
cellulose Nitmtc
Cellulose Trinmtate, Fiber
cod
Cotton Butting
Cotton Sheeting
Crtosote
Ethnne
Ethnnol
Ethyl Alcohol
Ethylene
Fuel Oil #1
Fuel Oil #2
Fuel Oil /73
Fuel 011 #4
Fuel 0(1 ~b
Gasoline

Gasoline, Avimion Grade
100-I3O Grade
115-145 Gmde

Hay
Hydrogen
Isopropyl Alcohol (Rubbing)
lute Fltcr
Kerosene
Lcnther
Linseed Oil, Liquid
Linseed Oil. Oxidized
?dngncsium
Match Heads
Mcthmw
Methyl Alcohol
Nmund Gus
Newsp~~r
Nylon
NytOn 6
Nylon 6/6. Fiber
Nylon 6/10
Octane

47 I
172
400
456
193

228 to 230 44210446
246 475
538 IOoo
305 58 I
293 560

857 to 982 1575 [0 1800
466 87 I
6Q9 112s
[86 366
242 “ 468
475 887
141 28s
540 1004
316 @o
266 511
240 464
336 637
510 950
37 I 7oil
423 793
490 914
254 490

494
:; 498
263 505
407 765

2S0 [o 456 536 108S3
(depending on octane)

440 -1 824 -
880
342

123
212
343
462
507
163
537
470

482 to 632
418
424
485
S32
458
23 I

752
8s2
379
254
4[4
650
864
945
32S
999

. 878
90010 [170

785
795
905
990
856
448

,..”,,A ,.. . . . . ..,”!,-”... - “.. .,--- .-.-/
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Motcrinl Tempcrmure

“c “F

Pnint 462 864
Paper 44910499 840 to 930
Pnrnflin Propimc 493 106L14 920 to 1120
PmdTm Wnx - 225 437
Phencdic 571 to 580 1060101076
Polycnrbonnte 499 930
Polyester 432 to 488 81010910
Polyethcr 416 780
Polyethylene 349 660
Polypropylene 402 756
Polypropylene. Fiber 570 [058
Polystyrene. Bends 491 915
Polystyrene. High Impact, Flnmc-Rctmdnnt 423 793
Polystyrene, High Impact. High Rubber 478 892
Polystyrene: Medium Impmt. Low Rubber 468 874
Polytewnfluoroetby lcne 529 to 531 98A 10987
Polyurcthnne Klgid Fcmm 4[6 780
Polyvinyl Chloride (Cfmbing, Upholstery. etc.) 416 780
Polyvinyl Chloride-Acctme 446 to 557 835 IO 1035
Polpinyl Chloride, Semirigid. 105-C 425 797

Appliance Compound
Polyvinyl Chloride 533 992
Propane 466 871
Rnyon, oiled Viosc 248 478
Rayon, Unoiled Vkcosc 234 453
Silicon 55010564
Sulphur

1022 m 1047
232

Shcllttc
450

432 810
Styrcne 490 914
Turpentine 253 488
Varnish 462 864
w Oods 208 to 26[ 406 m 502
Wood Flbcrbonrd 218 to 229 424 to 444
Xylene-(M) 530 986
Xylcne-(0) 496 924
Xylenc-(P) 530 986

ignite more cnsily for two renso”ns. The surfncc men foi
the reunion with oxygen to :nke plncc is greater, nnd the
mass of individud particles is smrdler. which allows foster
heating 10 combustion Icmpcmturcs.

Note tbm materials used as fuels for internal combus-
tion engines arc ncccssnrily flnmmnble. The presence of
wlmile fuels. with their low flnsh points.. greatly increases
the risk of fire. Contributing factors arc the ignition sys-
tem of the engine nnd ha exhaust gases. fuel spillnge
during engine refueling, fuel Icnks from ruptured or cor-
roded fuel tanks and lines. nnd escnping fuel vapors from
impropdy vented mnks. If Ihc cscnping fuel. or iu vapor.
contacts any of the sources of ignition. the fuel supply
mny be ignited and explode nnd rcsuh in injury to person-
nel or in n larger fire that consumes nearby mntcrinls.

2-3.5 VIBRATION”(Ref. 11)
Rotming objects that me imbnhmced, vehicles wnvcl-

ing over roads Ihnl me not smooth. nnd vibrating tools
mny all SCIup vibrations that me transmitted to person-
nel. Such vibrmions mny be tmnsmitwd [hrough handles
grasped by the individuals m through scms. The degree of
vibrnt ion may be spccilicd in sevcml d iffercnl w.nys.

I“ mn”y mSeS Ihe displr.ccmcnt of the vibrming object
is specified as n pcnk-m-pcnk or rms displnccmerm In
other crises, the vibration is expressed in !erms of the
accdcmzion expressed in mc!crs per second qunred or
number of g (nccclemtion due to gmvi! y). Thc two met!-
suremcnts mny be rclntcd n: any fmquency~by

ox = 39.478J? Od, m/s2 (2- 1)

2-’1I
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MIL-HDBK,765(MI)

where
a, = vibration expressed ns nccckrmi on. pznk-lo-

PCnk or rms, m/sl
ad = vibration expressed ar Iincnr displo~mcnt,

pcnk-w-pcnk ,OJ rms corresponding to the
mnnncr in wh!ch o. i.r specified, m

~= frequency. HZ
Vibrmion of the whole body (not including the effects

on hcming pcrcejwd 0s ~oise) exhibits various effects on
personnel for both short-term nnd long-term exposures.
Short-term exposure to low frequency vibmtion may
prndum discomfort and frustration by interfering with
[be individual’s coordinmion. cspccinlly in the pcrfor-
mrmcc of dcficntc mnmml tnsks. The effects of vibmtion
will vary widely across individuals and depend on the
nmurc of msks being performed. the conditioning of the
individual to n vibrming environment. nnd the individu-
nl’s tolcmn~ of %.ibmtion. Long-term exposurz m low<
frequency vibrmion. < I Hz, produces [he symptoms of

motion sickness including nnuscn. fntiguc. nnd dizziness.
Again, the durmion of exposure necessary to produe
these symptoms depends on the frequency of the vibra-
tion nnd the mlcrnna (nnturnl nnd conditioned) of the
individual. Fig. 2-4 is o gmph representing ihc amount of
vibration ncm.ssory m induct motion sickness for differ-
ent durmions of time (from 0.5 to 8 h) over n range of
frequencies (0.0S to I Hz). For higher frequencies com-
monly encountered in moving vchiclcs. the vibmtion
should be kept below the levels specified in F@ 2-5 to
maintain [he individual’s proficiency to perform tasks
nssocimcd with opcrnting the vehicle. Hcnvevcr, pcrfor-
mnncc of tasks requiring line dcmil u,ork u,ould require
mnintcnnncc of \,ibmt ion M significantly Iou,cr levels. For
the comfon of ihe individual. vibrmion should Lx rcduccd
hclow 3270 of the values shown in Fig. 2-5, but where
safety of the individual is the only concern, the level of
vibration should not exceed twice (he values shown in the
figure.
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A secondary snfety-rcl~ted effect of vibrmion k the
degradation of mechnnicr.1 stmctum nnd mscmblics over
time due m vibrntion. .Mctal fmiguc iand loosening of
fasteners cm result from vibmtion. thereby directly
cndnngcring equipment or paxonncl or indirectly endrm-
gcring human lives or herdth in cases where persons me
dependent on the cquipmem or ~ffccted personnel.

Additional information on effects of whole-body vibrn-
tion may be found in Rcfs. 17 through 19.

2-3.6 TOXIC FUMES
Toxic fumes OR nny gases whose presence cmI.scs injury

to exposed personnel. Tox~ gnus mny cmm injury
through sc~-cml mechanisms including irritation or bur-
ningof tbe sk!n nnd eyes, irritation of the lungs or respim-
tmy trnct. intcrfcrcncc with the absorption of oxygen into
the bloodstrc~m. or internal poisoning from absorption
of toxic mnteriol through the lungs or skin into the blood-
strcnm. Sources of toxic fumes from nornml operation of
electrical equipment include exhausts and cvnpomting
fuel from engines. Hov.’ex.er. other emissions mny bc pro-
duced during elcctrictdly caused fires or by intense com-
ponent hcming due to cwerlond conditions. Common
toxic emissions me Iiited and described in the following
paragrnphx

1.Carbon Monoxide [CO). CO is n oroduct of
incomplete combustion I_& ~ usurdly fo;rid in the
exhnust from intcrnnl combustion engines such u those
used wiIh cnginedriwn-gcncmtor sew. CO poisons by
combining with the hemoglobin in the blood nnd thus
ncgntcs the oxygcnerrying c~p~bility of the affected
cells. Relatively low conccntrmions cm induce dcmh
1.2SW by volume will be fmnl in I-3 min. 0.64 Toin 10-15
min. and 0.32To in 30-60 min. Any concemmtion over
0.05% is considered dangerous (Ref. 13).

2. Carbon Dio.ride (COIk CO,, normally compris-
ing nbow 0.03% of the mmosphcrc by volume. con nffect
respiration when the conccmrntion is above 2%. How-
c~,er, concemmlions of 5% may bc tolerntcd for n durn-
tion of I h without pcnnnncnt effects. Concentrmions of
Iw can czusc demh if brmuhcd longer than n few
minutes.

3. Hydrogen Chloride (HClj HCI when dissolved
in wmer forms hydrochloric twid. o very cnustic sub-
stance. HCI is produad during the burning of n com-
monly used plnsic wire insulmion mmerkd. polyvinyl
chloride.

4. Ht.dmgen SulJ7de (HIS). H*S is prod uccd during
incomplc:c combustion of materials containing sulfur
such us rubber used us on insulin ion mnteritd. Its prcscncc
may bc detected easily by the fumili.nr rotten egg smell
usually nsmcimed with burning sulfur. In strong conccn-
trmions. howcwr. hydrogen sulfide desensitizes the sense
of smell rapidly. AS n con%qucncc. exposed personnel
mny IX unmvnre of the continuing presence of ci,cn
hnznrdous concemrmions. Concentrations of 400-700
pmu pa million (ppm) may be final in IO-&l min.

5. Su@r Dioxide (SOIJ. SO, is produced during the
complete combustion of fucjs containing sulfur and is
more toxic thnn HIS. Only 150-ppm conccntrm ion is

required to induce demh in 30-60 min. SO* is extremely
irritating bemuse it dissolves in moisture to form sulfu-
rous acid. Fortunately. the irrimtion mnkcs it extremely
difficult m wiihsmnd lethal concentrations of th~ gns.

6. O.rides of Yiirogen. The oxides of nitrogen in-
clude nitrous oxide (NO), nitric oxide (NOI), md nitro-
gen wtroxidc (NIO.). These Enscs me produced by com-
bustion of wood products and high-temperature com-
bustion of fuels used in inlermd combustion engines.
Exposures of 100 ppm for 30 min maybe fnml.

Limits for combustion product conccntmtions nrc
specified in ,M1L-H DBK-7S9 (Ref. 20).

2-3.7 OPERATION 1X HAZARDOUS
ATA1OSPHERES

Hazardous ntmosphcrn me those mmosphcrcs .in
which the prr..scncc of n mcchmism that is normally hmm-
Iess in air cm cnuse nn wcident. The most common
hnznrdous mmosphcre is one with on extremely explosive
mixture of gnscs or nirbome pmticulmes thm cm be
igni!ed cssily. Operation ofconvcntiomd cquipmcm with
switch conmcts. sliding bmshcs on ~ commumtor. or
static charges cm provide the righ! condition for gnscs in
!hc mmosphcm m be ignited trod. thereby, produ= an
explosion.

The Nmionrd Elecuicd Code ( Ref. 2 I) divides hmwd-
ous mmosohcres into three clnssss. This chssilication is
based on ihe type of hnznrdous mmerid present nnd is
funhcr subdivided into two divisions based on the degree
or severity of the hnznrd. The classes me listed us follows

1. Clom 1. Atmospheres conmining n combustible
mixture of gnscs

2. Class Il. Atmosphcm containing n combustible
dust

3. Clnss III. Atmospheres containing nirbornc fibers
or other combustibles.

Within each chss. IWOsubcln.wific~tiom or divisions
nrc defined. Division 1 describes those situations where
the condition. i.e.. the combustible mixture, is expected m
exist either continuously or intermittently under nornml
opernting conditions. Di~.ision 11. in contrast. dcscribcs
situations in which the hnznrdous condition exists only in
nbnormd circumsmnccs. such u quipmcn! fnilure or
opcrnmrcrror. Funhcr clmsilicmion within each division
is breed on [he flnmmnbility chnmcwristia of mmeritds
present in Lhe ~tmospherc.

Equipment intended for usc in hoznrdous atmospheres
is designed to (1) minimize ihc occurrence of hcnwd
sources or clccwicd arcs and (2) confine my combustion
orcxplos ion m ~ small mm m prevent ignition of the totid
environment. Components, such = rhys or switches.
contniningcxposcd contacts and motors that usc bmshcs
ctmnc.t be used in hnztwdous mmosphcres bemuse [be
clcctriczd arcs could ini!imc’n fire or explosion. In c-es
requiring usc of components Ihm could ignite the cxplo-
siw mmosphere, such components must be mounted in
nn ‘explosion.proof” enclosure. This enclosure is de-
signed to confine m! explosion to ~ smnll wm znd m
rclcmc the combustion products slowly through small
opc”i”gs so thnt they arc cooled to n safe tCmpcr~tum
through expmsion. ,$
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2-4 SOURCES OFHAZARD
INFORMATION

Information for haznrd or risk assessment is n~.nilnble
from severn] sources in industry and Government. Avnil-
nble information includes nccidcm dnm. fnilurc-rme dmn.
tmdstnndnrdsmd recommended pmcticcs iorconstruc-
tion and instnllntion ofcquipmcnt. The occident d~tn and
failure-rate dam prol.idc information thm is dirrcdy’
~pplic~blc 10 risk nssessmcnt-i. c., the idcn[iticn( ion of
hnznrds md their severity and the prob~bili!y of their
occurrence. Frequently (he standards tmd rccommcndcd
practices also will provide indirccdy information on
hazards by specifying mcnsurcs to prevent accidents due
to the hnznrd. In .mnny cases the nmurc of significant
hnznrds may be inferred from th~ spccilicxions.

The subpmngmphs thnt follow describe orgmizntions
thm provide this information. Addresses and type of
infonnzuion nvnhblc arc included in [hcsc descriptions.

24.1 INDUSTRIAL EXPERIENCE
Indusmkd orgnnizmions providing safety information

include the following types of orgnnizntionx
I. Profcssionnl societies
2. Smndmdizmion orgonizntions
3. Association of monufncturm
4. lnsurnmc compnnics

Specific exnmpla of these organizations me listed in the
subpmngrnphs [hat follow.

2-4.1.1 Institute of Electrical nnd Electronics
Engineem (IEEE)

The IEEE. the mnjor pro fessiomd socic!y for electrical
cngincms. publishes n series of standards and mcom-
mcnded prncticc documents concerning nll fiu!cts of clcc-
trictd engineering. Included in this series is information
about power system design. including both snfcty nnd
performance nspccts. IEEE also publishes o mnmml of
reliability dnm for electrical components. which is useful
for cstimming [he prob~bility of occurrence of hnznrds
due m component failure (Ref. 22). An index of IEEE
stnndmds may lx obtained from

IEEE %-vice Center
445 Has Lam

Piscmnwny, NJ 088S4.

2-4.1.2 Americnn Sntionni Standards Institute
(ANSI)

ANSI k II“mgovemmcnml institute founded to COOG
dinnte the development of voluntary stnndnrds for usc by
US indusmim and consumers. and to represent the United
SmLes in those orgnnizmions thnt perform n similm func-
tion at the intcmaiomd level. Smnd~rds submitted by
wwious sponsoring orgnnizmions-e. g., IEEE and ,Nn-
iiomd Elcctricd Mmmfocturcm Associmion (N EMA)—
art reviewed m minimize rrdundtmcy across standards
md to insure thm they arc responsive m needs. A,NS I nlso
serves w ~ clcsringhousc for these revised sumd~rds. m

well os for smndords dcwloped ~ other countries and

npPrO~’d by intema!~nl stnnd!wdtmtio” orgn”izmions—
such us [be Intermmonrd Orgmizntion for Stmd~rdiz~-
tion (ISO) tmd the lnternmionnl Ekc!rotcchnicrd Com-
mission (1EC). A,NSI smndmds me mo~ilnble for many
topic mcas including structured md mcchnnicd fobrico-
tion. mnmirds production. nnd Clcc!ricxd and electronic
design practices. A CMUIOLIof mfc!y standards is m,~ilflble
from

American Nntiomd Sttmdtwds Institute. Inc.
1430 Broadway

,Ncw York. tNY ICOI8.

Standards pertinent to safety of clccwicd devices md
wiring. fire protection. occupmiontd snfay, and other
safety practices rim idcn!ificd in this cmnlogl

2-4.1.3 NntiOnfd Fire Protection Association
(NFPA)

The NFPA maintains n collection of smndmds uhose
sole purpose is the prcven! ion of tire or !hc minimizm ion
of dnmogc from fire in LIvmicty of si!um ions. Sttmdnrds
me available thm cover combustion properties of specific
mmerinls. specific structures, nnd prohlcms unique m
specific industries. Most pertinent IO the subjects in this
hmdbook me the two most populm N FPA smndmdx the
,Vntionnl Electrical Code (Ref. 2 I) nnd [he Fk Projec-
tion Hnndbook (Ref. 16). Rcqucss for in fornm ion con-
cerning NFPA publicmions may be tidmssed to

,Notionnl Fire Protection Assochtion
Bm!e~mnrch Pnrk
Quincy. MA 02269.

2-I.1.4 Electrical Gencmting Systems
Association (EGSA)

The EGSA is on ussocimion of mmufnctumrs of elcc-
tricd gcnemtors nnd equipment used in clcctricd gencrm -
ing sysmns. Publicmicms by !his ussocimion address two
scptwntc ureas. mnrketing and engineering. In the cngi-
nccring men EGSA publishes pdormnncc spccificmions
for cngincdrit.en-genermor sets. instrumenmtion md
control systems incorporated into the cngincdriven-
gcnemtor sets, md switching systems for use with smndby
cngincdris.cn-gcncrnmr sets. Information rcgnrding
EGSA publications may he obtained by writing to

Electrical Generating Syswms Associmion
P.O. Box 9257 -

Cord Springs, FL 33065.

2-4.1.5 Notional Electrical Mnnufncturers
Assocint ion (tNEMA )

NE,MA is IJtrndc ass.acimion for the mnnuf~cturcm of
produce used in the gcnet’mien. mmsmissicm. distribu-
tion. control, ond end usc of electricity. IIS publicmions
include stnndnrds covering the design. m!d gcncnd publi-
cmions describing topics msocinted with the ~pplicmion.

2-IS . ——,—.
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of electrical equipment. Of special interest arc those
smndnrds thtu discuss design. mmcrinl selection. instdln-
tion and testing for motom. switchgmr. uninterruptible
power supplies. industrial bnuerics. and control devices.
An index of publicmions.. publiihed seminnnunlly, may
be obtnined fmm

,Nmionuf Elcctricid ,Mnnufncturcm Associmion
2[01 LS[rec:. NW

Washington. DC 20i137.

2-4.1.6 Underwriters Laboratories (UL)
The U L is an independent testing Inbommry thm per-

forms two functions for the elcctriccd industry. The firs!
function is the development of sumdnrds for the elcctricnl
industry thm govcm cbnmcteris[ics of clmtricnl compo-
nents used in clccwicid npparntus. such m wiring and
power connectors. The second function is the testing of
components and [he publicmion of nn “approved” Iii! of
components thm satisfy the test criteria. Information
concerning UL publicmions mny be obmined from

Underwriters Laboratories. Inc.
333 Pfingstcn Rd.

,Nonhbrook. IL 60062.

2-4.1.7, Insurnnce Orgnnizntions
[nsumncc orgnnizntions hnve nn economic interest in

[he minimization of nccidcms that result in losses for
insured compmies. Hcncc ccrmin organizations nre
sponsored by companies within the insumncc industry for
the purpose of specifying safe procedures. developing
swmdmds. testing components. nnd investigating ncci-
dents. One cx~mplc u the Factory .Mutunl Engincming
Corporation. o pm of the Factory .Muuml System of
insumnce companies. This orgnnizmion publishes infor-
mation on the proper design and insmlhmion of equip.
mem in nn attempt to minimize losses due to accidents.
especially those due to tire. A signitictmt portim of II
comprehenswc handbook published by [he Factory Mu-
tunl Engineering Corporation discusses elcctticd fires,
their cnuscs. nnd prcvcnti~e mcn.sures (Ref. 23). Another
useful publicmion is Loss Prevemion Data (Ref. 24), n
collection of sheets muinmincd in n set of eight Ioosc-lenf
binders. This collection CO*,CISn variety of induswinl
snfcty topics with n sprcilic section on clecwicrd safety.

A cmnlog of available informmion mny be obtained
from

Training ,Rcsourcc Center for Loss Ccntrnl Management
Fzctory .Mutunl Engineering Corpormion

I I5 I Bosmn-Providence Turnpike
P.O. Box 9 [02

,Nonvood. ,MA 02062.

2-4.1.8 Electric Power Research Institute (EPRI)
EPRI is n rclntivcly ncw organization (founded in 1972)

formed by the electric utility companies. This orgnnizw
tion’s purpose is to pltm tmd mmmgc II n~tionnl rcscmch
progrm cowr-ing topics Ihn! benefit [he Clcctric poucr

industry. EPRI SUPPOIISrcsmuch in the dewlopment of
new technology in all phnscs of the power generation md
distribution process, wiih particular empbmis on safety,
economy, cfticiency. rclinbility, nnd [he environment.
Most [echnicnl efforts me performed under contract by
unit,crsi[ies. rcxmch institutes. mnnuf~cturcrs of clccwi-
cd ~ppmmus. or individual utili!ics. A find rcpon de-
scribing the res.mrch md results is produced for cwry
study, and mukiplc reports summmizing various phmcs
am usunlly prcdumd.

Areas of resc~rch within EPRI we best summmized by
[he nnmes of divisions thm comprise it, n~mcly,

1. Adwmced Power Systems
2. Elcctrictd Systems
3. Energy Analysis nnd Environment
4. Energy Mtmagcmcnt and Utilization
5. Nuclem Power.

Information on mailnble reports or current progmms
mny be obmined by writing

Technical In[ormrdion Center
EPRI

3412 Hillside Drive
Ptdo AIIo. CA 94303.

2-4.1.9 Equipment Mnnufucturers
Equipmeni mmwfncturcrs publish informmion on the

proper npplicmion of [heir products, in which !hey stress
opcrntiomd procedures [or maximizing rclinblc service
and safe opcrmion. Publicmions range from simple.
primed instruction shee!s to comprchensiw texts cover-
ing the design rmiomde. insmllmion proccdums. nnd
op.maing in.smaions. Such infommtion mny be obtained
from nny rcputnblc manufacturer of the product of
interest.

2-4.2 INTERNATIONAL Experience
lntcrnmionnl stnndnnlizntion is becoming more im-

pormnt us clcctricol quipmcm trndc bctwccn countries
increases. From the milim~ pcrspcctiw. stnndntiization
at the imcmntionnl level is especially impormm m design
equipment for usc in all ,Nonh Atlantic Tremy Orgnnizn-
tion (NATO) countries. A set of intcrnntionnl. voluntary
smndords is being developed by two intcrnntiorml orgnni-
zntions Ihm coordinate the activities of the smndtwds
orgnnizmions in vnrious countries. ” A description of
these internmiomd orgnnizmions follows.

2-4.2.1 lnt ernntiomd Electrotechnical
Commission (l EC) -

The IEC is the principal organization responsible for
mnnngemem of the in!crnmio! ml.voluntary smndordizn-
tion progrnm for elcctricd nnd elcaronic engineering.
The [EC was founded in 1906 and is presently composed
of 42 nntionii committees representing 80% of the popu-
lation of the world. Liaison is m~inmincd with npproxi-
nmtcly 200 other orgnniz~tions. both government.d nnd

. In [he United Smtcs. this coordinating orgmization is A,XSI.

1

Downloaded from http://www.everyspec.com



MIL:HDBK-765(MI)

privntc. Infornmtion ovnilnble from IEC consists of
sttmdmds covering components ofclcctronic nnd elcctri.
cd systems. motors tmd oppliunccs. mntcrinls for insulw
tors and conductors. electrical teas. and instrumentation.
Stnndnrds [hat me dirccdy npplicnble to subjec~ dis-
cussed in [his brmdbook include gonernto~ and motors.
mfcty rcquircmcms for equipment. insmllntion of equip-
ment in wmious situmions (e.g.. grounding). and compo-
nents used [or power switching and distribution. Smn-
dmds published by, the 1EC arc primed bo!h in French
tmd Engfiih on facing pngcs in the some document and
moy be obmincd in the United Sums through ANSI:

American Nmiomd Stnndtwds Instim!c. Inc.
1430 North Bro~dw~y
,New York, ,NY 10018.

A cimdog of publicmions. published twice n yem. is idso
nvnilnblc through A,NSI for ~ nomimd chnrge.

2-4.1.2 Imernntionnl Orgnnizntion for
SInndnrdization (1S0)

[SO: founded by the United Nations in 1947. coordi-
nates tbe development of smndards covering subjects not
covcrcd by I EC. These m’o orgnnizmion.s. although
separate. coordinate [heir activities and hnvc headquw-
tcm m the same Iocmion. The distinction rmmng the sub-
ject orms covcrcd by each orgnnizmion hos been m~dc
less clew by technical adwmccs that hnve bronderwd sig.
niknndy Ihc number of disciplines involved in the elec-
tronics and electrical industries. Therefore. even closer
cooperation be!ween these two orgnnizmions is expected
in [he future.

2-$.23 Other Stnndurdizntion Organizations
.Most countries in the world hnve govcmmcntnl or

privtuc orgnnizmions that manage the development of
both voluntary and mnndntory smndmds in their own
country. Some of the orgnniznticms more frequently
cncountcred, and their English nbbrcvimions. arc (Ref.
25)

AS Smndnrds Associmion of Ausmdin
B.S. British Standards Institution
c.%! Cmmdirm Sumdnrds Association
DIN Dcutscher Normmmusschuss (West Gcr-

DS
DTD
Is
JIS
.UNc
NBN
NF

W.ss
ONOR.M

SA BS

many)
Dimsk Stnndmdiscringsrad ( Denmark)
.Mini.wm of Technology (Grcnt Brimin)
Indian standards Ass>tution
Jopmmc Standards Association
,McttdlnOrmccntrnlcn (Sweden)
lnstitut Edge de Normalisation (Belgium)
Associmion Frnncziise de Normnfismion
(France)

Stnndnrds Association of New Zenkmd
Ostcrrcichischcr Normmmusschuss (Aus-

tria)
South Afriem Burcnu of Smndzrds

SK Svcrigcs S[nndnrdiscringskommission
(Sweden)

Wbl Vcrein Deutschcr Eiscnhuttenlcutc (Gcr.
mnny St~hl-Eiscn-\Verkstoffbl~tt)

UNI Eme Xnzimmle Imlimm di Unilicazione
(Italy)

v ,NcdAmds ,Vomnlisntie-l”stitu”t
(N’aherl.nds)

VSM ,Normenburo dcs Vcrcins Schwcizcrischer
Maschineninduswicller (Stvilzcrlond).

2-4.3 GOVERNMEA’T EXPERIENCE

2-43.1 Department of Defense (DoD)
Safety nnd hm.nrd information nvniloblc from ~gencies

in the DoO include incident dom. htmdbooksccwering
nppropnmc design and ~pplic~tion information for equip-
ment. nnd stnndords nnd specificmions thm gcwcm the
construction of equipment.

2-43.1.1 Dn!~Bmm for AccidenClnvolving
Military Personnel

The United States Army. Air Force. nnd S~W/Mn-
rincsnll maintnindntn bnscsdc.scrihing ~ccidcnts mvolw
ing military personnel nnd civilinn pmonncl u,orking for
the milimry. [nformntioncon!nined in thcscdntz bases
includes dme tmd nnturc of the accident. number ond
nnme of pmons involwd. extent of dnmngc m pcmmmel
ond materiel. tmd cnusc of mcidcm. All dut~ buses MC
computerized. “which UIIOU,Sselective rcmicvnl of records
breed upon specified criteria. DatI mny be requested
from any semicc by personnel in sen’ice. contractors. or
Government civilinn employees. Houmcr. the amount of
d~t~ that mny be rclco.scd u governed by the privacy act
and ~nycl~ssillcmion that may be ~pphcd to the dnm or
puns of it. lnformmion maybe rcqucwcd in writing from
the follou,ing orgnnimtiom

1. Army Commimdcr
US Army Snfety Ccn!er
Fon Ruckcr. AL 36362

2. Air Force: Air Force lnspcaicm and
Safety Center

AFISC/SER
,Nonon Air Force Bnsc. CA
92409

3. ,Nwy/,Mnrinex Comm~ndcr. X~~.nl Snfcty
Center

Code 14. NwdAirSmtion
,Norfolk. VA 23511-5796.

2-4.3.1.2 Militnry Stnndnrds nnd Specifications
.Militmy smndnrds md specilic.miens ore wriucn for

the procurcmcm of equipment thm is suitnblc for the
intended npplicmion and thm meets performance %nd .
m~intcnnnce requirements. Sinccone ofthctypiczi per-
formnncc requirements is that equipment must be copoblc
of being operated mfcly by the personnel who will usc it.

. I
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the geneml pm-fen-mum specilicxions or stnndnrds thw
cover n closs of equipment. or group of equipment items.
typically specify requirements for incorporming safety
femum. [n addition. there arc specific smndnrds thm
describe procedures. such as grounding and mmmgcment
of stfcty progmms. m be performed spcciliciily for
safety.

2-4J.13 Miiitnry Handbooks
The military produces numerous hzmdbooks including

the milimry hrmdbook scrics. licld mrmuds(FM-), nnd
tbc US Army .MnLcricl Commtmd (AMC) Engineering
Design Hnndbook series (A.MCP 706-). These bnnd-
books describe conventions. oprming or installation
procedures. and other topics with gcneml ~pplicmion.
S~fcty-rcltucd considcrntions pertinent to this brmdbook
topic arc incorporated in mnny of tbcsc hnndbooks.

2-43.2 Occupntionni Snfeiy and
Health Administration (OSHA)

OSHA wns formed by Congrcssin 1970md plnmd
under the Depmtmcnt of Lnbor. [t was formed for the
pU~0SC9 [but fOi10’W

1. To develop stnndtwds or promulgate the adoption
of codes or smndmds developed by volunmq’ smndtwds
nssocintions

2. To conduct inspections to insure compliance
3. To m~inmin statistics of M “dimbling, serious. or

significant injuries or illnesses, wbcthcr or not involving
loss of time from work otbcr tbnn minor injuries requiring
first-mid wcmmcn:” (Ref. 26).

To nccomplkb tbcsc gods. OSHA coordinm= ncci-
dent rccordkceping m [he smte level for pnrticipnting
smtcs and tabulates summnria of accident information
for tbc country. In addition. OSHA is required by law [o
moni!or snfc!y of fcdcrrd employees and to keep udequnte
rrcords of all occupmicmnl nccidcnu nnd illnesses for
evaluation and for development of nppro prime corrective
mxion. Summary dmn me mnimnincd with the Fcdcrnl
Accidcn! Reporting System (FARS) to trnck accident
trends in the entire fedcrnl Government (including DoD).
Results m-c summm-ized in an nnnunl report.

2-5 APPLICABLE DOCUMENTS
Luwd in pan. 2-5.I through 2-5.4 arc documents

mkned to safety aspects of polyphnsc systems. Topics
covered by the documents arc mmmgemcm ofsnfcty pro-
grams tmd requircmcnu for safe design for general nppli-
cmion and for specific componcnu. ,Notc thn! dtbough
many documents nre listed. the list is not complete. This is
=PStia]ly true for military smndnrds nnd commercial
standards beczusc there ore n large number of strmdnrds
thm cover spccitdizcd topics. In !hcse cases only mprcscn-
tmive documents have been cited.

2-5.1 MILITARY STANDARDS AND
SPECIF1CATIONS

2-S.1.1 General Safc!y Considerations.
Documents - ,

iM1L- H D BK-764( M 1). Sa/et.!’ figinecring Design
GuideJcv.4 rm.r M.mcrid

AR-3 S0-30. Repor!ing of Cri{ical Intelligence
lnformntion

A R-380-!O. Po/ic.r Jor Safeguarding and Conmo/-
ling cOi4{SEC Informmion

E,M 385-I-I. US Arm.v Corps oJEngincers Wel?
and Heahh Requirements Mrmunl

.MIL-STD-721, Definition so fwectit,ene= Terms
[or Rcliabilft.r. Mainrainabi!it?. Ht(manFa*
lors. and SaJ?f.r

,MIL-STD-882. S.tmcm SoJetY Program Require-
mrn u

MI L-STD:1472. Human .%gineering Design Cri-
ferio Jor Milimry S.vsfems. Equipmenl. and
Facililiea

MI L-STD. 1474. A’oisc LimiJ~Jor Arm.v Afmcricl
TB-MED-501, Hearing Constvmmion.

2-5.1.2 Documents on Snfetyfor Electrical
Systems

MI L-STD. 1851. Grounding. Bonding, and Shieid-
ing Dssign Proclices

MI L-STD-f54. Smndard General Requirements
Jor Ekctronic Equipment

AR-385-30. SaJe!u Color Code hfarkinss and Siw.

2-5.1.3 Engine-Driven-Genemtor Sct Stmdnrds
nnd Specilicntions

M[L-STD-178. Dty7nition Applicable to Speed-
Governing OYE!ecmic Generator .%1

MI L-STD-633. Mobile Elecrric Power Engine
Generaror .Wmdnrd Family Characteristics
Dam Sheei

MI L-ST D-705. Generamr Sets. Engim-Driven.
Mcfhods OJ Tests and instructions

MI L-STD-882. S.wem SoJeI.v Progrom Rcquire-
mems

MI L-H DBK-705. Generamr Sem .!Yecmical. Mco-
surcmen:s und lnsmumenm: imu

FM-21-30, E!ectric Power Generamrs inthe Fie!d
M IL-G-38195. Gt-ncraror SeI. Gus Turbine Engine.

60-Ki!onfa:t. 4WHcrt:. Gencrn\ Purpose
MI L. G-52732. Generator Sem Gasoline figine

Driven. 0.S-Kilonw:8 thru 10-h’i[otvmr. 60-
Hert: and28- Volt Direct Cttrrem. T.\.pe l(Tac-
!ical~ Class 2 (Utililyh Gcvwrol Specificmion
Jor

.MIL-G-52884. Generoror Sem.. Diesel fizgine
Driven. 15- {hru 200-Kilowwtt. 50-. 60-. and
400-Herl:. (Tac: ical). General SpeciJicalion
for

MI L-G-82058 .Gcnera!or Set. Diesel figine. 750-
A’ilowmt, SO/60-Hert:. Prime. Ulilil.v.

2-5.1.4 Documents Describing Distrihutionof
Electric Power

.MIL-B-5087. Bonding. Electrical. und Ligh!ning
Protcc:ion for Acromocc St-menu

— -—..—. . 2.[8 .-._ —-
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MI L-H DB K-t 19. Grounding. Bonding. and Shield-
ingror Electronic Equipmcms c! Facilirics,
VOlumesl ,$2

MIL-STD.13100. Shipboard Bonding. Grounding.
and Other Techniques for E/ectromognetic
Comprmibilit,v und Safciy.

2-5.1..S Documents Describing ElectricnI
Components

MI L-STD. 1360. Fuse. Fttseholders. ondAssocioted
Hardware. Seleclionand Use of

,MIL-STD-1498. Circuit Breakers. Se/cction and
Use of

.MIL-C-2212. Controller. Electric Motor AC or
DC, and Associated Swifching Devices

.MIL-F-5373. Fu.who!dcr. Block- 7),pe.Aircraft
MI L-C-7079. Circuit Breaker, A’on-Trip-Free.

General Spect~cotion for
.M1L-A-9U94, Arresmr. Lightning. General Specifi-

cation for Design of
,uIL-T-15108. Transformers. Power. Step Down.

Single Phase. lkVAAppro.rimam Minimum
Rating, Dry 7jFpe. NavalShipboard

,MIL-F-151M. Fue. lm#wment. Power .andTele-
phone

,MIL-T-17221.Transformers, Power. Distribution.
Single Phase. @3-Hert:. Insubxion S.wem
Class 220drg C. Dry Air Cooler. Naval S6ip-
board Use

MI L-F.19207. Fuseholder. .Ertraclor Pos!-7j,pe.
BIOWII Fuse Indicating and Nonindicating.
General SpecJJ7cation for

.M1L-F-2 1346. Fuseholder. Mock and Shroud TvPe.
and Associated Fuse Clips. General Spec@-
tioru for

,M1L-l-23264. Insuhxor. Stando~. SI.vle 01.02.03.
W, and 06

MI L-C-23280. Cabinef. Electrical Equipment
C Y-2675

MI L-F-23419. Fuse. humlment-7j,pe. General
SpectJica:iOn for

.uIL-P.23928. Pond. Electrical, Power Di.rtribu-
tion and Manual Transfer. Circuit Breaker
Tvpe

,MIL-1-23972, lnsuIa: or Assemblies. Rack. Second-
ar.v

.$41L-E-24 142. .%closurefor Electrical Fillings and
t%uures. General Specl~cation for

.MIL-P-291S3. Pandboard. Power Distribution.
Portable. iVeatherprw~ GeneralSpeci~cniion

for
,MIL-C-39019. Circuit Breakers. ,bfogne:ic, LIIw-

Power. Sealed. Trip Free. General Specl~cn-
tion for

.$41L-C-55629. Circuil Breaker. Magnevic. Unsealed
or Panel Seal. Trin Free, Gmera\Specificu8 ion
for

.MIL-R-55223, Regtdamr. Volmge CMS140/GRC
,MIL-D-S5456, Distribtalion Bo.r. J-1077((/U. Dis-

wibulion Bar, J-13~/U *——-—

,MIL-P-81653. Power Controller. Solid-Sto!e.
General Spec#~cation for

M 1L-C-8 1883. Comrol Group. Electric Power Oh’-
XXX(VJA General Spect~calionfor

MI L-T-82402. Transformer.Dr.v-Tt,pe. Ponwr Dis-
tribution. SIC-P Up cmd Step Down Service.
1000 k VA and Below

,MIL-C-83383, Circuit Breaker. Remme Control.
77wrmal. Trip Free. Generfd Spec#flcalionfor

MI L-P-63825. Panel Ass-r.. Aummoric Power Trans-
feror ,ll&TEEA’ and EJfU Series Diesel
Engine Generator Sets.

2-5.1.6 Documents Describing Testingnnd
TesI Equipment

MI L-STD-1309. DrJinilions of Terms for Test.
Meosuremcm. and Diagnostic Equipment

MIL-D-82134. Dumm? Load. .%crrical. 601100-
kW S5/90-k VAR 3-Phase. 60/.iOO-Hertz.
AC.

.—— - .-
2-5.2 GOVERNMENT STAN’DARDS AND

SPECIFICATIONS

2-5.2.1 Document on Snfetyror Electrical
Systems

OSHA Safer!, and Hsaldt Slnndards29CFR1910.
Subpar:S. Electrical.

2-5.2.2 Documents Describing Testingnnd
Test Equipment

W-C-375. Circuit Breaker. Molded Case. Branch
Circuit. and Service

w-T-631. Transformer, Power Disrribwion
W. F-870. Fuseholder and Fttsec[ips (For Plug and

Enclosed Carmidge Fuses)
W-F-1726. Fuse. Corrridge. Class H. General

SpeciJcaliOn
w. F-[814. Fwe. Canridge. High lmermp[in~

Capociry. General Spc@7cari0n.

2-5.3 IXTERNATIOSAL SOURCES
The following documems me all published by the

lntcrnntiomd Elcctromchnicnl Commission (1EC).

2-S.3.1 Documents on Snfetyfor Electrical
Systems

lEc#479. Eflcc; sof Cumenl Passing 77trough lhe
Iiuman Boll?

IEC!4536. Classt~carion of Elcc:ricolund .!7ec1ronic
Equipment lVidt Regard 10 Pmmction Against
Electric S60ck.

2-5.3.2 Motor-Gcnermor Stmdmdmd
Specification

IECU34, Rototing ~ectrical,!loclli]zcs.
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2-5.33 Documents Describing Distribution of
Electric Power

IEC#79. Elecwico! Appcmuusfor .Ekplosive Gas
Atmospheres

IEC#364. Electrical Inmdlations in Buildings
IEC#621, Electric?/ Immllmiom for Oufdoor SiIes

Under HeovF Conditions (Including Open-
Cast Mines and Quarries)

IECU664. Insulation Coordimmion lVifhin .!.ms9-
vo!m~e Sys;ems Including Clearances and
Creepqqe Di.rmncesfor Equipnrenr.

2-53.4 Documents Describing Electrical
Components

I EC#56. High- Voltage AImrmming- Currcm Circuit
Sreakcrs

1EC.W6. Power Tran.rJOrmers
1ECW9. tighming Arrcsters
lECll144. Degrees of fiowcrion ofhc!osuresfor

Low- Voltage Srn,i#chgenr and Comrcdgcor
1EC# 157. Low- Voltage .%,itch~ear and Cumrcdgear
IEC!4158. bw-Vohage Ccmtrolgenr
1EC#2 14. On-Load Tap Changers
1ECU241, Fu.sesfor DomesticandSimitar Purposes
1EC!%269. Law- Voiloge Fuses
1E~282. High- Voltage Fuses
1EC#289. Reactors
1EC#298, A C Metal-ficlosed .$wi{chgear and Con-

rrolgear for Ruled Voltages Above \ kVand
Up to and Including 72.S k V

IEC#354. Loading Guide for Oi!-Immersed Trons-
former.

IEC#420. High- Voltage Ahern.xing Current Fuse
SN.ilch Combinalioru and Fuse Circuit Breaker
Combinations

lEC#445. h2cntiJicution of Apparatus Terminoh
and General Rules for a Un@m System of
Terminal Marking. Using an Alphanumeric
A’omion

IEC#466. High- Voltage Imwdation-ficlo=d Swirch-
geor and Controlgcor

IEC/W70, High- Volmge AlmrnaIing Current Con.
Iacrors

IEC#518. Dimen.sionnI Standardization of Termi-
nahfor High- Vol:age Switchgear and Ccmtrol-
gcar

lECt/542. Amdicaticm Gttide for On-Load TOP
Chrwrge~;

lECi@6. Auulication Gt/ide for Power Trans-
Jormcrs. .

IEC!4616, Terminal and Tapping Markings for
Powwr Traruformers

IECIW4. Specification for High-voltage FIuc-
Unka[or Motor Circuil Application.!

IECI1742. lsohming Transfc?rmerl and Safely lsoial-
ing Transformers-Requircmenm

2-53.5 Documents Describing Testingtmd
Test Equipment

lEC#267. Guide tolhe~rstinr of Circuit Breakers
lVi(/, Rc.,pec#(o Ot,:.oJ- Pl#axe S$t,irchitrg

IEC#348. SoJety Requiremenlsfor Electronic ,tleo-
suring Apparatus

lEC:414, Safet,u Requircmenlsfor indicating and
Recording Elec!ricnl Measuring Instruments
and 17mir Accessories

[EC9695, Fire Hamrd Tesiing.

2-5.4 COMMERCIALS OURCES

2-5..$.1 Geneml Safety Considerations.
Document

A,NSI Cl. ,\’aIional UecrricaI Safe:? Code.

2-5.4.2 Doctiments on Snfety for Electrical
Systems

ANS1/NFPA 70. ,\la;ional UccIriml Code
ANSI c2-1984. ,\’a8ional Electrical Safer? Code.

2.5.43 Motor-Generntor Standards and
Specifications

A,NSI C50.30, IEEE Std 67. Opcrationand, Vain-
tenonce o~ Turbine-Generators

ANSI \ UL 674. Electric Motors and Generators for
Use in Haznrdotu Locations, Class!. Groups
Canal D. Class Il. Groups E. Fand G. SoJefy
Standard for

ANS1/l EEEStd 117. /nndating,V areria/sforAC
Electrical Machiner.u

lEEESld 126. Governin.e oflnternal Combustion
EnEine-Grnerotor U;if;

A,VSIll EEESid 27S. ~termal Et.aluotionoflnsu-
la:ion S.vsrems)or AC Electric Ma;hincr.r
.!mpio.ving Form- Wound Prcinsulared Smror
Coils.

2-5.4.4 Documents Describing Distribution of
Electric Power

AA% I C33.27. Electrical Oulter Bores and Fittings
for Use in Ho:ordcmu .bcmiotu

AM 1 C33.84. Elcc:rical OuIleI Boxes and Fillings
ANSI C33.8S. Power Oudels
ANIC33.91, Electrical Rigid Nonmetallic Conduit
ANSI C33.92. Eltc:rical Fle.rib!e,\Ic:al Conduit
ANSI C62. I. AC Power Circui:s. SurZe Arreslcr

for
ANSI C62.2. ltolv~ Type tigh:ni”g Ames fersfor

A C SysIems: App!ica: ion
A,VSI C62.92. lEEEStd 143. Ground Faul/ i\’eu-

tra[i:ers. Groundin.? of .Wnckmom Genera-
mr .$.wems. Nru:r;/ Gro”undingof Trnnsnuk-
siun tines. Application

ANSI C76. I. IEEE Std 21. Ouldoor Apparalus
Sushings

A,VS1/l EEE Sld 32. Neutral Grounding Devices
ANS1/l EEE Std 80. Sa@.v in AC Subma~iOn

Grounding
AiVS1/l EEE Std 141. Electric Power Dis:ribulion

for lndusmiul Plan:s
AL\’Sl/l EEEStd 142. Groundin go flndusrria land

Commercial Power S.Iwlcms
~.lo—-. ——. — ,..— . .. .—— —..
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ANS1? IEEE Std Z41. Ekcjric Power $wems in
Commercial Buildings

ANS1/l EEE Std 446. Enwgcncy and Standby
Power S.vsrenu

SEMA LA.l. Surge Arresrer~

NE,MA PB 2. Dend-Fronl .Dis:ribu: ion Switch-
boards .

NE,wA RN l. PVC Erlernally Conled Gu!\,nni:cd
Rieid Steel Conduir and Electrical ,Ifem!lic
T.iing

NE .&iA TC 2. Ekcmic Plas:ic TubinK. Conduit. and
Fillings

NEMA TC3. PVC Fit!ings for Uje lVilh Rigid
PVC Conduit and Tubing

ANSI/UL 96. Components. -Safet.v StnndardJor
tigh!ning Protection .

ANSl\UL 467. Grmmding and Bonding Equip-
ment. SaJe#.v SmuimfJor

ANS1/UL 486A, Wire Conncc#ors and Soldering
Lugs for Use lVi(h Copper Conductors

ANS11UL486B. Wire Connectors for Aluminum
“Conductor~’

ANS1\ UL 498, Attachment Plugs and Receptacles.
SaJeJ.v ShmdardJor

AiiS1/UL514B. Fi(ringsfor Conduit and Du:let
Bores. .%few Standard for

ANS Ii UL 8 [?: C&dSeta an~Pow,er-Supp@ Cords.
Safety SrandardJor

ANS1/UL 1010, Rccepmc/c-P/ug Combinaricwu
Jor Usein Ha:ardou.r Loc.tiona. SaJet.v Smn-
dardJor

A,VS1/UL [053. Ground- Fault Sensing ond Re@-
imi Eauinmem. Safew Standard for

U L 6. ‘Hec%cal Rigid ;lf;fal Conduit-
ULS43. Elecmica/ Fiber Conduit
UL 797. EIecmical Metal Tubing
UL891, EfecmicaI Dead-From Switchboar&
U L 943. Ground Fault Circuil Interrupters
ANSI/ i.lFPA 78, tighming homcfion Cude.

2-S.4.5 Documents Describing Electrical
Components

ANSI C17.076. pressurized Components of AC
Hirh-Voi[are Circuit Brcakerl

ANSI ~33. 10. ~meholders
ANS[ C33.26. lEEEStd S47. T6ermalproleclors

/or Electric Momrs
ANSI C33.42. Fuses
ANSI C37.078. [EEE Std 343. E.mernrd hmdalion

~or Outdoor AC High- Voltage Circuit Breaker~
ANSI C37.13. IEEE Std 20, Low- Vo//age AC

Pou,er Circuit Breakers Usedin .%closurel
A,VS1 CJ7.19. Law-Voltage AC Powrr Circuil

Breakers and Switchgcar Assemblies
ANSI C37.24. lEEEStd 144, Solar Radiaiionon

Dwdoor Metal-Clad .$witchgear
ANSI C37.27. IEEE Sid 331, bnv-kdmgc AC

A’cmin:egrall.v Fused Power Circu ii Breakers.
Applicalionfor

—.-——

‘ANSI C37.29, IEEE Std 508. Law- Vohoge AC
Power Circuit Prcwecmrs Usedi” Enclosures

ANSI C37.30. IEEE Std 324. High- Vo/mge Air
Stvitchm. lm”lnto,,. and BuS”pporrs

ANSI C37.34. IEEE S1d 326. High- Vohage Air
Switches

ANS[ C37.35. High- Vo/tage Disconnecting
Swi!ches. Operation and.\ {ainrenanceof

ANSI C37.60. IEEE Std 437, Aummaric Circui{
Rec/osuresJor A C S.wmms

ANSI C37.61. IEEE Std 321. Aummtmic Circuit
Reclosurea. Application. Operarion. and Main-
tenance

ANSI C57.12.00. IEEE Std 462. Diswibmion.
PowerondReguIating Tran.sJormers

AXSI C89.2. Drw Tv~e Transformers for Generni
Appiicoriok ‘“ - -

ANSI C97.1. hw-t’ol{ace Cartridge Fwes
IEEE Std 22A. Interm>fer Swil;hcs to Switch

Capacimncc .LOa&
lEEEStd 76. Transformer Askare/in Equipmem,

Accrpmmcc and Mainlcnance
lEEEStd 112A. Polsphasc lnduc:ion h{otorsund

Generators ‘-
IEEE S!d 283, Oil-Immersed TransJormcrs lnsml-

Lmion
lE EE Std 345. 77urmul Evaluation oJOi!-immersed

Di~mibwion Transformers
IEEE Std 387. Diesel Generator Units Applieda.s

Smndbv Power SuoDlies for Nuclear Power
Genera; ing Stalion; ” -

1EEE Std 484. hutallafion Desien and Insmllotion
oJbrge Lzad Storage LWt;ricsfor Gencraring
St.miens and Subsmriotu

UL 489, Molded Case Circuit Breakers and Circuit
Breaker .%closures

ANS 1i UL 20. Snrm Switches. .%fen, .$tandardfor
General Use “

. .

ANS1/UL 50. Cabineu and Bares. SaJeI.V S:an-
dardJor

A NS 1I UL 98. ficlosed and Dead-From Swi:ches.
SaJe#y SmndardJor

ANS 1\ UL 198C. High- lmerrupring Cupaciry Fuses.
Currcnl-timi!ing Tt.pes. SoJe:v SmndardJor

A,vS1/UL 198H. Clns# TFUSCI. SaJeI.v Sfandard
Jor

ANS1/UL 347, High- Vohage Industrial Control
Equipmem, SaJcly StandardJor

ANS1/UL 508. hrdusrritd Comrol Equipment.
SaJet.v SmndardJor -

ANS1/UL 698. lndmwiol. Control Eq”ipmcnr Jor
Use in Ha:nrdous Locn:ions. Classl. Groups
A. B. C. and D. and Class II. Groups E. F. and
G. SaJeI.v SmnciardJor

ANSl\UL 823. Electric Hea:ersJor Use in Hazard-
ous Locations. Clos.s I, Groups. A. B. C.and D.
and CIassll. Groups E F.md G. SaJef!’slan -
dordJor

A,VS1/UL g69. Service Equipment. SaJeI.v -%n-
dardJor

.——
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MIL+IDBK:765(MI)
I

.
ANSI/UL 877, Circui{ Br;okers and Circuir-

Breaker Enclosures for Use in Hozmdcws
Locarions. Class i, Groups A. B, C, and D. and
Class II, Groups E. F,and G. Sofel.v Smndard

for
AtNS1/UL 977, Freed Power Circ”ir Devices.

SafeI.v .Wandard for
ANSI/UL 1008, ,.turomaric TrunsJer Swirches.

Safe/J, SJandardfor
ANSI/ UL 1054, Special- Use .%,i[ches. Sa@.v Skm-

dard for
ANSI/UL 1077, Promclors Jor Use in E/ecmica/

Equipmenl, Safe!.v S{andard for Supple-
memary

ANSI/UL 1097, Double [nsulalion .lvslemsror
Use in Electrical Equipmem. Saftv.v Slandard

for
ANSI / N F PA 496, Purged Enclosures for Electrical

Equipmem in Hazardous Locarions
ANSI/ NEMA 250. Enc/osuresfor E/ecmica/ Equip-

mem (1000 volts maximum)
NEMAAB 1, Molded Case Circuir Breakers
NEMA SG 2, High- Vohage Fuses, .Wmdardfor
NE MA S G 3, Low- Voltage Power Circuit Breakers
NEMA SG 5, Power Swilchgear Assemblies
NEMA SG 6, Power .W,ilching Equipment
NEMA SG 13, Automafic Circui[ Rec!osures.

A ummoric Line Sectionalizes and Oil-Filled
Capaciror Swirches

NE M A TR-P4, Disrribulion Transformers. Under-
ground Tvpe

NE M A TR 27, Dr.v- Ttspe Transformers Commer-
cial. Inslimrional. and l“dusrrial.

2-5.4.6 Documents Describing Testing and Test
Equipment

ANSI C39.5, E!eclricol and EIecrronic Measuring
and Conwolling Instrumenmtion. Safer? Re-
quiremems for

1EEE S1d I I8, E/ecwica/ Measuremems in Power
Circuits.
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CHAPTER 3

SYSTEM DESIGN

Discussed in this chapter are Ihe safely-related topics~or electrical s.m[ems :hur do not pertain 100 single
component bw rather apply to (he whole system. Included are rcquirementsfor electrical equipmem based on
environmental factors such as moisture, lightning, temperature. gases, particulate. solar radimion. and
pressure. Brief descriptions of each Jactor include a definition and a range of typical values for nansral

environments. Concise descriptions are given for rhejour climates of !Ite earth: hot-dry. hot-wet, temperate,
and cold. A ISO ●quipment design considerations thm impact the safe and reliable operation of electrical

s,wesrts are discussed. The topics discussed are [hose that pertoin to (he conJigural ion of the system— i.e..
grounding: inter~ace with permanem power system: or ihat appl.v 10 all componems. e.g.. material selection
and arcing.

3-o LIST OF SYMBOLS
d = depth in wntcr. m (f:)
g = oaxlermion due to gravity. 9.8 mls’ (32 fllg~)

f. = barometric prcscucc nt sea level. Pa (lb/in?)
p = dcnsily of wmer, kg/m’ (lb/ ft])
k = wnvclcngth. m

Q = solnr icmdian~. W.m-z.pm”’

3-1 INTRODUCTION
To insure thn! an clcctricnl system is cnpahle of mfc

opcmtion. it is ncccsmry that
1. Components me cnrcfully designed to climinntc

hazncds that could exist when Lhc equipment is opcrntcd
in its imcndcd environment.

2. The componcms m-cconstructed suflicicndy rugged
nnd environmcnmlly resistant thm ndditicuml hnsnrds wc
not introtfuccd by physical deteriomticm of the stmcturc
or mntcrials.

3. System components arc properly interconnected
m prevent hazards lhm would be produced by inndwncm
fttult cun-cms or nppficzwion of hnznrdotss volmges to
exposed conductors thm arc expected to be m ground
potentird.

To design electrical components and systems thm can
be opentmd snfcly, the designer must be cognizant of
scycrtd facmcs including typical hazards of clecwicrd
nPP~r,a@ the Pcrformnncc rcquircmcnts for the cq”ip-
ment including the nnturc of the elecwicrd interaction of it
with other equipment. the environment in which [he
cquipmcm is m be operntcd. and the effect of the cnvircm-
mcm on pccformmmc of the equipment. The purpose of
Ihs chnptcr is 10 provide n discussion of !hcsc factors as
[hey pertain to the Iotnl elecwicd systcm or multiple
components in the system. Toward this objcctivc. two
major suhjcct nrcn.s arc di.wusscd. First. (he physical
environment. including [ypic?l ranges of cnvironmcnwd

?actors, in which clcctcic~l equipment will be used by the
militnry, is described. Second. technical considcrmions
includ[n8 both !hosc Ihm ripply to the design of comp-
nents. e.g.. material sslcaion. and thox thm apply to
inmmonm.aion of vm”ous components. e.g., grounding,
arc discussed. Component specific information is dis-
cussed in Chnpters 4 through 8. Each of these ch~ptem or
major pnrngrnphs within the chnptcrs provides informa-
tion concerning the desi8n of the component that is the
subject of that chnptcr or pm’ngmph. This is in contrast m
the information in Chapter 3, which dcscribcs considcrn-
tions npplicnblc to 811components or to the imcrconnec-
[ion of various components into o sysmm.

3-2 ENVIRONMENT
3-2.1 CHARACTERISTICS OF THE

ENVIRONMENT
The opermion ofekmricd equipment (or for that mtu-

tcr any equipment) is affected by fnctom in the natural
environmcm. such as wmpcmnwc. humidity. atmospheric
contnminnms. nnd changes in lhcsc environmental ftm-
tocs induced bv nearby personnel or equipment. Typical
fnctotx in the ;nduccd environment tha! differ from the
natural environment wc sound. vibration. tcmpcrnturc
clcvution. and mdimion. The expected range of the nmt-
rnl nnd indumd [actors of the nmicip~ted environment
must be defined qunnti!ntively to csmbliih rcquircmen!s
for the design. The purpose of this pm~grnph is to discuss
cnvironmemnl fnctom thm impact the operation ofclcc-
tricrd equipment normally used in po[yphosc systems. For
each cnvironmenud fncmr. the rmure nnd effect of the
factor wc described and n range of typical vnlues is given.
These discussions nrc not intended to provide n complete
description of the cnvirortmcnt ond its effects. .Morc
extensive discussions of environmcnml effects. both nmu-
rnl tmd induced. me given in other handbooks. (Rcfs. 1.2.
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nnd 3). These handbooks prot.ide information on the
expected vcducs forcnch factor across vmious conditions.
mcasurcmcnt techniques for the factor. impna of the
fncmr on personnel and equipment. and equipment tests
to determine the effect of cnvironmcnml extremes on
pmformancc or mismncc 10 degrndmion.

3-2.1.1 Moisture “
.Moistum refers to the presence of ~ limited qumnity of

liquid-phase water. Liquid-phase wwer includes wrmer as
n liquid. on aerosol. or condensation on n surface. Some-
times the definition of liquid-phase wmcr is cxprmded IO
include writer vnpor n: high humidity levels. \Vnter is
nkwnys present in Lhc n!mosphem in concentrmions rang-
ing from 3% relative humidity in the desert environment
to 100% humidity during pt-ccipiuyion in more tcmfx.mtc
arms. Nmumf moisture mny be found in several forms
including fnkling min. condensn[ ion on surfaces. fog, or
simply accumulated wamr wnpped in cnvitics or nbsorbcd
into mmcrink. At low tempmmures moisture will freeze,
which significantly chtmges its properties and effects on
material.

The effects of moisture on mmcrinls and equipment arc
the same os the cffccu of wmec they differ only in degree.
Specific effects on electrical quiprncm me - -

1. Decrea.red Surfucc- or Bulk- Rcsislivil.v of In.udaI-
ing Male,iah. ,Moisturc conmining dissolved salts even in
mimwe conccntrntions may form n conductive path
across surfaces of insulntom or through porous materials.
but pure wntcr is n poor conductor ond does not introduce
significant conductive pmhs. However. contnminnnts—
which m-c IIIWZTYSpresent in the mmophcrc. on surfaces.
or in mnmriafs-enter solution upon contnm with wntcr
and thereby release ions that provide n conductive mcch-
nnism across surfaces or through porous materials.

2. Dimctrsionnl Changes in Materials. Absorption of
moisture by hydroscopic mn:erinls frcqucmly ‘will cmIsc
swelling of fib.m or will reduce !he sweng!h of the mm-
rinl such thnt its dimensions arc susceptible to chtmges
due 10 cxtcmnlly applied smsscs.

3. fncrea.red Corrosion Raw. ,Moisturc provides the
vehicle for the chcmicnl combining of certain metals. e.g..
iron. and oxygen and. when prcscm. grcmly increases [he
t-me of mctollic oxidation.

4. Diksolvin5 of Adhesives (or Co6esive I+oprrlies
o~ Maferial). Excessive moisture frequently will degrade
the strength of ndhcsivcs or the cohesive strength of m3le-
rials nnd will lead to structural failure unless moisturc-
rcsismnt materials and fastening techniques me used.

5. Deposits kft ,.lf8er Evaporation of Wa:er. Con-
Lnminnnts in water remain on surfaces nftcr wirer evapO-
raws. These residue contaminants IIrr usually poor con-
ductors hut nmy incmasc the clcctricrd resistance of
clcctricd contacts or may interfere with the opcrmion of
high-tolerance mcchnnicd assemblies. This IYIX of woter
dnmnge is most signilicrmt for cquipmcm thnt is sub-
merged inndvcncntly in writer. e.g., due m flooding or to
mcidentnl submcmion.

6. Internal Mechanical Strem From Freezing Mois-
ture. .Moisturc entrapped in mmcrinls cxpm-!ds upon

freezing nnd !hcrcby causes rupture of cellular structure.
dclnmination of Inycmd mntcrinls. rupturing of cfivitics or
pockets. or incrcnsed brittleness of normally pliable. ccl-
Iulnr mnminfs.

7. Increosed Loads From Accumulmion of Frozen
Precipitation. Accumulation of snow on flat surfaces or
frozen glaze on suspended objects signilicnn!ly nffcc:s the
weight of the structure snd. in severe cases. mny lead to its
collnpsc. Accumulation of ice on suspended cables may
significmtly increase their dinmeter, nnd !hc incm.ssd
wind loading may lead to !ensilc failure of the conductors
or collapse of the supporting structure.

8. timitation on ,!mechanical Movemem b.v Frozen
Moisurre. Equipment that requires mechtmiccd move-
ment of components for operation maybe di.snbled when
coated with ice. The icc may either lock some momblc
components into one posi! ion or prevent a movable com-
ponent from seining properly. Forexamplc. ice can lock n
momble coMnct in an outdoor switcb gem in one position
or cm bridge o contact and thereby prcwu prop-m
comma.

9. Physical Domage From Frozen Prccipimrion.
,Mois!urc m !hc form of Iarm hail cm cause similicant
dnmnge m wood. shingles, ;r sheet mcud stru;turcs m
well us direct injury to personnel.

The major impact of moistu= on safety is the induct-
ion of unintended conductiw paths in or around equip-
ment either by conduction through the wntcr in the com-
ponents or by f~ilurc of mechnnicol supports :bn! sepamte
energized components. These pmhs can connca cncr-
gizcd. internal components thm mc normtdl y protected to
exposed. conductive componems that arc not normally
energized: thus personnel may be exposed to hazardous
volmgcs with no wnming or protection. Moisture-induced
Ieaknge pnthstoground tdsoamconwibute to the hnznrd
by reducing the resismnce of the clectricnl circuit through
u person m 8round and thereby increase the current flow
through the body upon contact with energized conduc-
tom. The failure ofsupporu may bc induced by moistum
through corrosion of metal structures. erosion of soil
mound suppons. or rotting of wooden poles.

Rates of rainfall span n wide rnngc of vnlues-from
very light. i.e.. almost ncgfigiblc. does not WC!completely
exposed surfnccs. to hmvy. i.e.. grm!cr thnn 7.6 mml h or
0.3 in./ h. Sormnl intensities vary grmtly with geographic
Iocatioru the hcm’icst prccipimtions ore found in the mp-
ics. M the middle Intitudcs. cwer constlincs with onshore
prevailing winds. and on the windwnrd side of mounmin
mnges th~! arc p~mllcl wiih those comtlincs. Avemgc
ymrly rainfalls in the most humid rcgimq wc 2 m (80 in.)
per year with the highcsl nvemgc minfnll. over 11.7 m/ yr
(460 in.1 yr), occurrin~ i“ Mt. Wniolmlc. Konai. Huwaii.
Avemgc mmual minfdl (or the United Smtcs is about
0.74 m (29 in.), with the highcy avcmgc minfdl occurring
nlong the Gulf of Mexico-1.45 m/ yr (57 in./yr) in JNCW
Orlcms. The ~nnu~l Ot,cragc for Europcm countries is
between 0.5 and 0.8 m/yr (20 tmd 30 in./yr).

Rninwntcr is seldom pure. Dissolwd CO* from the
at mosphcrc m~kcs the minwmer acidic and lowers the PH
m 6.8-6.9. (7.0 is neumd.) Goseous emissions --e.g., nitric
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oxide (,NO~). sulfur dioxide (SO:). nnd hydrogen sulfide
(H IS)—from industrinlizcd nrcas and motor vehicles
lower the p H to vnlucs between 6 and 2 and cmMc “acid
rain”’ in arms downwind of urban nrmts. Dam from the
mstem United Stmcs show that 64 m 70T0ofthc acidity in
precipitrmion is due m sulfuric acid thnt presumably orig-
inntcsfrom smtionnrysourccs. The rcmnining 30-40T0is
nitric acid that usually originmes from mobile sources
(Ref. 4). An exnmple of smcrc acid-rain condition is the
highly ncidic rain thru falls shortly ofler Ihc kwnching of n
solid-fuel rocket. This ruin is sufficiently acidic to etch
paint on vehtcles near the Imtnch urea.

Pure wmer is a reasonable insulmor md hns u conduc-
tivity of less thnn 0.01 pmhol m. Howcwr. dissolving
reactive gnscs in waler raises i!s conductivity. Rninwmer
snmplcs collected during an EPA study in various rural
and urbrtn locations in [he United Smtcs had conductivi-
ties ranging from I i ID 23,0Mt #mhos/m (Ref. S). The
conductivity of rainwmcr renching n surfixc is gremcr
than falling ruin due w the dissolving of soluble mmerinl
at the surface. The specific conductivity values for ruin
depend on specific surface mtuerinls and concemmtimts.

The primm-y negative effect of acid rnin is [he dcstmc-
tion of nnttmd life—both vegetation and nqumic life in
affected streams and takes. Additiontdly, ncid rain con-
taining dissolved S02 induces mpid corrosion in unpro-
tected ferrous metals. These effects me discussed in par.
3-2. I.4.3.

3-2.1.2 S(atic Electricity and Lightning
3-2.1.2.1 Lightning

Lightning is an clcctrosmtic discharge bc!wccn oppo-
sitely charged clouds or Ixtwccn chnrgcd clouds and
ground. It is ihe Imter situation [hnt is pmentinlly haznrd-
ous 10 personnel and clcaricd equipment mtd. consc-
qucntly. is the situmimt described here. Posilivc charges
induced in clouds by convective air currents induce ncgn-
tivcly charged regions on the ground. The ncgmive
chnrgu arc concentrated cm clcvnted structures, trees.
and terrain features because of their closer proximil~ m
the clouds. When the elcctricnl field strength in the regmn
bmveen the cloud rmd the chmgcd nrca of ihc ground
nppro~h= [he kvcl,suficie,nt to ionize the nir. n Iighmirtg
stroke !s formed wh!ch bcgms m the cloud. The stroke is
dcwloped os n series of steps. cnch step being 10 to 80 m
(33 m 262 ft) Iongnndcxtcnding from the Iowertipof the
preceding step townrd the ground. AS the progressing
stroke nenm the ground. the chnrgc is conccnt rated on the
ground under the stroke and mists the electric ticld
strength in thcu region. When the stroke dcsccnds to 1013
m (32S fl) above the cmh. n leader forms between the
ground xtnd the descending swokc. This leader complems
the ionized conductive pmh between the cloud nnd
ground. md ncurrcnl ofnboul IOOA bcginstotlow. NCXI
n rapidly moving return stroke follows the csmblishcd
pmh upward and carries u Inrgc nmoun! ofcurt’cm. typi-
cally 10,000 IO 30.000 A. The return stroke lam until the
chnrgc is depleted from ihc ground new the point of
impact. ustmlly 50-100 ms. t\dditioncd chiwgc is drawn
into ihcwco w,hcrclhc chmgeisdcplcted bythcstrokc

—.—. . ..—

from the surrounding nrm. and ndditionnl relurn strokes
ore gcnermcd until the charge diffcrcntinl in the wm is
ncutrtdized. A tvpicd lightning Ilnsb consists of 3 or~
return strokes w;thdurotionsofl msnndscpmmedby40
to SO ms (Ref. 6).

When the lightning strike drnws chztrge from n broad.
horizontal region of ~he cloud. the flash mny consist of
one or more strokes having n longer durmion. typicttlly
150 ms but sometimes ktsting 500 ms. Currents for these
fkuhcs arc substtmtinlly lower than the current associmed
with the normal I-ms return strokes. !ypiczlly 38 to 130A.
Howcwr. thcd~mngc from the Iongcrdurmion stroke
may be grmtter.

Lightning occum most frequently in locations where
tnmospheric conditions favor the development of large
storms with strong conwctiw currents. in ihc Uniwd
SInms thundcrsmrms occur most frequendy in central
Florida (100 dnys per yem) md in the .Midu”=! (7fl days
per year). Arcns tbm ore most susceptible to lightning IIX
clcvmcd nrms Ihm protmde above surrounding terrain.
Objects thm me locmcd near the base of, or betueen roller
objects. arc provided dime! protection from iigbtning by
Ihe loller objects. To naxss the degree of prowction
afforded by taller objects. one source (Ref. 7) suggests
vimmlizing an imogincwy impenetrable sphere. 90 m (300
ft) in diameter. rolling across the [crmin and tiding over
[crrnin fcmurcs such as towers. wets. buildings. etc. Any
object thm the sphere mny contact hns n grctter than
O.OO5probability of hchtg hit by IJ lightning stroke of 10
kA or gremcr. Objects tha cmmol be :ouched by the
sphere bemuse of neighboring mllcr objects arc “pro-
tected” ond hime n pro b~bili[y of less thnn 0.lW5 of being
struck. An interesting obsen’mien of this model is that

nPP~rntus mounted more thun 45 m ( 150 ft) above ,hc
ground on (he sides of lowers is vulnerable 10 direct
lightning swikcs.

Physical d~magc or electrocution usually results from
the volmge drop thnt is produced by the large currrnt flow
through mmcriols hn~.ing some resismnce. Trees arc splin-
tered from the intense hczt gcncmmd by lightning cur-
rents forced through the high-rcsisutncc tree lmnk.
although rclmivcly little d~m~ge occurs to nluminum-
skin nircmft thm nrc stmck by Iigbming.

Electrocution may occur from direct hits by n lightning
stroke. bu! usually injury occum bemuse only it ponion of
the stroke current flows through the victim. Large voltage
grndicms me produced on the surf~cc of (he ground sur-
rounding the point at which the lightning current cntcm
the ground.

The difference in potcntird between n person’s feet
where they conmcl the ground is c~[lcd ‘s!ep-polcnlicd”:
this is shown in FIB. 3-1. If a person is standing new the
point where ~ lightning stroke enwrs [he ground. where
the pcncntinl gntdicm is high. !hc step-potential may be
stdficicnt to cause .dcctroculion or injury. Examples of
injurious step-potcminls produced by lightning uc doc-
umented in Ref. 8. [n one cnsc. n soccer player was
smnncd by lightning striking n socmr god: in ttnother
case. cows w,crc killed by Iighming striking n nc~rby fcn~
post. In both cases the ~fflictcd person or cmimd wns not
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struck directly but shocked [hrough induced stcp-
potemicds.

Touch-potential u the difference in potential between
the ground on which II person is standing and an object
within bis reach. Hazardous touch-potentials cm result if
a ymon standing some distance uvmy from !he impact
point of n lightning stroke touches n fence or pipe thn! is
grounded near the impnm point. This situation is depicted
in Fig. 3-2. A similar huard would result if n person
sumding ncm the point of impact were muching an object
grounded m n remote point. Under similnr conditions.
much-potcntiafs can be much higher thnn steppotcruinls
bemuse the potentinl u gcncmtcd by more widely scpn-
ratcd ground< onmct point% however. the severity is
determined by many fac!ors including the strength (cur-
rent) of the lightning stroke. tbe ground rc.sistmm. and
Ihc conm.m msismnce betu’ecn the victim and the ground.

Damnge to equipment and fnciiitics from lightning mny
be incurred by volmgcs or currents assacimed with the
strike. Volmgcs thm cnn cause d~mngc uc induced by

high electric fields immediately before the strike and the
volmge drops in conductom thm carry current from the
lightning mike. These volmgcs mny b+ coupled into elec-
tronic equipment through direct connection. capacitive
coupling, or inductive coupling. TIM rcsulmnt transient
volmges easily can produce dielecwic breakdown in
unprotected, sensitive. solid-smtc components and can
damage conventional electrical components and clcctri-
cnl imulmion. Damnge (rem lightning currents includes
shattering of poor conductors or nonconductors and
akmost insmnumcous vaporization of smafl conductors
(Americnn Wire GWF (A WG) No. 14 or smaller wire)
from shondurmion Iighming strokes. The currents nssc-
cintcd with the longer durntion, continuous swokes arc
more tikcly to initiate fires in mnterinls adjacent to con-
ductors bemuse of Lhe prolonged period of imemc hcm
(Ref. 9).

D~mnge from lightning may bc prcwnted by scverrd
mcnsurcs. These include
_ 1. Providing tightning rods connected to low-
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Figure 3-1. Elevated Potential of Ground in Vicinity of Lightning Strike Showing Development of
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rcsistnncc grounding systems capable of sinking the
stroke an-rent witbmn exccssivc voltage rise m or near the
ground connection

2. Adding prowcrivc devices m input terminals of
electrical apparatus to eliminate ovcrvoltnges mid to
bypnsr exccssiw current.

3-2.1.2.2 Stntic Electricity
Static electricity is tbe nccumulmirrn ofchurgc on insu-

Inlcd objects rmd is usually produced by rubbing, rolling.
or sliding conmct between dissimilar mnterkds. In com-
pmison to lightning. the amount of chnrge present is
limited tmd the energy nvnilrible is not sufficient to CZTUSC
directly [he dramatic dnmngc that ofccn nccompmries ~
lightning stroke. The principol hnznrd as.socimd with
sttuic electricity k [he initiation of fire rrom nn electm-
stwic spmk in n“ explosive tmrmsphere. Fuel-filling
opcrmions cm Lx cspecinlly hazardous because both the
mechmi.sm for inducing n stmic chnrgc nnd the flnmma-
ble ntmosphcrc mc pmcm. A static chorgc is de%<elopcd- . ___ -

bythc flow of fuel out ofhoscs ormemllic pipes. Mom of
!he containers is mndc from nn insuln!ing mnlcrid or if
there is no electrical continuity between the mnk Wing
tilled and the source, then charges mny necumulmc mail
an clcctrostaiic dischnrgc occurs If ~ spmk is produced m
the tip of n hose used to fill n tank. fuel vnporr may be
ifp!i!ed. Similor hazards exist for trnmfcrring dusts turd
solvcras (Ref. 10).

Electrostatic energy produced by nccumuknion of
chnrgc is not sufticiem m dnmngc clcctmmcchnniczl
equipment. trnnsformcrs. etc.. used in power distribution
systems. Hmvever, solid-smte electronic equipment is
vulnerable unless s~fc dischtwgc pmhs we built into [he
quipmcm. These pnths include shunt resistom or zener
diodes connected bc.twccn sensitive inputs and ground.
Smtic electricity gcncmtcd in the process of packaging or
unpacking of sensitive electronic components may be
sufficient to czusc dnmngc.

Akhou!rh some discomfort mw be realized from it. an
clcctmsmfic shock seldom prod;ces the harmful cffecrs
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on the bndy thn! nccompmty clccwicid shock from n
pmversot.tree. Physicol harm is more likely to occur from
the involuntary or surprise reaction nccompimying the
unexpected shock. e.g.. fulls or dropping of hcwy objects.

3-2.1.3 Tempern!ure
The tcmpcrwmc of !he environment around n piece of

quipmcm usudlyimpaasdimcdy on thcintcmal wmpcrtt-
turn of the equipment. This impact affects opermion of
equipmcm in the following wty%

1. RoreoJPot.wr Dissipation. Coldcrtempemturcs
increase the rme of pou,cr d%lpn! ion by mcmts of ccmvcc-
tive cooling. warmer temperatures reduce thccffcctit.e-
ncss of convective cooling.

2. Rigidi~.r o~,lfamriafs. Wnrmer lcmpcrnlurc.$ mny
soften plasics and other low melting-point mmcrinls and
thcmbyt iumthcstmctural intcgri:y ofthccquipmcnt.
Cold tempernturcs reduce flexibility nnd duc!ility of
mntctinfs and increase tbc probability of frncturc upon
impttctnnd brcnkngc wi!hmpplicdstrcss. Cold tcmpcrn-
turcs also increase the viscosity of lubricants and incrmsc
the modulus ofclastici[yof mnteritds.

3. Mawrial Dimctvions. Expnnsion of materials
upon henting and conmction upon cooling cm affect
component tolermtccx these chnngcs. in extreme CSCS.
cause dctetiomtiott in component lit, binding or loose-
ness in bearings.nnd unrping of bimctnllic cc.mponcnts.

The tcmpemturc of the nnturnl environment on enrth
rnngesfrom-S8” 1058” C(-126° to 136” F), nspanof
146 dcg C (262 deg F). The !cmpemturc dncs not vnry
owr the full nmgc nt nny si@ Iocmion on mwth. but i!
does vary over n 100deg C (180-dcg F) span m some
Iwmions. Actual tempemmru at specific locations depend
on n number of fnctom including the present and past
solar instdmion. winds. upwind environment. soil type.
ground cover. presence of wmcr. nnd altitude. The typical
tcmpem!urc range for ttrctic regions is -62” [o 3“ C (-80”
to 38” ~, for the Africmt dcsen. -3° to 49” C (27° to
12W o and for the Pnnnmnninn Jungle. 22° to 3 I“C (71”
to g8° ~ (Ref. 1I). Tcmpcrnturt mngc.s for design of
equipment for vnriotu ground applications arc ghn in
T~ble 3-1.

Tcmpermums in mt enclosed nr.m. such us an equip-
ment shelter or cabinet. usually will be increased by hem
generated from sources in the urea and by radimt hem
entering the cnclosux Ihrough windows or behg absorbed
by extemnl sut’fnms and conducted to the interior. The
tempcmmrc in the interior depends on n number of fnc-
tors including the mw m which heal is absorbed from
external rndin! ion. the amount of heat dissipmion from
other equipment in the shckcr. cx!ernnl nmbient tempera-
ture. the extent of thermal coupling between the inside
and outside of the enclosure. ihc rmc of air exchange
bawccn inside and outside, md whether or not environ-
mental conditioning systems arc used. E.stimmcs of hem
incrcass may bc made by techniques discussed in texts on
thermal design or hcx mtnsfcr theory (Ref. 13). Exttm-
plcs of temperature cxtrcmcs in enclosed arc= arc given
in Table 3-2.

TABLE 3-I
—

DESIGN TEMPERATURE RANGES FOR
VARIOUS APPLICATIONS (Refs. 11 and 12)

Clnssificmion

Ground Lcxel Building, Shcl-
temd

Ground Level. Scmishellcrcd
in Black Boxes. Exposed to
NIItuml Climmic Environ.
mcnts

Ground Lmel. Unsheltered
and Exposed to ,Nmund and
Induced Environments

Ground Lmel. Semishcltcrcd
in Black Boxes. Exposed to
severe Nntuml and Induced
Environments

Tempermurc Range

‘C I ‘F

I
-65 to 85

-65 to 85

-s5 10 Is

-s5 to Is

t

-65 to 85 S5 to 18

-65 [o IMl!+35 to 32

TABLE 3-2

EXAMPLES OF TEMPERATURE
EXTREMES IN ENCLOSED AREAS

(Ref. 2)

Place

Inside Tank

Inside Boxcar

Airplane Ccckpi!. Yumtt, AZ

Airplane Cockpit, Edwnrds
Air Force Bose. CA

Typical Outdoor Enclosure in
Sun. Intermediate Climntc

Tcmmamurc

“c

60

67

84

103

60

“F

140

153

lg3

217

140

3-2.1.4 Corrosive Cuses and Aerosols
,MmIYnirbornc gases and mrosols produced by indus

trial arid nmurnl ;ourccs we corrosiw m mcudlic ttnd
nonmetallic mmerinls. Discusxd in this pmtgmph me
some of the more common airborne corrosive ngcnts that
must hr. considered when designing equipment for use in
unpromcwd environments. ,Morc detailed in form~l ion on
effects of corrosive gases and ttcrosols mny be found in
Rcfs. 2.3.14. and 15.

3-2.1 .4.1 %tlt Sprny
Salts from ocmns md kmdlockcd l~kcs conmin sodium.

chloride. m~gncsium. and sulfme ions. [n the mmosphcre
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over and near [he ocean. mlts comprised of these ions RR
present in aqueous solution in fogs md sprnys. nnd in the
mmosphcrc M smidl solid pwticulatcs (aerosols). Con-
centrations of sah in atmospheres near !hc ocmn nrc 110
10 pgi m’ (originally specified as 10 to I(Y3lh/mi’ in Ref.
2), vnqing grmly with meteorologic conditions. Storms
can increase concentrations of salt by nn order of mngni-
mde gremcr [bnn these vducs. However. these conccntrn-
tions dccrm.w mpidly with increasing distance inlnnd.

Salts combined with moisture incrcmc corrosion by
providing n highly conductive solution suimblc for chem-
ical. ion-exchnngc processes of corrosion. Also ccrmin
salts. when dissolved in water. form acidic or nlknline
solutions that mmck metals on contact. SnlI OISOattacks
nonmemfs. Sal! crymnllizntion in concrctc cm brink
down the nggregme mnmix and structumlly wenkcn [he
concrete surface. Dcgmdntion of some paints nnd cam.
ings is mcclemwd by salt spray. Deposits of snh on
ccrnmic insulators can produce lc~knge paths leading 10
nm-m’cr in high-volmgc systems.

3-2.1.4.2 Ozone
Ozone (0,) is gnscous oxygen with n molcculnr compo-

sition of three oxygen moms instead of the uswd two. 1(is
n reactive oxidant produced by photochcmicnl rmctions
in polluted oir. imcnsc ultraviolet radiation, and clcctricnl
dischnrgc. A!mosphcric ccmccntrstions typically mngc
between O and O.I puts per million (ppm). with higher
values found in the afternoon downwind of urbim centers
or other industrial complexes.

Ozone attacks elastomers by reacting wilh the surface
to produce a bride coming, which is easily Srncked. Flex-
ing of the elmtomer brinks [he coming. exposes ncw
mntcrink. and cmses propagmion of the crnck.i to ihc
interior of the material. Ozone also combines with dyes
and surface pigments to cause fading due to bleaching.
Ozone nkso oxidizes meuds. However. the oxide coming
for iron produced by ozone is protective and prevents
further oxidstion of the base metal provided the oxide is
inmct. In severe conditions. such as Iocmions ndjncent to
ultraviolet sources or m-es. the high conccntmrion of
ozone will induce corrosion of memfs beyond the surfncc
coming.

3-2.1.4.3 Sulfur Compounds
Guscous sulfur compounds found in the atmosphere

include sulfur dioxide (SOA sulfur trioxidc (S0)). and
hydrogen sulfide (HIS). These compounds arc b~-
producrs of the combustion of fuel containing sulfur.
Sulfur dioxide and sulfur wioxidc. when dissolved in
water. react to form sulfurous acid nnd sulfuric acid.
rcspcclively. Both acids cause n brc~kd own in the protec-
tive oxide films thm form on ccrtnin mettds. such us
nluminum. Hydrogen sultidc c~uscs the fnmilinr tarnish-
ing of silwr in humid ntmosphcres.

S0, is a ncccsmry ingrcdicm in the corrosion process of
iron. Corrosion of ircm or steel requires the presence of
oxygen. wmer in liquid form (or m high humidity). nnd
sulfuric ~cid. The sulfuric ~cid. produced by catalytic
oxidmion of SO, from the atmosphere with moisturc~n

the metallic surface. mmck.s [be base metal. Tcmpermum
affects [he process only tot he degree lhm it affects surf~cc
‘wmness-. Warm surfaces that me kept dry and surfmxs
in contnct with frozen moisture do not corrode signili-
cmmly (Ref. 16). Low conccn! rations of sulfur com-
pounds me sufficient to cnnble corrosion processes to
occur in the presence of moisture. Concemrmions of only
0.02S ppm were sufficient to csuse m I l~o weight reduc-
tion in test panels with dimensions of 100X 150X 0.89
mm(4 X6X0.035 in.) ovcrnonc-ycw period. Rnisinj2thc
conccntnnion to only O.12 ppm incrmscd the weight loss
to nbout 17% of the initird weight. which is m ~pproxi-
mntc increase of 50% (Ref. 3). Fonunntcly. nmbient con-
cenwntions of sulfur compounds m low—background
SO, values of O:2 to I pm.s per billion (ppb) nnd back-
ground HA values of only 4.5 ppb. Higher concemrn-
tions may be found downwind of industrial plants thm
produce emissions from combustion.

3-2.1..L4 Oxides of Nitrogen -
,Nitro”s oxide (NO) and nitric oxide (NOI) nrc gaseous

compounds thnt me produced by fix.ntion of ntmosphcric
nitrogen during high-mmpermure combustion. Both arc
found in urban mmosphcrm m concentmtions around 50
ppb. Hou’cwcr. background levels are significantly lower—
4 ppb for NO~ and 2 ppb for NO owrlimd-for Iocmiom
bctwccn lnti!ude 65 dcg S and 65 dcg N. Even lower
conccntrntions are found outside “this region. NO, is ~
corrosive oxidant bul. m nonmd concentrations. d.xs not
contribute m material degradation as much os sulfur
compounds and ozone do.

3-2.1.4.5 Susceptibility of Electricni Systems
The effect of corrosive gases and aerosols on ebxtricid

components mny nffcct adversely electrical systems in
sewxd ways. ,Negmive efforts include

1. Increased contact resistance due [o mrnisbing of
silver by HA

1. Reduced strength of stmcturnl members in cases
of modcrme or sever-e corrosion

3. Rcduccd current c~pncity and increased resistance
of corroded conductors due to reduction in conductor
dimensions

4. Affcctcd component lit md movement ofrotnting
or sliding mechanical pnrts due to chtmgc.s in dimensions
nnd surface conditions caused by corrosion

5. Reduced surfnm resistance of insulming mmcrinls
duc to deposition of films.

Electrical components susceptible m gaseous or nero-
SOIcorrosion include high-volmgc insulmors. swi[chgesr.
nnd other outdoor equipment subjea to structural dnm-
ngc. Susceptibility of these components can be minimized
if proper corrosion comrol mmsurcs me implemented.
Degree of damage from gaseous or aerosol corrosion is
influenced by sewml environ mcnml conditions. i.e..

1. Tmnpermure. Tcmpermurc directly affects corro-
sion rmction rates. .More importantly. tcm~mtums
nffect condensation of moisture on cquipmcrn. which
more directly offccu the corrosion process.——-.
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2. Moisture or Humidity. Typically. moisture is
rcquimd for the corrosion procr..u. In some forms. how-
ever, moistu= may reduce corrosion. e.g.. the clmnsing
effect of min may remove corrosive films from mwerird.

3. Air .Movemem. Wtnds dispem mmosphcric pol-
lutants and prevent the $ettlement .of pnrticulnte mutter.

4. Presence of Voltage. The presence of voltage on
conductors can incrmse or decrease corrosion by nffcct-
ing the natural galvanic action thm causes corrosion
where dissimilar mcuds arc in contact.

3-2.1.5 Sand and Dust
Airborne pnniculme mtutcr—snnd and dust—is the

most demaging environmental factor for military equip-
mcm. Sand and dust arc defined as smtdl. hard panicles.
Particles with diameters between 150 and 800 pm me
defined &r snnd: dust particles hnvc diameters less thnn
150 pm. Although damage from panicles ccnninly cnn
eccur when the particles me mcchnnicnlly introduced into
mcchnnical or electrical npprmntus, n greater concern u
damage from the airborne panicles bccnusc of the diffi-
culty of preventing their entry into the equipment.

Sand and dust arc comprizcd of minerals from the crust
of the earth that nrc broken nnd ground into small pnni-
clcs by oceans. gk~cicrs, nnd metcorologictd preccsses.
The pm-ricks may bzcome airborne through several
mechanisms including vehicular mffi~e (espccinlly fast

moving or large ground vehicles md helicopters), mcteo-
rologicrd conditions such as I@h winds and sand or dust
storms. and industrial activity {hm yields pmticubxe mnl-
ter as an effluent. Sand—bemuse of the large mnss of the
individual puticles-tends to settle from the mmosphcm
quickly and, thcrcfcn-c. requires substtmtinl acrodynnmic
force m remain airborne. Consequently, sand is found
(YP@llY very nem vehiculnr Irnftic and m low nltimdcz
during storms. Smnllcr dust panicles. i.e.. < 2 pm (0.08 X
10”’ in.), have sufficiently low mass that ewn rezidwd
motions of ~ppurcndy still air me sufticicm to keep them
nirbornc. Hotv.ncr, these ~rmmmntly airborne panicles
make up only n small porrion of the !ypical dust conccn-
Imliom. usually kzs [him 3% of the total mass arc panicles
in this range. .Most of the muss of n dust cloud is com-
prised of pm’titles with dinmetem bctwccn 3 and ISO#m
(O.I X 10-J and 5.9X 10-J in:). The distribution based on
the number of pnnicku k skewed toward the smnller
diameters due to the reduced mass of the lower pnrriclcs.
Panicles smnllcr then 3 pm (O.I X 10”’ in.) makeup 22%
of the mtrd number of panicles in n typical dust cloud
produced by mnks m Ft. Knox. KY (Ref. 17). The dis:ri-
budon of particle size is shown in Fig. 3-3.

The total conccmmtion of dust panicles is quite vnri-
ablc and depends on the meteorological conditions (espe-
cially wind and moisture), and the number. cham.cks-
dcs. ond speed of whicles stirring up the dust. Typical,
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Figure 3-3. Pm-title Size Distributions of Dust Collected at Air Inlet of Army Tanks at Two Tank

Ranges in Ft. Knox. KY (Percent Within Range) (Ref. 3)
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background conccntrmions of dust for rend. me!ropoli-
mn. and industrial environments nrc given in Table 3-3.
Concentrations in the vicinity of vehicles arc hi hcr and

5.reach 3.5 g/m’ (originally specified os lW m8/ fl In Ref.
3) in the vicinity of m M48 tank in the desert.

TABLE 3-3

DUST CONCENTRATIONS IN VARIOUS

REGIONS (Refs. 3 and 18)

Awmge Dust
Concentration

Region @m’ L@ft’”

Ruml and suburban 4610113 1.3 to 3.2

.Mctropolimn 11310459 3.2 to 13.0

Industrial ‘t59t0 17[3 13.01048.5

‘.Mixcd units os originnkly presented in Ref. 3.

The effects of sand and dust on equipment me quiw
varied and depend upon the equipment involved. the type
of particle. and how the panicles come in contact with the
quipmem. Types of damage me

1. Erosion. Wnd-bomc sand can remove matter and
thus ruin finished surfnccs, remove paint. and in severe
cases can detcriomte structural srcngth due to eroded
structural supports. ,Moving parts. e.g.. turbine blades
and helicopter rotors. me especially vulncrnble to sand
erosion becnu.sc of ihe subsmntial velocities m which the
particles impact the surfaces.

2. Abrasion. Hnrd pm!iclcs of sand falling in gems.
on rotating shafts. or within other close-fitting, movin8
puns cnusc rnpid wenr to containing pans. The prcscncc
of Iubricn[ing oils or grease causes the sand 10 adhere to
the surfnms longer nnd thereby incrcsses the amount of
damage from the sand.

3. Corrosive Eflect$. Although sand and dust usunlly
arc nonreactive and do not corrode mntcrials directly.
their long-term prcscncc on surfaces m~y nccclernte cor-
rosion through absorption and retcmmn of corrosive
gases and moisture necesmy for chcmictd reactions tbot
produce corrosive acids.

4. Electrical Arc-Over. An accumulation of dust on
high-volmge insulnmm provides a conductive path during
high-humidity conditions. Mois!urc accumulating on !hc
dus[ layer dissolves compounds that provide the ions
necessary for conduction. In high-voltngc npplicntions.
the conductive path may result in n sustnined arc. which
must be extinguished by rcmovnl of the applied voltage.

5. Thermal Insu!arion. The accumulation of dust on
c!cctriml apparatus provides an insulating layer. which
reduces [he heat dissipation capacity of the underlying
componcnu. Components vulncmblc to hcai include
electronic motors. tmnsformcrs, electronic equipment.
and load I-&won (load banks).

6. Poim Conrominarion. Dust thm falls on pnint
while it is drying can provide a wicking path lbrough [he
paint for corroding ncids and thus negate the protection
afforded by !he psint.

7. Limited Visibility. Airborne sand and dust can
limit visibility when conccnmmions arc sufficiently high.
Table 34 presents visbility Iimiumion rclntiw m conccn-
tmtions of dust generated by moving vehicles. In most
cases of limited visibility. the effcc! is temporary and does
not jeopardize snfety. Howe\.cr. when n critical opcrmic.n
tbm requires visuol monimring is being psrformcd. an
ill-limed dus! cloud could create a serious hazard. e.g..
when working around exposed energized conductors.

TABLE 34 “.

VISIBILITY IN DUST (Refs. 3 and 19)

DUSI Concentration Visibility

mg/ m’ mg/ ft’” Im f’
4 0. I no effect no cl-feel
7 0.2 no effect no effect
8.16 0.231 15 50
8.30 0.235 15 50

30.7 0.87 3 10
85. I 2.4 I 3 10
89.3 2.5 0 0

- Mixed units m originally pramted in Refs. 3 .nd 19.

8. E!ec8rical Insulation. .Most snnd nnd dust panicles
me nonconducting. Settlement of particles on electrical
rclny or switch conmcts moy prevent clccwical continuity
between contacts and may cause faulty operation of
equipment.

3-2.1.6 .%lnr Rndintion
Rndimion incident on theeanh from the sun is primnr-

ily brcmdband mdiotion in the infrru’cd. visible. and ultra-
violet regions. Most of the energy (99.9%) ks in the
spcctmm between 1043nm and 100pm. The nominal
intensity of solnr radiation m the top of the atmosphere of
the .mnh is 1.353 W/m;. T’bh intensity varies about 6%
over n onc-ycm period due to regular tmnunl cbtmgcs in
the distoncc between tbc earth and sun. The spectrum of
;his radintion resembles tbnt ofn blackbody rndintorwilh
n icmpcmturc ncm 5900 K ( 10,620 R). This spzctrum is
illustmmd by tbc solid black line on the plot in Fig. 3-$.

Only about 53% of the solnr rndintion incident on the
earth t-caches the ground. Of this amount. 3 I% is direct
radiation and 22% is diffuse radiation. The remaining
rndint ion incident on cartb is rctlectcd back into space by
the atmosphere or is nbsorbcd by clouds and mmosphcric
gnscs. The energy budget is described concisely in Table
3-5.

Thcsolnrradiationm high tdtitudcsis thchighcw m tbe
latitude corresponding to the solar dcclinmion m true

—.,

— . 3-9 – . ..——

I

Downloaded from http://www.everyspec.com



I t I I , I 8 I ‘1 I I !0, I I , I i I ,,

2000 -

i
E
a

y“
1500 -

z

Ob
~.

s
1000.:

2=

~

$

Soo -

“1.l’?! t, / Solar Irradiation Curve Outside p.lmo~phem

- Curve for Blackbcdy at 5900 K (10,62OR)
)3
, H20

:, >02, H20

,/ L
1’ ‘, Solar IrradiationCurve at Sea Lwel

I “ r

/ f

/

1
/

1’
I “
I ,[ ‘“’” “’${;.

03 1’ -.‘:;;:’;:::
5,,:,,.: .z:zg?3_ __A ‘+ Coz,..,,
.:. .,, .::”;.:;”.?.,:’: _.>.+,& +L +

~

‘\, H20

:>, H20
.... .

H20$, ,.0 \

h

HO., 2

\ H20, C02

o 0.2 0.4 0.6 0.S 1.0 1.2 1.4 1.6 la 2.0 2.2 2.4 2.6 2.S 2.0 2.2

Wavelength, ~m
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TABLE 3-5
DISPOSITION OF SOLAR ENERGY

(Refs. 2 find 21)

Reflected or scattered brick imo space
By clouds
By nir molecules. dust. wntcr vapor

Absorbcck
By clouds
By air molecules. dust. wmcr vapor

Reaches ewrh:
As diffuse sky radiation
As direct beam mdintion

Total solar energy nvnilsblc at top of
ntmosohcrc

Fraction
of Tad

0.24
0.06

0.03
0.14

0.22
0.3 I—

I.00

solnr noon. i.e.,the location on emrh where [he sun posses
directly owrhead. Nominal insulation values me depen-
dent on the (ypictd absorption of the ntmosphcrc m thm
locution and arc determined by the composition of the
mmosphcrc and the cloud cowr, At times other than solnr
noon. solm insulation vnlucs nrc less rhnn the peak due
for two reasons. First. the sun is not incident perpendicu-
lar ton level plane at the surface of the cmth. and second.
radiation must travel along % longer pmh through the
ntmosphcrc of the earth. At other latitudes the diurrml
peak solar insulnt ion is also reduced because of the non-
normnl angle of incidence and the increased depth of the
atmosphere. in addition. thecumu lalivequantity ofinsu-
huion over o diurmd cycle in Ihe winter hcmisphcrc is
reduced because of the shortened days.

The spectrum of solar mdimion received m the ground
is nlso khown in Ftg. 3-$. The ‘grips” in this spccwum
correspond m selcctiw absorption of ccrrnin regions of
the sncctrum bv various mmosohcric comtitucnu. such
as m~ismrc. o;one. and COI. ‘The peak due is quiw

—, ——-.
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v&idile dipcnding on the mc!corologicd and mmo-
spheric conditions. the time of dny. scnson of ycm. and
locmion on cmth. In the United Smtes tjc daily mmn
dues range bcmvecn 240 nnd 390 \Vl m- (500 nnd 80iJ
lnnglcys/dny) in the month of June.

Effects of solar radimion on miterid and equipment
(and on the operation of [he equipment) include photo-
chcmical dcgmdruion of mmrkds. mdim heating. !md
common sunburn to workers. The photochcmicnl dcgrn-
dmion gcnemlly is blcncbing. discolormion. or embrit-
ttement of vnrious mominls due to long-term exposure to
sunlight. espccinlly 10 tbe ultmviolct mdimion in sunlight.
Tbc tensile swcngth of libcrx and textiles k reduced from
exposure !osunlight directly from nbsorptionof tbc rndi-
ntion and indirectly from photocbcmically produced oxi-
dants. Dyes used for textile coloring OR blc~ched. nnd !hc
base mmeritd is yellowed. Ptpcr suffers simikw dcgr~do-
tion+mbritdcmcm. we~kening. and yellowing of the
p~pcr as well u bleaching of priming dyes. ,Mnny
plastics-unless compounded for exposure to sunlight—
also undergo discoloration. embrittlemcnt. loss of
strength. degraded electrical properties. and cracking due
to ultmviolet-induced oxidation. Typical problems osso-
cimcd with the use of pln.wits in sunligh! arc darkening of
tbc plas:ic mmerinl used for windows or viewing ports
rind embrittlcment of insulation used on wire. Damnge
may be minimized either by selecting n plastic mnterial
thn: k inhcrcndy immune to sunlight-induced dcgmdn-
tion or by adding compounds to [he plastic that absorb
the radiation and convert i: to bent. Although most syn-
!hctic elnstomcm me mismnt to sunligh!. natural rubber

and styrcne-bumdiene rubbcr(SBR) mesubjcct to crack-
ing, crazing, checking. and discoloration. Information on
the selection of compounds for usc wbcrc sunlight expc-
surc is unm’oid~blc is gii,en in Refs. 2.22. and 23.

3-2.1.7 Pressure
The pmssurc of the environment refers m the pressure

exerted over {he entire surf~ce of m object by the weight
of the atmosphere or u.mcr above it. The pmsurr pro-
duces ~ force thm is constant o~.er the surface and normal
m the surf~cc m every point. Hence Lhc pressure affects
only objects thnt hnvc sc~lcd volumes u,hosc pressure may
differ from the pressure or the cm,ircmmcm. (Volumes
!hm nrc not cncloscd tomlly would bc filled with air or
water M n pressure quni to the outside trod. conse-
quently. would not experience my form due m differen-
tial pressure. ) A rcprcsentntiw pressure profile is de-
scribed in Table 3-6. This [nble presents nominal mmo-
spheric pressures for altitudes up to 16 km m 45 deg N
Ia!itudc in both Jnnumy and July. The difference in pres-
sure vnfucs k broughl nbout by diffcrcnccs in density due
to scamntd tempcrmurc vnrimions. Publisbcd dam on
otbcr typical atmospheres can provide designers with
expected pressure. tempcmture. nnd density data over n
wide rnnge of dtiludcs (see Refs. 24 nnd 25). lnformmion
about expected pressures for equipment M high elcvn- .-
tions, such w in mounminous terrain. is pertinent to the
d~ign of power quipmcm.

The ac!unl pressure chrmgcs daily based on current
mc!corological conditions. season of (he yaw. and lock
tion on the enrth. Tbc pressure rcfcrcnccd m sm level

TABLE 3-6

PROPERTIES OF SUPPLEMENTAL REFERENCE Atmospheres TO 16 km
(Refs. 2 rmd 20)

Pressure Midlmitude 45 dcg N

Geomemic
January July

Altitude. km Pa in. HE Pa in. Hg

o 101.80U 30.0615 101.350 29.9286
1 89.734 26.4984 po.~zo 26.6419
2 78.97s 23.3213 so. I59 23.6709
3 69.376 20.4867 1 I.043 20.9790
4 60.813 17.958 I 62.806 18.5466
5 53.132 15.6899 55.362 16.3483
6 46.215 13.6650 48,663 . 14.3702

.40.164 I I.8604 42.640
;

12.5216
34.733 10.2566 37,25 10.9955

9 29.928 8.8377 32.402 9.5683
10 25.684 7.5895 28.090 . 8.2950
II 21,991 6.8939 24.255 7.1625
12 1&825 5.5590 20.858 6.1594
13 16.109 4.7570 17.857 5.2732
14 13.780 4.0692 15.251 4.5036
15 11.784 3.4798 13.025 3.8463
16 10.075 2.975 I 11.125 3.2S52
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vmies with n sttmdnrd deviation of slightly over 2M10 Pa
(20 millibar (rob)) in tbc frdl-winter-spring period over !he
region between the equator md 40 dcg N latitude. Vu’iw
lion in the summer is somewhnt less. with vcw smrdl
vnriaiions nomd in the arctic region. Exwcmes in pressure
occur during bun-icnncs. typhoons, and tornndos. A low
vnfue of87.7 kPn(25 .90 in. Hg) wnscstimnted forthccye
of Typhoon Ida. High vnh!es in excess of 106 kPn (31.30
in. H@ have been reported in I@b-pressure systems
(Ref.. 2 and 26).

Pressure incrcascs with the depth underwater. The
pressure P maybe estimnkd by

P = pgd + Po, Pa (3-1)

where
p = density of wmcr. kgl m>
g = -Icmtio” duc to gravity, 9.8 m/s:
d = depth in wmer. m

P. = baromctic pressure m sm level. Pm

[n Engliib units. the cqumion becomes

whe R
p = density of water. lb/f?
d = depth in wmcr, f!

P, = barometric pressure a scn level, lb/in?.

The most imporinm effects of dccrcnsed nir density me
rcduccd hem tronsfer. reduction in breakdown volmge.
lower boifing temperatures of liquids, nod incrmscd igni-
tion temperature of fuels. The pressure never cbnngcs
radically under mmospbcric condition% therefore. most
of tbcsc effects w no: sign~lcrmt for equipment used w
ground Icvcl. Only reductions in beat tnmsfcr nnd brtak-
down voltnge ore discussed further. For more informa-
tion on effects due to changing pressure, see Ref. 2.

Reduction in herd transfer occurs u n result of an
absence of n suflicicm number of molecules transporting
hem energy nnd is proportional to tbc reduction in pres-
sure. Hence. for given air flow mms and tcmpemtum (of
both [he air nnd the object being cooled), tbe mm of
cooling is directly proportional to the absolute pressure.

The reduction in electrical breakdown m lower pres-
sures u somewhat mom complex. As the air density
decreases with decreasing pressure, the breakdown volt-
ngc dccrmses until the effect of diminishing electron den-
sity from the rnrclicd gns becomes significant. Then the
breakdown voltage increases until. m vacuum. [be bmnk-
down from gns conduction is no longer possible. The
pressure-brenkdown voltnge relationship for gases is usu-
ally expressed grnpbically in Pnschen”s curves. Examples
of Pnschcn”s curves showing the brenkdown voltnge of
five gnses in uniform fields NC shown in Fig. 3-5. Note
thm in Pnschcn”s curves. the breakdown voltage is plotted
ngninst the pressure-spocing prod uel- .k~~usc Ihe electric——,-

Iicld (voltage divided by spacing) sufkicnt to cnusc
breakdown is dependent on the spacing. This effect is due
to ~bc greater number of free electrons tbnt me prrsent in
the Imgcr volume txtwcen more widely spaced electrodes.
The curves shown in Fig. 3-5 nrc for uniform electric
fields, i.e.. the electric field in the volume between lwo
Inrgc. flat plmes. In practice. tbc volmge required to
initime breakdown will depend on geometty and will be
Iom,cr because of the concentration of fields M cm-net-s or
edge.s of elecmdes.

3-2.2 NATURAL ESVIRONMEN’TS
Environments on the emth mny be categorized into

four climates-hot-wet. botdry, intermediate. and cold.
Encb of these climmes m~y be described by n range of
values for each of the cnwronmcnml chamcteristics dc-
scribcd in pm. 3-2.1. Table 3-7 lists (be climms and (be
more important chnmcteristics of each. Each of the cli-
mntes is discussed briefly in the four subparagraphs
within th~ pamgmpb. The vnrious climmes me discussed
in more detail in Ref. 1.

3-2.2.1 Hot-Wet Climates
The hot-tvct climntc. nlso rcfcrmd IO as the tropical

climate. is typically found within 2S dcg of the qumor
and covers rdl lnnd areas cxccpl deserts. As !he name
implies, [bcsc mcas are chnrncterized by high tempem-
[urcs. high humiditim md frequent precipitation-all of
which provide an environment conducive m tbc growth of
Iusb vegc:mion. Vegemtion in cstnblisbed jungles consists
of large mms whose tops join to produce ~ “canopy” thm
restricts the cxchimge of air from within the jungle with
the nir nbove it and shields !hejungle floor from sunlight.

Tcmpcmturcs in the bot-uet climmcs remain relniivcly
high rmd constant throughout the year. Average tempcm-
[ures for the wnrmer months inn typical tropic climntc arc
usunlly32°C(90” F) witbcoolcr seasons only to6t08dcg
C ( I I to 14 dcg F) lower. Diurnal vnrintions me rcason-
nbly large—3 10 14 dcg C (5 to 2S deg F). Tempernn.wcs
under the jungfe cmopy vnry somewhat less. Daily min-
imum tcmpemturu under the canopy me essentially the
same os those in clew mcas. However. at middny the
temperature under tbe canopy is typicnlly 4 deg C (7 dcg
F) lower than tempeml.ra in !hc clearings.

The wcrnge solar mdimion is gremcr tbnn ii is in most
of the otbcr climnms. However. peak intensities me lower
because of absorption by moisture in !bc mmosphere. The
cmmpy forms n c~p. which trnps the atmosphere below it
and prevents tbc pasmge of solnr mdimion m the ground
below. The high humidity md tbe Iackmf sunfigbt keep
tbe jungle floor moist nnd thereby promote growth of
b~ctcrin nnd fungi. which inhibit the grow!b of wgcmtion
on the jungle floor.

There MC several equipment design considermions
unique to (his environment. The rapid growth of vcgcln-
tion may intcrfcrc with the structures and power Iinm.
consequently. frequent bmsh clearing may bC n-MY.
The high humidi!y promotes the growth of fungus on
susceptible m~tcrmls and may cause loss of strcngtb in
materials thm tend to absorb moisture. Corrosion of
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Figure 3-5. Pressure-Spacing Dependence of Dielectric Strength of Gnses(Paschen’s Curves)

(Ref. 9)

metnls is another effect of Ihc high moisture: corrosion is
WOE in tropical arms near salt writer. e.g., islands. The
accumulation of moisture in soil impairs construction of
firm foundations for buildings and can make wheeled or
trncked vehicle tmvcl difficult.

3-2.2:2 Hot-Dry Climates
Hotdry climates me sometimes cnlled desert climmes.

but the term is somewhat inaccurmc Lm.ausc the dcscrr
may bc n cold region IISwell. Hotdry cfimmcs arc found
near the equator where the meteorological conditions and
terrain produce high temperatures ond low humidity.
Dew-r regions are found in Norrh Africa. West Pnkismn,
Indin. Arabinn Peninsuln ncnr the Red Sea. the south-
western rmion of the Uni!cd Smtcs. and ,Norrhcrn
.Mexico.

Typical chnmctcristics of the hotdry climate arc hot
dnys. wide diurnal tempemturc vnrimions. low humidi-
ti&. and intense solar “nrdimion. Visibility is generally
good cxccpI during windy conditions when blowing smrd
and dust obscure vision. The low humidity results in
gencrnlly clear skies, which allow both II high inwnrd
energy ffowduring the daytime ond n high ou!wnrd flOW
m night, mrd thcrcbycmmcr the rnpid cooling of thedcsen
ureas during the evening. Tcmpermurcs in Ihe desert fre-
quently exceed 38° C ( 100° FI and in mmry cases hnwe
daily nvcrngcs that exceed 38°C ( 100° F). Tcmpcmturcs
during cooler seasons arc significantly lower.

Wind is typically 6 to I [ km/h (3.7 m 6,8 mph). How-
e$er, high winds thnt blow sand 10 produce an abrasive
and eroding ntmosphcrc will sometimes occur. Another
problem introduced by blowing snnd k !hc accumulation
of smtic on surfnces impacted by the sand. If appropriate
discharge paths arc not provided wilhin elecmicrd cquip-
mem. damage mny be induced.

[n addition to tbe damage from mcchnnical abrnsion
and c!ectrostmic discharge. equipmcm is susceptible to
o~.erhenting if operated in direct sunligh! in this cnviron-
mcm. Adequate cooling or shielding must be provided m
prc,cnt dnmnge.

3-2.2.3 Intermediate Climnte
Intermediate climn!c is the ‘other” climnte. which in-

cludes nll areas of the world lhat do not fall in the hoi-wet.
hotdry, or cold climmes. [ntermcdiate cl~mmes arc mod-
erme in tempcmturc and rainfall and. os such. gcncmlly
do not SC!the rcquircmcms for equipment.

Temperatures in the intermediate climmes range from
-21° m 43°C (-5° to 110°F). although variations ow
this rrmge typically will not be found in one location
within one season.

H umiditics ore [ypic~lly 2010 100%+gain. usu~llY
without transitions from oncend of!hc mngcto [he other
m mry giwn location u.ithin u season.

.—— .
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TABLE 3-7
SUiMMARY OF DIURNAL EXTREIMES OF Temperature,

SOLAR RADIATION, AND RELATIVE HLKMIDITY (Refs. 1 and 27)

Operntionnl Conditions Smmgc and Tmnsil Conditions

Clinlmc Ckmmic Ambient Air Solar Ambient Rckuiw Induced Air lndumd Relmive
Cntcgofy Subcmcgoly Tcmpcmturc. Rndiruion. Humidity, Tcmpamm. Humidi!y.

“c (“l=) W/m:(mk.cm”l.min-’) % “c(”f=) %

I ,Nmrly
Wet.wilnn

Nearly
Constant ,N@iblc 9s to Iou Consmm 95 to IOQ

24 (75) 27 (80)

Hot-Wet
2 26 to 35 0101130 7410100 32t071 10[085

Win-Hot (78 10 95) (Oto 1.62) (90 [0 MO)

3 29 to 38 0101130 631090 321071 10108S
Humid-Hot (85 m 100) (O [o 1.62) (90 10 160)

Collsld Descn

HOI-DIY
4 32 to 52 0101130 51020 32[071 21050

Hoi-Dry (WJ10 lx) (O [o 1.62) (9O to 160)

5 21 [043 0101130 20 to 8S 211063 5[0s0
lmermcdinte (70 to I 10) (O to 1.62) (70 to 145)

lmer- Hot-Dry
mediate

6 -21 to -32 Tending Toward -2310-34 Tending Toward
Intermediate (-S [o -25) ,Ncgligiblc SOmmtiOn (-lo [0 -30)

Cold
Smumtion

7 ’3710-46 Tending Towmd -37 to -46 Tending Towrd
Cold (-35 10 -so) ,NcgligibIc Snturmion (-35 to -50)

Cold
Satumtion

8 –51 10 –s7 Tending Townrd -5110 –57 Tending Toward
Extrrmc Cold (-al to -70) Negligible Saturation (-60 to -70) Saturation

3-2.2.4 Cold Climnws
Cold climmes. often referred to os mmic climms. arc

chmnctcrized by tempcrmuru thnt rcmnin below fmczing
for periods sufiiciendy long to nllow significmt nccumu-
Intion of frozen precipitation (usually snow). Cold cli-
mates MC further subdivided into subcla.ssificmions of
intermcdinte cold. cold. and extreme cold. These subcla-s-
sificmions arc based on n 1% probability over o 6-h period
of the occurrence of tcmpcrmurcs that do not exceed
-25°. –SW, -70° C. respectively. (- I3“, -S8°. or
-94” F). [n extreme cold zones. melting dtxs not occur
for periods bming 4 to 8 months.

Cold climmcs result from either n low level of solar
insulation (typical of Ihc polar regions) or n depression in
air tcmpcmturc from adiubmic cxpmsion M high clcvn-
tions. Consequcmly, the cold climmes me found in both
polar region% on [he Grecnlnnd ice dom~ and in the
mountainous ureas in wcsern North Amcricn. Europe.
and Asia. Recorded mmn tempmuurcs for c~ch of these
regions m-c given in Table 3-8. Sea.mnrd variation in
tcmpermmt incrcmcs with increasing Intitudc. with the
Inrgest vnrimions occurring m !hc poles.

Prccipitmion in cold climmes occurs primarily in [he”
form of snow, nlthougb the regions bordering intermc-
dime climmes mny hnvc freezing ruin. Mountain mngc.s
that lie pcrpcndiculnrly to the inland flow of moist air
from oceans rcccive substantial snowfnll due to the cool-
ingofniras it riscsto pass ovcrthc mountains. Examples
ore the Himolnyns. the Sierra Nevada, the Cascades. ond
the mountain rnngcs in Ala.skn. Typical annual snowfnfl
for imcrmcdinte cold climmes is I to 1.5 m (40 to 60 in.).
However. mmual ?xcumulmions m-c usually only 0.25 to
0.5 m (10 to 20 in.) bemuse of the packing. melting, and
refreezing of snow. Snowfall is somcwhm less in extreme
cold regions. Hotvewr. the annual iaccumul~ lion is about
the same bccmm of the lack of melting. Structures for usc
in these climmcs must be able m suppon the weight of
snowfttlls or be designed m shed the snow. Typical dcnsi-
!ics of newly fallen dry snow.m’c 70 to 100 kg/m’ (4.4 to
6.2 lb/ f(]) with higher densities of 450 kg/m’ (28.1 lb/f?)
for old, wet snow. Snow thnt hns been compressed for a
period of time cm rench densities of 830 kg/m’ (5 1.8
lb/ ftJ).
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TABLE 3-8
—

COMPARATIVE TEMPERATURES FOR COLD CLIMATIC CATEGORIES (Ref. 1)

Climntic Cakmorv I Stntion I Mean Tcmpcrmure. “C (“F)

Lowland Regime

Intermediate Cold

Cold

Extremely Cold

Highkmd Regime

Intermediate Cold

Extremely Cold

Peoria, IL
Buchnrest. Romnnia

Peking. China

Hrwbin. China
,Moosc Factory, China

Yakulsk. Siberia
Ft. Yukon, AK
Eureka. Cwmdn

lake Moraine. CO
3050 m ( 10.000 (1)

Camp Century, Greenland
1830 m (6MX)ft)(1961)

Frozen moisture other than snowfall may nccumulme.
Icc may accumulate us n result of freezing ruin (clmr.
gfnzc ice), deposition of frozen cloud or fog (rime), or
deposition of condensation in still nir equiwnlcnt to dew in
tempemLe regions (hoarfrost). The ncgnti~+eeffcm of ice
on cquipmem opcrmion arc clogged vcntiln! ion openings,
restricted mechnnicnl mcwcmcnt. exertion of pressure cm
OPPOsite sides of crevices and nddcd weight to suspmdcd
structures.

Solnr mdin!ion in the cold environments mnges from
ncm zero m the poles during wimcr 10 rcnsonnbly high
nvemgc values during summer becnusc of the increased
dnylight. The visible perception of solnr radiation is
incrmscd by !hc highly rcflcc!ive snow and ice surfmc.s.
Visibility is reduced by the whiteout phenomenon. in
which illumination ofsurfmcs by sunlight diffused through
cloud cover obscures the horizon line, surface femur=.
and tCXtUKS

In cold rrgions the soil maybe frozen yenr round and in
some cases may melt on the nwfncc but ~mnin frOzcn
undcrnetuh. In regions where mehing dcu occur. some
dilTculty maybe cncoumcrcd in establishing foundmions
forstmcturcs bccmsc of the shifting of the soil thm occurs
between melting nnd freezing. Berm&e of the poor clcctri-
cnl conductive y of im. ndcqunte ground or cnrth connec-
tions mny be di~rcult in regions where frozen soil or
nccumukncd snow is encountered.

3-2.3 BATTLEFIELD ENVIRONMENT
The nn!urc of the bmtlcficld environment depends on

the effectiveness of the enemy whose objcctivc is to make
the cnvironmem IISsevere u possible. The specific envi-
ronment of the battlefield mrty be described by the envi-
ronmental factors of the clinye of [hc Iocmion of the

Coldest
Month

-4 (24)
-3 (26)
-4 (24)

-19 (-2)
-20 (-4)

-37” (-35)
-29 (-21)
-39 (-38)

-7 (20)

-42 (-44)

. . . .

I Annual
Year Rmge

II (51) I I (52)
II (Sl) 9 (48)
12 (53) 13 (55)

3 (38) 23 (74)
-1 (30) 19 (66)

-11 (12) 44 (112)
-7 (20) 31 (99)

-19 (-3) 30 (86)

2 (36) 14 (57)

-25 (-[4) / 24 (75)

bnttlcticld with the ndditiorml induced environmental fnc-
tom due to !hc presence of active militnry forces. The
extent of the induced fnctom is difficult to predict because
they depend entirely on the level of. nature of. nnd prox-
imity m military opcmtions. A brief discussion of the
induced cnvironmcnud fnctors found on the bm!letield
follows.

3-2.3.1 Fmgments and Projectiles
High-speed projectiles. including smmll mm fire. fmg-

mcms from exploding nnillcry rounds. and debris scm-
tercd” from mortnr rounds pose mmy thrc~ls 10 ekCIriCd

equipment. Possible dnm~gc includes physical penctrw
tion of Ihc equipment. deformation of the stmctuml
mcmbcm of machines. breakage of rigid insulation. and
introduction of unintentional circuit paths by conductive
debris.

.
3-23.2 Chemicals

Gnseous chemicals found in the bmtlclield cnviron-
mcm include combustion products md nuclmr. biologi-
cal. rmd chemicnl (NBC) agents. Combustion products
include those associmd with mtillmy projectiles. smnfl
rockets and missiles. smnll mms fire.” u well m the
exhaust from diesel-powered vehicles. NBC mmerials
include solid dusts. liquids (mists and rnins), and gases.
,NBC mmerinls arc fiu more hnzordous to personnel thnn
to equipment. ,Morc signilicimt w [he effects of dccon-
mminnnts. which me ncccssnry to remove toxic residues
rrom quipmcnt. Dccontnminmion ~gcnts me supenrop-
ictd blc~ch (STB) nnd Deconmmirmting Solution ,No. 2
( DS2). STB is corrosiw m metnls and dnmnginn m
I’nbricx DS2 iscorrosiw.to nluminum.cadmium. tin. md
zinc ( Ref. 2S).
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3-22.3 Owrpressure
Pressure waves cmntcd by nrtillcry that impact flat

surfnccs may bc sufficient to collapse enclosures or build.
ings onto equipment. In the nuclcnr baulelicld. the prob-
lem is extreme. ,Mojor stmcturrd d~m~gc m buildings.
vch!cles. rmd utili[ies is ~nduccd by bvcrprcssums as small
u 3.4 to 2 I kPa (0.5 to 3 psi). Ovcrpressurcs in excess of
21 kP~ (3 psi) m~y be induced within n 6-km (19.700-fI)
radius of n 100-kT nuclcm blast.

3-23.4 Electromagnetic Pulse (EMP)
The EM P produced by nuclear dctonmion can dismpt

the opsmtion of most cltctronic systems unless specific
protection is provided. e.g., shielding. E*MPs m ground
level on the ordcrof 10 kV/m have &en measured during
high-akitude ICSIS. In n 1961 tcsi. the electric scmicc in
H~wnii wos severely dismrbcd by n high+dtitudc nuclear
test ICOOkm (&Xl mi) away ( Ref. 29).

3-2.3.S Ionizing Radiation
Rodimion k tbe direct product of bn!tleficld nuclcm

events. Small levels. less than 500 rod. me sufficient to
upset sensitive electronic components, such as veq large
sctie integration (VLSI) circuits. Damage to micropro-
cessors and memory devices would occur III levels below
the lcvefs that incapm”mte ~rsonnel.

3-3 SYSTEM DESIGN CHOICES AND
TECHNICAL CONSIDERATIONS

Ccnuin design considerations thm impact system snfct y
nPPIY to more thtm one IYpCof power subsystcm or affect
tbe design of the entire system. These considermions
include system control. mmcrin! selection. and ground-
ing. These and o:hcr considemtions IIrCdiscussed in lhs
parngrnph. but safety considcrntions thnl pcrmin spccili-
cnlly to one prmiculns piccc of equipment or subsystem
arc dwusscd in the ch~p(cr(s) describing !hnt item.

3-3.1 SYSTEM CONTROL
The function of an electrical power system is to provide

power nt n nominally constant voltage m allow loads to
draw the amount of current necessary to perform their
function provided the capacity of [he supply u not
exceeded. Red-time control functions nssucimed with
power systems include control of the sourm volmgc level
and reconfiguration of the diswibu! ion system m isohme
safely those sections that dm.w cxcrssivc CIJrrcnt. These
two central func: ions me described in the subpwngrnphs
that follow.

3-3.1.1 Voltage Control
Volmge conmol i“ a powcrsysmn is the nmimenmmc of

voltage within n rensonnbly consmm range approprimc
for loads connected m !hc system. Voltage flucumtions
should be kept below 4 m 6T0 for isolated or infrequent
events. below 3 to 4% for fhxtumions occurring scwmd
limes ettch hour. md brlow 1.5 m Z?ofor frequent I’IUCIUW
tions. Volmgc regulation is typically performed m the
gcncrmor by ~he control unit nssocimcd with the gcn~~-—_.. -— -----

[or. However, line losses thm vnry with loud current mny
cause voltage m remote points to ftdl below tolerable
limits or 10 fluctumc exccssiwly. When the reln!ivcly
consmm load currents arc transmitted long dkmnccs.
mwwdly ndjusmble tmnsformers may 6C used to boost
the wltagc lo compcnsme for the voltage loss in the lines.
How,evcr. if the expected line loss is significant nnd the
loud current is subject to wide vnrintions. the compen-
sntcd volmgc out of the trnnsformcr mny rise to unncccp-
mblc mlucs when the load is reductd.

VolmW rcgulnti”g tnmsformers that chnnge taps mno-
mnticdly to maintain n constant output voltage mny be
used m mninmin the output volmge m n constant lcwl.
Three single-phase tmnsformcrs maybe used for the rcgu-
Intion of Ihrec-phnsc power. However. certain problems
arise if (he tnmsformcm arc impro~rly conncctcd—
spccilictdly from cxccssiw dtird-hnrmonic levels, surge
currents passing through the regulator. and fault cur-
rents. Table 3-9 lists possible connections of three single-
phasc Imnsformcr-rcgulmors and indicmcs the mlmi~c
snfel y of using mch ccmncclion on both grounded ncutml
nnd ungrounded polyphnsc systems.

3-3.1.2 Conligumtion Control
Con figurmion control is tbe mrmunl or nutommic

reconfiguration of an electrical distribution system to
nllow opermion as nearly normal us possible when mnin-
tentmcc or repair of the system is being performed or
when portions of the system me dnmngcd. II also includes
Ihe incorporation of af!enmtive sources of electric power
into (he system when the primary source fails. Con figurn-
rion control for power systems is discussed in par. 3-3.2.

The mpnbility for manual rcconfigurntion of !hc sys-
tem moy be incorpormcd by distributing power u.ith a
grid or loop configuration. wwh swi[chcs at i,nrious points
to remove prover from sections of the line for rcpnir. If
power mny be fed to loads nlon8 mom [ban onc route.
e.g., from Iwo directions mound n continuous loop, then
when n fnuh occurs in n line. the defective section mny be
removed from the circuit without interruption of power.
Such con figurmions am desirable became ihcy provide
more rclinblc service md climinntc the need for rcp~ir of
lines [hw we energized. Reconfiguration of the nctw.ork
usunlly is performed when it is not energized, e.g.. when
potvcr is remowd bemuse of n blmvn fuse or circuit
brcnkcr. Consequently, [he switchgeru used to isolmc
sections of lines mny not be c~pnblc of interrupting loud
currents, tmd injury may result if such operation is
mtcmptcd. Switchgcnr of this type should be opened n
shon dismnce. or “inched-. If no si8nilicnnt arc is
detected. !hc switch may [hen bc completely opened
safely.

A second example of reconfiguration k the usc of
muomntic rccloscrs rmd sec:ion~fizcrs. The recloser is
similm too circuit brmkcrthm opcnsthclinc whcnnftndt
current is detected and then. urtcr n fixed dclny, c10555.
Short durmion fnults th~t me due to transient conditions
such CMarcs. lines which me blown together. and birds will
cl.mr wi!h no funhcr mtcntion before the power is rc3p-
plied. In these cmcs power is rcslorcd with no ncccssn~—-.
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TABLE 3-9
-

SAFE AND DANGEROUS CONNECTIONS OF THREE SINGLE-PHASE
REGULATORS FOR THREE-PHASE REGULATION (Ref. 9)

Effect”

Regulator System TMrd Line Lhe
Connection Connection Harmonic Surges Ground Conclusion

Grounded Y Grounded s SI s s

I Ungrounded Y Grounded D SI D D

Delta Grounded s SI S2 S2

I Grounded Y Ungrounded D sl D D

Ungrounded Y Ungrounded D SI s D

Della Ungrounded s’ S1 s s

.s = de

S1 = safe ifsuhnblc bypass series winding pmmction u supplied
S2 = condkiomlly mie-obrmxcimtion of rcgulmom may led

m failure if fmdl Cdlowd 10 persist
D = dnngwous

Rquimd with pcti.n (IOUID.G. Fink and H.W. &w, Smndnrd Handhwkf.r A7cmicdSnginctm.copyright01978. McCIUW-UU.Inc.

I
kpair. Rcclmers arc usucdlyused with sectionalizcrs or’
fuses 10 men the line in the event thnt ihe fault is “xmis-
tcnt” nnd”docs n.x clear when the power is interkpted.
The scctiomdiier is o switch Lhnt detects the pulses of fault
current resuhing from the cycling of the rscloser. After n
predetermined number of fnult current cycles. the scc-
tionnlizerupens the circuit conmining Ihc fnult wh!lc the
mcloser is open. If multiple sectiontdizers wc used on
multiple lines from the rccloscr. only [he line with fault is
dccnergized. nnd power is returned 10 the other lines for
normnl operation. Appropriately sized fuses also mny be
used in the plncc of the scaionnlizcm to isokue the line
with the fnulc the rccloser can function to extinguish the
resultnm arc m the fuse.

3-3.2 INTERFACE TO PERhlANENT
POWER SYSTE,WS

Local power sources arc intcrconncctcd wilh IIccntrni-
izcd power utility for one of two rensons. The first reason
u to provide n more rclinblc locnl power supply through
redundancy in power sources. l%e second u to rcdua
opmming costs by using alternative energy sources fort he
gencrmion of electricity nnd thcrchy reduce the amount of
energy which must be purchased from the utility. Where
increased rclhibilhy is the mmivmion for local electricity
generation. n smndby or an unimcrruptnblc powcrsystem
is used [o provide electrical power when (he primnry
supply is interrupted. Where the mmivmion is economy.
generators may bc connected in parallel with the utility
power m provide power according to the c~pncity of [he
gcncmtors m reduce milky costs. Since the interconnec-
tion between the gencrmors and [he line wc different in
these two silumiom. !hcy me discussed separately in the
two paragraphs thnt follow. .

1
3-3.2.1 Standby or Uninterruptible Power

Supplies
In standby power systems, the nkemmive source mus

provide electrical power thnt is compmible with the powe
nvailable from the utility. Comprdbi]ily spesikicnlly in
eludes snmc voltogq snme frquenc~ and snme phrw
configumtion. e.g., tbme-phnsc delta or three-phase wyc
Alternative sources do not have m hnve the some cnpncit:
os the primary source because usunlly alternnlivc power
sources support only critical portions of the loud and
“shed- nonessential loads during power oumges. Typical
configurations for standby systems nrc shown in Fig. 3-5.
Selection of an opproprime conkigurmion is bmd on ihe
cl~ilicnt ions listed in PM. 1-3.1.2.3. espccinlly those
clnssilicmiom [hs! specify the maximum dumtion of
potver outage that can be mlcrmcd by [be quipmcm to be
protected. When shon interruptions can be tolcrmed. the
configurmion shown in Ftg. 3-d(A) mmy be used. In this
con figurnticm. power from the backup supply or genera-
tor is connected to desired loads through n tmnsfer
switch. n cmcinl piccc of equipment for the snfe opcrntion
of the system. When continuous power is required m
opemte ssnsitive or critical loads such us computers. an
uninterruptible power supply (UPS). su~h m [ha! shown
in Fig. 34(B). is used. [n this configuration critical loads
arc pcnvcrcd by n continuously opcrming gcncrmor thiu
mny be n mcchnnicrd generator or nn electronic invertcr.
Energy input to the generator is derived from n source
with some imcrmd storage cnpnbiliiy. For mcchnnicak
systems, stored energy is derived from the romtiomd incr-
tin of flywheels. [n invcncr-based systems the energy k
stored in clccwicnl stomgc bmterics. The opsrming time
nffordcd by the energy stomge cnpacity may vnry signili-
crmt Iy. The imrtin of mechanical systems provides energy
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for n sho.n period until on nhernme energy source such us
an engine can LXbrought on-line. lnvener-hnscd systems
may be connected to n bank of batteries that have sufli-
cicm capacity to operate the invcncr for periods lon6er
than expected power oumges.

A critical safety concern in the .bickup system is Lhc
switching bawcen sources of power. Some loads. such us
lighting or resistance heming. may be switched from one
supply to nnother regnrdlcss of electrical frequency or
phase. Other loads, such m wnnsformcrs and cspcciafly
motors. arc sensilit.e to abrupt changes in phase. When n
motor n! rest is connected. the current drnwn is about six
limes the rated current listed on the nnmepln!c. However.
if n motor is switched insmnmneously from one pou,cr

. . —.—. ,
SOU”XCm another with [he snmc frequency and voltnge,
the current drawn depends upon the discontinuity in
phase. If the second source were in phase with the first. no
chnnge in motor current would be observed. Howe~.er. if
the volmge in [he second source were 180 dcg out of
phase. currcms in excess of the locked-rotor rating of the
motor will be drawn. with possible rcsulmnt dnmnge to
interconnecting wiring and components md induction of
hnrmful forces within the motor itself. If n delay is inwo-
duccd between the time power is imcrmptcd and reap
plied, the effect can be reduced because the volmge gcncr-
mcd in the motor dccren.usns the motor ”spins down”. If
the motor stops. then the currcn! drawn is six times [he
?nmeplnte mting. If power is rcnpplicd m the motor

Utility
Fuwar

Source

?+

B@
(A) Standby Power Syateme

—..—. .—

Ulility Energy Genemtor Critical
l%wer - storage — or — Electrical
source System r- Invefter Loads

I

r’-’
.---’ ---

1
~ Alternate I

Energy ~

Noncritical I Source I

E@ical
L------ A

Loads

(B) Uninterruptible Power System

Figure 3-6. Power Systems for Standby Use
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before it comes to rest. the current maybe nbcwe or below
this amount. depending on the relationship between the
applied vollngc and the volmge generated by the genera.
tor ncuon of Ihc motor os ii spins. Since :he phase rcln-
tionship at the time power is reapplied is rnndom. the
current drawn will h grater than smrt-up currents some
of the time and less M other limes. The mognitude also is
influenced by the length of the interruption. Mom
extreme values occur with short interruptions [ollowcd by
rmpplicntion of powvr m the motor when it is rotating
nenr op.xming speed.

Once a power failure is dctectcd by n smndby system. n
period of m least [0s is required to bring n diesel gcnern-
tor on-line (30 to 90s for n turbine gencrmx). This pmiod
is sufliciem to allow motor mnmtums to come to rest so
that !he rcnppiicntion of power does not cause currents in
excess of sinning currents to be drawn. However, when
power from the utility becomes nvnilnble. nnd the transfer
back [o [he utility k mnde quickly. high current surges
may tic produced. Onc method of preventing these dnm-
nging curreni surges is 10 build in ~ delay in the transfer
swiich m allow the motor to spin down to an ncccpmblc
speed. A minimum delay is 1.5 times [he open.circuit time
consmn! of [he mmor. i.e.. the period required for volt-
ages gencmted through the gencmtor action of the spin-
ning motor mmmturc to decrease to 37s of [he applied
voltogc value. Typical times of 1.5 m 2 s ore USUUIIy
-Ptnble for induction motom. Longer periods MC
rcquwcd if power-factor correction capacitors arc cOn-
nccted across motors or if synchronous motors w used
(Ref. 30).

If n second imcrrup:ion cannot be tolerated when the
load is switched back to [he utilily, then phnsc-
synchronizcd switching is necessary. This method uses o
switching npparmus that monitom ihc phmc of both tbc
primary nnd backup supply nnd transfers the load when
the self-gcncrnted motor voltage is in phase wi(h the
primn~ supply. This method requires some anticipation
on the ptwt of the tmnsfer npp~mtus. The frequency of
imemnlly gencmtcd voltage in the motors is dependent on
the shaft speed. Since motors differ in mm of spin uccord -
ing [o motor chnmcteristics and the load to which they arc
connected. the !mnsfer must be made us quickly u possi-
ble m minimize diffcmmcs in motor phase when more
thnn one motor is on the circuit.

Uninterruptible power supplies. such us the configum-
tion shown in Fig. 3-6(B). me used in npplicaiions where
even short duration power interruptions cimnot & mler-
ntcd. e.g.. computer systems. In these systems power to
critical loads is usually delivered directly from n mom.r-
gcnernmr or invcner. which dcrkcs its power (rem the
u!ility. When power from the utility fails. the source of
energy is switched to m nlternntive source such as n
diesel-powered gencmtor for a mccbanicd system or bm-
tcrics for n stmic-inwncr-based system. Inertial energy in
the rotating system is used to keep the gencrntor rotming
m provide clccmicol energy during the trmsition. In an
dtemntiw configuration. power m critical loads is deliv-
ered by a static inwrter. which is powered from stor’agc
batteries continuously chmgcd by utility power. If power

.

is intcrmpted. the charging of batteries stops. How,c~cr.
bmtcries continue to deliver power until tbcir cnpaci!y is
used. ,No!c thnt in ciihcr case the power delivered 10 the
lood isgcncrnted bythcsame gencrmor inibeprimnry
and backup modes. so phase problems mmcimed with
load switching arc climinntcd.

Ilthcsmndbysystcm is to beopcrmcd incounwks
othcrthwtthc United Stntcs. provtion foropcmtionnt
other volmge levels and line frequencies mty be ncccs-
snry. Utility syswm operation m 50 Hz is common in
Europe and Asia. and nominal Iinc-to-ground voltoges of
iOQ. 127. 220. nnd240V may bcusedin thcplnmofthe
convcmionnl 120 V thnt is used inthc U.S. Connection
devices arc also different in most other countries. Potvcr
systems used in developing countries and small island
countries frcquendydo not opcrmeas rdinblym power
systems in the U.S. Consequcndy, opcmtionof backup
power systems mny lx u daily occurren.x. nnd the equip-
ment should bc designed. insmllcd. and mninmincd
accordingly.

3-3.3 COGENERATION
Cogencmtion is the operation of n prover source. such

8.$n generator, in parallel with the utility, e.g., an cnginc-
driven-gencmtorsct orsmticirwmcr. Powrgenermcd
by the generator in excess of the on-site load is fed back
into the utility service in exchange for n reduction in
utility charges. Considerations for the ptmdlcling of n
gcncrmoror inw’tcr wiih the utility pcr.vcrsoumc arc
similar to the considcrmicms for prmdlcling two genern-
Iors. Fitw. the local genmmor or invencr must bc compcw.
ible with {he power from the utility, i.e.. it must h~vc ihc
same output volmge, frequency, and configuration, e.g.,
lhrce-phnsc wyc or three-phnsc delta In rukdition the
control circuitry of the gcncrntor must be designed for
parallel operation with npowcrbu thn!cnn aapt or
deliver n seemingly “infinite” current with minimal voll-
ngc vnrintions. The control circuitv must be designed to
provide positive feedback based on [he measured power
delivered to the utility. Computer-based control systems
may be used to perform the following functions. which
olherwisc would bcpcrformcd byindividunlsyswm

[. Output current monitoring or control
2. Ovcrcurrent protection (oul or in)
3. Under-or ovcrvolmgc rclny (to scpnrme generator

from utility when volmge from systems differs)
4. Frequency difference (sepormcs generator or in-

vencr from utility whc” b“s frcq”mcy frdk cmtsidc the
ncccpmble range)

5. Synchronizer (controls frcqucncy>utput of gmter-
mororinvcrwrin order to match thnt ofutili[y be forcthe
generator or invcrter is brought on-line).

3-3.4 SYSTEM CROU~DING(Ref.31)
Grounding of selected points in m electrical system is

done to prevent danmgc or injury that results from
higher-than-normal voltages on conductom exposed or
otherwise. Appropriate grounding nccamplishcs the fol-
lowing (Ref. 32]
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1. Prevents the buildup of hazardous volmges on not designed in isolntion from the rest of tbe system but
electrical wiring from lightning, static clccmici[y, switch- mlher must be coordinated wi!h the ovemll system design
ing surges. nnd contnc! with high-~Ollngc systems for ovcrcurrent protection nnd ground hdt protection.

2. Provides n safe path for fmd[ currents. Appro-
priate grounding provides o relatively snfe “shon circuit”
for ground frmlts thm me unintentional contact bmvecn 3-3.4.1 Ground Resistance
energized conducmrs and cabinets. structural members, The usunl purpose of n ground connection is to provide
or other conductors. The resulting high currents trip n connection 10 n bypothc!icd “mt!ss of the earth- to
overcurrcnt protection dcviccs md mmpomrily climinnte insure ihm nnycxposed. clcctricdlY pOwemd ~pp~rnt~ k
the hnznrd until the problem can be rcp~ircd pemmnendy. m the same pomr!inl as ground. (See Fig. 3-7(A).) How-

For these rcosons. grounding of the electrical system is ever. perfect connection m earth cannot be nchiewd-—

1, f I
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Figure 3-7. Exnmples of Step- nnd Touch-Po~entifds
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because of [he inherent rcsi.mnce in the earth. Conss-
quemly, currents into the ground connection induce volt-
ngcs m the point of connection due to ihe effective series
resistance. These induced wlmgcs cm be haznrdous
when the current into [he ground comwmion is Inrgc. such
as the currents produced by lightning or by faults in
high-voltage systems. The resultant hnznrd is manifest in
two wmys: (1) hnznrdous smppotcntids ond (2) hazmd-
ous much-potentitds. S@- and touch-potentials were
dctincd and discussed in the context of lightning slrikes in
par. 3-2.1.2. Similmly, hazardous step and [ouch-
powntiafs mny be dcwlopcd by n fault between n high-
volmgclinc nndtheground. llissitunlion is depicted in
Fig. 3-7(B).

Hazardous step- nnd touch-potentials that may occur
under fmdt conditions maybe prevented bydccrm.sing
the rcsismnce of the ground. This can be mcomplishcd by
using more or larger grounding clcmrodcs. by chemically
truuingt hes oil. or by incorpomting both measures. [n
critical cnscs nn electrode network or ground mm k used
tocstnblish baterconmct with thcground nnd to mini-
mizc potential gmdicnts in the urea. Techniques for mnk-
ing (he npproprintc physicrd ground connections am dis-
cussed in pm. 5-2.4.

3-3.4.2 Grounding Techniques for Polyphnse
Systems

S.veruf techniques arc nvnilnble for grounding of poly-
phnsc systems. and the selection of the most npproprinte
one depends on power source(s). loud. prcscncc of ground
fault circuit interrupters (G FCI), tmd potentinl hnzords to
be minimized. The most common techniques nm

1. Solid Grounding. One conductor. usually ihc ncu-
tml of the thrm-phnsc wyc system. is connected m ground
through the Iowest-rcsi.wnn.x. pramicrd ground connec-
lion. Advrmt~gcs ofthissystem nrcsimplici!ynnd lowest
possible induced neutral volmgc during fnults. Disad~.nn-
IOKCSarc high. possibly damaging, fault currmws.

2. Resiwance Grounding. The ncutml is connected to
ground through n resistance sufiicicnt to Iimi! the fnult
currents. Two approaches arc used: (1) Iow-rcsismncc
grounding thm limits the fault current m IIsn(c value thm
is still high enough to trip ovcrcurrent protection dc~.ices
and (2) Klgh-ruiswmcc grounding [hnt allows only IJsmall
fnult current to flow. High-rcsismncc grounding allows
the system m rcmnin in opcrntion when n fault condition
exists. However. high-rcsismnm grounding should be
used only when the system is well mninmincd and
detected problems. which do not prwent system opcm-
tion. will be corrcctcd instead of ignored. Rcsismnm
grounding is used only on three-phase, three-wire (delm)
con figurmions because normal neutral current in n fOur-
wirc system would flow through the grounding rcsistnncc
this would introduce power loss and phase voltnge imbcd-
nnm. Also the Nntionnl Electrical Code ( Ref. 32) does not
permit resistance grounding where line conductors me
less than 150 V rms with rcspca to ground.

3-3.4.3 Grounding Considemtions
3-3.4.3.1 Grounding at Utility Service Entrnnce

Appropriate ground connccrions for electrical sysmns
that arc connected to n utiliy service arc shown in Fig.
3-S. The dashed lines in the dingr~m show the path of n
possible fault current. Note thnt the ground connections
insure that exposed quipmcm housings remain at ground
pomn!inl when n fnult occurs. However. [be fnuh current
does not flow into the ground. bul rmhcr it flows into
Iow-rcsistnncc ground conducmrs. Consequendy. these
conductors should meet the following requirements

1. Be pcrmtmcm and continuous
2. Hmx nmplc copnciiy to conduct safely nnyground-

fmdt curr.mt likely m Lx imposed on them
3. Hm’c imfxdanct sufficicndy low to limit the voll-

ngc m ground m n mfe mngnitudc and to focilitme the
opcmtion of circuit protection dcviccs.

The optional ground connections shown nrr necessmy
for preserving the safety of the system provided the
ground conductors arc present. The optional ground
connections do provide some rcdundnncy in the event of
damage to the quipmcnt-grounding conductor but should
never be used in place of it.

3-3.4.3.2 Grounding O( Local Generators
A recommended grounding schcmc for load gcncrn-

tors is shown in Fig. 3-9. This configuration is similar m
thm of service-supplied conligumtion CXCCPIthat only
o“c gro””d mmmmtion is required bemuse of the prOxim-.
ity of tbc gcncrmor and Ionds.

Typicnlly gcnem!ors do no: gcncmtc pcrfea sine waves”
but generate n waveform with up m 10% hnnnonic distor-
tion (Ref. 33). The thk-d hmmonic from nfl phmw$ is
in-pbnse and. therefore. additive in the neutrnf. Use of
rcsistonm grounding uttenuma this hnrmonic without
inducing loss m the fundnmcntnl line frequency provided
the generator loud is bakmad. Resistance grounding is
even more strongly recommended for gcnemtors that
operate in pnmllcl with n uiility supply to protect the
generator windings from excessive transient fmdt cur-
t-mu (Ref. 34).

Generators that scn’e M standby power systems should
be grounded in the mmc manner as the utility, i.e.. the
neutral connection should be tied to n low-resistance
ground electrode insmllcd for [he gcncmtor. In most ca.scs
the neutral of the generator also is connected to the neu-
tnd of the utility. However, if the gencrmor is Iocalcd
remotely from the point of service entry such tbm n differ-
ence in ground potential exists between the gcncmtor
ground nnd the service ground. it mny.’be desirable 10
switch the neutral with n set of mnke-hcfore-brmk cow
[acts on tbc trnnsfcr switch used to change service.

The grounding of generators thm arc used us standby
power sources for SYSICMSwith ground fnuh interruption
must be designed c~refully m insure thm ground p~ths wc
not imroduced [hot bypass the G FCI circu imy. An appro-
priate grounding configuration for !hc grounding of o
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Figure 3-8. Grounding Configuration for a Single-Source Service Supplied System
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three-phase. utility-powered system. which includes 8
gcnemtor for smndby power. is shown in Fig 3-10. lnfor-
mmimron nddilionnl con figurntiorrs is given in Ref. 35.

Generators [hat twcopermcd in pnmllel with utility
should not be so fidly grounded bscnusc significant.
imbdmrmd currents may flow. Consequently. Ihc ncu!r~l
of the generator should bs rcsismncc grounded. If desired.
the resistor mnybcshortcd to provide scdid grounding
when utifity servics is disconnected (Ref. 34).

3-3.4.3.3 Septwntion of System Grounds
The high-volmgs system associated with KItransformer

should not bc grounded together with the Iow-voltngc
systcmwtintcd tiththe$ccond~~. Ifthctwosyswns
shnrencommon ground. thcnlorgcfnult trnnsicnt volt-
ngcs. which twe.possible with the high-voltngc primary
system. mny be mduccd in !he ground connection for the
secondwy system. Thii situation is shown in Fig. 3-1 I(A).
Fig, 3- I l(B) illustrates the approprinw method of .upmw-
ing the grounds to prevent the occurrence of this hazard.

3-3.43.4 Grounding of Deltn Configumtions
Grounding one phase of o thrm-phnsc source m shown

in Fig. 3-12( A)issomctimcs doncfor rco.sonsofeUof
imtall~tion nnd monomy. Howct.cr. ttisconfigurntionis
not recommcndcrf bscnusc the fine-to-ground voltage is
73.2’% higher in comparison to the wydtiven cOn@um-
tion shown in Fig. 3-12(8). In thclmtcr configuration, o

Service
Entrance

EQuiDrTIerIt _

converted wyc-vokngc source is used m maintain all three
pbnscs of the delta-connected loads m m equal vohngs
nbovcground. Ifn~e<onnccted soumcknot nvtilnblc.
then n grounding trmsformer may be used with n dclta-
connecwd power source m generate ~ ground connection
point.

A polyphnsc grounding transformer is a multiwinding
trnnsformcrthtu gcncmtesn neutml potential from the
thmcphti voltngcs. (The ncutrnl potcnlit!l inlhis con-
text is the potemid of [he center or ncutml connection of
the source if the pbasc voltages were generated by IJ
wye-connected source.) Grounding of thu neutmf con-
nection u shown in Fig. 3-12(C) maintains the three
phases M qtml voltages (magnitude) with respect to
ground.

3-3.5 SYSTEM LOAD CONS1DERATIOSS
3-3.5.1 Mntching Power System to Lend

When the SOWKCof clccwicnl potver is n fixed. commcr-
cid utility. the considcrmion of compmibllity between
loads md WUIU issimplyonc ofcompmibfc mn@nuion—
three-phnse wye or delta. or single-phnsc-nnd ndequnw
capacity. Becnusc the incrcnss in cost of additional c~pnc-
ity M the time of insudbmion is not gram the usunl prnc-
[ice is m make conservntivc cs!immes of required cnpnciiy
to callow for errors in the estimates or for future cxpnn-
sion. These conditions arc not tmc for systems powered
by engincdri~,cn-generutor sets since the initial cost of the

Transfer
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Utility “,---l ‘fl~ ~t..~.d,
Service

Tmnsfomter

I I AY-Llr)~

SeamXMonFWmSS

Figure 3-10. Grounding Configuration of System Using On-Site Generation and Ground Fault
Protection
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Figure 3-11. Proper Grounding of Distribution Trrsnsformers

sysrcm is high and incrcnscs in direct proportion to the
gcncrnting capncity. AISO.engine life is rcduccd by opcrw
tion M either minimum or mnximum load: optimum life
generally ctm be obtained with loads in the 50 IO 90%
nmgc (Ref. 36). Thcrcforc. for these systems, the power
source must bc matched more closely to the clcctricnl
loads it supplies.

There me three objectives to be nchievcd by proper
matching of the source m the load. i.e.,

1. Reliable system opermion—i.c.. minimal charm
of syswm shutdown due to component failure in the
cnginedrivcn-gcncrmor set

2. Acccpmble quality of the power produced -i.e..
voltage rcgulmion. frcqucncyngulmion. and wn~.eform ,,

3. Reduced initinl cost.
Mulching [he engincdriven-genermor set to !hc load con-
sisw of defining the power requirements.of the load and
selecting or designing n generator !hm will deliver !hm
power. Es!im~!es of power should be rmlislic wi[h some
cdlownnct for expansion. Typical estimates are usunlly
binsed high becrmsc !hc designer adds the powr mquim-
mcnts of all the devices m be opcrmed to determine the
“worstxase” power rcquircmcms. Generators selected to
satisfy those requirements will pmb~bly operate at a frnc-
tion of their capacity most of the time. To make rmlis!ic
cstimms. Icmds that will not be opcmtcd simulmneously
should be idcnt itied. e.g., quipmcnt used in either
summer or winter bu! not both and quipmcnt used in

. . . . . ..—. . 3-24. —. . .- .
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(A) 3d-3W Oelm System with One Phase Gmundrid

(S) 36.3W Ocdm Sptem 0rlv8n by Wyu.Cannecmd Source
K! fhnvide Ground I%int

mEsIY7

/

---- -— ---

(C) :~n;f Grounding lhmrdonrmr to %uduca Grounding

—

Figure 3-12. Grounding of Delta Configuration

either daytime or nighttime. Only the lruscr load should”
be used in the estimation. Another typicrd error [hut
causes ovcmtimm ion is :hc overlooking of the duty cycle
of equipment that is not opermcd continuously. Note.
however, [hnt nllownnccs must be made for the possibility
that nfl cycling loads could operate simultnncously—trn
occurrence that tdso reduces the diwrsity of the load nnd
therefore the value for expected vminbility in the csti-
mntcd hmd profdc (Ref. 37). Decreasing diversil y
dccrmscs the required maximum capacity ond increases
the probability thm the ncuml load will remain in the
desired operating power output range of the generator. In
c=cs where hlghdiversity load combinations me cmtici-
pmcd. provisions may be incorpomted in !hc power dis-
tribution systcm to sequence opcnoion of significrmt
items to reduce diversity. Also controls for motom mny be

staged so thm motor-smning currents (t ypicall y six times
the running current) arc not drawn simultaneously.

If widely di$m’silied loads arc unnvoidnble. addition of
fixed clecwicnl lends to the system can mea the manufns-
turcr’s minimum design Iond for the gencrmor durins
periods of Iisht Scncmmr loads. One procedure for
increasing loading is to opmme cermin equipment. such
os electronics or heaters. m provide an acceptable load on
the engincdriifcn-gcncmtor set. Alternatively. load brinks
consisting of powcrdissipnting resistors may be used to
provide the minimum recommended load. A more dcsir-
nble solution is to design the syslcm with IWOgcnernlors
so that when nn operation is anticipmcd m n level that cmr
be accommodated by one gencmtor. the other mny bc
switched off until power dcmnnd again ivarrnnts its use.

Another problem. which arises when smtdl loads arc
connected 10 n system having larger czp~city, is the reduc-
tion in cffcctil,cncss of fnull current protection. Pmpcrly
designed systems include ovemurrent protection that
trips upon detection of currents in excess of wiring or
source c~pcmity. This device protects the wiring from
ovcrcurmnt d~mnge nnd quickly dccnergizcs circuits con-
miningnfmdt melimincttc myhnznrdsthzomz produced
by tbc fmlt condition. If n small load is connected to n
high-c~pacit y source wit bout additional overcurrent pro-
tection sized for the loud. internal fmdts may cnuse fnult
currents that we not sufficient to trip ovcrcurrent protec-
tion devices. These fmdt currents, although not sufliciem
to cause dnmnge to the source. may cause dnmnge m the
load and could be accompanied by n hnznrd resulting
from the fnult. e.g., hnznrdous voltage on nn exposed
conductor, thm pcrsisu because of the ineffectiveness of
ovcrmment protection.

3-3.5.2 Lend Allocution
Lend allocn!ion is the petitioning of electrical Ionds

among electrical sources to achieve mnximum use of
gencrnting cnpmit y. The most common objective of loud
allocution is to balance the loud baween phases of n
three-phase system. Three-phase systems ihnt power only
three-phase lo~ds-c. g.. mo!ors and three-phnse. tmtrs-
former-powered quipmcnt—nre inherently bnkuxcd pro-
vided the loads we operating as designed. However, when
single-phase loads arc connected ton thrm-phn.w syswm.
the syswm usually will become unbulanctd. i.e.. the cur-
rent delivered by the individual phnscs will be different.
Unbnlnnmd operntion of n thmc-phnsc generator is unde-
sirable bemuse the three stnmr coils nrc not opernting IN
the same c~pncity. Since there is ~ limit to the power that
may bc dcli~,crcd by ench phnsc of a generator. unbal-
anced opcrntion implies thm m Icast one nnd probably
two of the phases nrc opcm!ing signilicwrtly below capac-
ity and overall output cnp~city of the generator is
dud.

Unb~lmrccd loads nrc also hmzordous m !hc gcncrmor
rind toccnnintypu ofkmds. Ttwec-phnscmotom require
thot voltngcs b balanced within I% for operation m the
rnted cnpncity. With imbdnnccs in source volmge of 5%.
the motor must be dcrmed 25To( Ref. 38). The ~mount of
voltage imbdimcc c~uscd by current imbalnnm depends
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on the droop chnmcteristics of the genemtor. These ch~r-
nctcristics vary nmong generator models therefore. the
requirements for bahmcing currrnt Iottds to achieve
ncccpmble motor opcnuion are difticuh to specify qutm-
titmively. In general. hov.wer. it is sufficient m say thm
power drawn from (he different phnscs of the gcncrmor
should be balanced us c~osely us possible. especially when
three-phase motors me driven by the gcncrmor.

Load allocation mny nkso ~pply to !he assignment of
loads among multiple generators. which might Lx done 10
keep gcncmuors operating within acceptable load ranges
us discussed in par. 3-3.5.1. Consideriw ions in cdlocming
loads among gcncmtors relntc to the shedding of noncs-
scntinl loads when power capacity is reduced either when
switchovcr from mifity power to gcncnmm occurs or
when one generator becomes inopemtive in n multiple.
generator configurmion. Similmly. csscmiol loads. such
as Iifc-su.stnining equipment in hospimls, must be sup
plied through switching the quipmcnt IO my nvnilablc
source of power in the system to provide maximum
power-system rrlinbility for that cquipmem.

3-3.6 GROUND FAULT PROTECTION
Ground fnult protection (G FP) genernlly consists of

equipment that disconnccu power upon detection of
undesirable current to ground. The components used to
accomplish this may be referred to us GFP. ground fault
interrupter (G Fl), or ground fault circuil inmrup!cr
(G FCI). The ndwmtngc of ground fnuh prowction is that
only very smnkl ground fault currents arc nccessnry to trip
!hc protective device. whcrcns the mlwmntivc requires
fault currents in excess of circuit mpncity before ihe
OVCICIImm devices brtmk !hc circuit.

GFP devices work on the principle thnt t he new current
summed owr 011conductors supplying on electrical loud
must be zero. Stated simply for single-phnse loads, the
current out m the loud on the “hot” line should be cxnctly
the same as the return current on the neutral—~ condition
that is necessarily true provided no oltcnmtivc return
paths exist. However. if n fmdt exists between the “hot”
line and ground (no: the neutrnl). the fmdt current causes
n difference between currents in the “hot” wire and the
neutral Tbii difference mny be detected by n current
transformer ploccd around the pair of wires. The sensiliw
ity of this system mny be set sufficiently high for singlc-
circuit systems so thnt thccircuit will k interrupted upon
the defection of fnult currents below ICVCISsufficient m
injure personnel. Tbcsnmc principle may bcapplicnbk to
three-phase systems. Here the net current is sensed in the
Ihrcc phases and neutral by n current trnnsformcr sur-
rounding ihc four wire.

GFP m~ybc used forprotcmionof personnel or forthc
protection of equipment. For the latter npplicmion the
iN~tiontd Electrical Code (,NEC) (Ref. 32) requires ground
fwdt protection on lhmc-phnsc feeder syslcms with a
phase-tc-phmc volmgc bet wccn 150 nnd 600 V nnd cur-
mn! c~pacitics grmtcr than 10013A. For these applica-
tions. npproprimely sized ovcrcurmu protection equip-
ment will pass suflicicnt current msustnin amctpablc of

doing”signilicmu dnmngc to the service equipment over ~
period of time.

\Vhc” GFP is wed in tI system. cam must be exercised
so that [hc neutral is not grounded on [he load side of the
current-sensing tmnsformcc this will cause the ground
fmdt protection device to Irip under any load ~bow the
ground fmdt setting. Systems with c~p~city for local
generation of electricity. i.e.. standby or cogenermion
systems, musl be designed cmfully so [hat Ihc grounding
of the generator does not interfere with the GFP by
prot.iding nn nltcrnmi~,c grounding pmh for Ihe neutral m
any Iocmion Lhm bypasses (he current sensor. A suggested
grounding con figumt ion for these systems is given in Fig.
3-10..

3-3.7 MATERIAL SELECTION
As for my item of equipment. the mmctids from which

it is to k fnbricmed must be selected on the basis of
environmental nnd functiomd rcquircmcnts dictated by
the intended npplicmion for the piece of cquipmcm.
Improperly selected mmcrhls mny be the cnusc of prcma-
turccquipmcm foilureei~ her due to fnilurc ofthccompo-
nem made from the mmcrkd or incompatibility with
other components in the unit. The characteristics hswd in
Table 3-10 nre considerations for mntcrinl selection. NOI
nil of these chwnctcristics arc significmt considcrmions
for every type of mmcrinl or for every application.

Tnbles 3-1 i through 3-14 (Rcfs. 9.39.40. nnd 41) giw

specific chnrnctcristics of meuds. thcrmoplnstics. thermo-
sctting plnsiics. tmd cernmics. These mbles arc included to
provide n gcnernl background of the propcnics of com-
mon materials uxd in elcctricd nppmmus. More detail
on properties of mmcriids is found in Refs. 4 I nnd 42.

.Mmcrinls should bc selected to mtisfy rcquircmems of
the application. Tbcrc me some common guidelines.
however, for M opplicmions of power systems in tactical
environments. These guidelines nrc discussed in the prim-
graphs thm follow.

Matcrkis [ha may give off hazardous gases or pnrticu-
Intes should be avoided. cspccinlly if they arc 10 be used in
confined spaxs. For exnmplc. asbestos. n knou.n ctmcin-
ogcn and formerly very popular w ~ high-tcmpcrmurc
clcmicd and tbcrmnl insuhmor. should no! be used in any’
npplicnlion where nonbaznrdous high-tcmpermure mme-
riids can be substituted. Asbestos fibers can be rclmscd to
tbc mmospherc if the mntcrinl is used where i! could he
nbrnided. handled. cut. or flexed. Similmly, mn!criids
[but produce toxic chemicals wbcn burned should not be
used in npplicntions where they may burn in nn cncloscd
environment. e.g., polyvinyl chloride. when burned. m-
Icoscs hydrogen chloride gas md for {ha! reason is not
used in aircraft ~pplicm ions (Ref. 43). Fluorinmd plas-
!i= are commonly used for elecmic~l insulation in high-
tempcrnture ~pplicmions. i.e.. above 250° C or 4S0” F.
Some formulations of fluorinmed plastics relcmc toxic
gases including hydrogen fluoride upon combustion or
thcrmnl decomposition M tempermums well nbow the
opcrming range. i.e.. near 4CJ3°C (750” 0. ThemfOm.
these matcrinls should not be used in unvcnlikmd spaces
wbcrc fwdt co”diticms could produce tempcrmum thm—. . . ..— —

,. .._- . .. ___ 3-26 -. -. ..—

I

Downloaded from http://www.everyspec.com



M1L,HDBKz765(MI)

TABLE 3-10
IMATERIAL SELECTIOIN

CHARACTERISTICS

.Mcchnnicnl Strength
Tensile Strength
Impact Strength
Hnrdncss. Toughness. or Ductility
Ahmsion Resistance
flex Ltie

Elasticity
.Mnximum Elongmion
Moisture Absorption
Tempemturc Chm-nctcriaics

Melting Tcmpemtute
Softening Tempcmtum
Ignition Tcmpcraturc
Low-Tempemtum Chmuctcris[ics

Electrical Chnrnctcristics
Conductivity or Bulk Resistance
f)ielcctric SIreng!h
Dielectric Constant
Loss Dissipation Fnctor

Corrosion Resistnnm (and Compatibility Wkh Other
Materials)

Corona Rcsistnncc
Arc Rcsismncc
Radiation Resisumce
Chemical Resistance

Fungous Raismnce
Bactcrin Rcsismnm
Solvent Rcsismnm

Ulwnviole: (UV) Resistance
Fabrication Capabilities

Applicable Fnstening Techniques (welding.
adhesives, soldering, brazing)

Forming Techniques (machine. casting, etc.)
Field Repairability

grcnly cxcccd tbe mLings of the mnterinl. Even ordinary
mmcrkds may produce toxic combustion products when
burned in enclosed arms. For example. carbon monoxide
is n common product of incomplcw combustion. nnd hy-
drogen cynnidc ( HCN) u produced by combustion of
wool, silk. polyncrylonitryl. nylon. polyurctbnne. nnd
paper.

LMntcriafs that arc m be used in tactical situations
should be rcsistnm to hnznrds of the bnttlclicld. which
potcmiafly includes mdinticm. Not only should insulation
materials be as msismn! us possible. but all mnterials
should be capable of being wnshcd with decontaminating
solutions hcmcd to tcmpcmiurcs of 120”C (.7S0”F).

Since mifitnry cquipmcm may be used in ony location
in the world. susceptibility to corrosion is m important
considemtion. Specific mntcrinls that me rcsismn! m cor-
rosion should Ix sclcctcd. Equally important how,evcr is
the combination of mntcrinls. Combinnticms should be
selected m prevent the introduction of corrosion into

components that might weaken or cause premnturc fail-
ure in other critical components. Table 3-15 lists the
common meuds used in equipment in order of clectroneg~-
tivity. Whcrc~,cr possible. when two or more mnwrkds am
fastened together, selected materials should be those thm
me Iocntcd close togclhcr on Lhis table to rcducc the
prob~hility of galvanic corrosion. [f not close together in
the mble. the joined pints should hnve n protective
coming.

3-3.8 PHYSICAL CONFIGURATION
As in material selection. design of the physical configum-

tion—the enclosure., suppons. rmd the nrrnngcmcm of
components-must satisfy the requirements of the nppli-
cntion and prmcct personnel from hnznrds associated
with the equipment. Many of !hc considemtions for the
configuration design of safe quipmem art spccilic to the
item of quipmem. Those quipment-specific ccmsidem-
tions for equipment in this hnndbook me discussed in the
chapter or ptwngmph pmtnining to the item of quipmem.

A major considcmlion in the design of all electrical
equipment is the thcrmnl design. Almost all electrical
components genemte heat and hnve n mnximum tempem-
ture that they can mdermc. Therefore. the housing must
provide cooling of the equipment while protecting it from
other environmenml fnctors. For some equipment naw-
ml convection through n wntilomd enclosure is sntisfnc-
mry. Such enclosures typictdly have Iouw’s or overhnn,gs
m prevent the entry of fulling prccipimtion. However.
additional prcmction may be ncccssnry for cquipmen!
thm is sensitive 10 humidity or dirt. Equipment thm has
high-voltnge,conductota elcctricnl windings, or exposed
moving parts ;hnt could he affected by moisture, sand. or
dust should be mounted in scnlcd enclosures with provi-
sion for hem removal through n thcrmnfly conductive
path or by circulating coolant through cxtemnl cooling
fins. l%is construction&o is npproprinte for preventing
the nccumulmion of thcnnnlly insulating dirt on electrical
components. o circumstance that could lc~ to higher
operating tcmpcrmums and shorwncd quipmcnt life.
V“l”crabk components mny k mounted in scaled. oil-

!ilkd containc= having an inert, smooth outer surface
which may be routinely clenncd or, mort commmdy,will
be cleaned nntumlly by precipitation or wind.

A complicating requirement for thcrmnl design of uu-’
lied equipment is the necessity to suppress the infmmd
signature of the equipment. Hem-generating quipmcm.
especially enginedriwn-genemmr sets, must be cooled
with large volumes of air to meet requirements of low
surface tempcm!ums and exit air [cmpcmturts. Thii
requircmem. coupled with the rcquirrment for n low-
noisc signnturc. has led to the development of new designs
for tactical cngincdriven-gencmtor sc!s that incorpomte
baffled nirflow for cooling nnd cxhnust EM dilution and
sounddeadened insulation for noise supp= ion.

An advantage of the self-heating chmnctcristic of clcc-
tricnl equipment is that moisture will not accumulate
within the cquipmcm, even in humid environments. pro-
vided the equipmem is operated continuously at a lci.c!
that maintains the temperature above nmbicnt. However.
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TABLE 3-11

PROPERTIES OF COiYIINION METALS (Ref. 39)

kid tkuity %{ehin~ Elcwical Ten& Swmt h C.arrmiOn Resistn~
. wci~hl. Point Rtkti%ity ?,!Pa k~i

k~l m’ Iblin! -c ‘F at 2(Vc
($&F)
.n_

Gw lrca Cast

Malleable hm. C=

Wroqk km. Hot. RoUcd

Low-carbon Slul
Hm- Rolled
Cdd-Wo,ked

Mcdi.m-CarbO. s,=!
Hm- Rd2Cd
Ccdd-workd
Hard ad T,.ptd

High.cwkm .%-d
Atmdd
Ho,- Rcdkf
Hard and Tempered

Mwmuitic S,ainkas s,.+

72m 0,M

7170.72.?JI 0,2S9.0,263

7693 0,178

7s35 0.X3

7835 0,2s3

78J5 0.2SJ

1510 27S4

15P2+524 27s277s

14S0.1510 2703.27S0

m-m

J2.O

14,3

19

18

70

I8+22s
172-201
11s-165

J4SJS9

J31

44.5
JJ8

617
6s9
779

724
mo

I IOJ

27-JJ
2s.Jn
20.24

SO-$2

48

65
78

91
Im
113

Ioj
I !6
Im

14eo.lsy3 2703.175077s4 02s
Amdcd 79J.827 IIj.im
Hard and TmVNUI 827-1>79 I m.m

‘Weight demity in Ib/in, m originally spailiud in Ref. 39.

Rai$t.nt to straq sulfuric
acid. cold Cona”,ralcd
phosphoric and niwic acid,.
Altackcd by dil.m sulfuric.
~hcnplmic 4 nitricacids
R&mu to mdium h>dmz.
ilk. soda ash. and mmia.

R&ant to .mm@eti
Cornnim in rumf. indw.
la. md mafint a,rno.
spkrn d f!uh ad id
V,a,,”.

Currmt impmwd wrought
iron hm w Imst 2S% gEI*tr
Commiml raktnncc ,ban
km, gm.d..

RLutcdby o,ygcn rid water
. room Icnqcmtum: ram of
auock incmaxs sharply m
PH gca r,bm.4 and
tiruxi bd.w . pH d 8.
ml.te saltu31.tkru iOc-
wmasim ram Attacked by
acids in Prmd. but MIisfnc.
IL@ rdu.”, ,. U,lkd” al
n.xmal tunpemt.m Ccwrc.
sio. mm in dtdinmy nutiq
not .wtizbly nf[mud by
carbon or alloy CC.”,,*, m
by cold workin&

SMK al kw-mlbm Ual,

Rust. !vh.n brought into
contmc!rib mouwrc and
air n! mm tmllpcm,um
mm$ not ,I)Iprxiably
dfccwd by carbon comuu.
If du m plr%n,. corm.
sion mm u incmascd.
Attacked tiny by ncids.
but rcsimm m alkali al
mom talqxmlum

God mist- m w,,k,
nnd..yr?lsOgOd Mis-
tmlu 109011MCkmimk,

Rqrinti with pcnnk$km from H. J&cL Ed,. ,4.WVW Cnritweriq /{and600L copyright O 19bl. $lcGmw Hill. lm

(cont”d on next P.W)
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TABLE 2-I 1 (cent’d)

Metal Ckuity Mdliq Efmricnl Teuile Sumth C.smnim R&tmR
**ight. Point

-,
R&ui.ity M P. kvi

kal M lblin! -c *F at Iw c
(68*FI
Iln’cm

Al”min”m Alloy. Wrought 2710 0,W8 642-657 1197-1211
(I Km)

Amcakcd
ffti-Hnrd
Hti

Al”aiOum Arby, Wmusb% 2710 O,wa JS2U9 1020-1292
—
HmI-Tmue6
(6061)

~F’@c Tm@#iub

—
Hard

O@lwc.pper

H.ud

YeUOWB-
A~
Hard

8885-8940 0.3214.222 1064-0293 1949-(9s1

819$-8254 0.2%-0.298 871-982 Itco.lm

8470 O.JIM P04-932 IMJ.1710

- Weight density in lb/in. as originally SpC&II in Ref. 39.

2.92

>,02

3.8

1.78

4,82
S82

6,4

50
I14
16S

124
241
310

221.241
J4S379

1;
18
24

18
JJIT4)
4JfT6)

32-M
*55

414-552 W40
I !38-1276 165-185

J!7-J45 46.50
510.7s 74-I 10

H@ rnimncc ,. rumk.
iduwial. d nminc
●mmpkm, God K&
tulc$ ,0.05 mtrd 0,

nc.wlymud huh wuem.
.Wcr.. rgnnicmidh, md
mh>dridcx akcohob.*
b,dcx .Wx L30rlcx ok

gnlolk grcxla, Waxes. d

OIha petmkurn dui.alks

-Onia d -Oni”.

COqoundx nitric d

*60W 82% -tin! O*.

MliLb nit. pardbx cd-

,ar Cfcli,ad,n. H ,YJrasul

mxide: and fnanv ncutrd

k-=. ‘~ti “~1-1-
tima.

High tuisu5x to rural
wl.pktma good t-5is.
U* m indusuiaf MI+
InMimt aun.pk.. r2qJu
ad mturc of mack in otba
.ViImmmu m grully
inJlunxed by hm trul-
Ulcllt.

Generdky gocd ~ w
imi.trial. rumk.d mllinc
Um.pixm. & [0 g,uc-
lina. rucfdl. d Iacqum.
GeIumny pLv* rail- to
M1..llia, fm’ic d Ulun.
nilm compamdx and cya-
aid.. Gmd rtsixmu m
..ak Kid, and ba$a .Mc

m$il,anm 10stra”~ mid,
ad base.

Smm u drmdylic tmgb.
pixh copper.

(ic.muy good m!ismla to
icd.uiaf. rumf. d marine
Uui.pbmx nksognlotir’cl.
fuel ok and Incque”. Poor
rcsislanu to Mulmnia, rcr-
ric and -miuul mm.
pounds.@.ltdCyUlid.. SW.
cqtibk to duinci!%ntim
and s:- comim crack-
ing. S.xne mais- to .-k

dad bum. Poor msk-
Iancc to UrOngodds d
LwlU d to soft and bizb-
ialinity wm. -

(com”d on mm pngc)

o
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TABLE 3.11 (cent’d)

Meul IkUity Mdti.* Ekomkcal Tmuik Strcmh Corrosion Rc&mm
.*ight - Poim

-,
R&*ivi%y ?.4Pa kpii

W m lb/ in! SC ‘F al Wc
(Wn
“null

.-
,&like!Sir. Wright

Ammakd
Hud

Phosphor Brmue.
8% (Grad. Cl

HaU-Hard
sPti

Cmntnm Lud. soft

S!kd Alloy. W,,sJ@
Ame.akd
SP*

Skkd Alloy. Cast. AS (k,

Gold
Anmc8kd
Cokd-Worked
& Caal

sir
Amcakcd
Cdd-W.nkcd

Grade A b
Annakd Shm
Cdd-RdSc4 Sk
& call

8w0- 0J14 999-1037 1830-19m 8

m 0.318 M2-1027 162LL18U3 13

IIJSO

8720

S640

19320

10.490

7310

0.3I5

0.3 I 2

O.bw

0.379

0.2M

1299-1249 3370.24@

1116-1143 2403.2420

1cd3 Iw>

961 176!

332 449

I14

48.2

53.2

3.35

I .59

11.$

ISwll
SE6

S14.724
771

18

483.SS6
689-962

448.621

131
331
124

1s2
372
103

1S2
19.3
143

5241
u

7b-lo5
112

70.8s
ICO.140

65-W

19
32
18

27
24
15

2.2
18
2.1

Aunckcd ~pid]~ by
midii acids. Rcsiuam ,.
wdi.m uid pmusium
b,drmide bul uuckd
“pidy by u7uu0ti”rll

h,drmick md moiu
ammonia Good ~
to.rduldlnui. —
pkrcl and to flesh d sah
.UCn. s“bjm to “Iul cO,-
rmkcm

G=wti~-
alnunpbm. .’uc?. Uh

maw. ad Uo !OIulimll.

so. mliumu to dkdk
IOl”lic.. d imrprlic
Ui&. P., ~ to
orgmic al. nwlidcs and
ferric ad —ti. mm.
pound.

Rcsismmt. suKu&. cuUu-
mm. pbaspboric and
CkW& dd$. AtMckcd by
8alkformkc. dti
Ad& Ruisunt to umo.
@cm.uldkbduh
Wmcn.

G“od &sucQ ,. flomiq
saltWaEr, dfi”. acid!.
h,dmcbloti b,dranwk.
,ullmic, phosphoti ad
nmu qarlic acid, d
strongC8uslkcWda. Nm
-t to Umnsiy oxi&l-

ing d.tiotn sud 8s miuic

Uid Uld rcnk Cidorid.

SanK m tikd alloy.

GM not .idii wbcn
huud in air. Ruiru alkafih
Uku. d mo$l mid. X.1
anackcd by oxysm or sub
IUI. RaPidlY mmckcd by.
Chlm-im●nd bmmiru.

000.1 OIidiu wbm

bcmcd in air. Rnisu mm
dihnc mincrd d, A
slkdi,. Attacked I@6ty by
Uiukcd bol ndfuric acids.
Atmckcd mpidly by sulfur.
kealill, -

. Rnksu d~ikd ica am! wft
“P c,’alcr.A,uckal by
moms aci&. afkdis. A
Uk6 salu. Oxygen in sO!c-
IiOr, acukmtrs m. d

WVciglu dcmiy in Ib/in. = ori&fly lpccif%d in Ref. 39.

(coni”d on ncxl page)
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TABLE 3-11 (con!”d)

M“d Ikluiiy Mcltina Ekcuicd Tmuik Stmmh Cmrmim Rrskmc.x
w~h,. Point

-!
Rcsiui,ity M Pa k~i

k@m Ib/ in! ●C OF U WC
(Wn
“man

cmmmcrcid RoIkd Znc 7i40 0.238 419 106
Hot. R.alkd 6s36
Co!d-ROlkd 6,10

Zinc Alloy. Cut
L3ii.1 6MS 0,24 3s6 721 6.54

T.IIPmn. C.ld-Worked 19.37s 0.70 Mm 61$2 $.48

14$-172
I52-200

33s

483.2068

21.25
22-29

47,6

70.200

Skalku misunu to bolh
InNmpolim. d nllal
.Inl.phcric C.mrOsior,.alw
hot IOapy -me?. primin,
ink.. Micbktwxthykax. car-
6.s. mmcblmide. drv ill.=
imtiq p, d I%&.
and acid.lmc h}drcarbam.
Fait &iane ,. putt ctb,i
and nmh,l ddloll, *r.
,Iirle, ..*FX. ●rd pnnlkwa
pmducu Poor misunu to
nucn. Spinyinlmiio.
mimd Oilh$ImlwUidh
bum. midmixtwu of
gb=ri= .r ~hol ~
w.,,,.

Ruisu ma, mrid, ad alh-
film lCmc(21rFh
Utmked by nitriC-
hydrofl”mk mixture ,:
room tnr,pe.:.m ax! by
~~ .@=, l~c
(21PF).

. Weightdnnit y in [b/in. m originallys+d i. Ref. 39.

when equipment must be operated on cm intcrmiuenl
basis or must he stored for long periods. then provisions
must be made to protect i: from effects of moisture. i.e..
fungous growth nnd insulation brcnkdown. Approprime
mnmial selection is necessary m minimize thk problem.
Scaled construction and potting of criticrd electronic
components am possible nlternmivcs to minimize prob-
lems due to moisture nccumulntion.

Tnmicrd equipment :hm is subject to NBC exposure
musl be constructed to fncilimte dccontnminnt ion. Equip
ment subject to decontamination should be constructed
so thm nll surfaces that are open to the atmosphere ore
twccssiblc for cleaning ond can withstand the solutions
used. Where possible, exposed surfnccs should be smooth
and have minimnl cnvitics, crevices. nnd dead SPWXS
where mdirmctiw debris mny mcumulntc. Where cnvilics
me ncccssn~. muss plntcs or removnble cow’s should Lx
provided rdong with drnin holes to allow rcmovnl of
dcconmminnting sohnicms. Complex assemblies mny be
designed for dccontnminn!ion by mnking them cnsy to
disassemble for clenning or incorporming seals. gaskets.
or otbcr mcnns to exclude both NBC ngcnts or decon mm-
innting solutions from intcrntd components (Ref. 46). The
process for nuclcnr dccontnminntion. like tbe process for
chcmicnl or biological dcconmminnti on. consists of w,nsh-
ing the cquipmcm with n solution designed to remove any
residue of the toxic ngent. For chemical and biological
agents. the decontamination ngcn! may also neutralize or
detoxify tbe residue.

‘3-3.9 ARCING (Refs. 47 and 48)
An arc is produced by the conduction of an clccwic

current through nn ionized column of gns whose ioniza-
tion is mnintnincd by the current through it. Significant
mltngc gmdicnts me required to initiate nn arc produced
either by the nnrrow spacing of elccwicnl conductors
which nrc m different potentials-such as switch conmcss
m the moment they IX-Copened—or by cwemolmges tha:
cm produced by lightning-induced transients on lines
wi!h insufficient insulator spacings to mcommcdnte
them. Once (he arc is initiated. it will be maintained
provided there is n su~lcicnt voltage gradient m mainmin
current through the nrc”nnd provided there ox suf!kicnt
ions prcscm in the arc chnnncl to suppon conduction.
The energy released by the current through the high-
rcsismncc channel mnimains a high tcmpcmturc within
the IMCand thereby maimnins the high degree of ioniza-
tion ncccssnry to mninmin the UK However. the high
temperatures can be quite damaging 10 nearby equipment
and cnn cause the iniximion of tires. melting of mn!erial.
and the unintcn!ioncd u,elding together of componcms.
Also the sudden hcnting of air nssocinted with large arcs
produces large trnnsiknt pressures thm can damngc or
destroy enclosures tha! house the nrcing apparatus. Arcs
generate intense visible and ultraviolet light. which can
cause tempormy eye damnge to nearby personnel. Ozone
is n gaseous product of arcing in the atmosphere. nnd
hydrogen is produced wbcn nrcs occur in oil-filled
nppnrmus.
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TABLE 3-12

ELECTRICAL PROPERTIES OF THERiAIOPLASTICS (Ref. 40)

.Mmcrinl Volume Dielectric Dielectric Strcngth- Dtilpmion Arc
Rcsistivity. Constrmt Fncmr Rcsismncc.*”

fkm at W Hz. m 6Q Hz. s
dimensionless V/mm V/roil dimensionless

Acctaf lol~ 3.7-3.8 19,7W 50Q 0.004-O.005 I29

ABS 1(313.1(317

>lol~
1(31..1017

]010.1011

1010-1012

IIJILI016

1.5X I@
1011

2.6-3.5

3.3-3.9

3.5-3.7

3.2-1.5

3.2-6.4

3.3-4.2

3.16

2.65

11.8013-17,700

15.700

17.700- 18.Wfl

1I.400-23 .600

9800-15.700

1I.800- 17.71M

20.7W

17.700

30Q-450

4oi3

450-180

290-600

250-1oO

3CKM50

525

450

0.0034.007 45-90

0.04-0.0S (no trncking)

0.0443.05 (no trucking)

O.o1-o.1o 50- I30

0.0 I-0.04 50-150

0.01 -O.05 170-190

0.003 so-l so

0.015 >36A7

0.0002 >165

<0.000 I (no wading)

Acrylic

Ac@ic. High-impact

Cellulose Acetate

Cellulose Acetate Butymtc

Cellulose Propionmc

E!hyl Vinyl Ammc

Chlormiffuoroc!hykne

Fluorinated Ethylene Propylene
(FEP) >Ionn 2. I

2. I

6.1

3.6-4.0

4.0-7.6

19.700

1s.70+3

I 1,8130-15.7oo

II,8C0-IS.700

11.80Q-15.71M

503

.w3

3oo-mo

3oo-i@3

300430

Polywtmf2uorocthylenc (TFE) >1011

,Nylo n 6 11)1*.1013

,NylOn 6}6 lol~-lol~

~yiOll 6/ 10 1014.1(31s

POlynllOmer >Iolb

Polycarbonnw 6. I X 101~

Polyethylene. Low-Density [IJ13.1011

Polyethylene: ,Medium-Density 101s.1011

Polyethylene, High-Density 6 X 101~-1018

Polyethylene, High-Molcculnr
Weight

Polyimidc

Polypropylene

Polystyrene

Polystyrene. High-Impact

Polyurcthmc

Polyvinyl Chloride (Ffcxiblc)

Polyvinyl Chloride (Rigid)

Polyvinyl Dichloride (Rigid)

Slyrcne Acrylonitrile (SAN)

Ionomcr

Polymcthylpcntcne

Polywyl Sulfone

Thermoplastic Polyester

Polyphcnylenc Sulfide

Polyphcnylcnc Oxide

POlysulfOnc

Polyethemdfcm 3.5 15.700 400 O.w I 100-200

%hon time. for 3.18 mm ( l/S in. ) thickness. Rcpri.ud uilh Fnmi,%im, Copyright 0 by Tkc Electrical Cmmcctor
Study GmuP. Inc... AwO~ng ,0 ASTM D495 ( Ref. ‘),

0.4-0.6

0.014

0.04-0.05

140

140

140

10-120

100-200

lG13-2oo

l17w200

I00-200

230

36-136

60-100

090

100-150

50-IKI

50-100

50-IC42

100-150

100

I00-200

67

190

75-150

75

122

2.3

2.97

2.2s

2.3

2.3

19,700-40,0C0

16.100

17.700-40.C430

I7,7W-40,000

I7,70040,K)0

500-1000

4[0

4S0-1000

450-1000

450-1000

0.000 I-o.lmo5

O.000 I-0.0005

0.C(36

0.00014.0005

0.00343.002

2.3-2.6

3.5

2,1-2.7

2.5-2.65

2.5-3.5

6.8

5.9

3.4

3.08

2.8-3

2.4-2.5

2.12

3.94

3.3

3. I

2.58

2.82

19.7@3-28.OLKI

15.700

17,700-25.600

19.700-27.6Gi3

19.700

33.5W-40.000

I I.8W-40,000

16,700-40.900

47.fm-61,0043

I5.700-19,700

40.000

27.(W3

13.800-15.700

23.2fn)

23,430

15.7LM-19.700

16.700

500-710

400

450-650

500-700

500

850-1000

3oo-l@30

425-1040

I200- I550

400-50Q

Ioilo

700

350-100

590

595

400-s00

425

0.0003

0.002-O.C03

o.m7-o.Ci35

0.00014.01305

0.003-0.005

0.276

0.084.15

0.01-0.02

0.018.0.0208

0.0f36.O.@38

O.(Y3I

O.til

0.003

0.002

0.0004

0.00035

0.0084.0056
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TABLE 3-13

ELECTRICAL PROPERTIES OF THERNIOSfNTINC PLASTICS (Ref. 40)

Property

Motcrilll Elccmictd D1clcclric Dielectric Swcnmh Dissinmion Arc
Rcsislivity. Constant nt60Hz - Fn;mr Rcsismnce.*

f).cm n! 60 HL
V\mm V/roil

m 60 Hz. s
dimensionless dimensionless

Alkyd (Mincrnl-filled) I131J-1011 5.1-7.5 13.800-17,700 350-450 0.009~.06 75-19U -

Alkyd (Glnss-Filled)

DinUyl Phtlmlm. (Minern!+illcd)

DkJllyl Phthtdmc (Gloss-Filled)

Epoxy (hfinernl-Filled)

EpOXy (Glm.s-Filled)

,Melnminc (Celhdosc-Filled)

h4elnmine (Gloss-Filled)

Phcnolic (Wood-Flour-Filled)

Phcnolic (Gin.ss-Filkd)

Polyester (Gloss-Filkd)

Silicone (Mkml-Filled)

Silicone (Glass-Filled)

Urcn (Cellulose-Filled)

5.7

5.2

4.3

3.5-5.0

3.5-5.0

6.2-7.8

9.7-11.1

5.0. I3.0

7.1

5.3-7.3

3.5-3.6

3.3-5.2

7.0-9.s

13.800

i 5.600-16.500

15.600-17.700

i [.s03-15.700

11.S00-15.700

13.ECM3-15,71N

6700- I I.800

7900- 15,7CQ

5500- I5.700

13.600-16.500

7900-15.700

7900. I5.700

11.800-IS,7W

350

395-420

395450

3oo-4Co

300-4W

350-4Ctl

170-300

2LXM6U

I40-100

345-420

200430

200-400

300-400

0.01

0.03-0.06

0.0 I4.05

0.01

0.01

0.019-0.033

0.014-0.023

0.05-0.3

0.05

0.01 I-0.041

0.0044.C435

0.004-O.03

0.035-0.043

180

140-190

125-1s0

150-190

120-1s0

95-135

IS0

(tmcks)

to 190

120-240

250420

150-250

80-150

‘According m ASTM 0495 (Ref. 44).

TABLE 3-14
PROPERTIES OF CERAMICS AND GLASS USED FOR ELECTRICAL INSULATION’

(Refs. 9 and 41)

Mnximum Tmsile Oidecwic Resistirity
Opcming

Appkxic.n
Strm@h. Smng!h, ~, ~.c (770 ~

Tctnpemurc. N Pa psi \,/ Uinl \,, nlil

“c
n=

‘F

High.Vdtngc
Porcthin 9s0 Ism 21.J4 XUX!-50W Wll 16.(OJ 250-400 lol~lo,, Po.m lineimnlatori

Stcatilc 9s0. IW5 Imo-zom 5$69 Wm-lo.ml Wmllm XQ.3XI IIJtl-loti H!gh-rlrqLuq
ins!daon. demricd

Lo%.vc?lugc

applimlcctilion

POIulti 925 I700 11-17 lWJ..?Xll lmo4ml alm IOC.IOU “ Suitch W mire
iddm. lamp 6E5c5

was!
FusedSi 10s0 19m 3%2 Xm4r?w — 1o,,-lou~ High-tempcrm.m insu-

Imion

BOrdintc
(Pyrcxq 435 815 41-69 Ko3.lo.m -- 1011 Lint insuhlotl

. M dub .1 rupurc— brukii smcm~hMC-wed by binding. RCPri.:* .i,h Pcrmi=i.n. copyright e bi TIw Ektmicd C.m=.r
Study Group. Inc.
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TABLE 3-15
GALVANIC SERIES (Ref. 45)

Less Noble (Anodic)

I
I
I
I

+

Electric
current
news
from
+ to -.

No serious,
corrosion
will result
if fasteners
m-c S51cctcd
from alloys
in the snmc

I

k
Aluminum 1100

E

E
Ni.lksist

Type 3fM Sminlcss
(Actiw)

Type 316 Sminlcss
Active

Lend Tin Solders
Lead
Tin

,Alckcl (Active)

I

I—

.E
‘ ‘ ,Moncl -

Silver Solder

Nickel ( Pnssivc)
Inconel (Pnssivc

Chromium-Iron

l-R%%k-

-&E
,More Noble (Cmhodic)

,Sot nll arcs arc dnmnging. Arcing rdmost certainly will
occur with the opening of IJswitch on ~ high-voltage line.
tmd the switches designed for !hm opplicmion include
femures to cx:inguish; hc arc before dnmngc can occur.
Arcs mny be extinguished by two mcchtmisms—i.c.. (I)
lengthening the current pmh so !hul the energy supplied
— -—

to [he arc is no longer sufficient to sustnin the degree of
ionization required to support conduction and (2) by
cooling the conductive channel of the me either by n gns
stream or by deflecting the arc onto PhICS. ~n@ening

of the currem path is performed by rapid separation of
swi!ch conmas or by designing the geometry of the switch
so that the clectrostntic forces on the arc cause it to bow
out by inking a curved path whose radius increases wi[h
time. Cooling of the nrc chnnncl is performed with jets of
compressed gm. which blow through the m-cmd mix cool
gns in the ox todilutcit. Also nrcchuwsuc incorporated
into high-voltage switches to extinguish the arc by cooling
nnd segmenting it with insulming barriers. Arc chutes arc
insulating cylinders with pamllel plot= pcrpendicmlru IO
the arc. The nrc is de flcctcd onto the edges of the plums.
which tend m cool [he IIrCchannel upon contact us well us
lengthen it us it deforms oround [he contour of !he plates.

The design of arc suppression for high-voltage switch-
genr takes into account the cyclic revemnl of the akwmat-
ing current, which. for 60-Hz systems. cm.$es current m
fall to zero 120 times ench second. 11takes less t,olt~gc IO
strike or restrike on IIS than it does to sustain one. There-
fore. swi!chgmr is designed to climinntc conditions con-
ducive to orcing u quickly us possible so thin, when ihe
arc is extinguished ntuumlly Ixcnusc of the current-zero,
it cannot restrike on the next hnlf cycle and thereby trike
ndvnntnge of the nnturnlly occurring current zero to
quench the arc. For situations where the current does nut
fall to zero periodically, the m-c will be sustained mom
cnsily and, !hcrcforc, will Inst longer. This is espcciakly
true where electrode spacing is suflicicnt to prevent re-
striking of an am once extinguished but will sustain M
established arc. Since the energy (and damage) due to the
arc arc proportional to [he duration. the dnmngc due to
these arcs may be mom severe. ‘Ilk phenomenon will
occur during arcing with direct current sources or poly-
phase sources where the phnscs arc located sufficiently
close that the am among ONthe phases pass through n
common region that is continuously ionized bccm.se of
the continuous presena ofcurrcnt. Thii situation should
be avoided by nppropriote sepnrntion of phn.m of threc-
phnsc systems such thnt. if arcs do occur. [hey will be from
a single-phnsc-! o-ground or phase-m-phase and nc~<cr
involve all three phases simultnncously.

These design fenwrcs may be incorporated where the
gencrmion of arcs is predictable. such us in switchgmr.
Howewr. the extinguishing o{unnmicipntcd arcs is more
diflicuh. These arcs may be produced by failure of struc-
tures thm sepnmte high-voltage conducmm by tmnsimt
ovcrvotmges: or by the occurrence of tcmpomry conduct-
ing mnwrinl Ixtwecn high-volmge conductors. e.g.. flying
birds or dropped tools. Generally. !hcsc arcs arc extin-
guished by removing the volmgc from the line with ovcr-
current protection devices or by use of reclosum. which
remove the voltage for n period sufficient for the wc to
extinguish nnd then automatically rcccmnca [be vO@c
to resume service. Also ground-h!! protection fmqucntly
is used to detect and intcrmpt currents from nrcing but
whose VnhlCSfait bclOW the levels tbm [lip 0~.CICU~flt
protection dcvims.

—.
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CHAPTER 4

ENGINE-DRIVEN-GENERATOR SET

For allpo wer systems Wilhin dw scope ofthis handbook. engine-driven-generator SeIS are eidler I!ICprimar!
power source. i.e.. ;acrical or portable systems. or the backup poweer source. i.e.. standby power systems. In
this chapter sa@ aspects ossocimed Widl engine-driven-generator se:s are discwsed. nte e17ects of ensine-
driven-genersstor sels on the environment are diccu.csed as well as the hazards they introduce. These environ-
mentolfacrors inchsde the eflec{s oJ exhausi. noise. high vohose. and elevared temperonsres. Design fearures

that should be incorporated to minimize hazards are presented and include the ph~sicul Confi&wralion OJ (he

O’stem. sa~ef.v conlrok and interlocks, labeling, and engine selection. Features thrx aid or prevent compatibil-
ity bet ween genenmors are identl~ed und discussed. Finuiiy. saJeIy procedures that should be spectjied in
operating manuals are identified and discussed.

4-1 INTRODUCTION
4-1.1 DEFINITION OF ENGINE-DRIVEN-

GENERATOR SET
An engincdriven-gencrmor set is n self-contained

power !ourcc consisting of n fuel-powered engine used m
cum the nrmnturc of on clectricnl gcncrntor to produce
elearimf current. Components of cnginedriven-gc ncmtor
sets rue

1. Engine or Prime Mover. A gosoline. diesel. or
turbine engine, which is used m supply mechanical energy
to the gencmmr

2. Generator. The clectromcchnnicnl machine used
to convert the mechanical energy in n rotming shaft [o
electrical energy

3. Comrol andlor Monitoring S.wcm. %nsom
indicators. and associntcd circuitry lhn! arc necessary to
monitor opcmt ion of the engined rivcn-gcnernmr set tmd
m perform ncccsmry control functions. which include
frequency (engine speed) control, volmgc regulation. and
ovcrcurmnt protection

4. Mounting P!atJorm. The housing nnd supports for

the cngincdrivcn-grnermor SC:. Platforms may bc de.

signed to be pcrnmncnt. lixcd instnllmion. relocatable
operation. i.e.. skid mounted. or mobile. e.g., trnilcr or
vehicle mounted.

Distinguishing fcmurcs of cngincdrivcn-gcnern!or sets
include !hc type of engine used. i.e.. gnsolinc. diesel. or
turbine the out put winding con figumtion of the gcncm-
toc and !he mc~ns of field current excimtion. e.g.. direct
cxcimtion through brushes or brushlcss cxcimtion. The
configuration chows for n specific application is dctcr-
mincd by the required capacity of the enginc4rivcn-
gencmmr set and lhc Iogislics ncccssmy for its opcrmion
msd m~imenzncc. [n the past gnsolinc cngincdrivcn-
gcncrmorsets hm.c been used fornppliutions rcquiring~
generator hnving n capacity of 200 k\V or less diesel

cngincdriven gcncrnmrs have been used for largcrc~pnc-
itics. Gus turbine nenemlom am used for special applica-
tions including 40b-Hz nircrzfi ground suppon and-large
750-kW units. The desire m minimize the number of fuels
hns led to the rcplncemcnt of gasoline gencrmors with
diesel units. Thus all tncticnl gencrnmm could be fueled
from the same fuel pools nlrcndy used for miliuuy t<ehi-
CIU. (Turbine genemtors may be fueled with diesel fuels
u well as with n number of other fuels including aviation
turbine fuels and. in an emergency, gnsolinc. )

4-1.2 EXAMPLE OF ENGINE-D RIVEN-
GENERATOR SETS USED BY THE
ARMY

To rcducc the number of cnginedri\.en-gcnemtor set
models in [he Army inventory, the Department of
Defense (DoD) has smndnrdized the use of 36 models m
satisfy power requirements between 0.5 and 750 kVA.
These models me identified nnd dcscribcd in MIL-STD-
633 (Ref. I). Tnble 4- I summarizes the cngincdriven-
gcncrmor sets Iistcd in MI L-STD-633. including five dis-
continued models. which pmsendy exist in inventories.

4-2 INDUCED ENVIRONMENT

The prcscncc of an opcrnting cnginedriwn-gcncrntor
SC!will necessarily modify the environment because of !hc
amount of energy released during the production of elec-
tricity nnd ihe rcsulmnl presence of potentially hnzmdous
mrttcrinls. Environmental fnciors specifically induced by
operation of electrical gcnerntors arc described in the
pm~gmphs that follow. “

4-2.1 ELEVATED TEMPERATURES (Ref. 2)
Only 20103096 of the usnble energy VfIIUeOf fuel is

corwcrted to electricity. Most of the rcmnining energy is
released from the engine in the form of hem. eilher

—4-1.
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TABLE 4-1

ENGINE-DRIVEN-GENERATOR SETS SPECIFIED BS MIL-STD-633,
SUMMARY OF CHARACTERISTICS (Ref. 1)

Dcsignntion C~p~cily, Vohnge. Frequency. Prime Mow Type
kw v Hz

MEP-014A 0.5

MEP.019A

MEP415A

MEP-016A

MEP-021A

MEP-017A

MEP-002A

MEP4322A

MEP418A

M EP-003A

M EP-4 12A”

MEP-1 12A

MEP-l14A

MEP-I03A

0.5

1.5

3

3

5

5

5

10

10

10

10

10

Is

15

I20

120

120/ 240

I20

240
120/ 208

120

240
120/ 208

120

240
1201208

I20

240
120/208

I20

240
120/208

I20

240
120/208

I20

240
120/208

120

240
120/208

I 20

240
120/208

120

240
120/ 240

120/ 208

240/4 16

1201208

60

40U

60

60

400

60

64

400

,

643

64

60

400

400

50-60

50-60

Gasoline

Chsolinc

Gasoline

Gasoline

Gasoline

Gasoline

Gnscdinc

Gasoline

Gnsoline

D1c5r.1

Turbine

Gasoline

Diesel

Diesel

Diesel

Tactical

Tactical

Tactical

Tactical

Tnctical I

Tactical

Tncticad

Tactical !

Tactical

Tctctica3.

Tamical

Tncticnl

Tmaicnl

Tactical

Tactical

240/416

‘Mm type clnssiliud for Army use. (cent’d on next pngc)
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TABLE 4-I (cont”d)

Dcsignmic.n Capacity. Voltuge, Frequency. Prime Mover Type
k w \! Hz.

MEP-1 13A 120/208 ?

,ME P-B05A

MEP-I04A

MEP-I14A

MEP-G06A

MEP-I05A

,MEP-1 15A

,MEP-I04A*

ME P-305A’

hiEP-357A’

,MEP-007B

MEP-I 16B

h4EP.009B

MEP411A

MEP.Q29

ME P-208A

ME P439A

“15

30

30

30

60

60

60

60

60

72

2[

ICO

100

200

500

500

750

750

240/4 16

120/ 208

240/416

I20/ 208

240/4 16

120/208

240/4 16

120/208

240/4 16

120/ 208

240/4 16

120/ 208

240/416

120/208

240/4 16

I 15/200

28~,dc

115/200

28vdc

120/208

240/416

120/208

240/4 16

120/ 208

240/4 16

2400/4 160

22W/3800

120/208

240/4 16

24Ml,141&3
2400

2400/4160

2400

400

50-60

50-60

400

so-do

SO-60

400

400

4a3

400

50-64

4@2

Xl-&3

SO-64

SW

50-60

50-60

Dkd

Dksd

Diesel

Diesel

Diesel

Dlc.scl

Diesel

Turbine

Turbine

Dlcscl

Diesel

Dlcscl

“Dlcsd

Diesel

Diesel

D1csel

Turbine

Tncticti

Tncticnl

Tnciicnl

Tactical

Tactical

Tactical

Tncticnl

Tncticnl

Tactical

Tactical

Tactical

Tactical

Tactical

Tactical

Prime

Prime

“Sot type dmssificd for Amy use. (cont”d on next pngc)
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TABLE 4-1 (cont”d)

tilgnnlioo Cnp~city, Voltoge. Frequency. Prime Alovcr Type
kw v Hz

hiEP407Ab 100 120/ 208 50-60 Dlmcl Tnctiml

240/4)6

h4EP-106Ab” 100 [20/208 50-60 Dlcscl Tactical

240/416

MEP-116Ab 100 120/208 4LM Diesel Tactical

240/4 16

MEP-009° 200 I20/ 208 50-60 Diesel Tactical

240/4 16

M EP- 108Ab 200 [20/ 208 50-60 Diesel Tncticnf

240/416

b
E.iiI in invenmrb but m’illnot & procured in fuIurc.

rndimcd from the engine and generator or rclcnscd from
the exhnust in the form of hot gases. Sourms of hcnt from
theenginedrivcn-gencrnlorsct arc

1. Engine Block. During opcmtion the tcmpcrnturc
over most of the engine block is siightl y nbove the coolant
tcmpcmturc for fiquid~oolcd engines or higher for nir-
cooled engines. Hottest nrcns arc typically nenr the
cylinder heads and the CXIM!USIpens where !cmpcrnlurcs
may reach 540”C (1OOO”F). Approximmely 1590 of
engine hmt loss is dissipated directly from the block.

2.- G@re Coolant. In Iiquid<oolcd engines the
coolnnt mixture is under pressure nnd may be hcntcd to
9(PC ( 195” F) under normrd opcrnting conditions and to
higher tcmpcrmurcs when the cooling system malfunc-
tions. The mixture is cooled with n mdimor, which
transfers the hem to the atmosphere. Surfaces of tbc
mdimor and Ihc hoses Icnding to il mny rench tempcrn-
turcs near those of the coolant. which me su~!cicnlly hot
to produce minor bums. Approximately 40% of [he hcnl
lost by the engine is rejected via the coolant.

3. ErfIausf S.wgm. Exhaust gases for typical diesel
en~”nes hnvc temperatures of about 650” C ( 1200” F) nnd
nccount for opproximntcly 45% of engine bent loss. These
gases heat the interior of the components of the cxhnust
system to temperatures compnrnble to those in the .en&inc.
Exterior surfmcs show sligh!ly lower Icmpcmturcs bc-
CIIUSCof the cooling CITCCIof the nir.

4. E!ecmicd Gencromr. Energy Iosscs due to the
rcsismnce of conductors in the winding result in the hcnt -
ing of those conductors. The hem produced is equiwalcm
to 4 to 6% of the output of the gencrmor.

4-2.2 V1BRATION AND SOUXD
Vibrntion of the engine may be trnnsmittcd through

mountings 10 buildings nnd thereby may induce noise

throughout !hc ores or possibly IMY cause fntigue or
Iooscning of fasteners. The pulsming nature of the
cxhmm of the engine produces high noise levels unless
noise reduction mechanisms arc incorporated. Typiml
diesel engincdrivcn-gencrnmr sets wi!h minimum
silencers produce noise ICJICISof over 95 dBA 3.0 m ( 10 ft)
from the point of dischnrgc. These noise Iewls cxcccd the
standard noise rcquircmcn!s specified in AlIL-sTD-1474
(Ref. 3). Silencers nvnilnblc from some mnnufncmrcm
reduce thk Icvcl 10 below 85 dBA (Ref. 2). Reduction of
noise levels significantly below this lcvcl requires ‘acOustic
insulation of !hc motor to rcduct mcchnniml noise IMSO-
cinted with moving puns of the engine. New signalurc-
supprcssed generators currently under dcwlopmcm by
the Army use these techniques to nchiet.c required inaudi-
bility n! n distnncc of 400 m (1300 fi). i.e.. the noise led
measured at 15 m (50 ft) is below 49 d BA al !hosc frequcm-
cics to wh!ch the cm is most sensitive.

4-2.3 EXHAUST GASES
The emission of exhaust gases. especially in confined

nrcns. offccls the environment through the high tempern-
turc nnd pulsming pmsurc of the exhaust and through
high concentrations of ccrmin compounds in the gases.
The tc.mpcrnturc of the exhnust generally only affects
mtucrinls ncnr the point of exhaust dischnrge cmd ihe
components of nny exhnust system used to pipe the
cxhnust to nnother location. The effects of clcvntcd
tempcrn!urcs associated with engine exhaust sysmms we
discussed in pnr. 4-2.1, and noise considerations of
cxhrmst systems arc discussed in pm. 4-2.2.

A more significnnl cffcm of cxhnust is the presence of
compounds in concentrmions much higher than ombicnt.
If the exhaust is trrmned in confined areas. the ruultin~
concenmnions will “k su~lcicnl to nffcm personnel nn;

4-4 . .
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mnteritis. TIM exhw.si products of imcrnrd combustion
engines include the products of combustion os well as
by-products of chemical reactions. induced by {he hem of
combustion. bctw=n mmosphcric components. Com-
bustion products include water vapor. carbon dioxide
(CO,), carbon monoxide (CO). sulfur dioxide (SOA and
hydrocarbons. The most significant combustion by-
products nrc the oxides of nitrogen resulting from the
combination of mmosphcric nitrogen and ox ygcn during
high-mm pemturc combustion. For gasoline engines. emis-
sions arc generally gaseous. Diesel engines produce pzr-
ticulntc matter in the form of soot. Effects of these emis-
sions include moi.xurc effects (if [cmpcmturcs tmd concen-
trations ctuxc moisture condensation) and toxic effects
on pemonnel. (Set par. 4-3.7.) The solid mrbon product.
soot. from diesel engines is conductive and may introduce
Imkngc paths across insulating surfmcs on which SOOI
accumukms. Sulfur oxides break down protective oxide
films on mmcrinls !hnt otherwise would be rcsisumt to
corrosion in unpolluted mmosphems.

4-2.4 HAZARDOUS VOLTAGES AND
CURRENTS

Duetoitsinmndcd function. nnopemlinggenemtor
always has volmge present M the level being delivered to
the load. Voltage is nlwnys present on windings. monitor-
ing instmmcmntion. and interconnecting wiring. Voltage
levels nrc the same m [he mtcd output of the gcncrmon
nvnilnble current flow independent on theconfigurmion
of the gcncmmr and mny significnndy exceed the contin-
uous rated current output. The current rwnilnblc for short
transients upon occurrence of a fault is determined by the
dynamic chnrncteristics of the control system of the
gencmtor—spccificnlly, whether it mnintnins the rated
voltage when [he delivered currcn! increases. Current
nvnilnbk for longer periods is dctcrmincd fiml by any
ovcrcurrcnt proumion thm is in the circuit and. second.
by the thermtd limitations of [he windings of the
generator.

4-2.5 PRESENCE OF FUELS
The presence of fuels associated with nn enginc4riven-

gcncrmor sa significnndy impacts the environment bc-
cmsc of the vapors us.mcimed wi[h the fuels. The nromns
nssoeimcd with common fuels. gasoline. and diesel fuel
n~objmtionnl. nndsomc mnteriah mnybcnffectcd by
strong conccmrmicms of these vnpors.

The greatest potemid impact ofvnpors. however. is lirc
hazard due to the flammability of the vapors. One of the
most significant flnmmn%fity charnctcristi-of ~ liquid
fuel iJ the flash point. i.e.. (he tcmpcrmurc at which the
liquid cvnporntes m n mtc sufficient to produce an ignit-
able air-fuel mixture close to the surfncc of the fuel.
Gaolinc has an extremely low flash point of about
-46°C(-5@o. the flash point of fuel oil is higher—
above 43*C ( 110° F). The actual temperature necessary to
initime combustion is high for gasoline. be!wccn 280” md
456° C (536° nnd 853° F) depending on ocmne rating. The
energy required may be very little if (he combustion is
.— . ——

initi~tcd in n i.cry localized mez. i.e.. us in thm initimed by
n small spnrk. Combustion only occurs if the percentage
oignsoline innirisbctwccn 1.4tmd 7.6%. The combus-
tion tcmpcrmure of fuel oil is lower—about 250” to
270”C (480” to 520” F).

4-3 HAZARDS
4-3.1 FfRE

Fircisoneoftbc most significant haxwdsa.ssocimcd
with the opcrm ion of engincdriven-gc ncrmc.r sms because
the key ingrcdicms—i. c.. fuel. air. md t! source of
ignition—necessary for the initimicm and suppon of n fire
me tdl present in tbc cngincdriven-ge nemtor SC!.Specific
factors tbm contribute m the fire hamrd on (be cngine-
driwn-genermor set arc

1. Prcscncc ofaflnmmnble iiquidorgnsfucl
2. Prcsenceof hot gases and hcmdsurfaccs whose

tempernturcs me nbow [he ignition temperntum of fuels
and other combustible mmcrinls

3. Presence of electrical ignition sysmn.s. which
gcnemtc sparks c~pable of igniting fuel-air mixtures (gns-
olinc engines)

4. Presence of elcctrictd systems. which. in the even!
of overload. can produce severe localized hcn!ing in
generator coils.

The potential sc~.crityofthc hnznrddcpends on the
insmllntionnnd npplicotion ofthcengincdrivcn-gcncro-
torsct. Inollcma. the=umnm of fi~ from burning
fuel in theenginedri~,cn-gcner~ lor=t mnydisnblc the
gcncrmor and require mnjor rrpair to replace all combusti-
ble mnterinls ormntcrinlsdnmnged byhem-c.g., plns-
tia. lowmclting point metals. andelectricalcoik. Dnm-
ngc ouuidc tbc generator may be even more catastrophic
if the generntor is located ncm combustible mntcrinls or in
n confined mm where [he gases released from the fire
would prob.ehimwdous to personnel nemby.

The presence of n quanti!y of fuel having n significant
hen! ofcombustion implies tbnt the engine could ignite
mnmri!ds thmothcrwisc would bcdifficul! migniteond
IIWJIthe beat rclcnsed from the fuel fire would be sufi%icm
to dnmngc n.mrby s!mctuml mnlerkds. The combustion
of lubricants tends m be incomplctcnnd relcnscs CO.
soot, nnd unburned hydrocarbons to the atmosphere.
Lighter fuels. e.g.. gnsoline. tend to bum more completely.

The scwaiy of the fire hnzmd associmed with gencrn-
tors is nfso dependent on the ~pplicotion of tbc gcnemmr.
i.e.. the required rcli~bility of the output of the generator.
SincctIlirc will most likely mmo~-cthe gencrutor from
service. [he consequences of n power oumgc also conwib-
utc to thcscverity of the hnz~rd. The effect of o power
oumgccould rnngefrom inconsequcntird fornoncriticnl
Icmdsm Iifcthrcmcning fornncngincdriwn-gcncrutcw
set used asstnndby pou,erforahospiial facility.

4-3.2 BURNS (TO PERSONNEL)
The heated surfaces of the engine md gcnemtor cause

tissue burns to personnel if touched during opzrmion of
the engine immcdimcly ~ftcr shut down of {he system. The
most scvemburnscm result from bricfconmcl withthc
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exhaust mnnifold, which nmy reach temperatures of
54WC ( 1000° F). The radiant hem given off by [he moni-
fold and exhaust system, howewr. provides an ndvmm
wnming of the hot surfnce nnd thereby decreases the
likelihood of inadvertent conmct. More significrmt
dzmgem arc the possibility of burns from liquid coolnnts
or lubricnnu thm m-c under pressure in the engine. ,Nor-
mml water-cooled diesel engine water tempcmuurcs rmch
80” 1095” C(180” to 200” F) or hotter. Iftbcsc liquids ore
relcmcd either b? opsrmor error (opening the mdinmr
cap while tbc cngmc is hot) or by malfunction. tbc liquid
will bcpropelled some distnncc from tbccnginennd pos-
sibly onto tbc skh of personnel where it will rcmnin until
tbc npproprime action can be taken to remove it. The
prolonged period of contact and the high tbcrmnl conduc-
tivity of the contact tend to make !hcsc bums mom scvem
thnnmnnifold-relnted burns.

Anothcrfnctorlhnt incrmscs the probability of inci-
dcnmicontna with bcmcd surfnccs is uncxpcc!cd tcmPem-
turc increases on surfncss that usunlly operate m safe
tcm~mtures, i.e.. less than 60” C or 140” F. Loose con-
nections. cscnping cxhnust. or m overload crm create n
siumticmin wbicbthcsc surfaces become hot. Examples
of surfncu expected to remain cool arc gcncrntor hous-
ings. junction boxes, ond load-switching devices mounted
on the gcnemtor. Since opcmting personnel expect these
surfaces to be cool and routinely bundle them during
normnl mnintcncmcc. inadvertent burns nrc likely during
undetected malfunctions.

4-3.3 ,MECHANICAL HAZARDS
Engine+lriven-gencrnmr SCM arc energy-conversion

devices that usc mcchanimlcnergyns an intermediate
energy form. Thk energy, in [he form of shafts usunlly
rotating m 18@2Wm. is primarily found inside the engine
and gcncmtor where it is safely shielded by the functional
casings of the equipment. (Turbine engines operate n! n
much higher speed. but the intcrnd speed-reduction gems
mduccthc spccdofcxposcd shaft 10 lowcrspccdscom-
pmiblc with the gcncrntor.) The rotming components,
however. arc exposd at points where the energy must be
coupled tothegcnemtor ortonuxilimyc omponcntsof
theenginc. i.e.. fun or bnttc~+hnr~ngn lternntor. At
Iocn!ions where rotating shafts arc exposed. there exists
tbc hnznrd of injury 10 personnel citbcr by direct contnct
with the irregular surfnces cm the rotating shaft or by
inndvcncn! contnct when loose clothing becomes cn-
tnngfcd in the mechanical nppmmus cmd draws the person
into it. The hazard is not us grmt for smooth shafts us it is
for shrifts with couplings or pulleys wi!h belts. Unfortu-
nmely. it isiilmost nlwnysnccessmy touscthcscdcviccs
bawccn uni= to compcnsntc for small misalignments or
10 couple multiple devices ton single shaft.

A second mechanical hnznrd associated with rotming
machkmry is due to the vibration induced by slight imbd-
anccs in tbc nrmntum. periodic explosions of the fuel-air
mixtum. or rmiprocming ac!ion ofcnginc componcms.
These vibrations. if not npproprimely accounted for in [be
design. can cause problems both wilhin the machine and
i“ the Stmct”ms i“ which Ibe machine is bou=d. Th___

!

problems include loosening of thrended fn.slencm. fmigue
of meml components. and the genemtion of noise u
men!ioncd in par. 4-2.2. Typicnlly, the engine is mounted
with vibmtionisolntion mounts tocontnin tbcvibraing
cnvimnment tothccnginc itself whcrcsuitnblc fnmncrs
and IIInlcrinls ore selected to withstnnd ihe vibration.
olhcnvisc, damnge to the structure could occur during
long-term operation. Connections to a properly mounted.
vibrating engine nrcako~ potential hnznrd bcctwsethe
flexing of the fuel. exhaust. and clccwicnl connections to
thccngine mny lend to prcmnlurc failure unless preven-
tive mcnsuresorctnkcn. Fnilure innnyof tbcscconncc-
tions may cause hcaltb bazmds from release of flnmmable
mnterials or poisonous gases or from [he introduction of
nnclecwiml fault that. under ccnainconditions. could
lead to !bc prcser!cx of high voltage on exposed con-
ductors.

4-3.4 ELECTRICAL SHOCK
The pmscncc of bozmdous voltages in the generator

portion of tbc enginedriw.n-gcncrmor set as discussed in
pm. 4-2.4 poses II baznrd [o personnel who service the
gencrntor. These voltages are normally exposed on ter-
minnl blocks. which arc nccsssible for connection of the
gcncmtor as well as for periodic inspection. Certain mal-
functions may cause voltage m be on conductors that
normnlly arc no! energized. These mnl[unctions include

1. Transfer switches that disconnect tbc neu!ml from
service could nllow voltage on ;bc neutrnl cmmcc!ion to
float to possibly hnznrdous levels unless (he ncutrnl is
sepnrmcly grounded.

2. Nondctcction of fnuhs bmvccn any conductor and
on ungrounded conductor by overcurren! protection until
inndvcrtcnt contact by personnel.

Usually, moisture increases the bnmrd of electrical
shock by improving !bc ground connection in the path of
the shock current. However. it also may provide Ienkage
paths thnt cncrgizc conductors to which personnel n!%
exposed. .Moisturc frequently collects in generator wind-
ings during periods of inrtmivity due to the nbscncc of
hem. wh!ch normnlly evaporates tbc moisture. Condensa-
tion on internal insulmom of [he gcncmmrcould lead to
internal fmdts or unintentional leakage be!wcen ener-
gized lines nnd control lines and thereby could cause
dnmagc 10 the gcncmtor.

4-3.5 ELECTRICAL FAILURES FROhl
IMPROPER CONSECTIOX

The improper or erroneous conmaion of polyphnsc
sys!cms cm rcsuh in damogc m equipment or injury to
personnel. Such connections include application of volt-
ngc m exposed conduchm that me expected to be at
ground potential. application of voltage to grounded
conductors. application of excsss voltngc to lines. or
Opplic~ IiOn of imbnbmccd volmge to balanced three.
pbasc loads.

Omission of (he ground connection on generator-load
circuits allows the buildup of hazardous \.ollnges between
the system neumd and Imc ground potential. In many
~o.scs. tbc ncutrnl nnd conductive enclosure me grounded
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togc[ her through n single connection to cmth. [f this
connection is omitted in ~ polyphnsc gcncrntor-load sys-
tem. the exposed enclosure Iypicaily rises m voltngcs
dangerously above ground potential becnusc of imbal-
nncc in the ph~e-to-ground Icaktgc rcsismnccs.

Erroneous connection of power from a generator to o
grounded line produces ~ low-resistance line-to-ground
fmdt. nnd high currents will flow through the fmdl until
ovcrcurrcnt protection devices cm open the circuit. II
switchgcm is used bawccn the generator nnd the load.
closing the switchgem onto the inul! mny rcsuh in nn
explosion [hut could damage the switchgctr rind/or
nearby quipmcm.

Gcncmtms arc lypicafly mode with Iwo or more wind-
ings m deliver power m ench phase. Connection of Ihc
windings in series provides higher. VOIIIIECconnection of
[he windings in pamllel provides bigbcr curmn! c~pmsi!y.
M !he windings me connected in series when the parallel
configuration k appropriate or if a wye connection on the
generator is used when n delm is npproprime, the volmgc
out of the generator will be higher thnn intended. Thk
cxccss volmge will damage motom. electronics. heaters.
tmd most other clcctricnl loads that arc connected m tbe
line.

In 8 three-phase sywcm motors maybe domogcd if the
pbnsc loads me not balanced. Any erroneous connections
[hm prmduce o voltage imbdnncc will lower the effective
cnpncit y of the three-phnsc motor and thereby shorten the
expected life of the motor. In a system conmining three
cqunl. single-phase loads connected to the three lines. the
bafnnce would be upset if two or more of the loads were
inc.dvenently conncaed to [he same line.

Improper connection of 6cncmto~ that me parnllclcd
wi[h either ~ mifity or n second gcncmtor is especially
hazardous bemuse the energy nvnilnble for dnmngc k
more thnn thnt nvnilnblc from one gcncrmor alone. .Mis-
connection of phases will cause high currcms to flow
through the gencmtom once they me connected in parallel
and possibly will damage !he switchgczu used to connect
them to the fine. Considerations for proper pnmlleling of
gcncrmors w discussed in pm. 4-5.5.

4-3.6 ACOUSTICAL NOISE-HEARING

LOSS
The acoustical noise produced bycngincdriven-gc nem-

mr se!s discussed in pm. 4-2.2 is sufficient for probable
hearing loss for generator maintenance personnel and for
personnel working near cngincdrivcn-gcncmtor sas un-
less ear protection is worn or unless suimblc noisc-
supprcssion design femurcs for an cngincdrivcn-
gencmtor set nre employed. The degree of [he haznrd
depends on (he noise Iewl of the engincdri~.cn-gcncmtor
set. [he distance bc!wccn the cngincdriven-gcncrmor set
and !he pmonnel. and Ihe dnil~ period of exposure. For
personnel working new the cnglncdri~,cn-gcncmtor sets.
the Imznrd maybe climinmcd by suimblc exhmm silencers
nnddas nolcxis: insignmure-suppressed gcncmtorsthm
me opcmtcd with the ncousticenclosurc doors closed.
Howcwr. Ihc problcm is most severe for opcrmioncd and
m~in:cnancc personnel who must work in close proximity

10 operating cnginedriven-genernmr sets. frcqucndy with
the acoustic enclosure open 10 Wow checking or adjust-
ing generator components. These personnel u.ill expe-
rience heming dnmngc unless car protection devices are
worn.

4-3.7 TOXIC E,MISS1ONS
CO emissions (mm intenml combustion engines arc a

hnznrd to personnel in the plumcof thcengincexhmmor
in areas where the exhaust mny nccumulnte. c.E., rooms
containing nn cnginedrii,en-gcncrntor set that hm ~ leak
in !hc cxhnus! plumbina. Other potentially hazardous
mm.+ds emitted from internal combustion engines w-c
nitrogen dioxide (NOJ nnd nromntic hydromrbons. The
hydrocarbons me found primarily in the pnrticulme emis-
sions from diesel engines. and they h~w been shown to lx
mutagenic when Ihcy react with NOX The hazard is no:
grem. however. becnusc the hydro.mrbons me tightly
bound to the ptw!iculme mntmr and nppenr to be pro-
tected from chemical rcnction by the pnniculmc soot
(Ref. 4).

4-4 DESIGN CONSIDERATIONS

4-LI PHYSICAL CONFIGURATION OF
EQUIPMENT

Equipment should be constructed so thnt operators
and mnimcnnnce personnel arc not subjected m unneccs-
snry hnznrds from exposure m moving purls. high volt-
age. or hot surfaces. Physical gunrding of hazardous m-ens
should be incorporated in the design of gcncrnmm to
reduce the hazard 10 m acceptable level. Proper wiring
layout should be incorpormed to prevent the dcwlop-
mcnt of hnmmdous conditions during the life of the
equipment. F~nolly, tocticnl cquipmem must Lx designed
so thnt deconmmirmtion may be nccompliihcd readily.
Provisions for implementing these concepts me discussed
in the paragraphs that follow.

44.1.1 Principles of Guarding
Guarding is the enclosing of items with protective cov-

erings to prevent unnuthorizcd t~mpcring with thecquip-
ment and m prmcm inadvertent conmct by, and injury to,
personnel. Mcchmnical guards protect personnel from
conuming moving pnrts, such as rotming shafts and bclt-
drivcn pulleys. and from possible local ruptures or explo-
sions. Mechanical gunrds arc frequently used with inler-
Iocks thn! prevent access m moving parts until the
machine is m its “lowest mechanical Smte-. i.e., energy
sourca MC disconnected. internal movement k stopped.
nnd stored energy is reduced to the Iotvest possible level.
Thcrmnl guards or shields arc used to protect operators
from in~dvcrtcnt contact wilh heated surfmcs by provid-
ing n protective. cooler surfnm bawccn the hot surfncc
and accessible ureas. Finally, guards nnd nonbypassnblc
in!crlocks me used m prevent contact with potentially
Ictbnl high t.olmgcs.

Gunrding must be designed to prcvcm mcidcnml con-
mct w.i!h hnznrdous fcmuru of motordriven-gencrmor
sets. To be effective. however. the guarding must not-.—
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prevent normal inspection and preventive m~intennncc.
O!hcrwise. the rdinbilily of the equipment would be
compromised and muintenmmc personnel. inconvenienced
by the gunrds. would not replace the guards securely or
would lem’c them off completely after performing main-
tenance. The most effective guards me those thm MC
formed by configuring the equipment so !hm housings.
supports. and or other csscntinl structures serve nlso us
protective guards. That is. the equipment is configured
such that hazardous fauums we not exposed. Gunrds
should LXadded when such configuration is not possible.

4-4.1.2 Protection From Moving Parts
,Meclmniml guards should be incorporated where

ncccsnry nround romtin’g componcn!s that could muse
injury Ihrough inndvcncm conmct or through cntnnglc-
mem with loose clothing. Components of nn enginc-
driven-gcncrntor sa !hm should be mcchnnimlly gunrdcd
include cooling funs. engine-to-gencmtor coupling. bclt-
drivcn engine mxcssories. and thcnrmmwc of the genem -
tor. Protective guards should be strong enough mechnni-
adly to stand up m abuse and should offer mechanical
protection ogninst intrusion throughout !he life of [hc
machine. Openings in the guards for ventilation. inspcc-
[ion. or access should be snudl enough 10 prevent penelm-
tion by fingers m clothing. The permissible size of these
openings depends on the scpmution between the guard
and !hc guarded components. Table 4-2 givis the largest
recommended openings for guards as specilicd in Ai4S1/
ASTM B15. In (Ref. 5). larger openings mu y be provided
for access m lubrication fittings or for inspcaion of cri!i-
ad components. These openings. howct,er. should have
secure covers that nrc not easily remot,ed by personnel not
authorized toopcrnte thequipment.

4-4.1.3 Protection From Heated Surfnces
Guards for hcmcd surfn-s consist of ~ plate or cover

scpamtcd sufliciendy from the hot sutinces such that it
remains w n safe tempcrmure. Thcrmnl isointion is
nchicvcd bydcsigning thcgusrd todissipme mpidlytbe
thermal mdimionof the hot surfmc orm providcsufli-
ciem sspnmtion or insulation m prcvem heat Crom the ho!
surface rcnching !hc protective gunrd. Frequently. guords
for hot surfaces OR mndc from performed mmeritd thnt
permits tbc free pmsngc of nir for convcctiw cooling of
the guard IISwell m the surface bencmh.

Componcms of cngincdriwn-generator sets [hot should
be guarded 10 prevent contact by p?mmmel arc the
cxhnust system and the engine block. The exhaust system
includes both [he manifold w thccnginc and the piping
leading away from the engine. ,MOSIof the engine block is
m tcmpermures that cnn cause burns and should be either
enclosed. plnmd in an inaccessible location. or plncmded
to indicate !hc pmscncc of hot surfaces.

4-4.1.4 Protection From High-Voltage Exposure
Energized conductors should be insulmed or enclosed

in o grounded. mcud enclosure to prevent ~m”dcnml con-
met. Protective mmerinlshc.uld Ixsuflicicntly swonglo
mist dcformmion from externol stresses thm could bring
conductive mnminl into contact with the energized
conductors.

M oisturc protection should be incorporated m preven!
thcdevclODmcnl of moisture-induced leakage pmhsthm
could cxt;nd the electrical hnzmd outside-of protcc:cd
,rcgions. Enclosures should bc designed m prment ruin
from falling or being blown imo I@h-volmge appmntus
containing uninsulated conductors. e.g., switchgcar.

--- -—
TABLE 4-2

&qAXliMUIhl DIiWENSIOtN OF OPEINIINCS IN GUARDS FOR
MECHANICAL TRANSMISS1ON APPARATUS (Ref. 5)

Scpamtion Bccwen Guard Lnrgcst Permissible Opening
and Pulley, Gear. or Other (Measured Across Smalles

,Moving Mechanical Component Oimension of Opening)
mm (in.) mm {in.)

less than 31.8 (1.25) 6.35 (0.250)
31.8 ( 1.22) Up [o 63.5 (2.$0) 9.52 (0.375)
63.5 (2.50) Up to 88.9 (3.50) 12.70 (0.5@3)
88.9 (3.50) Up tO 139.7 (5.50) 15.88 (0.625) .

139.7 (5.50) Up 10 165. I (6.S0) 19.05 (0.750)
165.1 (6.50) Up 10 190.5 (7.50) 22.22 (0.875)
190.5 (7.50) up 10 311.2 (12.25) 31.75(1.250)
311.2 (12.25) IIp to 387.4 (15.25) 38.10(1.500)
387.4 (15.25) up to 444.5 (17.S0) 41.28 ( 1.625)
444.5 ( 17.S0) Up [o 762 (30.0) 53.98 (2. 125)
762 (30.0) llp to 1067 (42.0) 152.4 (6.00)
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gcncmtors. and terminals. Where precipitation or con-
densation is unavoidable. instdmors that hnw ribbed sur-
fnccs m increase the leakage path length should be used.
*O nklconductors Iocmed nenrby should be grounded so
that any leakage currents will be safely drained nwny.

44.2 FIRE CONTROL SYSTEMS
f% control systems me systems tbm. upon detection of

tire. take measures m contain or extinguish the fire by
spm.ying or flooding the armor by containing Ihc fire by
autotnxuicdly shutting off fuel supplies.

4-4.2.1 Extinguishing Systems
Extinguishing systems include both mnnunl nnd nutn-

mmic nppmmus designed to extinguish tire by smother-
ing or cooling the flames. The fmniliw fire extinguisher is
an example of n mnnunf system. To operate mnnual sys-
tems. paxonnel must position the extinguisher near the
fire, activate it. and direct the flow of the extinguishing
agent toward the flames. Autommic systems me pcrma-
nendy installed and conkigurcd so that. upon detection of
fire. the nrcns most susceptible to. or most likely damaged
by, fire am covered by the extinguishing agent. ,Mnnurd
and mnommic systems mny w the same extinguishing
agents. Agems suimble for the combined liquid fuel and
electrical tim likely to occur in enginedrivcn-gcnermor
sets arc discussed in the pamgrnp~ that follow.

4-4.2.1.1 Carbon Dioxide
CO:, n nonfbimmnblc gas m normal temperatures and

prcsmms, is nonpoisonous at c0nccmm1i0n5 below 9%.11

acts m smotbcr fire by displacing ihc oxygen nemssnry to
support combustion or. if stored under pressure nnd
cooled with rapid cxpnnsion upon expulsion. by produc-
ing n powdered dry ice. which mpidly cools the burning
objects. Because of tbe low mmpcrn!urc nf dry ice. CO*
dry icc extinguishers should be used only on nppamms
[hut can withstand sudden cold tcmpcmturcs.

Available COX extinguisher con figumtions include
portable umks, fixed tanks wi[b long, flexible boscs, or
cemraf tanks connected to permanently installed nozzles.
Thcx extinguishers arc npproprime for electrical or liq-
uid fuel fires. nnd :bey should contain sufficient gas [o till
completely tbc enclosed area in which they ore [o be used.
plus an allowance for leakage. Extinguishers to be used in
open ureas should have n capacity sufficient to flood the
surface with gas rind/or solid mixture for I min. Sizinu
considerations arc discussed in Ref. 6.

The effectiveness of CO! cxtinguisbem is minimrd for
materials that contain their own oxidizing agents nnd
superheated mnterinls with sufficicm heat retention to
reignite nftcr tbc COZ hns dissipmd. The hazards intr-
duced by rhc usc of CO* IISnn extinguishing ngcm include
freezing of tissue upon exposure m the gaseous CO, nndl
or dry ice stream. suffocmion in oxygcndeficicm ntmo-
sphcrcs (confined spins). and reduced visibility during
emergency exiting due to tbc dry ice “snow”.

4-4.2.1.2 Hnlogennted A gems
H nlogcnntcd ~gems ore hydrocarbons in which the

hydrogen moms mm rcplnmd by an clcmem from tbc
bnlogen series. Exnmple halogens me listed in T~blc 4-3.
Those containing fluorine tire :hc most smblc and lcasI
toxic. Chlorine nnd bromine moms increase the ability of
!hc brdogenntcd agcms to extinguish fires. but incrmscd
toxicity is a result.

Concern about (he toxicity of balogenmed agents [ha!
were dcwloped before World Wm II led to the study of
effects of halogcnmed ngents nnd tbc identification of
Hnlon 1301 and 1211 u safe fire-suppression agents. Both
arc gases M 23” C (74° F) but cm be stored u liquids in
pressure vessels. While some hnlogcnntcd ngems n= cor- .
rosivc. tbcsc arc not and thereby permit tbcir usc around
electrical oppnrmus without dnm~gc m the equipment.

Hrdogcnmcd ngcnts stqiprcxs fires by chemically react-
ing with the burning rcncumts. Tmnl flooding of the mea
is not necessary to extinguish fires. md concentrations us
low CMS to 8?0 are sufficient. Human exposure m the
following compounds should be kcpl below specified
concemml ions even for 15-rein inhawds-7To for Hnlon
1301 nnd4%for Holon [21 1. A grcmcrhnz.nrd isthetoxic
mnterinls that may be produced upon heming of these .
halogemtcd compounds to 482° C (900” F) or from con-
tact with flame. Toxic compounds that mny bc produced
m this !empcmwre include hydrochloric acid ( HCI) and
chlorine gm (Cl,).

Hrdogenntcd ngcnu arc used usunkly us part of n pcrma-
nendy insmlled system thm totally floods the enclosed
urea. This system is used in conjunction with other sys-
tems to shut down s,emif aion systems and to wam per-
sonnel of tbe presence of bnlogcns. These systems ore
insmllcd on nir-cmft. vehicles. and engincdriwn-genermor
sets. Such systems mm suitnblc in conditions wherr

1. A clcnn agent is required.
2. Live elcctricnf conductors me present.
3. Ffnmmnblc gases am presmu.
4. Swfacc burning mmeriids are present.
5. Valuable objcctx arc IO be protected.
6. Personnel me prtsent.
7. Writer is limited.

4-4.2.1.3 Dry Cbemicnls
Sodium bicnrbormtc. pnmssium bicarbonate. potns-

sium cbloridc. urea-potassium hicrwbonme. or mononm-
monium phosphntc in powder form me sometimes used
to extinguish fires. These mntcrials extinguish tires by
smothering. cooling, radiation shielding. nnd chemical
rcnction. They me most cffcctiw for liquids nnd surface
burning mntcrinls. Since !bc mntcriuls MCnonconductive.
dry chemicals arc espccinlly suimblc for cngincdriven-
gcnerntor set tires where electricity and fuel me botb
present. Water or other wetting extinguishing agents may
be necessary to cxtinguisb fires smoldering bcnemh the
mntcrinl surface. Powders me espccinlly suitable for liq-
uid fires ond elccwical firm.

4-9
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Dry chemical potvdcrs me not recommended for use in
Uppmmus. e.g., electrical appwmtus with open conmcts.
thnt will bc dnmnged or contnminnted by the presence of
insulming pnrticulme matter. AISO.dry chemical powders
should be used only in opplicmions where transient pro-
tection is suficicm bccnusc tbc mnterinl. once applied and
heated. loses its effectiveness.

Dry chcmicds me used in fixed or portable lirc-
cxtinguishing systems in which the powder is dispersed by
the flow of pressurized gas. The powder must be protected
from tempcrmures in excess of 52°C ( I25” F) to prevent
caking.

4-L2.l..t Foam Systems
Foam systems, which deliver n wmer mdlor foaming

agent mixture. me suitable for +ircs involving pooled
liquid fuels became !he foam flouts on top or liquids and
prevents oxygen from reaching the liquid. The fonm must
k applied at n high mteso that it will cool the fire and not
be vnporized by it. Also viscous roams may be used to fill
volumes and thereby climinntc convective nir curmnu
thnt fan flames. Fonms arc not espccinlly suimhlc for
engined riven-generntor sets bccnuse the foam solution is
conductiw and could introduce hnznrds when spmyed on
CIccwicld apparatus.

4-4.2.2 COnfigumtiOn fOr Fire Control
Appropri.mcarrangementof Iheengined riwn-gcncrn-

mr seu will minimize the potcminl dnmuge to the unit in
case of fire. Since the hugest potential sourm of flnmmn-
ble mnterinl is the fuel. the fuel tanks should be located as
fur m possible from sources of ignition and away from
locations where fires ore likely to lx initimcd. Fuel-filling
ports should never be located nbovc exhnust or ignition
system component.! becnuscspillnge orovertlow of the
hcnvicr-than-nir vapors during the refilling opcrmion
may be ignimd. ID fixed engined riven-gcncrntor sel
insmklntions. [he fuel mnk.s should be located ou!side the
stmcturcstmd nwnyfrom items subject todnm~gc from
fk dikes or trays should be provided to contain fuel in
!heevent ofspillogc. Except for fuel tnnhthn!nminte-
grnwd imo the cnginedriwn-gcncrmor set. the fuel tnnk
should be mounted below the engine nnd the fuel pumped
up to it. Thii is ncccssnryso ;hm in the ewnt of engine tire.
the pumps mny be shut offnnd gravity will not continue
the flow of fuel [o the engine. Automatic fuel-shutoff
valves should lx installed on lines m the engine so that if
fire isdctected. tbefucl supply isshul off to nllow[hc fire
to bcextinguishcd more ensily. Whcmthctankisscpn-
mtcd from the engine. plninly mnrkcd cutoff vnlvcs
should be placed near the fuel mnk or m other accessible
locations where [be fuel supply may be cut off.

4-4.3 SAFETY INTERLOCKS
4-4.3.1 Techniques ror Snretylnterlocks

Snfetyimcrlmksnrc mmhnnical orclcctricaldcvi=
thamcc on figured toallow fullopermio no fequipment
when all protective system arc operational md [o prc-
vem opcml ion when n hazardous condition exists. e.g., t!
panel is removed and high-volmge terminations or rolnt-

ingshafts nrccxposed. Exnmples ofin!erlocks cumswitch
handles configured so that the enclosure housing cannot
be opened unless the switch is in the off position md
electrical switches that shut off power u.hen nccess panels
arc removed.

Several mechanisms can be used to implemcm a safety
interlock. Common on-are

1. Spring-loaded switcheslhm open upon opaing
the cnclosurc panel or door

2. lnsmlbmion or pou,er ihrough n panel-mounted
socket that is disconnccwd rrom the equipment mumming
plug when the ptmcl is rcmowd

3. Configuration or the equipment power-switch
hnndle so [hnt the switch must be in the off position beforr
the equipment access door mny be opened.

In cermin crises. i! mny be ncccsmry m provide a way to
override the safety interlocks to observe quipmcm oper-
mion during mnintennncc. The nddition of override
switches !hnt nllow modified operation. e.g.. slow speed.
low power. is safer than no proi,ision for obscn’mien
bemuse mninmmncc personnel may lx inclined to invent
“jury-rigged” mcchnnisms to owrridc the interlocks.

4-4.3.2 Application of Interlocks to Engine-
Driven-Genemtor Sets

Snfety interlocks mny be ~ppropriae on cnginedriwn-
gencrntor scu to pre~cnt exposure of opemtors nnd main-
tenance personnel to volmgcs nssocimed with the gcnem-
tor. The most likely nppiicmions me switches to prewnt
opcmtion of the cnginedriven-gencmtor set when the
control pnncl is opened-exposing wiring to the indica-
tors and controls—or when critical baffles arc removed.
Removal of critical baffles prcwms the proper airflow for
engine cooling.

Inmrlocks arc not routinely used on engincdriwu
gcncmtor sas. Rmhcr, cngincdriven-gcncmtor sets me
tYPimlly instnllcd such thm unnuthorizcd personnel do
not hnw ready ncctss to hnnmdous arms of !hc gcncmtor.
Interlocks migh! prevent certain repairs or inspections
nccessmy m nssurc continuous opcmtion of the cnginc-
driven-gcncmmr set. An interlock, Lwcau.scit would shut
down the supply of power, could introduce n greater
hazard thnn would cxisl n.ithout i!. Likewise in !nctiul
situations. it is uswdly critical to uni[ missions thm the
cnginedri~.en-gcnemtor set rcmnin operational continu-
ously, and mechanisms thn! would shut it down during
inspections would be unnccepmblc.

4-4.4 GENERATOR CONTROL AND
PROTECTIVE SYSTEM -

4-4.4.1 Functions”of Control Systems
Control systems b engincdrii,cn-gcnem!or sets must

Lx designed m accomplish three functions. namely.
1. Rcgulztc opmmion. “e.g., outomatic control of

speed (frequency) nnd voltage. and mmmd control or
VOIWC led and M source

2. Shut down equipment upon recognition orcondi-
tions thm nrc unsure for equipment or nearby personnel

3. Provide indicmions to operating personnel onsm-
tus of equipment.

--- 4.11
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Control-system pafonmnce of[hcsc functions may be
either totally mcchnnical. electronic, or a combinmion of
mechanical and electronic. Electronic systems consist of
sensorx analog or digital electronics to determine the
desired corrective action bsscd upon the acquired mca-
$uremcn!s and mleno ids, relays. O?scrvommors to effect
the desired control. ,New technology allows the cconomi-
CUIuse of microprocessors, which permit the monitoring
of additional pnrnmelers and implemcmmion of mom
effectiw control algorithms. More sophkticatcd safety
interlocks nrc possible with progrnmmnble digiml
controllers.

.k-Ld.2 Control-System Design Considerations
Functional rcquircmcms for the controller arc deter.

mined by the pnnicular npplicntidn. Voltage control nnd
frequency control Iimiu arc determined by the quipmem
the engincdriven-generator set is required to opemm.
especially when the generator is to be operated in parallel
with n“other generator or nnothcr power source. The
most impormm rcquircmcn= arc voltnge [olcmncc, fre-
quency tolerance, and frequency-lend relationship (droop
chntnctcristics). ,Mnnunf controls on sets gcncrnlly include
voltage Iwel (fine adjustment of nomimd output voltage)
and controls for connecting the gencrmor-on-line in
pardlcl with mother power source.

.%fet ycumff systems monimrcngirte opcmting pammc-
ters and. when unsafe conditions me noted. shutdown the
gcncmtor through the cutoff of the-fuel supply (diesel
engines) or by deactivation of the engine ignition system
(gnsoline engines). Pnmmcwrs recommended by Ref. 7
for monitoring by safety cutoff systems arc listed in Tnblc
4-4 for systems that IJrCboth critical to life or health of
personnel (Level I) and those that ore less critical (Lcwl
2). Also. nn electrical schemmic is given in Fig. 4- I ( Ref.
8), which shows the wiring of n typical snfety control
system for n pormblc gcncmtor and indicates the pnmmc-
tem thin. when out of fimi!s. muse [he engincdri~.cn-
gtnern!or set to be shut off. Note !he emergency switch.
somaimes called n “battle override- switch. rhm allows
thcgcnemtorto be operated under emergency conditioiu
u.hen one or more of !he pammcters is out of range or
when n sensor malfunctions.

4-4.4.3 Other Protecti\.e Systems
Aummmic fire control systems may be nddcd to

engincdriven-gmernmr sets where ndditionnl protection
is neccsmry for the gencrnmr and surrounding ureas.
These systems usually ore added extcrnnlly to [he gcnern-
tor bemuse the choice of an npproprime extinguishing
agen! nnd the cnpacity of the system ore dependent on the
environment of the cngincd rivcn-gencrmor set as well u
on the uni! itself. This k cspccinlly wuc for pcrmnnently
insmllcd enginedrivcn-gcnerntor sets mounted inside
buildings whcm the fuel u stored somewhat remotely
from the gcnemmr. Halogcnntcd agents nnd COZ arc
suitable for cngincdriven.gcncm!or set fire. High-cnpac-
i!y units. however. arc rrquircd for gcnemto~ insudled
inside buildings and surrounded by ffmnm~blc mmerinls.
Under these conditions. nutpmntic sysmms would (x

most cffcctivc with suitable hem or smoke dctecmm used
to activate the extinguishing system. Scnsom should be
pl~ccd cnrcfully so thm normal exhnust and hem from the
engine do not nctivme the protective system.

4-4.5 ACOUSTICAL QUIETING
To achicw the degree of noise suppression on diesel

engines necessary to eliminate risk of henring loss. it
generally is sufficicm to provide noise suppressors on the
exhaust. Information on the design of silencers for mcip-
rocming engine cxhmm is given in Ref. 9. Commercially
nwilnble exhnus: silencmx or mufflcm reduce the sound
of the cxhnust noise below that of the combustion and
mcchnnicnl noise radinting directly from the engine. For
gasoline engines n proper cooling fan and intake design
will minimize dirccdy mdintcd noisd. for diesel engines,
these snme noise sources should be corrected. Higher
cylinder pressures nnd the more rapid pressure rise in
diesel engines. however. cause greater noise emission due
to transmission of the combustion wave through Ihe
engine block nnd the noise from mcchnnicaf sources such
0.5 PiS1On drip. ThCSC nOiSC sources cnn be reduced by
proper mcchnnical design of the engine with femures used
on diesel passenger car engines, e.g.. vibmtion dampers,
stiffening ribs on the engine block, covers for noisz-
cmitting surfncc.s. rmd acoustic isolators between cx!cmal
surfaces and the engine block ( Refs. 10 and I I).

Gos turbines. which must be properly brdonccd for safe
and reliable opcrmion. generate less vibration than the
recipracming engines. The noise gcnemtcd M the imnke
and exhaust hns higher frequency components than n
rcciprocming engine. This noise mny bc ensily silenced by
proper bafflcing of the in!nkc and exhnust ports of the
engine.

Further ovcmll rrduction of noise from either engine
may be obtained by housing !hc engine in an acousticnkly
insulated enclosu~. (Acou;tic insuln! ion should tc us~
on [he inside of kmge surf~cu to reduce sound tmnsmit ted
through them.) Also the engincdrivcn-gcncmlor set
should be mounted with vibmtion isolntors to minimize
transmission of mcchnnicaf noise to (he outer surfaces of
the housing. Provision also must be mtic to nllow circu-
Intion of cooling nir over [he surface of the engine nnd
through the cooling system mdimor with appropriate
bnftles m the air intake nod exhaust pens to minimize the
transmission of noise through those openings.

4-4.6 TERMINAL DESIGN
Terminals forconnec!ion of nn engincdriven-gcncrmor

set to n distribution system should be designed m m~in-
tnin n rclinblcconncction mdconfigured to minimize the
probability of improper connection.

Tcrmintds also should be designed 10 withsmnd vibm-
tion prod”ccd by cngincdrivcn-gcncrmor sets without
becoming loose. Vibrntion-rcsistnnl threaded nuts or
locking wmhcrsshould be used. In addition, the !crminnl
should bc designed to nccommcdme dimcnsimml chmgcs
in the conductors m lugs mcd with il. Tempcmturc
cycling twsocimcd with changing nmbicm tempermum..—
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TABLE 4-4

SAFETY INDICATORS AND SHUTDOWNS (Ref. 7)

Indicmor Function (OI Bmtcty Voltage) LWcl I Level 2

CV S RA CV S RA

(n) Overcmnk “ x x x Xxo
(b) Low Water Tcmpcmturc < 21” C (70° F) x x x o
(c) High Engine Tcmpcmturc Prmdarm x x
(d) High Engine Tcmpcmturc x x x i“xo
(c) Low Luke 0!1 Pressure Pmdmm x x o
(f) Low Lube otl Pressure x x x x x o
(s) Dveqxcd xxx x x

o.

(h) Low Fuel .Mnin Tank x x o
(i) EPS Supplying Load x :
fjj Control Switch Not in Auto Position x x o
(k) B~tte~ Chargu Malfunctioning 0
(1) Low Vokngc in Bmtcfy ; o
(m) Lamp Test x x
(n) Contact.! for f-cd and Remote Common Alarm x x x x
(o) Audible Almm Silencing Switch x o
(p) Low Stming Air Pms.sure x o
(q) Low Smrting Hydraulic Pressure x o
(r) Air Shutdown D~mpcr When Used xxx x Xo
(s) Remote Emergency Stop x x

KEY

Cv = Control-panel-mounted visucd indkation
RA = Remote rmdiblt
s = Shutdown of EPS
x . Rcquimd
o = Optional
EPS = Emergency power WPPIY

nmbiem hcming nssocinmd wiih the engined riven-gcncm-
tor SC!, and. most importantly, rcsisti~.e heating of the
interconnection cause expansion of the conductors or
lugs used wiih the tcrminnl. The expansion causes dcfor-
mnticm of the [ertninnl. which mny become permnnent if
the terminnl design is not sufficicndy elastic to nccommo-
dnie the expansion. Cycling expansions crm then loosen
the connection further. which. in turn. increases the resis-
tive tempsrnlure heating of the junction and nccclerntcs
the loosening process. The process is further nccclcrmcd if
the terminal mmerinf has a tcmpcmiurc cocfficien! of
expansion thm differs significantly from that of the con-
ductor or if the conductor is susceptible to deformation us
is the cusc with aluminum wire sometimes used us n
conductor.

Terminals should also hnvc ndequme scpnrntion
between phase connections so thn! errnnt strands of a
connecwd cable cnnnot contnct the terminals. wiring
n.uocintcd with nnothcr phase, or the neutral. Tcrmimds
[hm arc constmctcd m conlnin strnnds should be used in
all c=. Split lugs with captive nuts ~rc required for
gcnermom specified under MI L-STD-d33. If crimped
eyelet lugs arc used. provision +.g.. bzwricr terminal
strips wi!h vibration-rcsismnt fnstcncrs-should be mndc
m prcs,cnt [he lugs from loosening and moving into con-
tact with adjacent wrminnk.

Reprinmd with permission from NFPA 110-1985. Emcrscnc.v
and .$tandb.v Prover S.vs:em$. Cop yright e 198S.Xation.nl Fkc
Protection Au.ximion, Quincy, MA 02239. This reprinted
mmerinl u not the complete rmd oflicinl position ofthc NFPA
on the referenced subject which i! represented only by the
standard in iu cntimy.

TcFminrds should bc clearly lnbcled for proper connec- “—
tion. Output connections for three-phase gcnemtms
should lx marked with the capital Imtcr L with subscript I
through 3 to indicate order of phmc sequence, i.e.. the
order in which cnch line renchcs its maximum voltage. A
sepnrme equipment ground connection should Ix located
next m the output connections and marked “GND”. The
neuwrd connection is marked by the subscript O. i.e., Lo.
Separate windings in the generator mny & conncacd to n
termintd block called n changeover block so [hut tbe
windings may bc connected in different configurations to
provide different output voltages and current capacities.
The lid-ding of tcrminnls should be uniform and consis-
tent with smndnrd practices to minimize the possibility of
confusion when the gcncmtor is being configured. FIB.
&2( Ref. 12) ill”strrucs the standard system for lnbcling
terminals for gcncrntom with multiple windings for each
phnsc. Fig. 4-3 illustrnlcs t he conventional positioning of
terminals on the chnngeovcr block. Unless there is nn
o$,crriding technical reason m usc on nltcrnntive conligu -
rntion, ttisconfigurntion should be used tominimizc the
chance of misinterpretation of terminal connection nnd
IO Wow the usc of sumdnrdizcd reconfiguration blocks
on n series of gcncratom.

._
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Figure 4-[. Wiring Diagram of a Typical Safety Control System for Portable Generator Sets
(Ref. 8)

4-4.7 INSULATION MATERIAL SELECTION
The insulation system of n mnchine (gcnerntor or

motor) is delincd as the collection of all the insulation
materials used in the mnchire including winding comings.
sleeving, imuhming bushings. and rigid insulation used
for tcrnrinnl blocks and supporrs. Insulation systems arc
rated according m ibc allowable temperature rise of the
machine in which they nrc used. The rating of a pmriculm
material is determined by the machine hnving the highest
tcmpcrmurc classiticntion in which the mntcriii has been
successfully used. The nctunl tcmpcmtum tbe mn!crinl
must witbsmnd is affected by the application within the
machine since the buildup of hem is not uniform through-
out the machine. Funbermore. the allowable bmt rise
specified in governing specifications for macbi”cs will
vary somcwbat within each clnssilicmion depending on
tbc type of mdrine. its intended opcrnticm (e.g.. cmuinu-
moor intermittent operation). and the ambient tcmpem-
turcs (if ~bovc 4(VC or 105° F). Nominnl maximum
tcmpcrmurc mquiremcms for insulation mnterinls used in
these clxssificatirms m-c .

1. Class A. 105° C (220” F)
2. Class B. 130°C (270° F)
3. Class F. 155°C (310e Fj
4. Class H. lS5°C (360° Fk.

Note that these tcmpcrn!urcs ‘arc presented u n guide
because the actual wmpcrmurcs will depend on fnctoa
such M the use of !hc insulation within the mnchine and
the stated type rind/or use of the omcbinc. The determina-
tion of the clnssilicmimr of n new insulation mntcrinl is
determined by compmison (through thermal testing) with
mntcrids [ha! hnve [mditionnlly ken used sucmssfully in
machine insulation systems.

The selection of specific matcrids is mode on the basis
of experience with mnterinls in generator ~ppliczmirms.
i.e.. whetbcr their clmsilicmlon has been supported by
obsmvm ion in use over n period of time, and testing of the
mntcrinls to determine whether they retnin !be dcsimf
electrical nnd mechanical chnmcteristics when opermcd
at nmicip~tcd !cmpcrnturcs for long periods. Accelerated
testing is performed m elevated tcm~mluru assuming
the 10deg C ndc. i.e.. increasing the environmcnml
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Figure 4-2. Terminal ihlnrking of Generator
With Multiple Windings per Phase (Ref. 12)

tcmpcmturc by 10+1 C ( 18deg F) shorrem the expected
Me by one half provided ihe melting points or ignition
tcmp-mmmcs of the insulation mnterinfs am not np-
prcmched. Therefore, incrarsing the exposure lempem-
turc signilicnndy obove the opcmling temperature de-
creases the testing period necessary to determine the
lifetime of the insulation. Exomplcs of tcsrs for genermor
winding insulmions arc given in Refs. 13 and 14. In these
tern. coils in the some conligumtion m be used in the
motors or UCIUOImotors ore exposed to clcvnted tempcm-
tum under comrollsd environmcnud conditions and
cvoluated for dctcriorotion in insulation pcrfornmnce.

Tnble 4-5 (Rcfs. 15 and 16) I@ insulation mn!cri’als.
for various tempcrnturc clossiticmiom. used for windings
mrd intemnl wiring in gcncrmors. When rclntively soft
inmdmions. such as mbbm or ccrrnin !hermoplasiics. Me
med. rcsistmrcc m nbrnsimr may be provided by an nddi-
tionrd mnteriol cowing, such us nylon. or by an outer
braid of nylon. gfnss, or polyester.

Bushings for supprrrr or protection of wiring or live
electrical cornponcn!s arc generally made from phcnolic.
urea. cold-molded compositions. or other materials found
through experience m be suimble for usc in rouying
machinery. Where high voltages arc present, ccrnm!c or
gfnss insulntom may be necessn~. if used. provision
should be made to protect these rclmively brittle matcrinls
from frocturc due to physicnl impnct or thermtd expmr-
sion. The insulntor most nlso be configured so that expm-
sion or wnrpage from overheating or moisture absorption
does not introdu= addi!ionnl haznrds of fire m clcctricnl
shock.

Chmncteristia of insulmion mmcritds arc summarized
in par. 3-3.7.

4-4.8 CURRENT CAPACITY
The continuous currmrt-mrrying c~pwity of m cnginc-

driven-gencrmor set usually is limited by the !hcrnml
Iimitntions of the generator windings. The maximum
wmpcmturc that the insulmion cm tolerate Iimirs the
nmountof hc~tdissip~lion tilowti in thcwindingsmrd.
in turn. limits the amount of current allowed to flow
through the windings owr n long period of time.

Limitmions on transient currcnrs. i.e., currents that
flow for periods up m n few sccmrds. ore more complex.
The ~ctud current that cnn flow upon sudden application
ofa load or fault dc~nds on the voitngc regulation circuii-
ry, [he incnin of the rotming components in the cngine-
driven-gcncrmor se!, and the response time of the gowr-
nm of [he engine. Gcncromrs lhni rectify n ponion of [he
generated AC power mrd feed the rcsulmnt DC through
brushes to n romling field coil hnw n fnst response, but
when scvertly owrlonded. the voltage will collapse. Thus
these generators are self-protected: however. the inherent
current-limiting fenturc pmcludc.r the usc ofcimrit brcnk-
crstoisolnte the ponionofthelcmd network conjoining
the overload. VolInKC regulmion circuits Lhnt rely on
inductive couplings m the nrmmturc !ypicafly mquirr sev-
ercd cycles m boost voltage outpuI to the originnl level
after npplicmion of the Io”hd. Other techniques. such as
optical coupling ofcomrol signals to the rwnrnture, allow
much foster rccovcryto the nominal volmgc output.

The sudden opplicntion of n loml rcquim tbnt the
engine in the cngincdriwr-.gcneramr set supply more
energy to the gencmtor. This sudden mechanical load on
theenginc causes the speed to drop and Iowerthe frc-
quencytmd voltage of thegcncmtede lectrici!y. Ifthc
rotational incnin of the generator is sufficiently large. the
gcncrntor may “ride through” short transients in current
consumption. If the engine hn.ssufficient power. hotvcvcr.
then the sudden application of loads in excess of the
cnpncity of the engincdriven-gcnerntor sct will stall or
slow !hc motor and excessively reduce the output voltagt
and frequcnq tounntip[nbl eleveh.

Requircmems for currsnt capacity in nn cnginedrivcn-
gcncrmor set me determined by cnlculming the mnximum
mr!icipmcd demand load. i.e., the maximum load [hut the
gcncrntor is rtquired to deliver, wilh consideration given
m trrmsiem loads nnd power fncmrs. The most common
transient Ionds arc motor-starring Ioods in wh!ch the
motor current may IX six times the normal mted current
of the motor ofwnting under load. In cases where motor-
stnning loads arc supplied by the engined riwn-gcncmtor
set. the engine-gcncrnmr must hnve n volmgc-cun’cm
chnrncteristic and mnnsicm current capacity such that
when the motor is starred, the output volm@ remains at n
Icvcl suKtcicnt to

1. Stmrt hemotor
2. ,Unintnin o~mtiondothcrmotom
3. Mnintnin opcrntion ofotherequipmen! poweti

from the snmc engincdrivcn-gencrmm s.%
Another consideration in (he specification of transient

current mquircmenrs is ovcrcurrcnt protcc! ion of the cir-
cuit. As mcmioncd cnrlier. smtic-xcilcd gencrnlo= me
self-protected but usutdly do no! htwc the capacily to
deliver sufficient penkcurrcnt toopcncimuit breakers.
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Figure 4-3. Changeover Block Used for DoD 120/208-240/416 V Engine-Driven-Genemtor Sets

Consequently, for npplicntions where i! is impormnt thnt
n single fault not disrupt o~mtion of all loads connected
m the gcncmtor. it is nccc.$sm’y for ihc cngine4 riven-
gmerator set m hnx.e n current cnpncit y sufficient to open
ovcrcurmnt dcvicu under fnuh conditions turd to hove
vohngc regulated m n level sufficiently high m form
enough current through the fmdt to trip the circuit
hrcnker.

4-4.9 EQUIPMENT MARKING
Labeling should bc incorporated into the design of

equipment to provide wmningr about
1. Hazards thm cannot he eliminated through nppro-

prirJIe design measures
2. Hnznrds thm exist when the safety features me

inopcrmive during normal mnimennncc or repair
3. Opcra!ionnl procedures thnt. if not performed

properly. jeopardize the cquipmem turd snfcly of lKr-
sonnel.

On engincdri~.en-gmrcmtor sets. “hazard warning signs
or labels usunlly ore required to warn of high tcmpcra-
tum mrd high voltages. Labels should be applied to
removable protective pnnels or guards to warn of !hc
hazardous conditions [hut exist upon removal. Labels
should also be ~pplicd to the equipment near the hnznrd
m Iocmicms where the label will not be co~.emd or
removed during normal mnintermnce or servicing of the
equipment.

lle colors and configurations of warning signs should
conform m soccilicmions Riven in Armv Regulation (AR)
380-30 (Ref.”17) nnd Amc;cmr Nnlion;l St;ndmds lnsli~
tu!c (A,NSI) 2.35.1-1972 (Ref. 18). [n these smnduds.
signs arc clnssilicd according io the severity of the hazard.
Clnssifimtions nrc

1. Class L W~ms of the possibility of irreversible
d~magc or injury

2. Clnss 11.Worm of the potcntid for SCWCI’Cdamage
or injury !hnt is reversible
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TABLE 4-5
—

TEiWPERATURE GRADE OF INSULATION M.4TER1ALS USED IN

ENGINE-DRIVEN-GENERATOR SETS* (Refs. 15 and 16)

Tcmpsrnture, Grade ilmerial
“c “F

40 [0s A

55

70

130

155

B

F

80 180 H
or greater

Enamcfs
Polynmide-ovcmonted polyvinyl formal
Polyamide
Polyamide-ovcmonted ncrylic
Polyvinyl formal
wire insulmion
Polyvinyl chloride
Polyvinyl chloride with nylon cover
Polye!hylcnc

Enamels
Polynmidc-owrconted polyurmhnnc

Enamels
Polynmidc-avcrcontcd temphthulae polyester coverings
Glass and /or LIoiwstcr fibers wi[h ~henolic bond
InsulntiOri “ -
Silicone

Wire insulation
Polywtndluorocthylcnc
Silicone wiih glass imd polyester covers

‘[n formmion is provided IISn guide only. Actual tcmpemtum depends on compounding nnd should be vmiftcd by testing in n !pecilic
application,

3. Class 111.Provides general mfc!y information
4. Cln.u IV. Provides tire-extinguishing or evncuo-

lion information
5. Clms V. \Vnrns of radiation hnznrds.

An cxnmple of n warning sign is shown in Fig. 44. The
nctunl size of the sign is dependent on [he length of the
message and the distance nt which it must be viewed to
provide adequate wnrning. An npproximnte rule of
[humb for determining the required letter size is lhnt I I to
12 m (35 to 40 ft) of viewing diswmce is mtninnblc per 25
mm ( I in.) of letter height. Colors used on the signs. us
indicated in Fig. 44, should conform to ANSI Z53. I
(Ref. 19). Warning or caution signs should not bc affixed
with adhesives. Signs should be affixed wiih mechanical
fasteners tmd conformmMIL-P-514, Type III. Composi-
tion C. Grade A. Class 1. to withstand the mggcdncss of
militmy cnvironmcms.

ANSI Z53. I specifics colors to be used for marking
physical hazards nnd safety fcnturcs. The significance of
specific colors according to this spceificmion is given in
T~blc 44. For cngincdriven-generntor sets red should be
used for tire-cxtingukhing equipment. emergency cutoff
switches. rmd fuel shutoff valves. Omnge should be used
mound exposed rotating components nnd high-voltage
conductors. First aid equipment should be marked with
green.

Labcting should also be used to prevent accidents !htu
could result from the improper operation of cquipmcm.

Plmmds shcnving t he schcmmic of [he generator windings
tdong with the terminals nnd chtmgeow blocks should be
plnced near the tcrmirml block to aid in the proper con-
nection of the enginedriwn-gcncmtor set. Stan-up and
shutdown procedura should be described concisely on
plncnrds plnccd in protected ureas. such as inner surfaces
of doom. Critical procedures. such as fuel handling and
generator pnrrdlcling, should be highlighted.

Black

Ei!iial
HIMVOLTAGE

I /’ 4 I

w(llto
Black

Figure 4-4. Standard Safety Sign per ANSI
Z53.1 (Ref. 19)
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TABLE 4-6

STANDARD COLORS FOR iMARKING
HAZARDS AND SAFETY EQUIPMENT

(Ref. 19)

Color Significmvx

Red Identifies Iire promaion equipment.
danger, and shutoff controls of
equipmen!

Orange ldentilics dangerous components of
quipmcm. including inner surfaces of
Eunrds

Yellow iin,ks potential hnmrds such as slorngc
cabinets for ffamm~blc mn!crids tmd
physical features thm could CmMCinjury
if bumped against or mippcd over

Green Marks safely equipmcm and in forrmuion

Blue Used for informational signs (other thnn
safety-specific information)

Purple ldcntilics mdirttion hnznrds

44.10 PROVISIONS FOR PARALLEL
OPERATION

Pnmlld operation of an engincdrivcn-generntor set
with another source of electric power requires thnt the
two power sources hnve the snmc kqucncy and voltnge
level. Funhermorc. the cngincdriven-gencrntor se! must
hnvc features that allow it to be synchronized to the other
power sources. gracefully switched on-line. and opermed
in parallel so that the load u shnrcd npproprintely.

For opemlion in parnllel two cngincdriven-gcncrmor
sets must have provk!ons for distributing the load equnlly
between the generntom and for minimizing the flow of
current from one generator to [he other. The current flow
bcnvcen the gcncrmom represents n flow of reactive
power from onc to the other. Although !his power flow is
not mcttsumble us red power dclkrcd by the gcncmtor.
i! does reduce the c~pncity of the pair of generators.
Balancing the voltages gcncrmcd by the gcnerntom min-
imizes the rmctive power flow. hov.’c~cr. chnngcs in load
current or power fnctor will usunlly imroducc n voltngc
imbalance unless the pair of gcncmtors incorporates an
active control system to synchronize ;he two outpuls or
the genemtors hnve ccrmin mulched chnrmtcrislia.

Asynchronous gcnem!om (gcncrmom whose output
frrqucncy does no: vnry wilh the load) may he pnmllclcd
if a common cent ml system is used m regulate the output
voltnge and frequency of both gcncrntors. The common
control system may consist of components in both enginc-
driven-generator sets with control signnls passed between
them to synchronize them. For sets thnt employ this
concept to be pmdlclcd, the sets must be designed to
interface with cnch other and arc typically limited to units
that arc made by the snme manufacturer.

When generators are to be pamllclcd with no electrical
connection other than [he ouLpuIs, the following chmm-
teristics of the generators must mmch

I. Output voltnge
2. Llnc frequency
3. Phnse configuration (number of phases and angle

of each)
4. Phase rotntion
5. Speed rcgukuion chtmctcristics
6. Vc.lmge regulation chwactcristics.

The Iinnl two items in this list arc necessary for proper
continuous shining of the load under dynamic conditions.
Gcncrmors to be pamllelcd must hnve 8 frequency droop
chmnctcristic of about 2 Hz. i.e.. ihc output frequency
should decrease about 2 Hz as the gencrmor load is
changed from near zero load lo full load. This k required
for continuous synchronizntic.n Of p~r~lleled Gner~iOr
speeds without “hunting- (instability of the gcnemmr
speed nnd frcqucncyofthe power) and equal dismibution
of generntor loading during load cbnngcs. The matched
voltnge regulation chnmcteristic is ncccsmry to prevent
the flow of rmctiw power from one generator m the
other. For gcncmtors to be pamflclcd. [hex six chmactcr-
istia must bc carefully matched or should have pro~.i-
sions for altering Ihcsc chnrnctcristics :hrougb adjust-
ments or Inp selection in the control system of [he
generator (Ref. 2).

In nddition to cm’efully designed compensation cir-
cuits. gcncrmors intended for parallel operation should
incorvornte certain features [hm permit graceful intcr-
conncct ions, i.e..

1. Indicators (usurdlY lights) 10 indicmc diffcrcnrm
in potcminl bciwec’n the gm;rmors. Monitoring of !hcsc
indicators nllows the opernmr to connect generators in
pnrnllcl m times when volmge differences between the two
gcncrmo= me m n minimum.

2. Switch or circuit breaker to isolate !he gcncrmor
from the line until the Sencrnmr voltage and phnsc ore
mmchcd to those of the line.

3. Power output meters for operator monitoring
nndl or ndjustmcnt of droop characteristics and n currcn!
meter for operator monitoring rind/or ndjus!mem of
voltage-loud chnmctcristim.

4. Proviskn for adjustment of voltnge level. vOltnge-
Iond chnmcteristic. and droop chnmcteristic if !hc genera-
tor is to be pnmllclcd wiih nonidentical generators.

4-4.11 ENGINE SELECWON’
SAction nmong gnsoline. diesel. nnd turbine engines

for the enginedriven-gencrntor set is based on applicm
tion requirements for power, tdlownble weight. xccss for
mnintcnrmcc, environmental conditions, nnd fuel nmil-
nbiliiy. The rclntivcimpormncc ofcach ofthcseconsidcr-
mions tdso depends on !hc application. Fuel considera-
tions nffcct the choice of engine from n safe!y pcrspcctiw
more thnn the other considcmtions and therefore arc
discussed scpzrmely in pm. 44.12. The other considera-
tions rmcsimiltw in terms ofopcrmimml bnzmdsforgaso-
Iine and diesel engines nnd do not affect the snfety of
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opcrntion. Turbine engines opcmte on n differcm princi-
ple and turn at n much fnmr raw during opcmtion.
Proper mechnniccd design. however. will reduce any nddi-
tionnl hnznrds from the high-speed components.

Usually, gnsolinc engines arc most appropriate for
small loads for which !hc additional weight of !hc diesel
engine represents a handicap. Diesel engines me heavier
but arc more durable and do not require mnimcnnncc as
frequently ns gnsolinc engines. Diesel cxhnusi is cooler.
nominzily 54WC ( IWO” F) compmcd 10930° C ( 1700” F)
for gasoline engines. Diesel engines generate more noise
from sources other than exhaust when compnred 10 gnso-
Iinc cnginw however. engine noise may be reduced by
appropriate design when required. Gnsoline engines
gcncmtc more harmful emissions (NO, and CO): diesel
engines cmi! the mom visible Pnrnculatcs and somewhat
more objcctionrd odors (Ref. 20). Although emissions arc
no: important in tactical environments. generators we
used in trnining c.xcrciscs and other missions. Conse-
qucndy, the goal should bc n minimization of all pollu-
mnts. TIIc choice brtween gnsolinc nnd diesel engines for
enginedriven-gcnermor sets for Army-wide npplicnlions
generally will be diesel to minimize the number of fuels to
be handled by the supply sptcm.

In comparison m reciprocating engines. gas turbine
engines are noisier and potentially mot-e dnngerous
~,wsc of their higher rotational speed. For this rcnson,
their usc is usunflyjustilied only in npplicmions in which
their small size and low weight arc required. However, gns
turbine gtnenuom mny sometimes be used in ccrtoin
nprdications where ihe following fcmwcs of gm I“rbk
gcncrmom may lx advnntngcous (Ref. 21]

1. Lower cost (for large cnpncity cngincd riven-
gcncrntor sets. e.g., 750 k\V)

2. Faster starting (and lower power rquircd for
starting)

3. Easier to silence
4. Less vibmtion
5. ,Multifucl cnpnbility.

44.12 FUEL
Fuel considerations arc among [be most important

ospect.s in the selection of nn engine type for on cngine-
driven-gcnermor se! both in terms of the safety of fuel
storage and the logistics of supplying fuel for all engines.
vehicular as well as cngincdrivcn-gcnermor SCM. Pre.s-
endy, enginedriven-gcncrmor sets arc usually o~mtcd
from gnsoline or diesel fuel. although some multifucl
engines will ncccpt nvimion fuels and kerosene. The Army
hns. begun cvnlunting methanol-fueled engincdri\,cn-
gcnerntor sets. but ths effon hns been suspended because
of the Iogisical problems of introducing another fuel into
the supply system.

Gnsoline is n vobmilc fuel and emits vapor sufticicnt to
form n combustible nir-gas mixture at almost all ambient
tem~rmum. Consequendy. its usc as cm engine fuel is
not prcfcrrcd due to the increased risk of fire nssociatcd
with its high degree of I%mmnbilky and the provisions
that must Lx mndc for its mfc storogc and distribution.

Other disndvnntngcs of gmolinc arc the deterioration
of it due to Ihc evaporation ond the oxidation of more
volntilc compounds. TIICoxidized compounds produce a
gummy substance, which can foul the carburetor and
other components of the fuel system of the engine. Con-
sequently, gasoline is not recommended for usc in stnndby
systems in which operation is in frcqucm or where the fuel
must be stored for periods of six months or longer.

Diesel fuel k more cnsily stored because it is no! as
volatile ns gasoline and does not deteriorate over long
periods. II is more viscous. howc}.cr. nnd mny even jell m
lower tempermums. In some low-tcmpcmlum cnvirOn-
mems. diesel fuel may have to be heated in order to
transfer it from one tank pa another or from a tank to an
engine. Also special provisions should be made in diesel
engines to. improve their cold starting performance. e.g.
nddi[ ion of fuel system heatem nnd glow plugs.

The logistical requirements of fuel distribution also
impact the selection ofenginc Iypcs. Fuel should be readi-
ly n~.nilnblc with no anticipated shortages throughout the
cxpcctcd period of equipment use. For cnginedriven-
gcncmtor sets used in permanent environments in the
contincnml Uni[ed Sums. both diesel fuel and gasoline
are expected to remain in ample supply throughout the
forcscmblc fwurc. DICSCIfuel is preferred. however. for
tnctical equipment to eliminate the ncccssily of mninm in-
ing and distributing two fuel supplies since diesel fuel is
used for vehicular engines.

An nlterrmtivc for situations in which fuel supplies arc
uncermin is the multifuel engine. These diesel engines
hnvc combustion chambers designed for optimum nir/
fuel mixing nnd for minimization of hcm loss during tbe
comp= ion of the airl fuel mixture. As n result. these
engines nmy be fueled by diesel fuel. kerosene. or gnsoline
and thereby nllow usc of any available fuel.

4-5 COMPATIBILITY AND
INTEROPERABILITY

Two cnginedriven-gencrotor sets we mid m be com-
patible if either mny serve as ibe replnmmem for the other
or if they both maybe opemtcd indcpcndcndy in the snme
system. Compalibili!y implies that the generators pro-
duce the snme type of power-c. g.. 480 Vnc. 3-phase.
.l-wire-nnd can be powered from the same type of fuel.
Thus. compatible generators mny be operated with the
snmc existing Iogisticnl supplies and power the same types
of loads.

The requirement for cngincdriven-gencrntor set.s 10 be
intcropemblc is more stringent. Imeropembility requires
thm Iwo engincdriven-gcncmtor sets function together
when bo[h arc connected simultaneously 10 !hc same
system in such n mnnncr (ha: the output of one can affect
the other. e.g.. if the tu,o engincdriven-gcncramr SCISarc
conncctcd in pnmllcl.

In this pnrngrnph cngincdrivcn-gcncmtor set charac-
teristics tbm nffcct compatibility nnd intero~mbility me
presented. Fcmurcs of cngincdri~<cn-gencm!or scu that
oid or prevent compatibility we discussed. Finally. the
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interconnection ofnn engined riwn-generntor set into nn

misting power distribution system is discusssd.

4-5.1 CLASSIFICATION’ OF ENGINE-

DRIVEN’-GEN’ERATOR SETS
Listed in T~ble 4-7 ( Ref. 22) ore the basic technical

cfmmctcrislics ofcngincdriven.gencrmor sets that affect
the comp~tibifity or intcropcmbility and ihnt should be
specified before selcc[ing or designing an cngim-driwm
gcncm!or set for n specific npplicmion. ,MIL-STD. 1332
defines three classifications based on the groupings of the
most imporum: of these chamc:eristics. Two of the
chnmcmristics-mode (fmqucncy) and type—arc listed in
the table. The third. class. dcscritxs the level of pmfor-
mancc of the generator to include both its frequency
regulation nnd wltngc regulation chnrnctcristics. Class 1.
or precise enginedriven-gcncm:or SCM.provides clam.
well-rcgulmcd power for cri!iul npplicmions in which
excessive frequency and dtngc vmktion cannot be tol-
emted. For 1S stringent. gcneml.purpose npplimtions.
Class 2. or tactical genemtors, maybe used. This clnss is
further subdivided into Classes 2A through 2C: 2A is n
substitute for commercial power. and Clms 2C hns min-
imal rcquirmncnts for voknge tmd frequency regulmion.
Rcquircmcnts for each clnssifimtion urc given in Tnblc
4-8 (Ref. 22).

4-5.2 COMPATIBILITY BETWEEN CLASSES
lhc rcquircmcm for compmibllity between cngine-

driven-gencrtmx sels implies that one unit should be able
m be used in place of another. This requirement ncccssi.
Inks similnr electrical chnrrtcteristia and comparable usc
of logistical supplies. i.e.. fuel. lubricants. and mnin:e-
nancc facilities. Specific rcquircmcms forelcctric compat-
ibility arc

I. Same output voknge levels
2. Sumc output con figurmion (or ctbility’to be con-

figured m the same output configuration)
3. Same powcrc~pzwity if one unit is m be used as ~

replacement for nno:her. A substituted smaller capacity
unit could be overloaded, whcrms an excessively Inrger
imit might be operating below the desired 5096 minimum
Itm.ding.

4. The same or batcr voltqy md frequency r@a-
tion chnmcteristics. i.e.. both units should be of the same
cbss for complete compmibility. An cngincdriven-gcncm-
tor set with n higher classificmion may be substituted for
one with a lower classification.

S. The mme type of prime mover—i.c.. gasoline.
diesel, or turbine engine.

6. Similar conligumtions to allow personnel drcady
familiar with one unit m usc the other withow additional
tmining or tools.

TA”BLE 4-7
OPERATING CHARACTERISTICS OF ENGINE-DRIVEN-GENERATOR SETS
TO BE MATCHED FOR COMPATIBILITY OR INTEROPERABILITY (Ref. 22)

Chnmctcristic Thm Must Be Mmched for
Chnractcristic of En~nc-Drib.cn-Genemtor Set Compmibility Imeropcrnbility

Vollagc Level. e.g.. I20V 1.2$.280V 3*. 480V 36 x x

.Mode (Frequency) SO. 60.400 Hz AC or DC x x

Phase Rotation x x

Frequency
Adjustment range A x
Regulation. droop chnrnc!eristics A x
Chnmcteristics tha me adjusmble P P

voltage

Adjustment range A x
Regulation. droop chnmctcristics A x
Chnracwrkics thnt nrc ~djustnble P P

Engine Type (gasoline. diesel. or turbine) A -x

Mounting (fixed pad. skid. or trailer) ,\ A

Type-Tnctical or Prime x —

KEY

X = Chnrnctcristic thm mus! be mntchcd
A = Chnrnctcristic for which mulching may ix neccssnry in some upplicmions
P = Fcaumc required if gcncmtor u m replace ~ gmemmr {hm is opermed i“ p.nmlld with m.athm
— = Charncmisic for which mntching is unn—ry

.f
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TABLE 4-8

FREQUENCY AND VOLTAGE REGULATION REQUIREMENTS FOR
CLASSIFICATIONS SPECIFIED IN iWIL-STD-1332 (Ref. 22)

Precise Ulilitv Test Method

Chnrmtcristic Pnrnmcter Clnss 1 Clnss2A Clnss2B CIU5S2C MIL-STD-705

1. Voltngc Chmactcristics
n. Rcmdntion. % I 2 3 4 608.1

608. I
608.2

6[9.2
619.2

619.2
619.2

619.1
619.1

601.1
601.4
620.2
508.1
511.1

608.1

&18.I
608.2

608. I
608. I

608. I

b. Stc-~y Smlc”<ubility (vorkuion). bnndwidlh Vo
(1) Shon-!erm. 30s I
(2) Long-term. 4 h 2

c. Transient Pcrfornmmx
(I) Application of rated loud

(n) Dip, %
(b) Recovery, S ::

(2) Rejection of rnted Imdd
(n) Rise, % 15
(b) Recowy,s 0.5

(3) Application of simulntcd motor Iond (twice rated

2
4

2
4

20
3

20
3

30
3

30
3

30
3

30
3

current)
(a) Dip. %
(b) Recovery to 95% of rmed voltngc. s (Note I)

d. Wnvcform(Xotc2)

30
0.7

N/A
14/A

40

5
N\A
,N\A

5
2
5
1

-5+ 17

5
2
5

*/0

5
2
s
I

–5+ 17
(?401. 5)

3

(I) Mnximum deviation fnc[or. %
(2) Mnximum individud hormonic. %

c. Voltage Unbrdnncc With Unbrdrmccd Load. 9’o(,Noic3)
f. Phnsc BrdmmcVoltnge,%
g. Volmgc Adjustment Range, TOmin (Note 4)

o-5
Adj’nble

32. Frmuenv Chtwncteristics o-3
Adj”nblcn. R“cgul~tion. %

b. Simdv Stntc Stnbilitv (vnrintion). bcmdwidth%
0.5

1
0.5

I
2
3

(l)S~ort-term.30s-
(2) Long-term. 4 h

c. Trnnsicnt Pcrformnncc
(1) Application of rated load

(n) Undershoot. %
(b) Rccowy.s

(2) Rejection of rated load
(n) Overshoot. %,
(b) RccOVerV. S

4

2

4
4

4
4

4
4

4
4.

5
6

4

2

4.
4“.–, .-. 608. I

d. Frequency Adjustment Range. %min(whcmrcquircd) *3 *4 23”5 511.2

NOTES: l.~cvol!n~ shnllstnti~ue ntor~bo,t thwvoltnG. (Not npptimblc todluum!d of5kW'or imnllcr. or WkU'md
larger.)

2. Specifud v.dues arc for Ihmc-phase outpux for single ph-. add addhionnl 1%
3. Wtth gcnmmor set mmmc!ed for !hrec-phnst OU!PU1nnd supplying n single. line-to-line. unity POwcrfomor. lo~ of =%

of ml. current and with no other load on the x1. (Not npplicnblc for single-phnsc connections or sm.)
4. For M&ellwts, theup~r volt&gendj"stment k+lwofthe mtdvolt~~. For Mdelwuo~mti"g nt%HztkupFr

vcdmgc adjustmmt mr,y lx Iimiud to !he mxnind voltqcs npproprime [or the gtnemtor-ci!hcr 120/240 \’ac or
2400/4 160 Vnc.

5. Valushow” am(or Kwrn:dat 15kWm”dnbavc.

Intcropernbility requires that all the conditions for 2. Although cngincdrivcn-gcncmtor seISofdiffcr-
compatibility be met and that the follmvinn additional cnt cnpzwities mnybcopcrntcd mgether. tbccontrolcir-
rrquircments be satisfied: cuits must be capable of governing each independently so

1. The cngincdriven-gcnermor sets must hove that [be load is divided proporticmnlly bctwen the gcncr-
mntched voltngc and frequency regulation characteristics. ntors according tothcir individutd cnpxities.
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4-5.3 FEATURES CAUSING
INCOMPATIBILITY

The absence of my of the features listed in par. 4-5.2
will cm!sc the cnginedris.cn-gcnerntor SCMm k incom-
patible rind/or nonimeropcmble. Typicol cngincdriwn-
gcnermor SC!features that cm.uc incompatibility include

1. Dlffcrent voltngi outputs
2. Different modes (frequency)
3. Dtffercnt output contigurmions
4. Differcm prime mot,crs.

4-5.4 FEATURES AIDING COMPATIBILITY
Features that aid compatibility include those features

tha increase the flexibility of the gcnemtor tbrougb pro-
visions for adjustment or reconfiguration 10 allow use
with. or replacement of. a vnric!y.of other units. Specific
features [bat enhance ihc compmibi]ily or imcropcmbility
of a given engincdrivcn-gmmrmor set arc

1. U= of n reconnectable gencrmor. i.e.. n generator
with multiple windings that can bc conneacd in vnrious
configumlions to produce single-pbasc. spli!-phosc. or
three-pbasc output power at one or IWOdifferent voltage
levels.

2. Usc of nn ndjusmble voltage and frequency rcgu-
bmion system [bar IMOWSadjustment of both the nominnl
voltage and frequency of the output power and allows
adjustment of the droop in voltage or frequency wi!b
incmnsing loads. (Thii femnr is rtcccsswy for inlcrOpcr-
nb@ of gcnemmrs that arc not identical.)

3. Use of design fc~turc.s common with other units in
the inventory m nllow use of uniform operating procc-
durcs. An additional benefit ofcommoncomponents and
features in several en~ncdrii,en-generator sets in the
inventory is a reduction in the number of repair pans m
bcslockcd tmd n reduction in ihc number of maintenance
tools. mnnunls. and diagnostic equipmcm.

4. Use of multifucl engines in engined riven -gencrtt-
km sets thnt can usc o wide mnge of fuels.

4.5.5 INTEGRATION OF ENGINE-D RIVEN-
CENERATOR SETS INTO BACKUP
POWER SYSTEM

A common application of cnginedtiwt-gencrmor szts
is to supply power to crilical loads when the prinmry
souraofpowcris interrupted. Hence rrquircmems for
thecnginedriven-gcncmtorwt nred.aermined both by
the primary source of power and the loads thnt arc to be
kept opemtionnl by [he standby generator.

The configuration of u typical backup power system is
shown in Fig. 4-S. In this system power for nll loads
normally is supplied by a primary power source-usually
power from o commercial utili! y hut may be anysourcc of
continuous power. The engincdrivcn-genermor set(s)
shown in Fig. 4-5 supply power when the primnry source
is interrupted.

Control of ihc backup system is exercised by tbc”
Irnnsfcr switch and the ancillary control circuitry of it.

Sngine Stop and Stan CamOl Line

I
AInOrmdc

t3@mLMvm
------ -

lhmsler

I switch . Genemm Sat n
COmd C.-o @--- .kngine.Griv&

COmml ;Generator Set o

Ereaker I I

I Emergwtey Bus

1’

$ ‘)

?.

( J
Noncritical v

Loads CrikolLoads

Figure 4-5. Typical Configuration of Bnckup Power System Using an Engine-Driven-Generator

Set
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These components perform !hc connection of the engine-
driven-gcncrmor set to critical loads in plucc of [he pri-
mary power source. time the switching operations so thn!
motors do not drnw excessive currents (see par. 3-3.2.1),
and stun and stop the cntinedri~,en-generator set.

Typically. all loads urc not corincc:cd to [he backup
power system bccm!se the cost of cm enginc4rivcn-
gcncrmorsct capnblcofsupplying power to d Ionds may
be excessive. Insteod loads arc partitioned into essential
loads and nones.scminl loads. kntiid lends—lo~ds thnt.
if disconnected. will mult in dnmnge. injury, or monctnry
loss—me connected to the cmter pole of the transfer
switch so that when nn interruption of Lhcprimnry service
cccurs. they will be powered by the cngincdriwn-
gencmtor set (usually after a shon dcluy). Nonesseminl
loads-loads that cm tolerate n power oumge-nrc con-
nected to [he prima? supply directly and the power 10
them will no! bc sustnmcd in the event of n power outnge.

The cnginedriven-gcncrmor set used in n backup sys-
tem must satisfy certain rcquircmems imposed by the
syslem to be promc:ed. namely,

1. The cngnedri,,cn-~ncmlor=t must stun quickly
nnd reliably upon demnnd. Starting equipment must
opcrme complemly from self-conmined energy storqc
devices. usunfly ba!terics. (The bm[crics mny be kept in
the charged condition by power from the primary sourc~
however. power will not be available from the primnry
source m the time the engine needs to be stnncd.)

2. The engincdrivcn-gcncmtor se! must be capable
of intermittent operation with long periods of inactivity.
Fuel supplies must not dctcriorme. The carburetor system
must not b fouled by evaporation of tmcc amounts of
fuel that rcm~in after !be engine has stopped. In cold
climmcs. provision maybe ncccsmry for heaters to mnin-
min the engine (and fuel for diesel engines) al tcmpcm-
turcs that permit eosy starting.

3. Backup systems arc usually insmllcd in C1OSC
proximity to the loads they arc m protect. [n many cases
the enginedrivcn-gcnerntor WI must be installed nenr.
and sometimes in. inhabited nrcns and in these insudln-
tions adcqutue noise suppression is esscntitd. Et!hcr wni-
hxion must be provided for engine cooling or cm nltcrna-
live for hen! removal. such us n wntcr-cooled hem
exchanger. must be provided. The cxhmsl system must
be designed for safe dischnrgc of the hot exhaust with
minimnk danger of fire or nccumulm ion of exhaust fumes
in inhnbimd arms.

Typical instnklntion considerations arc illustrated in
Fig. 44 (Ref. 23). Additional information—such u typi-
cal mounting. provisions for climinming hem and exhaust
gnsm from Ibe engine. and reduction of noise-on per-
mnncnt installation of cngincdrivcn-gc ncrntor SCMmay
he obmincd from the manufncturcr of the cnginc4rivcn-
gcncrnmr set being used.

Several modifications may be made to the configura-
tion of the backup system to relieve rrquircmenu on the
cnginedri~.en-generator set. Perhnps the most significant
modification is (be reduction of required generating
capacity by load partitioning so thnt only csscminl loads
are powered by the gcncrmor. Through the judicious

selection of loads m be powered through an csscn[inl-lend
bus. n minimum copncit y cnginedriven-gencrnmr set cm
mninmin power for ncccssnry loads. Funhcr reduction in
cnpncity rcquircmcnts may be obtained by sequencing
motom so thot large motors me not started simultnne-
OUSIY.[f high-current. intermittently operating devicts.
such as hewers. me used. con!rol circuits maybe added to
coordinate power distribution so ihm simultaneous opcr-
ntion of nll units is prohibkd nnd requirements for pcnk
capacity of the engine-gcncmtor arc reduced.

For Iond systems hiwing o wide vtwi~bility. multiple
gcnemtom operating in parallel may allow the opermion
of engined rivcn-gencrntor sets near maximum capacity
by opemting one gcncrmor when the load is light tmd
turning on the other gcncmmr only when power is needed
to support additional hinds. Note. however, that ibis
npp,ro~ch is not useful for widely varying loads bccouc
engtncdri~,en-gcncrntor sets should not be cycled on md
off mpidly.

Integmtion of cngincdri~en-genermor sets into the
backup systems in foreign countries rnny be performed in
the snme mnnner u in !hc United States provided the
cngincdrivcn-gencmtor set is compatible with load
power. Interconnection of the generator into ihc system
must be performed with cum because the color convcn-
tion.i arc different in various countries. Table 4-9( Ref. 24)
summnrizcs thccolor convention forwiringin [he United
Smms and in Europe.

4-6 TEST CRITERIA FOR DESIGN OR
ITEM ACCEPTANCE

4-6.1 TESTS REQUIRED BY MILITARY
STANDARDS

MI L-STD-705 (Ref. 2S) defines npproximntcly 105
sepnmm wsts that MC used to cvrdunte Pdormnnce. to
verify opcrmion. or to verify compliance with stated spec-
ifications of generating systems of cngincdri~.en-genera-
bar sew and nncilln~ equipment. Additional information
concerning procedures tmd test apparatus is given in Ref.
26. Individual tests are idcmilicd in the paragraphs that
follow however. the ci!ed references should be consulted
for n definition of the parameter bchg cvnlumed m the
test port.

4-6.1.1 Insulation Tests
Insulation tests arc performed m detect potential Icak-

ngc pmhs, which could lead 10 development of high $olt -
ngcs on exposed conductors or short circuits, which could
Icnd m overcurrcnt d~mugc of gcncrmor windings. lnsu-
Intion tests include

1. Insulation Rcsis:ance Tesf. This ICSt masures
insulation mismnce Ixtwccn’generator windings and the
generator frame.

2. High Potential TCSI. High voltage is ~pplicd to
windings. and breakdowns ore noted. Voltnge applied to
OUIPUIwindings is 1000 V higher than twice the highes[
rmed output wlt~gc. For field coils. the voltage is usually
!cn times the pcnk field coil voltage.
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Figure 4-6. Typical Permanent Installation of an Engine-Driven-Generator Set (Ref. 23)

4-6.1.2 Electricni Chnracteriznt ion Tests
Electricalcharac:erizntiontests arc performedto verify

that the generators will meet the requirements of the
nppiicntions for which [hey arc intended and to verify
compmibility nnd intcropcrability bctwccn the generator
under test mrd others of the same design. Chnrncteriza-
tion te.sis will also identify subtle manufacturing defects
thnt could lead to inefficient operation. overheating. or
premature failure. Chmacwrizution tests include

—.. -—. — — - -

1. Winding Resistance TCSI. The resistance of indi-
vidwd windings is measured wi!h ~ bridge or other
instrumcm suitable for Iowresistnncc mcasurcmems.
Resisumcc information is useful for prcdic!ing heating
under load of n gcncrnmr.

2. Open CircuiI Sa:uraf ion Curve TesI. While the
gcncrmor is turning at the rmcd speed. voltage outpul
with no-lcmd is measumd for various ICYCISof externally
supplied excitmion. Volmgc is plotted ngninst cxcimtion
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TABLE 4-9. COLOR CODE FOR THREE-PHASE WIRING (Ref. 24) —

USA Europe

Phase A . Blnck Phnsc R or V Blnck

Phnss B Blue or Blnck Phase S or V Brown

Phase C Red or Black Phase T or W Blnck

,Neutral . White or Gray Neutral Blue

Protective Ground Green or Green w/Yellow Stripe Protective Ground Gmcn/ScHow

to determine the brcnk point (snlurnlion point) at which
the increasing excitnlion dots not produce nn incrcnsc in
outpuI voknge. The collected data arc used in conjunction
u.ith data from other rests os a quality control check o“
qutilty of the iron nnd the length of air gap.

3. S.rnchronous impedance Curve TCSI. With the
gcnemmr output shorted through nmmetcrs. field current
is varied to produce shon circuit currents from Oto 15070
of the cnpncity of the generator. The results ore plotted to
produce n curve called the shon-circuit sntumtion curve.
Thii information is used to design protective dcvicts
properly and to assure designers that the air grip, coils,
and steel in the gcnermor mea requirements.

4. Zero Power FncIor Stuuro?ion Curve Test. W!th
the gcncrntor delivering rated current into n vrwinblc Iond
whose power fnctor is between 0.3 and 0.4. !crminnl voll-
nges and field currents for various loadings ox recorded.
The plot of terminal voltage agninst field currcm is called
the zero power factor mturmion curve and is used in
conjunction with other lest dntn to predict field current of
Ihc .qcnerator for any load condition.

5. Ruled had Curren# .%nmmion Curve Test. Whh
the genernmr delivering rated current into o vnriable Iond
whose power fnctor is equal to !hc rating of the generator,
the field current is >.aried to produce terminal voltngcs
between 50 and 125% of the rated voltnge. The field
current and tcrminnl voltage are recorded nnd plot!cd to
produce the nucd load current soturntion curve. This
curve is used along with other test dam to prcdicl field
current of the generator for any loud condition.

6. Rmming .Ewiter .%mra:ion Curve Test. Slip
rings me added to the rotating field gcncmtor to allow
monitoring of the field current induced in the nrmmurc by
the excitation winding. The field current is passed through
a resistor cqunl i“ value to the nrmnturt I%ld winding.
While the ge”cmtor is rmmi”g. [he excitation current nnd
the resulting field current of the nrmnmre nrc rccordcd
and ploucd m produce the rotming excilcr snturnt ion
curve. Thk curve is used to detcrmi”e [he suitability of an
exciter for usc in n generator.

7. Summation OJLOSSCSTCSI.This is n series of tests
in which n gencmmr is t“r”td by a cnlibrmed motor. and
quantitmive mens”rements of specific electrical losses
and frictional losses are made. Frictional losses arc indi-
cated by the amount of power required of the prime
mover to turn the generntor, and clcctricrd losses ore
measured by electrical measurements. The spccilic losses
measured ore brewing friction loss. bmsb friction loss.

brush-contscl resistnncc loss. open-circuit core loss,
nrmnture 12R loss. field I:R loss. stmy-load loss. and
exciter loss.

8. Gcncra:or Power Input TesI. A complcm gcncrw
torisconnectcd IOn cnlibm!ed motor nndn Ioad. and the
omount of input power required to operate the gcncmuor
n! rated capaciy is mcmurcd. The rcsuhs of this test arc
used m determine the size of the engine required to driw
the gcncmtor.

9. Brush Potential Curve Test. While current is flow-
ing into !hc nrmnlurc throu@h brushes. potential along
one side of !he bmsh is mensurcd m determine the poten-
Iinl profile across [he face of the bmsh. The resulting
pro filcmn Lx used to predict pow-crlossa attribumblcto
rcsismncc of the brush.

10. Short-Circui! Ra[io Test. From n measurement
mnde on the open circuit saturation curve and the syn-
chronous imfxdnncc curve. the short circuit ratio is com-
puted. This numeric value indicates the regulation and
stobllity of the generators.

II. Direct Axis S.vnchronou Reactonce Tes:. The
direct axis synchronous rcuctnnm is determined by mta-
surcmcnts mnde on the open circuit snturnlion curve and
the synchronous impednnm curve.

12. h’egarive-Sequence Reacmnce and Impedance
Test. From mea.suremcms made on an cxtemally excited
polyphnsc generator with one phase shoncd. the ncgative-
sequencc rcncmncc ond impcdnncc me calculated. Tbcsc
two pammetcrs are used to dcurmine wy-connecwd
gcncmtors under various load conditions.

13. Zer*Sequenck RcocIance Tes:. From measurc-
mcms on n wye-conncc!cd gcncmtor with tyo phnsc$
connected to the neutral. the zcr~scqucnm reacmna is
calculated. This parnmctcr is used to dcwrminc the pm.
formnncc of three-phnsc. wye-connecwd gcncmmrs under
various load co”ditio”s.

14. Quudrawrr-Axis Stmch,onous Reactance TesI.
In this test the outpu! of !hc generator is connected to an
AC source that hns the same frequency and volmgc ns the
gencrn!or. The frequency of the gcncrmor is then changed
slightly so tbm the two power sources nhcmmcly can.xl
and reinforce. During cnnccllmion the current fiou. is
determined by the quadrnturc-axis synchronous impcd-
nntx thcrcforc, this impcdnncc mny be determined by
inspection of on oscillogmphic recording of the voltage
and current flow. The quadrature-axis impedance is used
to predict the P.mformnncc of the generator under \,nrious
load conditions.
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15. Dircc! Axis Transient Reactance TesI. An indc-
pendcndy excited genemtor is tirsI opcmtcd with no lend.
and then the output is shorsed by n switch. The resulting
currcm flow and volmgc are monitored wilh nn oscillo-
scopic recorder (vol!agc nnd current for one phase on
three-phase systems). The !rtmsicni characteristics of the
puk.tmpcak current flow are aml}~cd grnphimlly to
determine the direct axis transient rmcmncc. ‘Ilk pammc-
mr is used m mcmurc the ability of Ihc gcntrator m
withstand sudden load applications without the voltage
dropping below ncccpmble levels. e.g.. m in Lhe evalua-
tion of the starting capacity of Ihc motor.

16. Direct AXU Submanriem Rencmnce Test. Thc
direct axis subwmsicnt reactnnce is determined by per.
forming the transient rcamnncc test and evaluating the
trnnsicnt pcrformnnm of the recorded waveform immc-
dimcly after the shofl circuit is applied. This parameter is
used to determine the required interrupting capacity for
generator ovcrcurrcnt protective devices.

17. Direct Axis Transien: Reacmnce TesI and Di-
retv A.ru Subtram!iem Reocmnce Tes!. The dntn mken
during the direct axis tmnsient rmcmnce ICSI may lx
further amdyzcd gmpbicrdly to dctcrminc [hex two
pammcters. whose values arc used to predict pcrformmm
of the generator under dynnmic Iond conditions.

18. Direct AXU Transient Open Circui: 7ime Con.
stunt Test. The gtncrmor is opcrn!cd with no load with
the field cncrgizcd from an exmrnnl source. The field
circuit is short-circuited. nnd !hc time decay of t he output
is measured on on osciilogrnph!c record of the terminal
voltage. This parameter is used 10 predict the behavior of
the gcnemtor under dynamic Ionding conditions.

19. Short-Circuit Eme Cansmnt of A rmamre lVind-
ing. From ihc oscil[ogmphic record obmincd in the direct
axis trnnsicm reactance test. the trnnsient behavior of the
ccmerline of Ihc tmnsiem wnsciorm is determined. This
parameter is used in the design of protective devices for
the gcncrmor and its load.

20. Inherent Voltage Regulation Tem With the field
volmge of the gcntrmor supplied from an external sourm,
the enginedrivcn-gcncmmr SCI u opmmcd oltcrnmdy
wilh ndoad rind wi!h full Iond to determine !he chnrac-
teri.sties of it in the nbscnct of controlled. The volmge and
frequency dma arc used in :hc design of volmge-rcgulmion
quipmem for gcncrntors.

4-6.1.3 Controls and Instrumentation Tests
The controls and instrumentation tests verify that con-

trols of the enginedrivcn-gcncrmor set perform their
desired function rclinbly in n mmmcr consistent wilh
accepted pmcticc for gcncmtors. that indicators accu-
mtcly reflect the current SUNUSof the performance of ihc
generator. and that automatic controllers and snfety limit
swi!chcs function propdy. These ICSISinclude

1. Start and Stop TeJt. The measurement oithe time
required m stun and stop the Cngincdriven-gc ncrntor set.
lM test provides information nhow the response time
for cngincdriven-gcncrmor sets used in backup sysmms
and !hc amount of time required to shut down thcgcncrw
cm after devclopmem of a h&rdous condition.

2. Dwrspeed Prorectivc Device Test. ‘fhc operation
of ova-speed prmcctivecomponems is verified by mtcmps
to operate the engine.gcnemtor in m ovcrspced condition
wi[h the owrspecd protective system connected.

3. Phase Sequence Test. Wllh npproprinte instru-
mentation, the phnsc or each terminal and power ouI!e!
on the generator is checked to insure that the electrical
phase is consistcm with the labeling.

4. Phase Baia”ce TeJ:. The O“tpUt voltage on each
phase is measured to determine the degree of imbalance.

5. Circulrming Currem TesI. [n a rcconncctablc
generator coils MCconnected in parallel pairs for parallel
opcrmion. The generator is nctivmed. and the current
flow cirmdming in [he loop formed by the paralleled coils
is measured. Excess currcm in this loop leads to overheat-
ing of the genermor md shortens service life.

6. RIIeosmI Range Test. While an cnginc-drivcn-
gencramr set with n manual field rheostat is opcrnting, the
voltage level control is varied to determine the range of
output wimgcs obminnblc. Thii range demrmines [he
suitability of the gcncrmor to power nonstandard loads
and its nhility to compcnsntc for chiX18U in the inherent
voltage rcgulmion of the gencmtor.

7. Reguln:o, Rouge TSSI.The enginedriven-gcncm-
tor set is opermed under varying load conditions m
determine [he dcgmc of regulation. the volmgc droop
chnrncteristics. nnd the range of nominal terminal %,olt-
ngcs obtninnble. These pamme!crs arc imporbm in
dcwrmining whether lhc gcnermor cm be paralleled and
whc!hcr !hc gcncrmor may be used with nonsmndmrd
equipment that require supply volmgcs somcwhn! differ-
ent than the nominn! smndcud values.

8. Frequency A djummcnt Range Tesl. The cnginc-
driven-genemtorset is opcmled wilh an npproprinm load.
and frequency adjustments nrc varied to determine the
mnge of line frequencies obminablc. This in formmion
aids in [he assessment of compmibility of the engine-
driwxt-gcncmtor seI with nonstandard loads and for
pnrailcl operation with mher generators.

9. Circuit [merrupfer Test (Short Circuit or Over-
load), With Ihc enginedriven-gcneramr set opcmting
ini[inlly at n rated load. n short circuit or excess load to the
ouIpuI terminals is applied. and the resulting current and
the time nccessnry to trip any overcurrcm protective
device are measured.

10. Circuit Interrupter Tesr(Over-or Underwdqe).
The output of an cngincdriten-gcnemtor set is connected
to [he overvolmgc sensor through n switching ncl!vork
thm is capable of changing #he output from n normnl 10an
overvoltage condition. The voltage Icm+is switched. and
;hc Icng!h of time ncccssmy for the response is measured.

1I. lndicming Instrument TesI. The enginc4 riven-
gcnermor set is operated. and indications on internal
instrumcmntion arc compmrd with :hosc on c$dibmted
instruments connected m the engine-gencralor.

12. LOW,Oi/ Preswe Protective Device Tesl. By usc
of a cutoff wdvc. !hc oil pmsurc m Ihc low oil pressure
cu[off switch is reduced. and the time required before the
engine is shutdown is mmsurcd.

13. Owrwnpera:urr Prmcctiw Drvicr Tt-sI. Owr-
hczting O( the engine is induced by blocking the flow of
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cooling air across it. Tempcmturc is monitored. and the
temperature m which the ovcrtempcrmurc protc.aivc
dcvicc stops opcmtion of the engine is recorded.

14. LOW Fuel Protective Device Tes(. The engine-
driven-gcnerutor set is operated until the low fuel condi-
tion isdetccted. and thctime until thccngine is ~ulomnti.
czlly shutdown is measured.

15. Controls. Dirccrion of Rota!ion. The mm ml
oricnm! ion is inspected to oscertnin [hut the direction of
rotation is consistent wi!h smndnrd pructim for military
enginedrii,en-gcncmtor SCI.S.

16. Reverse Power Promclive Device TesI. \Vi[h two
cngincdrivcn-gmmmmr sets opcroting in pamllcl with n
load, the frequency is reduced until the rrvcrss .voltnge
protective device mips nnd removes thm cngincdriven-
gcncrmor w from the load. Load conditions me recorded
m calculate the reverse power (power into the gcncrmor)
necessary to opcmte the protective mechmism.

17. Reverse Battery Po[ariry Tcsr. After n period of
nornml operation. the set is shutdown. the buttery con-
nections mwersed. and an mtempz is made to rcstnn the
engine. Then n visual inspection of dnmngc is made.

18. Paralleling.4 id Device Tesr. Two engined riven-
gcncrmor sets arc connected in parallel while one is opcr-
ming and the other is brought on-line by slowly bringing
its voltage rind/ or frequency into n matched condition
with [he firs:. By me of external inswumcnuuion. the
acmrd phase and voltage differcnms arc recorded M the
time the pnmlleling aid closes the circuit interrupter on
the second set.

4-6.1.4 Performance Tds
Perfornmnce tests measure the nbility of the gcncrmor

to deliver power wi!h the quality and mlinhilily desired
for iw intended application and determine the generator
does operate safely. (Note thm there is some owrlnp in the
pcrfornmncc test and chnrnctcrizntion test cmcgorics and
that some ICSU described in one cmgory provide dam
useful for both purposes.) These tcms include

1. Voltage lVoveJorm TeJI. The output wnx.cform
produced by cm engincdriwn-gcncmtor set is recorded.
and the insmntoncous difference Lxovcen it nnd nn idad
sine wave is measured. Altcmmively. n spectrum nnnlyzcr
am k used to dcterrninc the harmonic content of the
voltage waveform.

2. Vohuge Modulation Tcs:. By usc of n diode wnvc-
form clipping circuit, tbe cycle-m-cycle variation in pcnk
height of tbc output voltngc is measured by m oscillo-
grnpbic recorder.

3. FqKnqv ond VoltaSc Rcgularion, Sfabili(y and
Transient Response TeJt. The load connected m on
cnginedrivcn-gc ncmtor SC:is switched between full Iood.
no-load. and discrete intermediate vrducs. By usc ofswip-
chzm recorders. the effect of load cbangc on frequency
and volmge-both owrshoot (transient) phenomena and
steady state response-is recorded nnd mmsurcd.

4. F,equcncv a“d VOIJUSF .Wobilit.v TesI. An OPCraI-
ing cngincdrivcn-generator set is monitored with fre-
quency- tmd ~.olmgc-monitoring instruments to dcmr--—— —-—. .. .

mine the amount hy which the frequency and voltage vary
over long periods.

5. Vulf.?Se and Frequency Droop TesI. Voltage nnd
frequency droop characteristics of rcgulmcd cngine-
driven-gencrmor sets are verified by mmsuring tbe termi-
nal voltage and frequency for various loads between zero
nnd full load.

6. Inlmren: Vul!oge Droop TesL The uncompcn-
mted reduction of terminnl wdtagc with increasing load is
measured. The resulting dm~ me used m design an
opprOprixtc VOItnge regulation circ”il.

7. Voltage Dip for Low Power Facmr &ads Text.
Wi!h m engi”cdrii.cn-gencrntor sei o~rming, n load
wiih n power foctorofO.4 or Icsssuddcnlyis applied. The
magnitude and duration of the voltage dip due m tbc
increased load arc observed.

8. Voltage Dip and Rise for Rated &ad TCSI.On II
normnlly opcmting cnginedrivcn-gcncmto r%r. the rmcd
load is tdternmcly npplicd and removed. The oscillo-
gmphic record is examined for excessive Voknge ond
current overshoot or undershoot on removal tmd CIpplicw
tion of the load. respectively.

9. Voltage Unbalance lVidj Unbalanced Load TesI.
Loads arc npplied between one phase and ground. and
volmgcs on all phnsa arc recorded. The procedure is
repented wiih the load npplicd on each of the other
phases. The \coltnge dma for degree of unbalmce between
phases am cxnmincd. Similmly, n single load is npplicd
bciwccn cnch pair of phnsc.s, and resultant volmges arc
recorded and cxnmined for difference in nmplitudc.

10. Unbalanced Load Heating TesI. An unbalmmed
load is connected m n three-phase generator. and !ben n
btdimccd load is added until the current capacity of the
genemtor is rcocbed on one or more lines. The cngine-
driven-gcncrmor set is opcrnted for n specified pried.
shutdown. and the wmpcraum of tbc windings is mcn-
sured to de!cct ovcrbmting conditions [bat could shot-ten
the life of the gencrmor.

I I. Shorf-Circuit TesI. Short circuits ari applied to
operating cngincdrivcn-gcncmtor sets. followed by visu-
nl inspections for rnulmnt damngc.

12. Parallel Opera: ion TesI. Two (or more) cnginc-
drii,en-gencrmor scu UK opemtcd in pmdlcl under ww-
ious loads. Voltage. current. md power arc measured by
instrumentation to verify that the load is shined eqwdly
between the gcncmtom under nll load conditions.

13. Maximum Power TesI. Instmmcntmion record -
ingsofdrnn from tcmpcrmurcrmd prcssurcscnsoncm an
operating cngincdrivcn-gcncrmor set monitor [be pcr-
formnncc of the engine under vnrinble loud conditions.
The Iond is increased until the maximum load that the
gcncrmor set cm provide without having the observed
performance chnmcteristics exceeding the spccilicd per-
formmwc ch~ractcrisiim is obtained.

14. Conzmumf ion TesJ. The generator is opcmtcd m
full loud. and Ihc brushes we observed for exccssi~,c mc-
ing. Af!crcomplction ofthcwst. thcbrushcs meinspcc:ed
for excessive wear or pitting.

15. S)IOJICurrem TeJI. Volmgcs me ~pplicd between
Lhcshaft of u generator md Ihc frnmc. Currents induced
—.. - . . ..-. .-—
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by such volmgcs would flow through bcnrings nnd there-
by cause d~mn.gc or shonencd life.

16. DC Control Tcsr. After the engincdriven-gcnern-
tor set is opcrming, the bmtcries arc rcmo~.ed and rccon-
ncctcd while output is monitor~d for perturbations
cmucd by chimgcs in the engine supply.

17. Inclined Operation TesI. A check is made of
leakage or chtmges in Lhccooling system. fuel. or lubrica-
tion system incnpacitics !hm me induced from operntion
of the engined rivcn-gcnern!or set in posi! ions other than
hwel.

18. Sound Level Test. llc noise level is measured.
and observers note s~ilic noises emitted by [hc cnginc-
driven-gcncrmor sets operated in open areas.

19. Fuel Consumption Tesf. The enginedrii.cn-
generntor set is opcrmed for o sptcil%d period m n rated
load. and the amount of fuel consumed is mcnsured.

2Q. Tempercmwe Riu TUI. The enginc4rivcn-gmcm-
tor set is operated for a prescribed period and [hen shut-
down. Immediately after shutdown. tempemturn of the
coils and other intcmnl components w mcasumd.

21. .Gdurance TCSI. Performnncc checks, such u
fuel consumption. frequency nnd waveform regulation.
and maximum power. III-Crun on the engincdriven-
gcnermor set. The cn~nedris.en-gcncrntor set is then
opcrntcd foraprcscribed pmiodundcrc ycliclondcondi-
tions. Nex:. [hepefiorm~nm tcstsnm mpe~ted. nndlhc
engincdriven-gencm!or set is examined for signs of
nbnornud wear.

22. Torsional Vibrrmion Test. Avibrn!ion-sc.nsitive
instrument is otmchcd to the engine-gcncrmor shaft to
detect and mcttsurt vibmtow modes due to twis[inn of the
shnfi. These modes mm n~t easily detected by-visual
inspection and can lead to premnturc failure of the rotnt-
ing components.

23. Overspeed TeJI. An cngincdriven-gcncmtor set
(or n gcncrmor driven by n separate motor) is operated in
an overspeed condition for n specified period m detect
vibrations rind/or other hazards thm might nppenr under
these conditions.

4-6.1.5 Environmental Tests

Environmcnml tests mcnsurc ihc ability of the gencm-
tor to opermc reliably under the range of environmenud
conditions encountered in n mcticnl environment. Envi-
ronmental tests for cngincdriven-gcncrntor sets include

1. Smrting and Operating TCSI.The entine-d riven-
gcncmiorsct+otitgurcd for Iow-tcmpcrmure OpmntiOn—
is placed in a specified environment (usually 10w-tempcm-
turc). and an nwempt is mndc to sum the engine. In n
similar test. cngincdrivcn-gcnernmr sets that ore not win-
terized m-c tested for smrting and operation in mtiernmly
cold cnvironmcms.

1. Smndby Opernfion TCJI.Engincdrivcn-ge nemmr
seis that me equipped with equipment, e.g., hcmcrs. to
improve stoning chnrncteristics in cold wcmhcr ore tested
for their ability to stnn in arctic conditions.

3. High- Ttimpcrafure Tew. The cngincdriwn-gcnc rn-
tor set is opcmted in an environment m n specified
tempcrmure until the operming conditions of the unit-. -—— .—

bn~.e stabilized. The unit is then shutdown and the intcr-
nnl gencmmr winding temperatures me measured to
determine whether the temperature rise limit for the
generator has been exceeded. The unit is nfso inspected
for dcgmdntion due to overhmting. The performmmc
chnrnctcristics of other components and circuiu also are
determined.

4. Hwnidiry Te,I. Insulation resistance, and voltage
and frequency rcgulmion of an engincdriven-gcncmmr
set ore mensurcd. Then the unit is plnccd in an environ-
mcnud test chnmbm. and the mmpermurc and humidity
me cycled nccording m n prescribed schedule. Af!ercom-
pletion of the exposure test, pcrformnncc tests arc
mPCCWd to detect degraded pm-fcmmmcc.

5. Fungous Resimmce Test. The enginc4ri\.en-
genemmr set is phucd in n controlled chamber containing
mold spores and is left for a specified period. At the end of
the pcriwi. the enginedriven-gcncrmor set is removed
tmd cxnmincd for prcscncc of fungi.

6. Rain Tcs:. The cngincdriven-generator se! is
phwcd in n simulnted rain and allowed to soak for n
prescribed period. Then the unil is started and run for
another prescribed period. At the completion of the expo-
sure period. the unit is examined for wmcr dnmngc.

7. Sand and DUSI TesJ. The engined ri~.cn-gcncmtor
set is exposed 10 snnd nnd dust driven by nirffow for n
specified period and then tesod for degraded engine or
generator pcrformnnce.

8. Suit Fog Tcsf. The cngincdrit.cn-~ ncr~tor sei is
plnccd in n chamber containing nn nmmizcd snft water
spray-induced fog. Af!er completion of the exposure
period. the unit is examined for excess corrosion.—

9. A Ititu& Operotion Tar. “Ilu engine-dnvcn-genera.
tor se! is opcmted in cm altitude simulation chamber at
reduced pressure. Tempcmiurc mensurcments UK made
to determine whether the reduced cooling cff!cicncy of ihe
rarilied atmosphere excessively affects the pcrfornmncc
of the engincdriven-gcnermor wt.

10. Storage TCSI(Erweme ColdJ The uni! is placed
in a cold chamber for a specified period. After removal.
the unit is inspected, started. and !es[cd to see whether
performance was affected by the cold smmgc.

II. S:oroSe Test (Ermeme HOIJ This tesI is the same
as the cold s[ornge test CXCCPIthat high temperatures arc
used .

12. Vibration TCSI.The unit is plnmd on n vibmting
table for ~ specified period. After exposure. it is examined
for damage due to the vibration.

13. Drop Tesf. Voltnge and frequency rcgulntion
tests nre performed on an engincdrive”n-gcnermor set.
Then the cngincdriwn-gcnerntor set is dropped onto n
concrete bass from n specified height and oricntnt ion. The
unit is examined after impact. and the performance tests
arc rc peated.

14. I@ing and Towing Test. The cngincdriwn-
generator set is lifted by use of integral Iif[ing eyes. and
nny tih in the unit is mcnsurcd after it is off the ground.
The unit is then fastened m n fixed base. and eight times
the force ncccsstwy for lifting is applied to [he lifting eyes.
Also a towing force cqunl 10 file limes the weight is
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applied to the towing eyes. The forms me relaxed. md the
frame k examined for dnmngc.

15. Railroad impact TesI. The enginedriven-genera-
mr set is mounted on an approprinic milroad cnr. and the
car is impacted agnins! o[hem m n prescribed speed. The
gcncmmr is then cxrumined for dninnge.

16. ForkflYt Handling Tew TIIecnginedriven-gmncm-
lor set is lifted with n forklift and transported over n
prescribed course containing typical bumps. It is then
cxnmined for dnmngc.

17. Fuel tift Tesr. The engined riven-gcnemtor set
is started. and the fuel line is transferred 10 an auxiliary
tank located n prescribeddistnncc below the gcncmmr.
The load is applied. and the operation is moniiorcd for
dcgmdcd performance.

18. Wimen”:ation TesI. Hemms arc tested for proper
opcmtion.

19. Recoxcr TesI. Forgcnemmn containing rectifi-
ers, peak rmcmc volmgcs me observed to ascertain
whether the diode rmings arc exceeded.

20. Load flank Tern. An cngincdrivcn-gencrntor set
connected to n load bunk is opcrmcd. The dissipation of
the load bank is vcrikied by external inswumcntmion.

4-6.2 OTHER RECOhlMENDED TESTS FOR
ENGINE-DRIVES-GENERATOR SETS

Standards hnvc been written tbm prcscrik tests for the
cvrdumion of performance of gcncratom and engine-
driven-gencrntor SCM(Rcfs. 27.28.29.30.31. and 32).
.Most of the tests described or specified by these docu-
ments me similm to the tests described by M 1L-STD-705.
One cxccption is the telephone in flucnm factor test de-
scribed in Ref. 27; this test measures the influence of [he
harmonics produced by an unloaded generator on tele-
phone circuits.

4-7 OPERATIONAL PRECAUTIONS

Even though engincdriven-gcnemmr seu should bc
designed to reduce the potential for nccidenml injury, the
hnznrd cannot km completely removed. Therefore. up
proprintc ins!mctions for the pro~r npplicntion of the
quipmcnt must IX proridcd in the fOrm Of Ovm{inE.
trnining, and mnintennncc mnnunls. These mtmunls must
inform equipment users of !hc proper procedures for use
of the equipment and musi warn them of hazards n.sso-
cimcd wii h improper USC.

The purposz of this pnrngroph is to identify the proce-
dures tbnt should IN included in the mtmunls provided to
users of the equipment. Detailed prtidures arc nm dc-
scribcd because they me mnchlnc specific and, lbcrcforc.
me beyond the scope of Ibis hnndbook. Included in this
di~ussion am [he rmionalcs for procedures. the conse-
quences of improper performance of procedures. rind nn
idcntificmion of fcmurcs !hnt maybe nddcd to the quip-
mem to facilitate the pcrformnncc of the procedures.
Emphasis is placed on procedures [ho! imp~cl the safe
opcrmion of the cngincdri~.cn-gencrntor set. although
other procedures me listed IISwell.

.-

4-7.1 LOCATION AND iNSTALLATION OF
ENGINE-DRIVEN-GENERATOR SETS

4-7.1.1 Portable and Mobile (Including Tacticnl)
Units

Site selection of portable nnd mobile gcncrmors should
be mndc with the following considerations:

1. Proximity to bad. Placing the gcnemtor adjw
mm to tbe load reduces losses in lines that could cnusc
unsmisfnctory voltnge rrgulmion m the Iond.

2. Accexs. Clearance must be provided mound the
generator for performance of mnimenmm and repair
functions. A con figumtion of the generator thm permiu
M mnimcnnncc functions m be performed from one side
of the unit increases ihe mngc ofsitc possibilities. Also the
plnccmem of filling tubrs. inspection points, etc.. in
ncccssiblc Ic.cmions reduces the nmoum of clcarancc
required mound [he unit and siill provides convenient
access for mnimcnnnce. Access m fuel lnnks musl be
ndcqunte for fuel trucks.

3. Mounring. An cngincdriven-gencmtor set must
be plnccd on firm soil thn! will suppon it for the period i!
will be in plnct Considermion must be given to likely
wenther conditions. e.g., rainfall and freezing tcmptra-
turrs. tbnt affect the suppon provided by the ground.

4. Fuef Supp@. Fuel tanks. when not mounted on
the enginedriwn-gcncrnmr S% should be Iocwcd away
from sources of ignition and nwuy from flammable mme-
rinls m minimize the potential for dnmngc to the tank and
nearby strucuu’cs. Fuel lines should be protected from
personnel and vchicuhu lrnftic. Also fuel lines should not
he exposed to sources of heat or sunlight in order m
minimize the possibility of vapor lock.

Once the site is selected, it must be prepared for instnk-
Intion of the cnginedrivcn-gencmtor set. Specific steps
that may be necessary nrt

1. Fooling. If the soil is loose or likely m become soft
when we!. then crushed rock, boards, or other material
cnn be used to provide n solid footing for the engine-
driven-gcncrntor set. The footing must be sufficiently
level to mtisfy the requirements imposed by the engine-
driven-gencrmor set. It must be capnblc of supporting tbe
wcighi of [he enginedriven-gcnenmor set and of with-
smnding [he vibration associated with [he opemtion of
the cngincdrivcn.gcnern!or set. Additional suppon may
be required if long-mm operation is nmicipzwd.

2. She/(cr. Shelter from pmcipimtion should be pro-
vided for cngincdriven.generator sets that do not hnve
integral weatherproof shelters. and they should allow free
circulation of air wound the sa for cooling and d~ipa-
ticm of c.xhmst. Adqumc clezmncc should be provided
between the cngincdri~.en-gcnemtor set and flammable
mmcrials used in theshelterin ordcrto reduce [he hazard
of tire. [n mctical situm ions the shcker shOuld bC mO=
subsmminl to protect the cngincdriwn-gcnemtor set
from small arms fire and fmgmcni.s. Examples of tactical
shelters nm given in Ref. S.

3. Drainage. Drninngc should be provided for fuel
nnd lubricant spills to contain them. to keep the fhmmw
blc m~terinls away from sources of hem. and to diluie the
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spilled liquid (with solid mmcrial) to minimize the possi-
bility of tire. The addition of crushed rock or sand inn pit
surrounding the cngincd riven-gcnermor set is recom-
mended to contain spills.

4. .!lrhuusf. Designers should insure !hm the ex-
haust is directed nwuy from the fuel supplies md pmOn-
nel to minimize the possibility of fire and carbon monox-
ide poisoning.

5. Grounding Rods. Appropriate grounding rods
should be insttdlcd and connected to [he engincdriven-
gcncmtor set to minimize the possibiii!y of electrocution.
Grounding considcmtions me discussed in pros. 3-3.4 and
5-2.4.5.

4-7.1.2 Permanently lnsmlled Engins-Driven-
Genemtor Sets

Considermions for the immllntion of Pcrmnneni
gcncrcmm arc the same as those for mobile insudlntions.
except !hm for permanent insmllmions supports must be
more subsmn!inl nnd permanent in nnturc. Also in some
cnscs. the engincdrivcn-gcnemtor set will be moumcd in
on enclosed arm and [he following ndditiomd proccdums
must bc obxnd:

1. tihaust Piping. Selection of piping size and n
silencer must lx made in nccordmicc with the mtmufnc-
turer’s rccommcndc.tions to minimize the back pressure m
the engine bccmuc excessive back pressure will degrade
the perfonnnncc of the engine.

2. Fuel Sys!cm. Auxiliary tanks should be Iocmed
ouuidc of stmcturu npproximntely at !he snmc elevmion
us the cnginedrivcn-gencmtor set nnd at n Iocntion con-
venient for refilling. If the tank must bc located higher
thnn the enginedrivcn-gcnem!or set. provision mus! be
made to prct.cnt the flow of fuel into the engine. cspccinlly
when the engine is not opcrnting. In addition. n small tnnk
on the engine will usunkly be necessary m fncilimtc quick
starting for backup systems that arc used only occosion-
oily. If the enginedrivcn-gcnern!or set is used for emcr-
gsncy power in the event of n mnjor catastrophe. n supply
of fuel sufticicm for n specified opcrntionnl period mny
ncccsmrily be stored with the genemtor to prevent scver-
nncc of the unit from its fuel supply. Such instnllmions.
however. must conform to local codes. which frcquendy
prohibit indoor storage of fuels. cspscinlly gnsolinc.

3. Cooling. Provision must be mnde for ndcqumc
cooling of engines Iocmed within stmcturcs. Cooling sys-
tems may use water cooling with n Iocak water supply or
with rccirculnmd water cooled by n cooling tower. n con-
ventional engine mdintor located remotely from the
engine. or airflow ductcd through plenums over the
cnginedrivcn-gcnemtor set.

4-1.2 PREVENTIVE MAIN’TENAA’CE
Prmmntive maimcnmtcc procedures necessary for tm

engincdrivcn-gcncrmor WI depend on many fctctors—
i.e.. (he type of prime mover. its size and speed of rotntion,
and !he operating conditions. Opcrntor”s nnd mninte-
nzncc mnnwds must identify the preventive m~intennncc
ac!ivitics and give n rccommcndcd schedule for their
performance. An example of.n preventive maintcnnncc
schcdulc for n !ypical ISOO-rpm gasoline engine is shown

in Table 4-10. This table lists rcp-n[ative nctiviiia that
should be performed on engines on n rou!ine basis.

Prcmnti~.e mnintcntmcc activities include lubrication
of the equipment. routine replacement of Iimimd-life
components or mmcritds. and inspection m detect situn-
!ions thni will. if uncorrected. limit [he life or reduce
pcrformnncc of the gencmmr. Proper record keeping is
essential so thnt readings or measurements nmy be com-
pared ngninsl previous wducs to dewct engine dcgmdn-
tion. (See the discussion of wend monitoring in par. &
7.4.) The cngincdri$fen-gcncrmor sel should be designed
to facilitate prcventit,c mnintcnnncc procedures. If the

TABLE 4-10. TYPICAL MAINTENANCE

SCHEDULE FOR 1800-rpm GASOLINE
ENGINE-DRIVEN-GENERATOR SET

(Ref. 21)

1. 25-h lnterwd (or tour months. whichcwr occurs
rlrslh
o. Adjust fon and nftcrnn!or belt
b. Add oil to oil cup [or distributor housing
c. Change oil in oil-iypc filter

2. 50-h Interval (or six months. whichever occurs
first)
n. Drain and refill crankcase
b. Clean crnnkcnse ventilation air clemmr
c. Clecm dry-tyfx nir titters
d. Check transmission oil
c. Check battery
f. Clean cxtcmd engine surface
g. Perform 25-h service

3. 100-h lntewal (or eight months, whichever occurs
rlrslh
n. Replace oil filter element
b. Check cmnkc= vemilntor vnlw
c. Clean cmnkcasc inlet air cleaner
d. Clean fuel filter
c. Rcplncc dry-sype tiller
f. Perform 25- and So-h services

4. 2Cn3-h lntcrval (or one year. whichcwr occurs tirsl):

a. Adjust diswibmor contact points

b. Check spark plugs for fouling and proper gnp
c. Check timing
d. Check carburetor ndjustmcrm
e. Perform 100-. 50-, nnd 25-h services

5. 500-h In[crwd (or two yems, whichever ~rs
tirstk
n. Dmin nnd rctill transmission
b. Rcolncc crnnkcnsc ventilator vafw
c. Rcplncc one-piece-type fuel tiltcr
d. Check vnlve-tnppe! clemmce
c. Check cmnkca.sc vacuum
f. Check compression
g. Perform 200-. 100-. 50-, nnd 25-h services

Rquintd Irom ASSII IEEE W. *8987. * 1987 by T& Institute d
Ektficd d Ektm.ia Erwin-m Inc.. ~i:h radl.. OfI~ IEEE
SIc.ndnldiDcrlnnnxm.
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proccdums arc easily performed. they me more likely lo
be preformed properly. Likewise. if points [o ~ inspected
are visible. the inspection will be more thorough. Equip-
mcm provisions that aid the prcvcmive mnimcnance pro-
gram include properly identified inspection nnd fluid
chcckpoims, sight ghmscs or transparent fluid ccmmincm
that tdlowchecking during operation, the grouping of all
aces points for maimennnct on one side of the enginc-
driven-gcnermor sst (cspecinlly if unit is enclosed). easily
readable inswumcmmion. and nccessmy took kepI with
or attached to the cngincdrivcn-generalor set.

4-7.3 ROUTINE OPERATION
4-73.1 Sml-up

Procedures for stun-up should begin with a check of
the cnginedrivcn-generntor set equipment and instnlln-
tion m determine that the equipment is instcdlcd properly
and. if operated previously. Ihnt no chnngcs have occurred
[hut would prevent normnl. safe operation. These checks
should include inspection ofcoolnm levels. lubricant lev-
els. condition of the battery, control positiom (cspecinll y
those thm me not frequently used). and load connections
(including changeover block or output selector switch).
These checks arc intended to prevent any inadwtem
imrcduction of conditions thin. if uncorrcctcd, would
result in an unmfc condition or an undetectable condition
tha[ could lend to n gencmmr failure. The specified stnn-
UPprocedure should include a proccdurt for starting [he
engine followed by specific obscrvntions to confirm nor:
mal operation. These checks include engine SPA. oil
pressure. and generator voltnge. Once the engine k opcr-
ming satisfactorily. the generntor may be swilchcd on-line
as described in pm. 4-7.4.

4-7.3.2 Opemtion
The procedure for routine operation consists of moni-

toring the opcrmion m insure thm no unsafe condition
develops and the renewal of supplies. e.g., refueling and
addhg oil as required, necessary to sustnin opmmion.
The monimrinfi should consist of checks on operming
pmamcters, such us oil prcs.mur, temperature. and battmy-
chmging circui:s. for nommf readings together with fxri-
d,c logging us discussed in pars. 4-7.4.2 and 4-7.4.3. The
instructions should &o point out any speciol items 10 be
inspected or observed.

Bemuse of the fire hazard associated with refueling
operations. special mtemion sbmdd he given m Ibis topic
in the oprrming instructions. If the gencrmor is designed
to permit refueling without stopping operation. warnings
should be posted that specificallyy stntc the fire prcvcmion
procedures that must be followed. Such w,nrnings include
use of o clip lead to eliminate tbc possibility of stmic
discharge between the gas delivery hose ond fuel tank
opening. and the rcquircmcm for the prcscncc of firc-
extinguishing equipment prior to refueling. If the fuel
umk is Iocmed so that the generator may not be safely
rcfuclcd while in opemtion. the opcrming manunl should
warn against thm specific procedure and labels should be
mmched to tbe cngincdriven-gcncmtor set to warn
ngainsl thm opcrntion. .

4-7.3.3 Engine Shutdown
Operming instructions should include the proper

me!hod ofdisnbling the cnginedrib<en-gcncmtor set—m!
oPcratio” that is typically accomplished by rcmo~ing the
load and then turning the bmtery sw.ilch or circuit breaker
to its off position. The instmctions should also specify n
minimum period of opcrmion for the engine. typically 15
min. If the generator is needed for shorter periods. the
cnginc still should hopcrmed fortbc minimum period to
UIIOWit to come :0 operating mmpcrmure. !0 rcmow
condcnsmion from Ihe cxbnust system. and to charge the
bmmr-y fully.

4-7.4 ROUTINE TESTfNG AIND
MOiNITORIiNG

Rmuinc testing and monitoring arc performed m
detect any unsafe conditions or any conditions (hat
require repair to eliminate or reduce unneccs.mry down-
time. Testing nnd monitoring activities include those psr-
formcd as n pm of schcdulcd preventive maintenance or
u a pun of the normal opcrmion of the equipment.

4-7.4. I Monitoring of Electrical Pmformnnce
Electrical monitoring is performed on n routine basis as

n pan of normal operation to detect nny conditions
rclnted to theengincdrivcn-gcnemtor set or the loud that
require corrcctiw mmsures. Items m bc monitorrd
include

1. Load Power. The load must be kept less than the
capncity of the generator. [f the pom,crbecomes too high.
nonessential loads must be removed.

2. Unbofa.ced Loads. In cas.cs whmc individual
single-phase loads arc powered by nn cngine4 riven-
gcncrnmr se!. some degree of loud unbalnnce will occur.
cspccinlly if the loads arc intcrmiuent, If excessive u“bal-
mwc pcmi.m. then the singfe-phnsc loads should be rcdis-
wibu!cd bccnusc the capacity of the gcncrmor is reduced
by unbalanced operation.

3. Frequency. The nominal frequency should rcmnin
within the tolerance specified b the genemmr. If !hc
nominal frequency k outside the range. npproprimc
adjustments should be mtcmptcd to bring i! back within
limits. If the frequency cannot be properly ndjusted or if
the frequency is unstable. repair or adjustment is required
for the engine or the fm.qucncy’control circuitry.

4. voi{a.ge, Ou{-af-tolcmncc voltage w the genem-
tor mny result from drastic chnnge in the load or from
problems in the voltage control system. When an om-of-
mlcmncc voltage is noted. adjus[mcnt of !he vol!nge
should be mtcmp ted. If the control has tObe readjusted to
mninmin [be appropriate volmge led wilh changing
load, ndjus[mcm or rcpnir of the voltage droop circuitry is
necessary.

4-7.4.2 Engine Monitoring
Like electrical monitoring. engine monitoring should

Lx performed to dctem symptoms thm indicate [hc need
for corrective nction. Symptoms such as low oil pressure
or high wmcr tcmpcrnnwc indicate n condition that may
seriously damage the engine in a short period of time.
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T&cforc. the engine should be shutdown immcdimcly
tvhcn [hex conditions arc noted. Other conditions thm
should be obsawed include ba[tery-chmging current or
voltngc. oil consumption. and fuel consumption. Chnnges
in obscn’cd values from pmvious!y recorded values
should be invesiigmcd bccmxe mtuntennnce or repair
may be required. Opcmting documcmntion should in-
clude tbc potcntinl causes of the changes in these or mbcr
no:ed parame:em.

4-7.43 Trend Monitoring
Trend monitoring is the ongoing obscmmtion ond

recording of pm fonnancc indicators for either the gcncm-
tor or ibc engine with the goal of detecting symptoms of
problems us early w possible tbrougb comparison of
current values with previously recorded values.

A trend monitoring program consists of mnking period-
ic observruions of important engine pnrnmcters and
recording them inn log nlong with other dntn. e.g.. clccwi-
czd load on the genermor. tbn! may significantly affect
thcm. The data should be taken under as nearly the same
conditions os possible. e.g., with [be engine stabilized at
operming tempermurr and the gcncrmor delivering
medium load. The dam may be interpreted either by
cxnmining tabulated dam or by plotting dnm to demon-
stm!e abmpt changes in monitored dam or, prefembly, n
wend in the data nwny from the previously recorded
nominal values for [he engine—n deviation tbnt is the
prccumor to n more catastrophic cbangc.

The incorpormion of mend monitoring into [be pmm-
tivc maintenance program provides curlier detection of
problems requiring corrective action so more time is
available (o schedule the necessary repair. In some cnscs
effective trend monitoring progroms hove allowed the
extension of regularly scheduled maintenance intervals
for replacement of parts subject to wear by relying on the
trend monitoring npproach to detect. in advance. the need
for rcplnccmcnt.

4-7.4.4 Engine-Driven-Generntor Set Diagnostic
Testing

Procedures should IX provided for opcrntom nnd
mnin!ennnce personnel to perform tests to determine [be
condition of the cnginedriven-genem!or set. Tat proce-
dures m:y LXdescribed by reference to ,MIL-STD-705 or
by simphlied descriptions of procedure tbn[ can bc per-
formed in the field. Examples of mst.s thai provide infor-
mation on tbc conditions of the cnginedrivcn-generator
set arc

I. Voltage regulmion
2. Frequency regulation
3. .Maximum power test
4. E“gim diagm.stic testx

n. Gasoline cngincx
(1) Dwell and !iming
(2) Fuel consumption
(3) Vibrational analysis

b. Diesel engines
(1) Fuel consumption
(2) Vibrmiomd mplysis.

- Mnih!=nfim”pFoccdurcs shoidd include criteria for
..—

these tests to include expected values for tbe equipment
when new. tolerable values for operable quipmem. and
threshold values that indicate mainwnrmm is neccssmy.

4-7.S LOAD ASD GENERATOR
SWITCHIXC

Tbc procedures for switching generators on-or ofMine
arc fniri y critical because the gcncrm or. a source of signif-
icant energy. is being conncclcd to a load thm could
contain a fnuh or. ilnlrcady cncrgized. could be out of
phase with ihe gcncmmr being connected. The large
transfer of energy that would occur under either of these
conditions could be baznrdous m thcgcncmmr. switch-
gcw used to connect [he gcncrntor to !he line. equipment
connected to the line. or to personnel operating the
gcncrntor.

4-7.5.1 Bringing Generator On-Line
Procedures for bringing a gcncrmoron-line should

begin wilb measures to insure [bat the amicipzmd load on
[he line k within thccapm?ityof thcgcncrator. that the
gcncmmr is connected properly m !hc line. and tbm the
cngineisopcmting. Once thcsc conditions mesmislicd,
the procedure for bringing a gencrntor on-line would be
as follows

1. lfposiblc, o~nthecimuit bmskcmonthelod
to be connected so tbm only n portion of !hc load will be
energized. This reduces (be probability ofcncoumering n
fault simply because of [he smnllcr ne!work being con-
nected.

2. Adju.w the voltage m thcdcsircd value for (be
load.

3. Adjust the frequency to the appropriate value.
Isochronous generators should be set to the desired line
frrquency. Enginedrivcn-gcncrmor SCMwith droop<hnr-
actcristic regulators should be set to n 2 m 3% higher
frequency to allow for the slight reduction in frequency
with incrmscd load.

4. Closcthe switchgcar orcircuit brmkerthn!c on-
nccts thcgcncrmormtbe line. lmmcdiatcly obsemctbc
voltage and current meters for indications of an owrload.
i.e., reduccd t.oltage orcxcessive currcnt. Ifproblcms arc
noted. opa [hccircui! breaker.

5. Reconnect tbc rcmninderof tbe loud while fre-
quently checking the current or power indicntom on tbc
generator to mnkc sure that cmexcessive load is not being
connected.

4-7.5.2 Connecting nSecond Generntnrin
Parallel

Connecting n second generator in parallel with one that
is already in operation must be performed cnrcfully since
large currcnu will bc induced in the conducmrs bmwccn
thcgcncrators if !be gcncrmors arc not in phase M the
time they nreconnectcd. The procedure described here
nssumcs thm one generator is already running !md con-
nected m n load that is within its capacity nnd that the
second.gcncrntorisalso running and the output terminals

—-—— —— - 4-3? --- ,
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arc connected to the some loud. However, !he output
breaker is off and [hereby isolates the second gencrntor
from [he load. TIM ground terminnls of both gencrmors
arc cmmccted mgelher with n large wire (6 AWG or
Inrgcr). The procedure follows

1. Adjusl:he t.oltngc oithesecond generntorsothc
indicmed voltage on it ma!chcs thm of the loaded
gcnemtor.

2. Adjust thcfrcquencyconmdsoth ctwosynchron-
izing lnmps t-cpcmcdly grow brighl and then dim together
with ncyclc of a: least 3-!05-sdurrttion. Ifthc Inmpcyclcs
alternate. i.e.. one is on when [he other is off. !hcn the
phnsc rotation or phase connections on one oft he gcnern-
tom, is incorrect and must be cormcwd Ixforc the gcncrn-
tom con be paralleled. if the paralleling opcmtion k
attrmpted while the Inmps me cycling at a faster mm ihc
chanm of connecting [he gcnerntom when they arc in
phase is rcdutxd and damage is mom likely.

3. When the synchronizing Inmps become dark
together. quickly throw the circuit breaker that connects
thcsccond gcnermorcm-line.

4. Obwmcthc powcrdclivemd by both gencmtors,
and balance the power by incrcnsing [be speed of the one
delivering the lesser power or by reducing the speed con-
trol of the one delivering thegrcmcr power.

5. Ifthespeed isnotcorrcct. ndjustthcspccd con!rol
cm both generators to bring their s~s into tolerance
whilcmaintaining thc”powerbnlnncc adjusted in Stcp4.

6. BaInnmthe curmnldcli\,cmd bycnch~nera!or.
i.e., reduce the circulating current between the two gcner-
nmrs. by ndjusing [he voltage controls on the IWOsels so
thrt: the currents delivered by the two set.! me equnl md
the voltage is within the desired range.

7. Observe Ihe current and power division with
chnnging loads. If a proper balance is not maintained with
changing Ionds. then the voltage and frequency droop
characteristics must be adjusted.

4-1.5.3 Bringing aSecond Generator On-Line
Without Interruption

The procedure for bringing n second generator on-line
without interruption of power to the load consists of
connecting the second generator in parallel with the first
as described in the preceding pamgrnph and then rcmov-
ingthelirs: nsdescribcd in the pnmgmphthnt follows.

4-7.5.4 Tnking Generators ON-Line
Before a gcnermorthnt is opcrming in parallel with

another can be removed from service. the load on the
combirmtion must bc.rcduccd to the level that can be
accommodated by the generator thm is m remain in opcr-
mion: otherwise. the rcmnining gencrnmr will he ovcr-
kmded after the removal of the gcncmtor to he disabled.
Ormc ibc load is rcduccd. [he gencrntor maybe removed
from scrvicc byopening the circuit brcakcr. Tbe engine-
driven-generator sct should bc allowed m cool by mnning
with ”wlotifor nshonperi~ hcforcthc engine is shut
off.

Procedures should wnrn that once Ihc generator is
disconnected from parallel o~mtion. hazardous t.olmgcs

remain on the output terminals and certain locations
inside the conwol panel. Also warnings should be placed
on terminals to indicate tbnt high volmges cxim even
though !hc gcncrmor is not operating.

The removal of a generator that is operating indepen-
dently off-line is simply n molter of opening the circuit
brmkcr m disconnect the load from the generator. Afler
running afcwminutes tocoold ownthccnginc. thcdis-
conncctcd generator mny then k cut off.
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CHAPTER 5

DISTRIBUTION SYSTEM

This chapier discusses the various components :hm conlprise dle di51rib111i0t1 sYstetll. Itlchldijl.s lIIC

conductors for power distribution, mmsfornwrs, ot’ercurretli protecliw des’ices. CIIId special pllrPuse COII-

dirioners. Swirchgear. discussed more Ihorottghl! in Chapter 6. is discussed bricf((. Hazard design. in!er-
operability. compatibility. and opermional consideraliw ore includedf?r each cOmPOtlent.

5-O LIST OF SYMBOLS

E = lest Volmgc. v
& = test voltngc mens.rcd bctwccn points i and j. V

ECU= DC voltngc of rcctificr. V
& = MIS \,oltngc 10 rectifier. V
Ic+ = current thrd flows when ICStvohngc is applied

bctmecn ground system being cvnlunm.d and ith
test rod. A

h., = current that flows when ICStvoltage is applied
beken two test rods. A

R. = rcsi.wnnccof ground system being evnlumd. 11
~ = resistance associated with iih [es rod, fl

5-1 INTRODUCTION

Elccuicnl distribution syswms transform the voltage
of the source or transmission system to the voltnge level
of the loads and deliver energy for the various loads m
each installation or over a scwicc.

The objective of the distribution system is to transfer
electrical energy 10 various loads with minimal loss and
mnximum reliability. The equipment used for diswi-
bution of electricity may consist simply of n system of
intcrconncmions by which power from [he sourct u dis-
tributed only to local Ionds. For larger scnlc systems
transformcm UK used to boost witnge Icvek to improve
transmission over long distrmccs. Both systems include
devices 10 protect the system and loads from dnmogc
due to ovcrcurrcms andlar faults.

5-1.1 DEFINITION OF A DISTRIBUTION
SYSTEM

A distribution system is !hc network that intercon-
nects the source(s) of electricity to loads. Included in
the dis!ribulion systcm is the network of clccwicsl con-
du~ors intcrconncctcd with control and protective quip.
mcnt. Ths cquipmcm includes components Ihm protect
the system from dnmagc. that minimize the number of
loads affected by failures. and tha! improve the effi-
ciency of power transmission. The lypcs of cquipmem
and the function of each type in n distribution systcm
follow
.—. ------ .1.

1. Transformers. Used to alter !hc voltage level
from that of the source to the level or levels required by
the Ionds.

1. Circuit Breakers. Fuses. CUIOUIS. .%ilches. and
Disconnects. Used m disconnect malfunctioning equip-
ment. to conlml loads. and m pcnnit mainxcnwxc and
repair.

3. Lightning Arrestors. Used to protect tbe entire
installation from sur8e voltnges duc to lightning or
switching in the transmission system supplying (he net-
work.

4. Dverhead and Underground Conductors. Used
to dcliwr the energy from the source to the loads.

5. Merers and Relays. Used m monimr the opera-
lion of the network and opcm!c sw,itchcs and circuit
bmakcm as required m minimize the exccm of damage
or arm affcctcd by an abnormrd condition in the syswm.

6. Inso-umen: Transformers. Required for mcm-
ing but rtrc also ncccssnry to reduce large currents and
volmges to magnitudes suimblc for instrumcntmion.

5-1.2 TYPES OF DISTRIBUTION SYSTEMS
Distribution systems mny be described by the \“oI1ase

of the distributed power. the clccwical topology of the
nmu,ork. and the physical configuration of the conduc-
tors. Specific descriptors include

1. Voltage and Phase. The electrical configuration
of the polyphnsc power being disu’ibulcd. including the
voltage bc!wecn phnscs (or phnsc m neutral). the num-
ber of phnscs. and phase connections (delta or wye)

2. Primar.v or Scccw?dar.vS.rsmm. In a distribution
system thm distributcc power at a high \.oltagc and then
transforms it m o lower volmge for a load use. the
primmy system is the power distribution [mm the
source to one or more transformers. The secondary dis-
tribution system is the network that distributes power
[mm the low-voltage sccondmy to the loads. The sccond-
nry system may operate at the ultimate load volmge:
however. in many’ cases additional voltage transforma-
tion is used to permit secondary distribution M higher
voltages. e.g.. 12 kv.

— -.——
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‘3. Swrem Topology. The clcztrical connection nr-
mngemcm. .UOsl frcqucm con fi~urmions arc loop.
straight bus feeding multiple branch circuits. nnd tree
structured in which the source feeds branch circuits.
each of which. in !urn. feeds multiple circuits.

4. Prrmanem or Temporor.n The expected life of
the distribution systcnrapplication. Gmison and instnl-
lmions arc permanent. whereas tnctical ond construc-
tion site systems arc examples of tcmpornry systems.

Dutribution networks vary in SCSICfrom inmwnte
networks that tic together generating plants and uscm
in regional nrms to local systems thm tic n single gencr-
amr to n small numkr of loads. The systmns to k
emphasized in this hnndbook arc those :hm can be fed
by nn cngincdriven-gcncmmr se! cilhcr as the sole
source or as a bsckup source for a permanent utility.
Where lmgcr scale systems me described. the intention
is to illustrate principles or considerations that usually
arc specific to large systems but cm be scaled down for
application m small systems as well.

The phnsc con figurmion of the distribution system k
determined by the connection of gcncrotor or trtms-
fonncr windings that supply power to it. Typical con-
tigumtions for a three-phase distribution include the
wye (3&iW) and delta (3d-3W) contigurmions. If a
delm configuration is used. hov’ever. grounding trans-
formers or n balanced wyc-conncmed loud should be
used to moinmin all phases m cqurd volmgcs with
respect to ground. Although the WYCconfiguration bns
the dctinite tuhantngc of providing n convenient ground-
ing mechanism. the delta lrnns former has the advmnngc
of lower waveform dismnion because n path is pro-
vided around the delta loop that prevents induced
third harmonic currents from being applied to [he load.

The mmsmizsion sys[em supplying the lmge-smle
distribution network has a high volmgc, which is typi-
Cdty 66, 132, 220.345. or 500 kV. Thii SOW2Cvoltage k
reduced to the required load voltage by lmnsformcrs.
Two or more volmgc reductions mny be required. e.g..
132 m 34 to 12 kV and finally m load voltage. The firs!
reduction. e.g.. 34 kV, defines the distribution network
volmgc. The primary volmgc is rcduccd again to lend
levels, e.g.. 120/208 V, tbrec.phnsc or 120/240 V single-
phnsc. Source-m-primary voltngc transformation may
be accomplished by one three-phase transformer or by
three singfc-phwc tmnsformcrs.

Distribution systems usually consist of n network of
trtmsmission lines installed tmidly on poles or buried
underground. Utility-fed systems hnving n 750-kVA
capacity typicslly hnve primmy voltages of 34.5 kvt~.
An imcrmcdiate voltage might be used if the loads arc
smucred over n wide area. For loads contincd m II
small area or within a single building. the secondary
distribution would bc made m the load voltngc. e.g..
240. 480. or 600 V. lhrce-phmsc. Systems served by
cnginedrivcn-gcnern!or SCM usually cover n smaller
mea. and generally. high voltages arc not necessary.
Power for these systems may be distributed at the load
voltage or at a moderately low primary voltage. e.g..
2400/4160 V. ihrm-phase.

. ..-— —--- ——- .—-. . . . . .

The simplest distribution system is a wcc configura-
tion fed from n single source. Other diswibution net-
works. as shown i“ Fig. S-1. nrc

1. A loop feeder connected to a single source
2. A loop feeder supplied by scwral sources
3. A low-voltage secondmy network systcm.

The tree network is the [CM expensive insmllmion
but is also the least reliable. The single-source looP k
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(A) Tree Conflgunstion-Single Source
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Figure 5-1. Distribution Network
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more reliable than [he tree network bemuse fault detec-
tion and clearing can be implemented thm intcrrupl
only a small portion of the loads sctwcd by’ the diswibu-
tion network. A loop-connected system with several
wnnsformcrs is ewn more reliable but requires an addi-
tional moncmry inwstmcnl in transformers. The most
reliable distribution ne!work is a low-voltage secondary
network in which Ihc Iow-voltngc secondnrics of distri-
bution [ransformcrs arc connected in parallel 10 a grid.
and the primm-ics are fed from separate circuits from
one or more sources (Ref. l). The parnllcl connection of
transformer sscondmics provides a high degree of rc-
dundnncy in routing power between sources and loads.
Tolemncc m fnulu in Lhe secondary network is cn-
hnnccd by scctionalizcrs. which isolate sections where
fauks have occurred. The appropriate selection of the
distribmion configuration is made by balancing cost
and reliability factors.

TIM distribution system currently %Ing developed for
!hc Army for usc in tnctical situmions is a secondary
distribution system in which power is distributed m Ihc
load volmgc (120 V/208 V). Pormblc distribution ccn-
tcm arc used to provide circuit protection. switching
capability, and connection of power cable to multiple
power extension cables.

S-13 COMPOXEXTS USEDIN
DISTR1BUTION SYSTEMS

The quipmcn! to be discussed in subsequent parn-
gmphs of thM chapter arc

1. Du!ribution lincsthm trnnsmit !hcencrgy from
the source to the loads. (The term “transmission lines”
k reserved for the tmnsmission system network thm is
the source for tbc distribution system.)

2. Dtitribution tmnsformem that modify tbevol!-
a~inthc nc!n.ork tothevoltngc mquiti. Whether the
trnnsformcr bctwccn the transmission system and the
distribution primmyis considered transmission ordis-
tribution equipment is t! mmter of preference. In this
chap!er il will be considered distribution equipment.
Other diswibu!ion mnsformem rcducc voltages as re-
quired. The waltnge Ieds and the number of trans-
formers w-c dictated by the requirements of the instnlln-
tion.

3. Powcrconditioncs include uvnrictyofde\.ims
such as capacitors for power-factor correction. voltnge
regulators, motor genernmrs. rmd rcctificm.

4. Uninmrruptiblc pow’ersupplics i%rcritical loads
5. Switchgmr
6. .Mctcring andpro!mti~edcvim
7. Lightning nrrcstors.

5-Z TRAA’SMISS1ON AND

DISTRIBUTION LINES AND

BUS BARS

S-2.1 IXTRODUCTIOX
The Iypu of conductors used in the transmission or

disrribmion lines of lhc network MC ,

1. Uninsulated aerial conductors made of copper.
rduminum. aluminum conductors steel reinforced
(ACSR). and copper-weld (single conductors and
stranded)

2. Insulated copper or aluminum single conduc-
tors. bundled and triplex cable (three-phase conductors
intertwined)

3. Insulated cables either buried directly in soil or
pulled !hrough conduit

4. Insulated conductors laid on mp of Ihe ground
for tempomry service or for scrvicc to equipment mOv-
ing across the ground (drngline equipment)

S. Cables used in underwater insmllmions
6. Bus bars used for conccntrmed loads occupyin~

limited space. e.g.. inside manufacturing plants or repair
shops.

5-2.2 lNDUCED ENVIRONNIENT
Environmcnwd impact due to the insmllation of a dis-

tribution system takes sewmd forms. nnmcly.
1. The presence of high voltages on uninsulated

conductom is an environmental consideration bemuse
of possible con:nc! by cranes, ow%ize vehicles. or
children.s kkes.

2. The electrical stress on solid insulation M or
ncnr the voltngc grodicm m which corona develops
causes dendritic trucking in the solid insulation. Uhi-
matcly, discharges will develop on these paths and a
permanent breakdown of the insulation will occur. Tmck-
ing will also -uro$,er atmospheric<ontnminnled por-
cclnin surfnccs during fo~ conditions. Arcing over the
porcelain will usunllyrcsuh inonlya lempormybmk-
down.

3. The overhcsd conductors and their supponing
structures (poles) do not cnhnncc the bcnuty of the
Inndscripe. Outdoor switch ynrdsbarricadcd bycyclonc
fences can be equally offensive. Diswibution f~cilities
mny be obtrusive due to (he combined requirements for
physical barriers to prmcm access by unauthorized per-
sons and forticquntc spnmto~rmit mninmmnccand
rcpnir of equipment.

5-2.3 HAZARDS
Authorized personnel often must work in close prox-

imi}y to uninsulated. current-carrying equipment in the
mnmtcnnncc. rtpnir. and operation of h@b-volIaIP quiv
mcm. Grcnt cnrc must bccxcrcissd tonchievcthe maxi-
mum amount of safety during these nclivitics. Suitable
bnrriers should bc provided to prcwm exposure to mc-
ing. e.g., from a switch that brcnks the circuit in air.
Equipment that con!zins oil. e.g.. oil circuit bmakcm
and !r-ansformcrs. must bclocatcdmlmst 7.6m(25ft)
(horizonmlly) awny from swilchgcar in indoor insmlla-
!ions nnd 3 m (10 ft) away in outdoor insttdlm ions. (See
Items 172 and 180 Bl ofthc i+utionnl ElccwicalSafcty
Code ( Ref. 2).)

The imcnsc hem of a power mc over n porcelain insu-
lator following a lighming flashow can shatter the
insulators. nnd the fracwrrd porcelain could be a grcal
hxmrd m personnel near the insulator.

s-3 . . . . . . . . .
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POIIUUMUSin the mmospherc can collect in the cracks
(checks) tha[ have dctfcloped in wooden poles. Under
certain fog conditions. nverysmtdl Icaknge over 34kV
insulators. across crossnrms. nnd down the pole can
cause burning in the confined space of a crack in the
wooden pole.

A line-m-ground fnuh cnn product a hnznrdous con-
dition. The stepvolmge. i.e.. [he volmge on the surface
of the earth between the feet of n peaon walking, dur-
ing n ground fault mm be le!hnl. A ground-fault current
of 1~ A is lethal for n normal stride m n dktancc of 5.7
m (20 ft) from the fault and m n distance of 18 m (6O ft)
for faults of I(MUA. (See Ref. 3. p. 321.) Proximity to n
ground rod during fault conditions is also dangerous
because pun of the fault current will divide among all
grounilcd devices. e.g.. ground r,pd nnd tower footing.
nnd potcntirdly will produce hnznrdous step-potentials
in the vicinity of each one.

S-2A DESIGN CONSIDERATIONS
S2..L1 Installation

Overhead distribution conductors should btwe m km
the minimum nbovcground cleamnccs specified in the
Nmionad Ebxtriml %fc:y Code (NESC) ( Ref. 2. Table
232- 1) for the paniculnr ground surface condition—
e.g.. over rnilrmd [nicks 9 m (30 (tk 6.7 m (22 ft) over
buildings, streets, and roadways. Funher precautions to
prevent cranes and other vehicles from contacting the
lines IUCno: required. Hanging bmricm. however. should
be placed across roadways frcquemly used by construc-
tion vehicles to warn opcromm of impending contncz
with the Iks. The barriers should be placed at the
same heighl as tbc Iincs and on either side m n distance
from rhe Iinc sufficient for the operator to stop the vebi-
CIC.Caution signs should Lwposted o“ towers nnd poles
to wam against inadvertent contact by unauthorized
personnel.

Adequate clearance must be provided between supply
conductors and guy wim or other conductive suppans
to prcvcrn ground faults through the guy wires because
such ground fnuhs. even though tcmpormy. could pro-
duce hnznrdous steppotentinls rind/or disable [he dis-
tribution system. For systems opcrming up 108.7 kV.
the NESC requires a clearance of 0.3 m (I f!) for sup-
port conductors that run parallel with the line conduc-
tors or 0.15 m (0.S ft) for others. such as guy wires.
Additionnf clcnrnnct is npproprime for long guy wires
or line conductor! bemuse of incrcnscd movemcm due
to wind. (See Ref. 2. Table 235-6.)

Clearance $bould also be proyided bc!wcen line con-
ductors and one side of the pole m allow personnel m
climb poles to heigbw nbovc the energized conductors.
For lines o~rating up m 7S0 V. a horizontal clcamncc
of 0.6 m (2 f:) is required by the tNESC to allow space
for workem to climb between the pole and energized
conductors covered with suitnblc protcctit,e cot,erings
that nrc mmd for the vohngc involved. Additional
clearance must be provided m higher vol!agcs-O.75 m
(2.5 f!) m voltages up to 15 kV and 0.90 m (3 ft) m

volmgcs up to 28 kV. Otbcr distribution equipment.
e.g.. transformers and switchgcnr. should not be
mounted in the climbing space.

Additional clearance considerations include cleamncc
between parallel conducmm for vmious operating volt-
ages nnd spans lwwmn supports. clcamnce over build-
ings and signs. and clearance ow wntcrwnys. llese
clearances arc also specified in the NESC ( Ref. 2).

Buried cable should be of the proper constmction—
i.e.. conductors protected by n shield. sbmtb. or wrapped
with a bare ncuunl conductor thm is properly grounded.
Wnrnings ngains[ digging either by hand’ or macbinc
should be posted n! locmions wberc excnvmion is most
likely. These warnings xmc tbc dud purpose of pro-
tecting botb the public and tbe equipment. Oepth of
cnble burial should be 0.8 m (2.S f:) for voltages up IO
22 kV and 0.9 m (3 ft) for voltages up 1040 kV. The
botmm of lbc ditch should be flm and well packed.
Backfill should not contain sbnrp material that could
dnmnge tbc cable.

The installation procedures and sites for underwater
cnblc insmllmions (submarine crossings) should insure
protection from damage due m tidal nction or currrm
flow. Underwmcr cable should not IX Immd m possi-
ble anchoring sites for ships, and sign.! should lx posted
to warn of cable crossings. Cables used in undcrwmer
insmllrmions must be selected on tbc basis of sen’iceabil-
ity in [hc particular environmem.

Overhead instnllmions over nnrrow valleys thm mny
be on airplane flyways should h$wc red sphere warning
balls on the conductors or static wires.

S-2.4.2 Configuration
The network should be designed so that sections cnn

be dccnergizcd-citbcr manually for repair or mnin!c-
nancc or uummmicnlly by opcmtion of selected swi:ch-
ing devices, fuses. cumuts. etc.-in such a way as to
minimize tbc amount of equipment being dccnergizcd.
l%is cannot be a sumdtwdized dcsigw it must be mi-
Iorcd 10 [be particular installation nnd therefore requirrs
considerable analysis and considcrmion.

S-2.4.2 Mnterinl Selection
Careful considcrmion should be given m the service

in which Ihc conductors will be used. [n low-voltage.
bcnvy-current installations. volmgc drop should be mini-
mized by the selection of n high-conductivity conduc-
tor. The final decision to usc copper or ACSR must be
mndc by considering the dinmctcr of the conductors.
(heir weigh!. and tbe span between supports.

In overhead lines opcrmed at higbcr vol[ngcs. the
tensile strength of the conductors is n mom impormm
consideration than conductivity. The tensile strcngtb
must take into nccoum possible ice Ioadhg and cross-
winds. The maximum loading of ice is 13 mm (0.5 in.)
radial thickness and 200 Pa (4 lb/ ft~) of horizontal wind
pressure m a tcmpemturc of -1 Se C (0° 0. Higher load-
ings mny be encountered in high-wind conditions typi-
cal of tornodocs or burricmms.
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in.sulntion in cables can be paper. mbbcr. cotton.
thcrmoplnstic. oil. ortscombinntionof these. Once tbc
solid inmhionis punctured byvolmgc breakdown. [be
fault continues until complete destruction. Oil-filled
cable can temporarily recover but will uhimmcly fail.
Solid wrapping of n bus insudlmion is subjcci m track-
ing mused by corona and local discharges. which also
will induce instdation failure.

Bus bar support insulnmrs me relatively failure proof
except in areas of bcm’ily contaminated nlmosphercs.
Under mnain fog or dew conditions. trucking and flnsh-
ovcr cnn occur. Swing-type insulntom and pin-type
insulators uc subject 10 the same difficulties as bus
insulmom but havetbe additional hnznrd ofgunlim by
bunters or milimry action.

In coruincd spnccs. flammable mntcrinls-which could
possibly result in the accumulation of smoke in tbe
event of Iirc-should not k used. ,Matcrinls, e.g.. poly-
vinyl cbloridc. Lhnt produce toxic fumes upon burning
should not bcuscd.

5-2.4.4 Labeling
All conductor switcbcs and other quipmcnt in o

swi!cbing center must bc Iabclcd us m voltage level and
pbasc. Towcm and poles ofoverhcad Iincssbould have
wmningsignstbm indicate tbcvoltnge ofthc lines. The
Iocatjon of the pbascs in an instnl!mion musl lx con-
sistent nnd dcsignnmd 1, 2.3 from left 10 right. top to
bottom. nnd from m back. The warning lnbels de-
scribed in pm. 44.9 should be placed wherever high
voltage is exposed or could be exposed during normal
mnimenance activities.

5-2.4.5 Grounding and Bcmding
Grounding conductors should be rmnchcd m machine

cases nnd cabinets by brazing, welding, mccbanicrd or
compression connections. or ground clumps. Soldering
mny only be used witbconncctions to tbc lend sbcaths
ofcablcs. Fcn=nnd enclosu~uound elmtrical equip
mem shall be connected m an adequntc ground by n
copper Connection of no! less [ban n No. 8 American
Wire Gagc(A\VG) conductor. Ifthcfcncc posts nreof
a conducting material. tbemcml fcncefnbricsbould be
electrically bonded m the posts. If tbc posts arc non-
conducting, e.g.. wood. asuitnblc ground must bc pro-
vided m frequent intervals.

Engine-driven-generator sets and lends may be
grounded tbrougb thesource connection with nconduc-
tor thnt bns o greater current capacity than the phase
conductor thm would supPly n fnult current or tbe mnx-
imumcurmnt tbm could flow tbrou8b i!.

The most commonly used ground connection is !bc
ground rod. i.e.. n pipcor rod driven into the ground
with n clump mmcbcd to tbe protruding end for con-
nection of n wire. Tbe diomcter of the rod is usually
determined bythcswcngihr equiredt odrivcthcmd m
the depth necessary because the 6round rcsismnce ob-
tained does not decrcnsc rnpidly with increasing rod
diameter. Rods should be made from or coated wi!h

conductive. corrosion-resistant comings 10 prevent tbc
buildup ofnn insulmingoxidc Inycron tbcsurfaccof
the ground rod. Longer rods generally provide lower
resistance 8r0unds because of the increased contact area
and the pcnctrmion imo deeper regions. which bnve
lower soil resistance.

Lover 8r0und resistance is obmincd prefcmbly by
connecting additional 8r0und rods in parallel. rather
tbnn by using chemical mentmcnts to ibe soil. bemuse
chemical treatments may be corrosive to the ground
rnds and usunkly me not pmmnncm.

Wberc convenient. buried conducting objectscnn be
used m grounds. Burial of cylinders. pipes, or plate in
wenches m n depth where soil remnins moist and un-
frozen should provide a low-redstart= ground. Also
conductors encased in concrete below grade. such as
rcinforccmciu bum in concrete foundations. may be
used for grounding. Forcommcrcial substations where
very low rcsistnnce must be obmincd to prevent
hazardous step-potentials in the event of Inrgc fault cur-
rents. n ground ma! is used-a network of buried con-
ductors supplemented by driven grounds. In cnviron-
menu where ground conductivity is espccinlly poor. an
msificial ground network should bc constructed by
connecting all units mgetber wi[b n safety ground capa-
ble of conducting (malt currents. The imegrity of this
ground system iscspccinliy important inordertomnin-
min nllcquipmcnt enclosurcsin thesysmm n! tbcsnmc
potential. Attempts m pass fmdt currents tbrougb the
enrth would result in exccssiw induced voltages m
ground terminnfs. Therefore, tbe ground network should
be connected m earth by using conventional techniques
such nsground rods nndburicd conductors. lfpossiblc.
grounds should lx Ioca!cd in areas where moisture
would be avnilable. i.e.. IISdeep as possible in sand or
ice. P!pcsor othcrburicd conducmr5should bC &for
ground connections m increase the probability of con-
mct with conductive soil.

The conductivity of wet. organic soil is 100 limes
grecmcr thnn [bat of moist soil and IWO times 8rcn1cr
than thw of dry soil. The rcsismnce of frozen soil is
particularly high. After n grounding bus bas been
created. it should be tested to determine wbctbcr it is
ndequnte for the inmnded purpose. especially if tbe
erwtb is n low-conductivity soil. (See Ref. 3 and PM.
5-2.6.4.)

---

A communication line CIOSAYcoupled m n dktribu-
tion line will have n voltage induced in it by mngnctic
induction. For safety rmsons [be communications Iinc
must be grounded m intermk to prwem vol!ngcs hnznrd-
ous to personnel and communication cquipmcm from
occurring on the communication line. especially when
hcnvy inult current k flowing in the distribution line.
To prevent induced current in Ihe communication line.
however. only n singfc ground connection is nccamry.
,Modilicmions of the communications line may be neces-
sary m allow multiple grounding while minimizing the
induced currents along the line. The techniques nt,ail-
ablc for modifying the communicmion line include trnns-
formcr couplings nnd fiber optics.
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5-2.4.6 Overcurrent Detection Devices —
Shon circuits-phase to ground, phase to neutral.

phase to phase. and three phnse-whcm the fault msis-
mncc is low arc cnsil: detected by ovcrcurrmt relays or
breaker trip coils. Hugh-rcsismnce faults in which the
shon-circuil currcm is within tbc normal load current
range me diflicuh to detect enrly enough ror nppro-
prime action to be taken. Several early detection tech.
niqucs arc available, i.e..

1. Rapid Change in Current Load. Because of tbe
arcing nnturc of !hc high-rcsismnce fault. there is a
power flow that does not rise and ftdl in a smooth curve
but mthcr bns n jagged wave shnpc. This abnormal rn!c
of rise in the power cut-se can & used to detect n fault.

2. Noi.re on Electrical Line. Noise on a circuit nlso
can be used [o detect n fmdt. Care musl be used in mak-
ing this dctcrminntion because the connected load in-
heremly may gcncrnu noise. For example. welders.
dimmers for incandescent lamps. and fluorescent lamps
W hnvc harmonic currents.

3. Ground Fault Interrupters. FmdIs between n
Iinc and ground may bc detected by diffcrcminl rclny
schemes in which the currents entering nnd [caving n
load (tmnsformer or line) arc compared within n pro-
tected region. Negative.scquenm current Iil!ers can be
used to detect single phase-!c-ground or phnsc-to-phnsc
fmdt currents.

Corrcaive nction for overlonds in n mdinl systcm is
relatively simple. The fuse, swi[cb. or circuit breaker—
discussed in prim. 5-2.4.6.1 and 5-2.4.6.2—m the remote
end of the line bas the mos[ scnsi!ivc sddng and will
react to a fault “downstream” before the devices closer
to the source take action. In Ibis manner. the corrective
nction minimizes tbc amount of load interrupted.

The protection of n loop-connected distribution sys-
.tcm is more complicated since potential fault locations
arc fed by multiple paths. For maximum effcctivcncss
overload dcvirn must be placed at Iocntiom whtrc
power enters Ihe loop. Scctionalizcrs must then be used
to isolate n ponicm of the loop if n fault cccum.

5-2.4.6.1 Fuses
Low-voltage fuses gcncmily contain n [him mewd

strip. Under overload or fault conditions; this strip
recks, arcs. and then ofxns and removes power from
tbe ovcrlonded circuit. A time delay feature is provided
by bonding two conductors together with a low-melting.
point O11OY.The conductors hnve a thermnl mass sufli-
cienl to hem slowly under slight overloads. Thus o shon
delay occurs before the conductors scparmc and imcr-
mpt the currcm flow. Cfassc.s of low-voltage fuses at-c
summarized in Table 5-1.

Current-limiting fuses me mom sophisticmcd in de-
sign. i.e.. they hn~.c multiple silver links thm arc sur-
rounded by compacmt qunnz sand. The links contain
numerous bridges that open rapidly upon fault condi-
tions, nnd the resulting am arc cooled by the sand.
These fuses act mpidly, limiting, then imcrmpting. fmdt
currents in milliicconds. The inhcmmly high rcsimmce
of the fuse during !he current-limiting process results in

the intioductioi-of Inrgc transient voltages into (be
supply feeding !hc fuse. These mnsicnts may damage
unprotccmd equipment powered from the some line
(Ref. I l).

Fuses for higher \,ol!agc systems include materials
that vaporize from the heat of the arcing fusx link
material. The fuse link is tension-spring londcd so [bat
when the link scparmes from o~.crheming, the two
pieces me pulled apart and thereby elongate the arc.
The arc hcnts and vaporizes tbc surrounding motcrial.
usually boric acid. The m!mscd gnscs and water vapor
deionize and COOIthe arc nnd extinguish it in about
one cycle (LU 60 Hz). Upon interruption. gases me
r+ased with cxplosiw forces tbnt can damage enclo-
sures when fuses ‘MC mounted inside. ,Mufflem or
silcn$ers arc incorporated into some fuse designs 10
nbsorb [he energy from cxpcllcd gases.

High-volmge fuses provide protection in [hc mcnt of
faults howwer. they haw limited effectiveness ngainst
overcw-rent conditicms. ‘f%creforc. their primary pur-
pose is m protect equipment from damage. not m pro.
tea conductors.

The actual limiting current of the fuse is affec:cd by
nmhien! tempemtute. Fuses should no! be installed
wbcre ombien! heating will be excessive or, for hlgh-
volmge fuses. should not be instnllcd whcrt (be tented
gases could crmsc dnmagc or injury. Likewise. fuse
boldcm sbmdd bt kept in good operating condilion m
maintain good electrical contact with the fuses because
poor contact conditions will generate heat sutTwient to
cmIsc fuses to fail or to blow at Iowcr currents.

Selection of fuses must be based on the voltage of the
circuit to be protecmd, !he maximum continuous cur-
rent nllo!ved in the circuit, the mn?.imum fmdt currcm
m be interrupted, and the time required for activation.
Fuse rulings for various bmnches and Icmls of n circuit
should be coordinmed so thn! semice is interrupted
only over n minimum portion of the system. For exam-
ple. faults in branch circui!s should blow fuses on that
branch alone and should not affect fuses w poims in
the systems thm feed [he bmnch wi[h :bc fmdt. Fuse
cnpncity and time delay chnrncteristics also must be
chosen for compnlibility wiih nummntic rccloscrs. lnfor-
mntion concernin8 fuse chnracteristi= is given in Rcfs.
I I and 12 coordination considcrmions arc described in
Ref. 13.

5-2.4.6.2 Circuit Bre~kers
Circuit breakers arc switches that are automatically

activated by n [hcrmnl. magnetic. or combination thcr-
mnl and magnetic mechanism Ihm senses ovcrcurmnt
conditions. Magnetic brcakcm mny be designed so that
tbc trip currcn! is independent of temperature howcwr.
thermal brcukcrs gencmlly become more sensitive with
increasing tcmpcratums. Thermal sensing is useful for
loading dctectioru hou,evcr. magnetic sensing is required
for rapid fault interruptions. The magnetic trip mecha-
nism may bc modified [o provide additional features
such as owmoltwge sensing nnd ground fault inter-
ruption.
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TABLE 5-1. LOW-VOLTACE FUSES (600 V AND BELOW)

(Adapted from Ref. 4)

TyPC UL voltage. Currem. Interrupting or Comments
Standaid” v A Short Circui( Rn!i”g, A

Noncurrent
LimiLing

Plug

H

L[miting
K

G
1
L
R

T
cc

198F

198B

1913D

198C
198C
198C
198E

198H
198C

I2s

‘250.lwo

250.600

300
6C0
600

2so/dcO

2s0/600
6fm

0-30

040

O.doo

0-60
O-60+l

601-6GWI
0-600

0-6oo
0-20

Shon circuit IO,WO

Shon circuit 10,000

lntcrmpling 50.000.
100.LMO.and 200.OW

lntcrruptin8 100.000
Immupling 200.000
lmcrmpting 200,000
lnmruplin8 200.000

Intcrmpting 200.013U
Interrupting 200.WO

Edison base and
Type S 1ypC5

lnterchnngenble
with K series and
RK series fuses

Types
K1—High degree of
current limiting

KS—,Mcdium cur-rem
limiting

K-9—Fair curmm
Iimiling

Optional time delay

Typcx
RK1—Highdcgrecof
current Iimiling

R K5—,Medium degmc of
current limiting

- Fuse R. KWCIIUS:
UL 198BCIrm H Fuses, (fndenwitcm Lnborm.rics. Northbo.k. IL. 1982. (Ref. 5)
UL 198C High. imcrmptinB Capacity Fuses. C.rmnt-Limiting Type. 1981. (Ref. 6)
UL 198D High.lntcrmpting Capacity Clus K Fuses. [—]. 1982.(Ref. 7)
UL 198E Clnu R Fuses. [—]. 1982. (Ref. 8)
UL 198F Plug Fuses. [_~ 1982.(Ref. 9)
UL 198H Clw T Fuxs. [_], 1982. (Ref. 10)

Ckcuit brcnkcm usc switching technology npproprimc
for the voltnSe and current of lines. For circuits opcrm-
ing m voltnges up to &Xl V, air circuit brcnkcrs arc
used. i.e.. circuit breakers in which the switch contacts
rue surrounded by the mmosphcrc. Higher voltage lines—
up m 15 or 20 kV—may be interrupted wilh devices
that usc nn air blast or magnetic field to lengthen nnd
break up the Drc. For extremely high voltages. circuit
brcokcrs with immersed or sulfur hcxnfluoridc (SF.)
insulated switchgear arc used. The oillcss breakers arc
more widely accepted. espminlly for indoor USC.because
of the tire hazard associated wilh oil.

For systems of the size bcin8 discussed in (his hnnd-
book. ihc most common lype of breaker is the air-

imulmed. molded-case circuit breaker. These breakers
hn%,e moldcd+omposition bodies wi!h provision for
panel mounting, “magnetic trod/ or thc;mal tripping
mcchnnisms. and onc m three sections m accommodme
single or polypbasc circuit interruption. Units with
higher intermption cnpacity incorporate m-c chutes for
extinguishing the arc upon opening n circuit with n
fnull.

In all but tbc smallest sizes. circuil brmkcrs have a
“trip-free” handle. Once the breaker hm been tripped.
“trip-free” handles come to rcsl in n position bclwecn
“of~ and “on- to provide o visunl indication thm the
breaker hits been !rippcd. The handle must then be
mowd beyond the off positinn m reset the breaker

—.
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before it can be returned to the on position. Thk action
reduces the chances of nn inndvcnem resmrmion of
power to a circuit conmining n fault.

Breakem for scpam!e phases should bc gnngcd to-
gether so that an ovcrcurrent condition in onc phase
will cm.se all !ht-ec phases to & disconncc! cd.

A useful accessory-used an ground fault inter-
rupters-is the push-w-wip femme. which allows the
testing of n magnetically operated switching function.
Other ncccssorics include a solenoid opcrntcd reset !htn
allows remote tripping of the breaker. nuxilimy switches
for remote indication of breaker status. nnd hnndlc
locks to prevent operation of the circuit breaker during
repair or mnintcnnncc of tines fed by the circuit breaker.

The air-blnxl circuit brcnkcm used in higher voltage
applic~tians am typically housed in metal cabinets in
drmvom drmrefs for mnintenmmc and inspcc!ion. lnlcr-
Iocks should be provided 10 prevent ihe withdrawal of a
breaker if il k not in Ihc open position.

AS with fuses [he selection of circuit brmker rulings
n! n locution in n system must bc coordinmcd with
other circuit breaker% rccloscm. semionalizcrs. and fuses
located clscwhcre in [he distribution system. Breaker
rnting and time before tripping should be selected so
thnt the Iowesi level branch circuit brcnkcr trips and
isolates minimal portions of the network. Procedures
for coordimuion of circuit intermpters arc discussed in
Ref. 4.

Reclosers arc circuit breakers that reclosc after open-
ing to clmar a fault. If the fmdt siill exists after n preset
number of reclosings. the rccloscr locks out in the open
condition.

Scctionalizcrs rue breakers that operate before other
breakers mtcmpt to clear the faull. This serves tbc pur-
pose of reducing the amount of load thn: is interrupted
when the finnl fnult<leming opamions clear [he sys-
tem. Also these breakers and the main brenkers con be
of n tower rating than the breakers that would bc
required if scctionnkizers were not used. Oil circuit
hmakem depend upon the quenching action of the oil to
extinguish !hc nrc that k created when cortmtcts purl.
Blnst (air and mngnecic) brrakct-s rely on the lcng&hcn-
ing, cooling. and breaking up of the arc. which results
from blow”ng tbe arc into an nrc chum.

During mnintennncc opemtions on a brcnker, it must
be sepnmmd from the system by disconnects that can be
locked in the open position. Bath sides of the breaker
must be so separated to prwent “back feed” on the lend
side of n breaker. When breakers cannot be physically
disconnected from the line for mnintennncc or repair.
[he terminals of the breaker must be tied togclher by nn
external shoning bar and grounded by an adequate
grounding connection during mnintcnnncc or rcpnir
opcmtions.

S-1.5 COMPATIBILITY AND
lNTEROPERABILITY

In the cvcm that ~dditiond quipmcnt must be ~ddcd
m m existing diswibu! ion systcm. n careful review must

be made. Considerations for integration of equipment
into. or replacement of equipment in. a distribution
network me

1. Replacement equipment must have a voltage
rming equal to (hnt of the equipment origincdly speci-
fied. In most cases n higher rating may be tolerated.
(An example of n case where o higher volmgc rating
should not be used is current-limiting fuses that can
cause cxccssiw tmnsients on the line when n fault
occum.)

2. Replaced items must haw a curt’cm capacity
compatible with [hot originally specified. and fuses and
breakers’ should be replaced wilh units of equal char-
acteristics.

3. Polyphnse equipmcm should have the same elcc-
trictd configurn!ion. i.e.. wyc (3@-3\V) or delta (3+3 W).

4. EauiDmcnt should be capable uf operation in. .
the some environment. Equipment charnc~erislics m-
Intcd to environmental conditions include opcrmiomd
tcmpcrmurc rnngc. rcsismnce m humidity. tolcrnncc of
solm mdintion. and resistance to corrosive atmospheric
pollutants.

5. For portable distribution equipment. connectors
should maw with those used in existing equipment.

6. Cam must be taken that circuil breakers used
for replacement hwc n physically similar case. Allhough
fuses me well sumdnrdizcd. circuit brcakcm arc awtil-
nble in slightly different configurations, which mny pre-
vent lhcir installation in cxisling panels.

S-2.6 TEST CRITERIA FOR ITEM DESIGN’
ASD ACCEPTANCE

II is nssumcd that nll componcms used in tm instnh-
lion have been individwdly tested or inspccwd before
nssembly into n distribution system. The tests described
in this parngrnph should lx performed on the complete
system before i! is put into sewicc.

5-2.6.1 Inspection
A visual inspcciion is neccssmy to determine whether

n hazardous siumtion exisls so thm it mny be corrected
prior to use of [he switchgear. Exnmple points to be
covered during the inspection arc

1. Verify that all connections arc secure and made
in accordance with design diagmms.

2. All sensing and control inxtmmcnmtion must be
connected properly.

3. Current transformer secondaries mus! be con-
ncctcd m n metering device. relay. or shon circuit. Cur-
rem /transformer secondaries should not be leji open-
circuited when in service because ext rc mcl y high o pcn-
circuit tcrminnl vokngcs mny be produced.

4. Transformers should. be checked for proper tnp
settings based on !hc primary supply voltage and the
required load voltages.

5. Sigmd lights on ptmcls must be verified 10 giw
the proper indication. i.e.. circuit breaker closed or
open.
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S2.6.2 High-Po[entid Testing
High-potential tests should be applied to all bus

structures m wiry the adequacy of [he insulmion.
High-volmge tests of overhcsd lines and cables should
be made before application of power. Control wiring
should be subjected to suitoblc high-voltage tests.

5-2.6.3 Relay TesI
E.xtensiw ICSISmust be performed on relays to verify

thm they will operate U! the apprnpriatc value and
energize the intended circuit breaker trip coil and will
not opcrmc when they should not.

S-2.6.4 Ground Resistance Testing (Ref. 3)
Ground rcsismncc tests arc performed 10 verify !hc

ndquncy of the grounds of the syitcm. A high-resistance
or inadequate ground can allow Ihc development of
unsafe touch- or step-potcmids in the event of n fnuh.

An approximation of the resistance of n ground can
be obtnincd by the following test. Two additional ground
rods me dri}.en. A known voltngc is applied Ixu,ccn
the ground being cvnhmmd and the first test ground rnd
to obtain the current flow. This procedure is repented
wirh [he second test ground rod and then agnin with the
voltngc applied to :hc IWOtest rnds.

The rcsistnncc of the ground rod being cwdumed may
be determined by solving the following cqumions simul-
mncously

RC + R, = E/lG.i, fl (5-i)

R, + RI = E/ [,.1, fk (5-3)

where
E = test voltage. V

[c-i = current that flows when !CSI vohnge is
applied between ground system Ming
ewduntcd and ith test rod. A

It+ = current thnt flows when icst voltnge is
applied bcmwcn two test rods, A

R~ = I’CSISUIOCCof ground system king cvnlu-
med, n

RI = m&ym associmcd with ilh test ground

This is not an acc&Ic test. but ii does provide n gond
aPPrOXimatiOn for the ground rcsistamx RG.

.5-2.7 OPERATIONAL PRECAUTIONS
Instzdlmion of a distribution systcm should conform

to Section 2 of the ,Nntional Elcctricol Snfc!y Code for
ovcrhmd Iincs and Section 3 for underground insmlln-
Lions (Ref. 2).

In a tactical environment time and facilities may not
permit smict adhcrcnct to the snfcty code. [n such
cases the instnllztion should be mndc m conform m the
cndc us nearly as possible giwm the constraints im-

-------- -.

posed by time and availability of equipment. For instal-
lmions thnt me not temporary, !hc insmllmion should
be brought into compliuvx ns quickly u possible under
the existing conditions.

Work on or near distribution lines thm must remain
in-service must bc done in a safe manner. The usc of
rubber blankets. rubber hose-s. and rubber gloves is
mandmory. All items in Lhc Smional Electrical Safety
Code. Section 4. shall be follotved (Ref. 2). Any equip-
ment thnt may be dccncrgizcd should be removed from
service during the maimcnwmc or rcpnir opa-ntions.
(See Section 422 of Ref. 2.) Swi!chcs and disconnects
lhm ha~,c been opened must be tugged and remain open
until [he tng is removed by the foreman in charge of the
mnimcnm-tce. (See Section 423 of Ref. 2.) Grounds
must be placed on equipment m eliminme induced volt-
agc$ that might endanger Pcmmmwl. (.% SccIion 424 of
Ref. 1.)

Disconnects and grounding switches provided with
locks should be locked os well as trigged during the
mointcnnnce.

Equipment should be tested for volmgc before work-
ers begin (heir repair work. Tests to be performed me

1. Test the electroscope on equipment known m be
alive.

2. Test the work area to dctcnnine that there is no
volmge present on the equipment.

3. Retest the elccwoscofx 10 verify !hn! i! is slill
functioning properly.

Periodic inspections 0$ the following items should be
made m regular intemnlx

[. Po[cs. Condition of poles and change of
termin—wnshout.% slides. etc.—affecting suppon

2. Crossmms and insulators for damage caused by
Ilashovcrs, gunshot, etc.

3. Conducmm for Ilruhover damage, mechanical
wear. etc.

4. Inndvencm storage or plnccmem of flammable
mnteriok ncnr switches and circuit brmtkcrs.

5-3 DISTRIBUTION TRANSFORMERS

A diswibu!ion mmsformcr is n static device. having
no motion or rouuion. thm consists of two or more
windings mogneticnlly coupled by a steel core common
to all windings. The function of the transformer is to
chnnge [he vohnge of the source to the voltage of
another part of the network lhnt requires n different
voltnge. For example. the volmgc of the primary net.
work. e.g.. 12.8 or 34.5 kV, is reduced to the volmgc
Iond ( 120-240 V). This chnngc in vohag~ is produced by
tbe difference between the numlsa of turns in each
winding womd nr.mmd n common ircm core.

The windings of !hc coils arc insulated by solid
insulation-cotton. plastic. etc. —nnd arc cooled by n
liquid (!rnnsformcr oil) or by air.

Trmsformcrs come in o m,ide variety of designs.
Transformers can LXmounted on n pole. mounted on n
plmform between (WO poles. or mounted inside build-
ings. Larger mmsformcrs arc designed for mounting on
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concrete pnds or in spccinlly constmctcd VallU~ Tmis~
(orrnem used for tempomry service mny bc mounted on
tmilcrs or railroad cars.

Transformation from high to low three-phnsc volt-
nges may be made with either three single-phase trans-
formers or a three-phase tmmformcr. i.e.. usurdly three
seu of identical windingr on scpnrntc lcgr of on iron
core. The primary nnd secondary of either configure.
tion may be connected in n deltn or wye con figumtion:
the ~pproprimc choice is determined by the power
source nnd lcd configuration. Fig. 5-2 shows o Iypicol
three-pbme stepdown mmsformer connection. Wnd-
ings A-A’. B-B’. and C-C’ may each be single-phase
transformed or paired windings in n three-phase trans.
former. [f the common point of connection of the three
wye-connccmd windings is grounded. less insulmion is
required wound tbe grounded end of !hc windings, nnd
therefore. the mnnsformcr could be mnnufncturcd 1s
expansively.

. .

3
t

12kv A

20EI(V \

IBC
t A

i
A’ 120 v I

> 2rt8 v

B’ c’ I
~~

Figure 5-2. Wye-Wye-Connected Transformer:

Another commonly used connection is tbc delta con-
mction. Ftg. S-3 shows a wyedelta+mmccted trrms-
former. Again A-A’. B-B, nnd C-C’ ore three singlc-
phasc wnnsformcrs or paired windings in a three-phase
transfo mm r.

AA

B c Pc’

A’

B’

Figure 5-3. Wye-Deltn-Connected

_ Transformer

,Mnny special con figurmions arc available using
tapped windings or muhiplc windings to provide com-
binmimu of voltages for special loads. Examples include
the center-tnppcd single-phnse trnmformer used to sup-
ply 120- ond 240-V loads nnd the wye<onnectcd Imns-
former, which can pcnver a 208 V-34 motor loud whllc
simultaneously powering 120-V loads. Common con-
figumtions arc described in Ref. 14.

Because of the nonlinearity of the iron in the mag-
netic circuit of the transformer, n third harmonic mag-
nclizing curnmt is required. If the power to the tmns-
formcr is sinusoidal and contains no third harmonic
energy, !hc energy will be taken from tbe ou!put wind-
ing and thereby diston the output volmgc. The second-
my windings of n wyc-comsectcd transformer will hnve
n stron~ third harmonic component even if the input
were n pure sine wave. The delta-connected trnnsfonner
provides n pmh for [be (bird harmonic magnetizing
current wound the loop formed by the delta, and there-
fore. t~c OUIPUIvoltngc will not be distorted.

Wye-eonncctsd transfonnm wc used to provide n
well-established ground that mninmins nll phnscr at an
equal rms voltage level with respect to ground. If the
delta conligumtion is used. the Icmd must supply the
ground-i.c.., be btdnnccd and be Wye-conncctcd-or
one corner of the delta must bc grounded 10 prevent the
buildup of induced phnse-to-ground volmgcs. However,
this groundedammr configuration is not recommended
bemuse it is incompatible with common three-pbnsc
practice.

Other combinations arc available and arc dmcribed
in Ref. 14.

5-3.1 INDUCED ENVIRONMENT
There ox mognetic losses in the steel core of n wnns-

formcr when the trnnsformcr is energized even if there
is no load connected to the transformer. Other Iosscr
include misumct lorses, sometimes called copper losses,
which vary with [be square of tbc currcm and which
cause heating of the Imosformcr. The rating of the
transformer is determined by the maximum heming
thnt can occur without causing dnmage m insulation.
Unless the transformer is protected, overload ccmdi-
;ions will cause the cmnsformcr to overheat and possi-
bly cause imcrnrd fnuh.r.

Other cnvironmcntol effects of tmnsformms arc the
noise nssocimed with the ihird hnrmonic mngnctizing
current mngncmswiction. the prcscncc of high volmge
lYPical Of pt’ima~ distribution syslems. and the prcs-
cncc of cnvm-mmcnudly dnmaging oil that possibly con-
tains PCBS.

5-3.2 HAZARDS
A short circuit on or near !hc load-side tcrminnfr of a

uunsformer supplied by n Iow,-impsdnncc source will
subject the windingr to extremely high magne!ic forces.
The DC component of [he foul! current can result in an
rms wduc tbm is double the steady stnte AC current
value. The transformers hnvc low impcdtmces on the
order of~~_lwx Iwo_~neIors combine to cause the
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fmdt current m lx in the range of@ times normal cur-
rent rating. .Mngnetic forces on the conductors are pro-
ponionrd to the square of the current. Thus the brnccs
on the winding itself could be subjected 10 3600 limes
the normal force. A poorly designed or conswucted
transformer could fnil internally and possibly cremc the
hazard of an oil fire. “

A shon circuit near n transformer mm cause destruc-
tive forces on bus bar insulmors.

Dnmagc to !he case of a transformer resulting in n
leak of the coolant is complicated even further if !hc
coolant u PCB.

Lighming arrestors me installed on the high side
(source) of transformers to protect them from lightning
nnd switching surges. Failure of ihe arrestor to limit the
surge can cause the insulmion of the winding to fail
wiih the nsmcimcd hazard of fire.

S-3.3 DESIGN CONSIDERATIONS
Several protective devices or elements of design arc

incorpomtcd in building trnnsformcrs m protect them
from ovcrcurrcm nnd surge voltages (lightning and
switching).

Protection from ommurrem in addition to external
devices, such tM fuses and breakers controlled by relays.
arc built into wnnsfonnem by hot-oil thermometers and
hot-spot thermometer. Both of these devices arc usu-
ally used M advisories (warning Iightsk they do not
opcmte breakers. However. they can bs used to activmc
cooling fnns and pumps. They have the disndvnmnge of
time lag between npplicmion of n suddenly applied
henvy overload and the chnngc in oil tempcrnturc. The
hot-spot tcmpernturc and the lop-oil w.mpemmre. cwn
on n consmm load. will be quite different. Scveml
designs of hot-spot thermometers arc in usc in which
the oil tempcrrmm is augmented by a hem that k pro-
portiomd to [he load current. ,Mmching the time con-
stant of the bcmer to that of the transformer hot-spot is
difilcult if not impossible. These dcviccs mm OCI as n
guide, but the ultimate protection mum be n circuit
breaker or fuse cxtemnl to the transformer.

Surge protection includes internal surge protection as
well as cxternnl surge protection. External protection
takes several forms. nnmcly.

I. Lightning mrcstom
2. Spark gaps
3. Insudlmion of insulators close to trnnsformcrs

thnt hove n lower sparkover volmgc.
TIIc inductnncc of the tvinding inhibiw an impulse

charge from immediately flowing into !hc winding. ‘flis
delay cnuscs !hc charge on the capacitances bc!wccn
turns. or pancakes. to charge III different rates. The
stress on the line-side turns is gremcr ]han on the mrns
m the neutral end (Ref. 14).

By proper location of cnpncimr plnms in the winding
of [he dielectric. stress can be mnde more uniform
between turns of the tmnsformcr and thereby increases
the amount of surge volmge the transformer can with-
stand.

Each wnnsformer location on n system is subjected to
n different voltage level for a given impulse voltage !hm
is applied to n system because of the different reflection
and refraction charncteris!ics of exch node of the net-
work. Also the impulse that is applied to ezch trtms-
former is n function of the network pnrammc- and is
different for every configuration. Because of the large
number of combinations of conditions thm cnn exist.
the problcm con become extremely complex. Therefore.
rmhcr than selecting n transformer m withsmnd a par-
ticular surge voltage based upon the voltage that could
bc expected a! the pwticulnr locmion. all transformers
in n particular system arc selected from one of n number
of standnrd impulse, ICSI swcnglh trrmsformcm dcsig-
nn!cd ns “basic insulation level- or El L. The basic insu-
lation level is defined to be the lowest voltage of one of
the sumdnrd voltage s!rcngths ovailnblc Lhm will not &
exceeded m ony transformer Iocmion in !he network.
All equipment at n given location bus a common level
of surge-voltage withstand rming.

[n dating the basic insulation level. consideration
must IX giw! m other protection devices incorpommd
into [he system. As an example. when n spark gap
flashes over. the sudden interruption of the current in
the traveling wave cm.scs :hc voltage diffcrcncs bcnvecn
phase end-turns 10 be extremely high (Ref. 14). When n
circuit breaker opens n hcm’y fault current. the arc may
restrike n! tbc next voltage peak by reason of the
“trapped chnrgc” on the network. Thk subjects !hc sys-
tem m n crest voltage of double the original value. This
can rcpen! scveml times and result in six times the crest
voltage m appear m tbc transformer terminal. .Modern
high-speed breakers ummlly open quickly enough to
limit this value to 2.5 limes the normal value (Ref. 14).

The use 01 funs blowing on the cooling fins can
increase the Iond that can be carried by nearly 100%
The design o{ the cooling of the transformer greatly
influences ibis figure. POIC-1OP-IYWtransformers ncw
usc forced air cooling bemuse ambicm cooling is iwnil-
nblc in !hc n!mosphcrc. Transformers in confined spaces
arc limited in nbifity to carry load in direct rclmion to
[be ambicm tcmpcmturc of !hc conlincd space. Forced
vcmilmion can pnnially eliminate d-k demting of trnns-
formcm in these confined installations.

Transformers in high altitudes must be dermcd in
proportion to the rarity of the mmospherr w’ailablc for
cooling. A compcnsming effect is the cooler tempem-
turc at the bighcr altimde.

Pole-mounted mnnsformcrs me hung on [he poles on
a brnckc! for easy instnllntion or replncemem. The
mounting position of the bracket on the pole is usually
at righ! nnglcs to the direction of the overhcnd conduc-
tors. The transformer must be placed on the pole wilh
other equipment so ihm the following conditions arc
snt islicd:

1. Adequme clearance must exist between [he ener-
gized conduclom associated wilh !hc transformer. lighl-
ning arrestor. fuse. sw”tchgcar. etc., and grounded ob-
jects. such m the transformer case. guy wires. and the
lightning ormstor ground connection.
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2. Blast direction of fuses and cutouts must not be
directed toward Iiw equipment. such as phase wires.
tmnsformcr bushings. and lightning arrestors.

The Iocmion of !mnsformcm on pads and trailer
mountings relative to the other associated equipmcnt—
switches, breakers. fuses. and lightning nrrcwors-should
allow cnsy ncccssibili!y” for rcpltwcmcm and repair nnd
should provide adqun!e spacing for the safely of
personnel.

A primary mansfonncr (transmission m distribution
primary) usunlly is connected to the wnnsmission sys-
tcm through a disconnect nnd n circuit breaker. Between
the brmkcr and the lrnnsformer n lightning ormstor is
connected to the phase wire and ground. The voltage
drop in the lightning arrc.wor ground loud and the earth
rcsi.mnce produced by an impulse current will cause
the line voltage to be considerably higher thnn the
lightning arrestor mting. For this reason. the lightning
arrestor ground Icad is connected to lhc transformer
case. The other winding must be protected against high
tank volmgc by n protective gap. The voltage drop in
the lightning arrestor ground lend is the rmson for Lhc
rclmivcly high impulse level of the low-voltage windin&

Secondary mm.sformcm (distribution primnry to lend
voltage) MC connected to the primary by external fuses
to prowc: [he line. not the trnnsfonncr. In some mms-
formcr designs. an internal circuit breaker actuated by n
bimcud strip is included.

At each transformer, n ground connection that has n
resistnncs of not greater thnn 25 fk must be provided. In
addition. lhe neutrnl of the primm-y line must have M
Iemt four ground connections pcr mile (Ref. 2. Sections
96A2 and 96A3).

5-3.4 COMPATIBILITY AND
INTEROPERABILITY

The pammctcm [ha! describe a three-phnsc wnns-
former bank arc

I. Primary voltage
2. Secondnry voltnge
3. Internnl connection wye-wye, wyedeha. dclm-

dclm
4. PolmiIy indication
5. Impedance
6. Taps
1. Number of windings (primary, secondary. and

possibly tcniuy).
Modem tmnsformcm arc designed to operate near

the knee of the iron mngnmic-smurmion curwe and.
therefore, nre Iimitcd in the allowable overvoltngc. To
nccommodme the variation of primary voltages cncoun-
tcrcd in field inswdlmions. IUPS nre provided on the
primary winding. In small installations these taps arc
preset before placing the bank in scm’ice. Lnrgc insmlla-
tions have tmnsformcm with the ability to change trips
under load (TCUL). Tops we usually in (be range of
*IO% Trips can be incorporated in (he sccondory wind-
ing and not !hc primary (see par. 5-4.4). Several second-
ary voltages arc in common usage. The most common
volmges am 120-240 V and f20-20S V. The 120-240 V

combination results from n single-phnse transformer
with o ccntcr tap in the secondary winding or a thme-
phnsc. dclm<onnec:cd secondary with one secondary
provided tsith n center IUP. The 120-20S V combination
results from n wye-connccwd secondary with the 120 V
obtained from n phme-m-ncutml connection ond the
208 V obtained from n phn.se-to-phase connection.

PolnriIy indicmions am usunlly dcsignmcd as H I-H2
for the high-voltage winding and XI-X2 for the low-
volmgc winding. By dctini! ion H 1 nnd .X1 have the
snmc polnriIy and arc simultaneously positive. Dot
polari!y markings we also used. These polarity mnrk-
ings must be carefully considered in forming n thmc-
phnse bunk out of thmc single-phase transformers.

The impednncc of [lie transformers is important in
the dctermimmion of vohngc regulation. i.e.. the chnnge
in terminal volmgc caused by o change in load. lmpcd-
nncc u also important in the pnrrdlcl operation of wans-
formcr banks. Tnmsformem with differcn! impedances
will not share the load as intended.

Tops (ratios nnd phase angle) can be used 10 adjust
the division of real and rcnctiw power ktwen banks
operating in parallel.

Insofnr as it is possible, the Iomion nnd configura-
tion of the high-voltngc connection m tmnsforrners
should be uniform for n given in.wnllation to enable
ready replaccmem or exchange of equipmcm and for
the safety of personnel.

Extreme cam must bc exercised in replacing a mm.s-
formcr bank. especially if the bank is opcrming in
parallel with another bank.

Transformers having idcmical windings will provide
higher volmge when connected in n wye configuration
tbnn they provide in a delta configuration. The wyc-
dclm-connected tmnsformcr hns a pbssc shit of 30 deg.
whercns the wye-wyc has no phase shift.

Tronsfonner nnmcplmes contain all tbe pertinent dntn
that describe the tmnsformcr.

5-3.S TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE

Excessive loss will lead to heating of the transformer.
which cm lead to prcmntum insulation failure. Loss
testing is performed to insure thn! losses arc wilhln the
design limits for the tmnsfopner.

Measurements of the load loss nrc made by connect-
ing the high-side winding to an ndjusmblc low-voltage
source with the transformer low-side winding short cir-
cuited. The volmgc of the source is adjusted until Ihe
current is equal to the rated high-side current. S= Fig.
5-I for the test saup.

Maummcnt of the load loss includes tbc loss in the
voltage tmd the voltage coil of the wmtmcter. The con-
nection to the tmnsformcr is.opened. and the wallmeter
is rend without ndjusting the source voltage. (A scpo-
rate source is essential for !his test. ) The losses in the
meters must k subtrnctcd from the original measure-
ment to give the mm.sformer load loss.

The measurement of no-lend (iron) losses is made by
using (he mmer connections shown in Fig. 5-5. The voll-
ngc of the sourm k ndjustcd until the average voltage
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Figure 54. Transformer Load Loss ,Measurement Test Setup

meter AV reads 1. I I times the mtcd rms voltage. The”
wnumeter will record the mtal system losses including
those in the wnumcter prrmntinI coil. the voltmeter. and
the potential tmtrsformcr. in addition to !hc iron loss in
the test traosformcr. Corrections must be mnde to elim-
inmc these losses. The demiIr of the corrections nnd
refinements m-c beyond the scope of ths handbook but
can be found in Ref. 15.

The turns rmio. the m!io of primary voltngc tO
secondary voltage. u verified to iasurc that Ihc lrmrs-
former will deliver the desired voltngc when connected
to a primmy distribution system of n specified voltage.

The volmgc withstand test is conducted 10 insure tha!
thctrnnsfonncr can withstand volmgcimpulscs cnused
by lightning strikes on a distribution network. Even
though lightning nrrcstam arc gcnerolly mounted di-
rectly on the mmsformer. volmge spikes of thousnnds
ofvokswill bcinduccd bylighming. Permanent break-
down or tempornry arcing induced by the lighming-
induccd trmssient could cnuse a fnuh that would inter-
rupt theelectrical serviccor. if thcmmsforrncrwerr not

,. —- .—. .—

properly grounded, could cress high volmges on exposed
conductors. The voltage withstand test is conducted to
determine whether the transformer can withstand tnur-
siem voltages of a mngnitude equaf to the B] L rming of
the wnnsformer. In the test a transicm voltage is ap-
plied to terminals of the wrmsfornser twice. once IX a
level Ml below the rming of thi transformer curd n
second time n! the desired lesting level. Waveforms arc
recorded for both cases and compared. Failure of the
test is indicn!ed by n difference between the recorded
wnvcform other than amplitude or by c~.idencc of nrc-
ing. Demils of the test procedure arc given in A,NSI
C57.98 (Ref. 16).

Tmnsiormer $hrding resistance is mmsumd to verify
tbm there arc no winding defects or internal cmrnec-
tions that have n high rcsismncc and would develop
“bet spots” during opermion. These measurements can
be made with a Whcatstonc or Kelvin bridge. Care
must be mkcn in making the mcasurrmcm 10 Mow the
tmnsicnt caused by the inducmncc of the winding to die
out before making the reading.

Transformer
I=utemial Transformer

2-- -
Under Test

J -1

Adjustable
Wrllege I

~11’

1 $
Sowce AV I

1:

1:
Ammeter

Avereg 1 ‘ =
Magniluu= — -J

~ Current Tmnsformer
Voltmeter

Figure 5-5. Transformer Nrs-Load Loss Measurement Test Setup
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MIL-HDBK-T.65(MI)

5-3.6 OPERATIONAL CONSIDERATIOA’S
Although all (ma.cformem arc tested in the fnctory.

winding rcsistnnce and iurns mtio should k \,critlcd
kforc placing the transformer in service to insure
against damage in shipment.

The ratio ofnsingle-phmc wansformcr can be meir-
sured by applying o small voltage. e.g., 120 V. to the
high-voltage winding and reading the voltage of both
windings with a high-impedance voltmctcr(onc having
an impedance greater than 500 times the winding
impcdnncc).

The polnri!y of n singledistribulion transformer in a
mdinl distribution svstem is not imoonnm. The ratio.
and polmiiy tests of mnnsformers arc of prime impor-
tnnse, however. in installations thnt will operm in
parallel with existing trnnsformcm or if the trnnsformerr
are to be connected in delm configuration.

Bcfom connecting n wyedclto transformer. n lest
must bc made in polarity before closing the delta. Two
comers of the dclm arc conncctcd. leaving one corner
unconnected as shown in Fig. 5-6. The wyc connection
is energized with n three-phnss source, and the witngc
is measured bcmvccn A and B. [f the voltage A-B is less
thnn A-C. the dekn may be closed even if the voltage
A-B is nonzero. [f EA@EAC, one of the windings—
either A-C. C-D, or S-D-must be reversed and the
mansfonncr retested.

AB

~ A

Thraa-
Phase
Source

c 0

H2

A

X2

H, -X,
X3 H3

(A) Vector, Dlagmm -—

— ——

~ ‘-
H3

v,

H2

Sasondav
Transformer H,

No. 1
-..

“T
1

X3
1

X2 ,

1

Secondary 1
Transformer xl

-ye. 2
--~

(B) Winding Designation ,-

Figure 5-7. Vector Diagram of a Properly

Connected Delta-Deltn Bank

Figure 5-6. Polnrity Test for n Deltn-

Connection Transformer

l%c three-phase polarity and phase sequence tcsu
must be made if a new mmsformer bank is to be con.
nectcd in parnllcl with an existing bank. Them arc
many ways to connect the windings. Only n fcw connec-
tions arc dcscribcd to illustrate the procedure. The rcln-
:ionships bctwccn voltages are more clearly presented
by vector diagrams in which the voltage magnitude is
rcprcscmed by the length of the vector nnd the phnsc is
rcprcscntcd by the nngulm position. Note that mrow-
heacfs me unncccssnry since the direction of o voltage is
indicxcd by the Inbeting m each end.

Fig. 5-7 is n vector diagram of deltadclto bank’ volt-
a~.a~tcr terminals H, and xi huw been tied together.

The conditions indicated by Eq. 5-C must be satisfied
lx.fore transformers may be connected in pmallcl.

~H,-H, > EH,-XJ, v

EH ,-,, = EH,-x,, v .
(54)

where
F*l = voltage mea.surcd bc!ween terminal i nnd j.

,,. .
If lhese conditions nrc not &isficd, either one trans-
former is off ratio. connected backward. or both.

Fis. 5-8 is o vec!or dingrnm of n wyc-wyc<onncctcd
transformer bank after connecting H I nnd x,. The condi-
tion indicmed by Eq. 5-S must be satisfied before the
trnnsformcrs may be connected in parallel.
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Figure 5-8. Vector Diagram of n Properly

Connected Wye-Wye Transformer

—. .-— .-.
&x, = &,-x,, V

~H,-H, > ~H,-x,, v (5-5)

EH,-x,> 4%,-X,, v.

If thcss conditions arc not satisfied. one trnnsformcr is oif
rmio. connected backward. or botb.

A wyedclm transformer has an inherent phmc shift of
30dcg. The vector diagram of n properly connected t rmrs-

former nftcr Ho nnd x, bnvc been connected mgctbcr is
given in Fig. 5-9. The conditioac indicated by Eq. 5-6
must be sntisficd.

H2

u’Xz

Hlxl

W

(A) Vector Diegrem

H3

Y

H2

Secondary
Transformer

No. 1 HI

X3

v

X2

SecondaV
Transformer

No. 2 xl

I
I
1
I
1
1
1
I
1

(B) Winding Designation

Figure 5-9. Vector Diagrnm of a Properly

Connected Wye-Delta Transformer .
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fk,-x,= ~H ,-,,, v

&,-H, > ~H,_x,. ;

~H:-H,~ z%,%,
(5-6)

~H,-H, > ~H,_x,, v.

If these conditions MC no! satisfied. the transformer bank
is improperly conncmd. one tmnsformer is off rntio. or
both rue off m!io and backward.

A properly designed nnd constructed transformer
should last 30 yr or longer if it is not abused by being
consisteml y overloaded. Overloading causes(l) Ibc oil 10
brcnk down and producu acids that attack the insulation
and (2) sludging tbnt clogs oil circulation passages and
reduces the cooling capability.

The cost of complete mnintcnnhcc of all transformers.
e.g.. pole mp. is not cconomictdly justified bemuse the
cost over a JO-yr period would he much greater than the
t-cplzwcment of the small number of unmnin mined mms-
formcrs that would fail.

Lnrgcr transformers should be tested periodically for
the dielectric strcngrh of the oil, dissolved moisture
(which sbo.ld be less than 80 parts per million (ppm)).
and acidi[y (which should be less than [hut which cm be
neutralized of 0.2 mg of potassium hydroxide (KOH)).
Other tc.sm check nmounts of dissolved oxygen nnd
copper salts in the oil. Tmnsformcm can continue m
opcmte for long periods of time with oil that hns dcterio-
rmcd far beyond test guidelines. An economic n.rsessmem
weighs the costs of maintenance, i.e.. replacing the oil.
agninst !hc expected increase in service life of the
transformer.

Trnnsfonncn also should bc inspected at regular intcr-
wds for dctcriomt ion of paint on the tank. bushings, scnls,
connections. etc.

If the oil in the trnnsformcr contains polychlorinatcd
biphcnyl (PCB), regular inspections for leaks arc required.
If the transformer is located where leaks could possibly
contaminate foodstuffs. the trnnsrormer must be moved,
replaced. or converted to a non-PCB-lillcd unit. Conver-
sion of PCB-lillcd uni!.$ to non-PCB involves flushing the
trnnsformcr periodically until [be PCB concentration in
the transformer is expected m rcmnin below 50 pans per
billion (ppb). However. periodic filtering of [he mm-
fornmroil will probably k nccc.$.mry10mnimnin Ibc PCB
concemrmion below thnt Icvcl. Periodic chcmicnl annly-
sis of the oil is required 10 monitor the PCB concmtrmion
in nll tmnsformcm that have used PC B-bnsed oil (Ref.
I 7).

5-4 POWER CONDITIONERS

S-4.1 lNTRODU~ION
Power conditioners include n wide vnricty of dcviccs

thn# modify one or more oflbc varinblcs thnt dcscribc the
volmgc of n source or n load. Mngnitude. phase angle.
frequency, power-fnctor correction. and constancy of !hc
voltage arc some of the attributes that arc controlled by

—.—. .

power conditioners. Various conditioning devices m-c
prcsemcd in the paragraphs that follow.

S-4. 1.1 Transformers
The input winding of o mmsformer is connected m an

AC source of power m one voltage. and it delivers power
to n loud m n different (or the same) voltage. The fre-
quency of the volmgc is uncbrmgcd by the transformer.
Top-changing trnmformcrs arc used m regulmc the out-
put volmEc * 10%. Transformers cm also be used to shift
!hc phase of AC power. A wye-wye- or dcht!delm-
conncctcd three-phase transformer has no phase shtft
between the primary and secondary voltages. A shif! of 30
dcg can be produced by a simple three-phmw bank by
connecting it in n wycdehn or n dclm-wyc arrangement.
Specially built transformers can shifl the phase angle in
smnll steps through a rcmW of values. (See Fig. 5-10.)
,Notc that windings A and A’nrc wound on thesamccotz
m me B nnd B’ and C and C’.

Figure 5-10. Phase-Shifting Transformer

In some applicmions requiring DC. rectifiers am used.
Tbc ripple in the DC output is reduced if tbc source is
six-phase rmhcr than three-phase. Transformers can be
conmxxed to make Ihc change of Ihrcc-phnsc m six-
phase. (.% FiE. S-1 l.)

The wnnsformcr is an extremely simple device with no
moving parts. but the connection can be cxmcmely
complex.

5-J.1.2 Motor-Genernlors
Motor-generator SCMhave SNcml oppiicmions. Ccr-

min loads me extremely scnsiti~e m volmgc fluctuations

—— --- — — 5-16 ._–
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●

●

*

Norm Winding polarity is indicated by dota.

Figure 5-11. Three-Phase to Six-Phase Transformer

. .

of the source digital cquipmcnl is m example. A motor-
gcncrntor set can bc used ns a buffer bctwccn the source
and the load. Except in very severe voltage disturhanccs.
the motor is mmffccwd nnd !hc voltage of the gcncrnmr
rcmeies constant.

Cm-rain applications require n frrquerrcy differcm from
the available source. The source voltage is rcctilicd by n
rcctificr or motor-generator se!. Thc DC is then used to
drive an invcrrcr or n DC motor of n momr-gcncrumr SCI.
The AC frcqucnc~ ou!put of the irwcrrer or generator can
be vericd over a wtdc range by changing !hcswitcbing mm
of the inverrcr or the speed of the DC motor.

5-4.1.3 Power-Factor Correction (3rpncitors
Capacitor banks or synchronous condcnscrr arc used

for power-fnctor corrcaian of n load. Overloads on dis-
tribution lines multing from low power-fnctor loads can
bc rclicvcd by connecting power-fnctor correcting capaci-
tors ecr.ns the load. Low voltngc m the end of modcrntely
long distribution Iincs can bc rcduccd by adding capaci-
tors m the load end of (be line. ExwmrrclY long Iincs. near
n qunrrcr wavelength in length, are aggravated by the
nddition of capacitors. This is not n considcrntion unless
[he frequency of mmsmission is high.

5-4.1.4 Rectifiem
Rcctificrs nrc used to converr AC power [o DC. A

trcnsformcr is used if voltage co!wersion is ncccs-my to
step ibe source voltage up or down. The rcctilier tiller
circuit furnishes the desired DC voltage. Account must bc
;nkcn of the !wcrngc value. root-mean-sqtmrc. and muxi-
mum value of o sine wave voltage in selecting the trans-—- -- —.—-

—-. . —. —-.. —— .-— — 5-17
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formcr rmio m bc used in Ibis insmllmion. as indicated by
Eas. S-7 nnd 5-8.

“For half-wow rcciiilers

EDC = 0.45 Em. V

and for full-wnw rcctifierx

.&= 0.9 .%, v

(5-7)

(5-8)

where
Enc = DC output voltngc of rrc:ilicr. V
.% = rms ~,ollnge input to rcctilicr, V.

5-4.1.5 Voltnge Regulators
Voltage regulators take several diffcrcm forms. Tap-

chnnging tmnsformcrs arc used in conjunction with Imgcr
tmnsformcr brinks. [n motor-gcnemmr sets. silicon-
controllcd rcctiliem (SCR) arc used m control output
vo[tagc. Olhcr methods of cent ml include saturable rcac-
mrs nnd fcrromonant wmsformem. “

S-4.2 INDUCED ENVIRONMENT
Motor-gcnermorscts hnverc.tming parts Mmsformmr

haw no moving pans. Motor-generator sets will raise the
ambient wmpcrmurc more than n trnnsformcr of qua!
capability. The losses in the motor and the generator are
much higher than in n transformer bccnusc of frictional
Iosscs mrd windage. in ndditicm to (he iron and copper
losses.

r
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The noise of n motor-generator set. rdlhough much Icss
than nn cnsincdriven-gencrmor set. is much grcmcr than
the mngnccostriction noise produced by a transformer.

Capacitor banks crcnte vinunlly no heat or noise. Dur-
ing normal opermion. their presence has very Iiule effect
on the environment.

,Mcrcury arc rectifiers produce noise and ultrnviolc!
light from the OK discharge. wherms dry-type rcclit’icrs
generally have no cn~,ironmentrd effects other than hcm-
ing.

5-4.3 HAZARDS
Power conditioners have hoznrds associated with their

opcrwion in addition to the high-voltage hozmd that they
sham with distribution umnsformcm.

Since momr-gencrntors have totaling parts. the cou-
plings between motor and generator, if exposed. am espe-
cially hazardous to personnel. The sparking of the com-
mutmor and collccmr-ring bmshes can provide a source
of ignizicm ofcombus!iblc vapors from lubricants or other
volatile mmcrials. Motors musl be protected against n
low supply volmgc that might cnusc the motor to smll,
ovcrhcnt, and muse a fire.

Capacitors have n fairly high failure rate compared to
the expected life of n transformer. A fnilurc may result in
tnnk dnmagc or rm oil spill. Banks musl be protected by n
fuse or cutout that will blo~ in case of failure. Capacitors
hnve [he ndditionnl hard of retaining o chnrge afwr they
have been disconnected nnd momentarily shorted. The
shorting device must be left in place for n considerable
length of time during any nssocin:cd maintenance work.

5-4.4 DESIGN CONSIDERATIONS
,Motor-gmcrmor sets have the hnznrd of the rotating

coupling between the units. Conscquemly, they should be
installed so that no rotating parts wc exposed. ,Mcnns
must lx provided to prcvcm start-up of a se! when mnin-
cemnce personnel are working on Ihe unit-c. g., brush
replnccment, coupling inspection. or mnintennnce.

In the design of an automatic mp-chnnging voltnge-
regulmor insudlalion. the sensing device must have a
larger deadbnnd. i.e.. the mngnitudc of !hc error permit-
ted &for-c !be up-changing nction is inilintcd, thnn the
magnitude of adjustment s:ep.x otherwise. “hunting”
action will result.

Solid-state rcgu[ntom provide nccurme regulation of
voltnse by vnrying the fraction of time that the input
wnvcform is passed to the ou!put using SCRS to perform
tbc switching. The sensitive control system required for
precise rcgub.wion necessarily includes high-gain compo-
nents thnt are pmcmi ally unstnblc. These regulators musl
include liliem to prevent line trnnsicnts from affecting !hc
swilchhg of the SCRS and to prevent intmfcrmcc gcner.
mcd by the switching from reaching sensitive electronic
clpparmus.

Ta~banging mmsformcm consist of n wnnsformcr
with n tapped primary. n topped secondnry, or tapped
prima~ and secondary. An intcrnnl switch facilitates the
changing of taps. Tap changing can be designed m change
n! no-load or to change while carrying load. In !hc Iirsi

case. the top changer must be removed from service. and
the tap connections arc made manunlly. In the second
case. the tap chnnging is accomplished by inmrnal
switches !hm must be able to cony full-load current.

In Iond tap-changing tmnsformcrs. two mps are bridged
during Inp chtmging. In Europe the Iwo tapping switches
mc bridged wi!h n resixor. Tap changing must & very
mpid LOavoid overheating [he resistor. Failure of one of
the swiichcs could burn open [he resistor. vaporize the oil.
and possibly cnuse an explosion and fire. In the United
Smws. a rmcmr-a closclycouplcd numtnmsformcr wilh
two equal windings-is used to bridge the two conmcts
during tnp changing. This method is more expensive but
safer. The renctor is designed m snturnm when a volmgc
slightly higher thnn the voltage between the [ZIPS is
impressed on il. This limits the surge volmgc induced
during mp changing to very little more than the tap-to-tap
voltage (o” the order of 2.5$%). The tnp changer mqui~
two switch contacts and a bridging reactor. which opcmte
in the sequence shown in Fig. 5-12 to switch between taps
safely without introducing tmnsicms on [he Iinc. An air
gnp is introduced in the iron corc of the reacmrto further
limit the peak volmge of the surge introduced when IUPS
arc changed.

All mp.changing transformers must be insmllcd with’
ndcqumc clmmncc to insure the safety of personnel
involved in [heir routine activities. All companments of
the control mcchnnism must remain closed ~.hen the
changer is in-service CXCCPIfor ins~! ion ports for usc by
Irained personnel. The mp chnngcr contains oil and
incorpomtcs switching dcvi~ and must bc segrcgnted
from other equipment to limit damage from possible
explosion or firc(Ref. 2, Section 172nnd Section 180 El).

Copncitors must discharge m 30 V or less within 2s per
Ref. 18. [f filters ore used. automatic cnpaci!or discharge
devices such os bleeder rcsimors shadd be med.

—..— .—— —— –. ..-. -..—

S4.5 COMPATIBILITY AND
INTEROPERABILITY

5-4.5.1 Transformer
Transformer banks can be built from single-phase

tmndormcrs connected in wye-wye. wycdclba. or deltn-
dclta configurations. The bank has a primary and a
secondary winding and cnn rdso include n tertiary. If a
three-phase bank. or conncmion of three single-phnse
transformed, is to be used as n replnccment in n system
where nnothcr transformer is opcmling in pmnllcl. the
rcplnccmcm must ngrcc in every detail—k VA mtinq pri-
mmy, sccondnry, and tenimy volmgcs ‘winding voltngc
transformer conncctiow top changer settingx and phasc-
shifting taps. If the tmnsformcr is not operating in paral-
lel. i! must htwe the same kVA rming, voltage rmings. and
Inp connections as the transformer being rephxcd.

S-L5.2 Motor-Genemtors
Motor-gcnermor sets hzwc mtings of bo!h the motor

and the generator. These rmings include the momr(hpor
kVAk DC. single-. or !hrec-phase: voltage: speed: maxi-
mum line currmw ond power f~cmr (AC motors only).

- --. .— 5-IX .--— . . . . . .-
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(A) Step One

L

(C) Step Three

(E) Step Five

$>
g’”

(B) Slep lWo

L

(F) Step Six
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. .

(G) Step Seven

Figure 5-12. The Seven Steps Required to

Transfer From Between Taps on n

Transformer

Gcncmtom arc mtcd DC, AC single-or three-phase. AC
frequency, kVA. voltage. and curmm.

A rcplnccment SC!must duplicate the intended purpose
of the sm—i.c.. AC IO DC. AC to AC. DC to DC. or DC
to AC. The motor input voltage must bc the same. The
mororspscd. single-or :hrcc-phase (if AC), and !hc rming
must be m Ienst cqunl m the rnting of the originnl set. The
gencrntor output must be m Ihe snmc voltage level. fre-
quency, and single- or !hrm-phmc if AC. (A DC gcncm-
tor has a zero frequency.)

.. ----

S-19

Capacitor ‘banks me mtcd as to kV and kVAR.
Rcplnccmcms should duplicme the original installation.

5-4.5.4 Rectifiers
Rcclit’iers me rated u 10 kVA. AC vohnge input.

single- or three-phase. and DC output volmge. Rcplace-
mcms should duplicate the originnl installation.

5-L5.5 Voltage Regulators
Volmge rcgulmots may include tap chnngcm or SCR

dcvims. llw rmings include input voltage and percent
regulmion. Tap chnngcrs must carry the load current.
SCR rcgulmom control some nuxitimy device that regu-
lates the outpuI voltnge. e.g.. the DC.exciter voltage of an
AC gencmwr. The rating of the SCR can be small tom.
pared to [he capability of the device it is controlling.

The output u,nvcform of volmgc regulators must be
compatible with the load. Ccrtnin SCR volmgc rcgulniors
and fcrrorcsonam rcgulamm may generate ex.xssi~,e
harmonics. which may dnmngc or interfere with suscepti-
ble loads.

5-4.6 TEST CRITERIA FOR DESIGN AXD
ITEM ACCEPTAA’CE

Complete specifications for acceptance !CSISof the var-
ious pieces ofquipmcm m-e detailed in various A,NSI.
lEEE. NEMA. nnd ULpublications. Thetests am too
voluminous m reproduce hem. however. equipment fea-
umcsthmshould bcmsted !onssumsafcoprmion me

1. Insulation must withstand rated low-frequency
nndsurgc wstvoltagss withoul tlashovcr orpuncturc.

2. Thcdevicc muslcanyfully ramdcurrcntwithout
exccrding the permitted tcmpermurr rise nbot,e Ihe
nmbknt tcmpcrnturc.

3. The volmge regulation. i.e.. amount of voltnge
drop m the terminals when the dcvicc (generator) is cmry-
ing full load. must notcxcccd !henllowablc penntnge.

4. Capacitor banks must deliver the m!ed kVAR
whcnencrgized m the rnwd voltage.

5. Thcdeadbnnd ofautomtuic mpchimgcrs should
be grrmer thnn the step size of the taps m prevent exccs-
siw tnpchnnging during operation.

6. Thcfecdbnck within wrSCRcon!mllershouldbe
negative and hnvc n ramp rate thm will not produce
instability.

5-4.7 OPERATIONAL PRECAUTIOA’S
Operations that should bc git,cn in documentation of

the sys:cm for various power conditions will necessarily
depend on the principle ofopemtion ofthc power condi-
tioncrsinm [he hiuwdsto be avoided will wuybctwcen
IYpcs. For nll IYPCSclew specifications-including proce-
dures forchccking phase balance nnd romtion if required
for motordrivcn conditioners and anycxtcmnl circuit
protection that should he pmvidcd for !hc equipmcnt—
should he provided forconnectiontothc powcrsystcm.

...— — -.. . . . . .-
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Forrota{ing componcntsthnt conmin brushes. cau-
tions should Ix spccii%d for the installation of the unit in
Ilnmmable or explosive mmosphcres. [f shielding of rolm-
ing components is not provided by the physical design (m
i! should be). !hc specification of cnclosums or gumds
should bcgivcri. Procedures forcliccking nlignmcnt and
bahmc of rotmionrd equipment should be described for
equipment using separate motors nnd genermors since
ou[-of-alignment oprrmion cm lend to cxccssivc vibm-
lion or premmure bearing failure. Ckmingproccdurcs
should be described because machinery must he kcpI
clean mpcrmi! proper coolin~ however.equipment may
be dnmagcd if improper cleaning ngents am used. Wam-
bsd cleaners maycrcmc undesired conducti$”c pmhs.
and oil-based prcducts mny detcriorme certain insula-
tions. Acceptable cleaning agents should be specified.

Power conditioned using solid-state componcnts—

c.6.. =mic0nduct0r.devic=- fcrrOr=Onnn{ lmnsfO~cm.
and filter-mponcnts-should be mounted in locations
where hem mn~ bc dissipated through convective cooling.
Thcseinstnllai! onconsidemtions should bcspccilied in
thcinstmclions provided forthc unit. Ifnccc.ssnry, warn-
ings should be given against mounting (he unit near
sourccsof hem. in locations where prccipitntionon the
equipment is possible.orinsunlight.

For cquipmem usin8 capncilors that may rcmnin
chnrgcd after quipmcnt is disconnected. operntionrd
instructions should specify procedures for the safe dis-
charge Of CaptitOl%

5-5 UNINTERRUPTIBLE POWER

SUPPLIES

5-5.1 INTRODUCI’ION’
Uninterruptible pow’cr supplies (U PS) am used whcrr

power interruptions cannot be tolemwd. Possible appli-
cations include computer applications. hospiml operating
room lighting, htdlwnys, and cxil lights associated with
auditoriums or plums of assembly. Only battery-apernted
instaflmions will be discussed in this paragraph. although
other uninterruptible supplies arc nvnilnblc—such m the
motor-generator that us the romtionnl incnia of the
armmurc to supply energy for the period bctwccn the loss
of the primnry power and the time when n sumdby enginc-
driven-genermor XI can be brought cm-line.

5-5.2 INDUCED ENVIRONMEXT
Lead-acid bmtcrics imroducc sulphuric acid liquid and

fumes into (he environment. Charging the baucrics pro-
duces hydrogen and oxygen gnscs. The exhaust from the
necessary ventilation of the battery stornge space can
contaminate adjacent equipment spuc with the corrosive
sulfuric acid vnpor.

5-5.3 HAZARDS
During charging of lead-acid bmteries. hydrogen and

oxygen gnses arc generated. If ventilation is inadcqumc.
the mmosphcrcof theconflncd spaccctm reach anexplo-

.-

sive mixture. No smoking in battery rooms should be
permitted bemuse of the possibility of on explosion.

Adding distilled water m bntkcs and testing the spe-
cific Kra,.ity of the electrolyte expmc$ personnel 10 lhc
cxtremclycorrosi,.c action of [he liquid and fumes. Provi-
sion ror neutralizing the acid on skin or in eyes must be
imtamly a,milablc-ci,cn complete shower equipment
should be provided for serious accident cases.

During nccidenwd short circuiting of batteries. extreme
bubbling can occur. which will throw acid droplets into
the mmospbcre. The nction during n short circuit can be
sufficiently violent m mpture the battery cases. Lilhium
chcmist T batmics require special design. use. and hrm-
dling considerations.

Failure of nn uninterruptible power supply maylcad to
cm unnmicipnted loss of power to equipment whose fail-
ure could result in injury. loss. or. in severe cases. death.
Criiical Ionds powered by uninmruptiblc power supplies
include hospimJ life-suppon systems and large computer
sys[ems.

S-5.4 DESIGN CONSIDERATIONS
The requirement for speed of response generally estab-

lishes whether trtmsfcrsw.itches maybe used in n configu-
ration like thm depicted in Fig. 34(A)-except with n
response invener replacing the cngincdriven-gcnemtor
set-or whether !hc power must be supplied continuously
from the same source as shown in Fig. 3-6(B). The ln!tcr
case is ncccssnry if severe phnsc discominuitics cannel be
tolcmted (motor loads) and if even transient prover oul-
ngcs cannot be tolerated. If power outages of shon durn-
tion (hwing for few line frequency cycles) cmmot be
tolerated. switches can be used to wansfcr the load from
the normal source to a quick-starring source. such as a
solid-state invcrter. \Vhcrc continuous opcmtion k re-
quired. ci!hcr n continuously running inverter must be
used. or an AC motor. n DC motor. and n generator
hnvingncommon nrmntumshaft must be used. Aslongns
power is auiloblc. the generator is turned by the AC
motor. Upon interruption. !he rotmion of !he genemmr is
mnimnincd by the DC motor powered by batteries. which
were chnrgcd by the line when it wns opcmtiomd.

\Vhcn an interruption in service of the main source
occurs and the UPS is aciivntcd. the transfer must be
designed so thai there cm! k no conflict between the two
sources. For lighting circuits the safest opproach is to use
IWOsets of Iighting—onc SC!operated by the line and a
scparntc set of Iowcr capacity, bnttcry-powered lights that
arc energized upon loss of power. [f transfer switches arc
used. ottention musi be gi~.en m the timing of tbe
tmnsfers. Considerations for switchins motor loads arc
giwen in par. 3-3.2. I.

Relaying and system protection must be carefully stud-
icd. The usc of a UPS should not be attempted to keep
nliw o portion of a system thnt has been dccnergizcd due
to a phase-to-ground fault. Further damage could be
don. to !he sywcm and the UPS equipment by closing in
on a short circuit. Also the UPS cquipmcm usually must
be grounded. If the UPS ground connection imroduccs

.-- —— -
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an alternative path for neutral currents. the ground fmdt
prozeclivc dcviccs of the system may not function. inter-
connection of UPS wi!h existing power di.nrihution
requires careful evaluation of the grounding scheme for
safely and adherence 10 local CWJCS.(See pm. 3-3.4 .3.4.)

5-5.5 COMPATIBILITY AND
INTEROPERABILITY

The chrmmcri.wits-type. class. cmcgoty. and levcl—
ofn UPSarcdelincd in par. 1-3.1.2.3. Forcompatihiiity.
i.e.. the nbifity to replace another system. the rcplncemcm
systems must have

1. Atypeindicming !htsamcorn longcropcrn!ionnl
period

2. Aclnssindicating lhcsnmc ornhstcrrcsponsc
time

3. Thcsmnecmegoty
4. ~esmclct,el ofmlinbili(y.

Also the wnvcform qunfity ofthc UPS must be equal to or
better than the one it is to replace. e.g.. systems with an
output wnveform that only npproximntesn sine wnvc—
stepped or square wave wnvcform. UPS systems with a
stepped or squint wave waveform arc not generally cOm-
pmiblc replacements for sine wave output UPS systems.

Intcropemhilhy is not uswdly n cri!ical issue wilh U PS
systems since they typically do not opemtc in pnrnllch
rather. they drive loads individually.

5-5.6 TEST CRITERIA FOR DESIGN AND
lTEfil ACCEPTANCE

Bmteries used for emergency lighting should have n
gunmmced discharge rote and ampere-hour m!ing sufli-
ciem to hnndlc the expec!ed load for the length of time
required m restore the normal supply or the time required
to plact in service gencrmors used for backup in nn
cmcrgcncy.

Bnltcrydriwn motor-generator sets used to supply
cmtial AC-opmrued equipment should have n gencrmor
voltage with n kVA rming su~tcicnt to suppl y the load [or
the expected lengths of time. The motor must hnve n
volmgc rating compatible with (he bmtcries and n power
rnting suflicicnt to drive the gencrmor. The nutommic
start-up equipment should be mmched m the motor. The
smrt-up of the set should be tested, bul the rulings of the
momr and gcncrmor will be mken IISbeing correct. The
batteries must have !hc voltnge and ampere-hour rnting
mquircd. Tcming the batteries is hardly pmc!ical.

To be worthwhile. (he UPS should hnvc a reliability of
an order of magnitude grmmr thnn [he normal source of
supply.

Testing of the UPS is done through the testing of
individual compcmems prior m insmllntion and by mnn-
ually interrupting [he primwy service af!cr the system is
installed.

5-5.7 OPERATIONAL PRECAUTION’S
Battery rooms arc to be accessible only to qualified

fxrsonncl. Rooms containing lend-acid bmtcrics must he
well vemilmed to reduce the exposure of personnel to the
corrosive fumes of the batte-~. The wmilntion system

must not cxhousl in a direction thm will haven dc.lcterious
effect on other equipment in the total installation. During
charging of the hatterics. hydrogen is emitted. Vcmilmion
must be odcqunte to prevent n combustihlc mixture of
hydrogen in the atmosphere in the bmtmy room. Smok-
ing is prohhk! in these rooms.

BmIcrics should be mounted in metal racks or fmmcs
nnchorcd to the floor. Hou,c\,er. nnchoring m both !bc
floor and U,UIISis not recommended. Adequme spacing
should be provided for inspection and for maintenance
and testing, and there should Lx adequate hetiroom for
lifting equipment to remove and mplncc battcty cells.

Safe!y equipment should include
1. Goggles or face shields
2. Acid-rcsistanI gloves
3. Protective nprons nnd overshoes
4. Pormb!e or stmiomuy water mpply for rinsing

skin and eyes
5. Neutralizing ngcnt.

5-6 SWITCHGEAR

5-6.1 INTRODUCTION
Switchgcnr equipment is used m connector disconnect’

energy sources or loads in distribution nc!works in case of
trouble or for maintenance. repair. or control. Grttin
switchgc.nr opermcs nutommicnlly when a short circuit
occurs in the sy!ern circuit brcnkcrs arc actuated by relays
or by n fuse [ha! blows when n ccrmin current value is
exceeded. Other switching devices (disconnects) am opcr-
rmed mrmunlly and arc incnpnblc of interrupting current.
Switchgcar is discussed in gr.mt detail in Chapter 6.

5-6.2 INDUCED ENVIRONMENT
In addition to the presence of high voltn~c on the

bushings of oil circuit bmakcrs, swi!chgcru introduces oil
into the environment and introduces the associated
hazards of oil spills and fire. Arcing in open-air. Iow-
voltngc (600 V) s$vitchgcnr opcrnted under load or fault
conditions may gencrme intense heat nnd light that could
affect nearby personnel nnd equipment. Ccnain fusxs and
cutouts blow with explosive force. The area around hlgh-
volmgc switches is extremely hnznrdous because of (he
imcnse bent, molten me!ml. intense light. and loud noise
associated wi!h [he arc. Every precaution should be tnkcn
to make the area inmccs.sible to unauthorized personnel.
and authorized personnel must take every precrmion
possible in performing any type of work in these areas.

5-63 HAZARDS
The hazards nssncimcd with swi!chgear used with dis-

tribution systems include
1. Electric shock from current-carrying parts thm

were thought to be dcnd but arc nliw through back feed or
through stnlic or e!cclromngnclic induction

2. ,Mcchnnical shock resulting from n breaker open-
ing under stress (shon<ircuit cleming)

3. Air breakers opening with an arc in open air
4. R“pturc of the umk of rm oil circuit breaker with

the possibility of an oil fire
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5. Opcrming error in mmmmlly opening n disconnect
that is carrying n load with the susmincd nrc spreading IO
other equipment

6. Improper procedure in replacing a fuse !hat has
blown on n permanent (cud! opcrmor in the line of the
blast.

5-6.4 DESIGS CONSIDERATIONS
Air brcakem (600 V) that break the wc in air must be

Iocmed high enough on (he vcrticrd panclbcmrd to pose no
hazard to personnel by the nrc resulting from n switch
opening. So other equipment should bc mounted on [he
board above Ihe breaker bccnusc of the possibility of nrc

. dnmngc.
Oil breakers in open yards must be Iomtcd fur enough

from the fence m prevent contact with the high-voltage
busbing by a wire or other mmerinl poked !hrough the
fence by unauthorized persons. Thii will also gunromcc
suffkiem clcarnncc for maintenance and operating per-
sonnel to perform their duties safely. The space horizon-
udly between the brmkcr nnd other equipment shall Ix
noc IUS than J m (10 Ct)in open yards or 7.6 m (22 ft) in a
confined space. (See Ref. 2. Code 172 and 180 B 1.)

Enclosd switch rooms must have m lmst IWOexits.

5-6.5 COMPATIBILITY AND
lNTEROPERABILITY

Spccilied chnmcteristics include capncity (kVA rming).
inwrrupting time (cycles), and BIL (volts). An evaluation
of tbc nmximum kVA 10 be interrupted and !hc surge
voltage level encountered in n pnniculnr system provides
on ndequme basis for defining the switch chmnc:cristics.
Rcpiaccmcnts should be mndc only with equipment that
hns equal or greater ratings. Dkconnccu have n currcnt-
C@nS capability and n BI L rating. they arc no:
dcstgncd to brcnk Iond current or fault current and must
be replaced by equipment with an cquaf or higher
capacity.

Since Ihe blowing times of fuses me coordinated in an
installation. rcphccmcnts must be mode with the identi-
cal fuses thm were in.wdled in the originnl design. Also
time-curtmt curves of fuses must be duplicntcd.

5-6.6 TEST CRITERIA FOR DESIGN AND
ITEN1 ACCEPTANCE

A thorough fault study of n nmwork must be made in
which the mud fnult m each junction point u obtained for
three-ph= and single. phnse faults. The flow in the lines
connected to !hc fault location musl be determined: how-
ever. a rndial system does not need this detail because
them is no flow in lines beyond the fault location. Thuc
dnm must lx used in coordinating the selection of fuses
and switches.

Mmmfac!urcrs’data mus[ be w’ccpied for time-current
curves of fuses bemuse testing is imprncticrd.

Each type of breaker should bc tested for its intcrrup-

!ion nbllity at rmed kVA and kV. The equipment should
nlso bc subjected to a standard impulse test of the rating
of the equipment.

Disconnects should bc tested a! rated current to verify
thm they do not overhcnt when carrying full load.

Further wst details arc given in Chapter 6.

5-6.7 OPERATIONAL PRECAUTIONS
Routine inspection of air circuit brmkem thm arc in-

sctwicc must be done with the knowledge that the breaker
may be called upon m opcrme m any;ime. The arc in open
oir that tokes plncc on opening is n real hazard. and
extreme caution must be used to nvoid bums and eye
damage. .Mnintennnm cm this switchgcm must be under-
taken only with !he switch out of service.. i.e.. isolated by
disconnects nnd grounded. No Ilammnblc mmerinl should
be left in close proximity IO the arc contacts.

Disconnccu lhnt me not intcrlwked with the breaker
m whtch they arc connccmd-to prevent opening load
current-must hnve ample signs to warn ngninst operm-
ing the disconnect unless the breaker is open.

Work on oil circuit brmkcrs must not bc done unless
their dkconnccts arc open. The initial step is thnt a
ground connection of ample nmpacity musl b-econnected
first to ground and then to the breaker. An external
jumper must lhcn be connected between the two high-side
bushings of the break. At completion of the work. the
safety precautions arc removed in reverse order-lint the
jumper. then [he ground from the breaker. nnd finally the
ground from the ground. The breaker must be opened
before the disconnects arc closed. and finally. !hc breaker
is closed.

Similar procedures arc required with meml-ctad brcak-
cm. First. oven the breaker. unmck it (This is equivalent
m opening “the disconnects.), and ground the breaker.
Restoration of service requires vcrific.wion tha! the
ground hns been removed and thm the breaker is open
before the switch is recked into position. Interlocks
should be incorpom:ed to prevent inndvertcnt insertion
of high-voltage switchgcar while the switch is closed.
Finally, the breaker is closed.

During actual operation of the open switch, espccitdly
opening of switches. !hc opem! or should cxercisc extreme
cnution in the event that the current tilng switched k
grcmcr than expected. For disconnects unloaded switches
should be opened by using an “inching-technique. where-
by the switches arc opened slowly. If a large nrc results
because of the presence of load currcn!. then the switch is
rccloscd immediately until the load cm be removed. ,NoIe
that this technique is nol opplicahlc to Iond-brcaVlng
switches Lxcause of the resulting nm. Appropriate prolcc-
tivc clothing should be worn. includin& rubber glows.
protective head covering. eye protection. and a COINto
protect individuals from the hazards associated with &rc-
ing. The operation of switchgcar is discussed more thor-
oughly in pm. 6-7.
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CHAPTER 6

SWITCHING SYSTEMS

[n all electrical distribution systems. swi[ching sysmms are necessor.v [or dle remO)’a/ of po~~’er 10 allow

system maintenance on load control. Several general say’eIy considerations associated wi[h switching gear are

discussed in rhk chapter. First, switchgear components ore described briefly. and Ihe rorings 11101determine

their suimbilil.v /or speci~c app[icntions are identt~ed. Gsvironmenml eJ$ects of operating switchgear are

discussed [o include arcing and mechanical shock: (he saye:.v hazards associated with these ●fleets are
idenftfied. Safely considerations for swirchgear design are discussed. ●specially swilch access and arc e.rtinc-

tion and suppression. Compcslibility and interoperabilif.v of swirchgear are discussed. as well as (esrs dIaI are

t~picol!~ performed on s~vilchwr. Fins@. SOJW considerafio~ in inslolling, mainlining. and Opera[ing
switchgear ore diccussed.

6-O LIST OF SYMBOLS
p = Z71L?28. ba~eof nntumi Iogarithm.dimensionless
I = instantaneous current. A

1.., = maximum fault current. A
L = inductance of line and fcwh. H
, = time. ~

R = r=istancc ofthccombination ofthc Iincnnd fault.

V = wltnge brtwccn line and ground. V
V-=;a?!#lt\.ol,age.Jr
IZI = R’ -+(QILY. mt!gnllUdc of the Thevcnin impcd-

nncc bctwccn source and [nub. fl
a = phiuc nngle of line at time of faull. rad
e = TIJn-’(wLI R), md
IU= mdian frequency of line. rndls

6-1 INTRODUCTION

Smwd generally. the term switchgcm refers m “switch-
ing nnd interrupting devices and rhcir combination wiih
msocintcd control. instrumentation. metering. protecliw
nnd rcgulming devices” ( Ref. I). Switching equipment
used in electrical distribution networks takes several dif-
fercm forms. Fused cumuts usc fuses m interrupt curmm
autornalicdly when the currcm values rmch prcdetcr-
mincd Icvcls. Ckcuil brmkcrs imerrupl the current by
mccbmicnlly sepmnting current-cnrrying cOnmcts-
cithcr in response ton detcc!cd owrload condition or as a
mult of mnual acliva! ion. .Wanually comrollcd switchi-
ng is cffccmd by the uss of disconnects in circuits not
carrying full-lwsd current and by cutoms in circuits carry-
ing full-load current. Cutouts interrupt current flow
either by fuse action or by mechanical separation of
conmcts.

6-1.1 APPLICATION OF SWITCHING
SYSTEiVIS

Switchgcar is used for various purposes including
1. Rcccmfigumtion of powcrdistribution sysmtisto

pro~.ide power to loads from an alternate source or
throu6h an alternate route

2. Control of the current flow to n load
3. Isolation of sc.aions in n distribution s)wcm for

mnintcmnce and rcpoir
4. Interruption ofcurrcnt flow during n fmdt condi-

tion.

6-1.2 SWITCHING COMPONENTS
,Sormdly. switchgmr consists of components that cm

nlwrmtdy imcrrupt nnd rcconncct circuits through the
mechanical mowmcm of electrical conmcts. although
fuses nrc often incorpomtcd into the unit to prot.idc the
capability for imcrrupting full-load current. ,Most com-
monly encountered switchgcnr components arc cutouts.
discmmec!s. and circuit breakers. Each is discussed.

Cutouts arc disconnecting switches Ihat me opened or
closed mmuudly by qmating personnel by means of insu-
Iawd poles. Usually, n fuse is part of the switch blade :0
provide overcumcnt promction for the line. Tbc fuse
blows if there is o short circuit ‘downstrmm” of the
cumn. The CUIOUIcan be used m sectionalize the diswi-
bution system nnd is to withstand manual opmmicm when
carrying loads up m its tnted current value.

Disconnect switches arc manunlly opemtcd switches
thnt arc capable ofcnrrying rated current but arc inmpa-
blc of interrupting Iond or fault currcms. A highly induc-
tiw or cnpaciliw circuit with no resistive load cannot be
interrupted by a disconnect bccausc of the phnsc differ-
ence bctwccn (he voltage and current wave. lhc wc is

———— ..
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extinguished when the current fulls to zero. but the volt-
ngr is maximum and restrike occurs. Disconnects ore
used 10 isolate line sections and circuit brcskcrs (after
behg opened) for nmintcrmncc or rcpsir.

Circuit bmnkemamswitching dcviccsthnt arc opermed
either manually or automatically ns’n rcsull of fault detec-
tion devices. relays. or tripping mechanisms in !hc
brmkcr. They must be mpable of interrupting any load
up tothc mtingof the breaker. Incenain insudlntions the
brcakcrs arc notcapablc ofintcrrup:ing the maximum
fault current that could occur if n shon circuit occurred.
In Ihcsc cases the breaker is insmllcd in series with. and is
protected by, a fuse that is mpablc of interrupting the
fimh currrnl:

Ckruit breakers arc of sctxral different dcsi~m. These
designs include low-voltage breakers !hat brcn~thc me in
(he open air. e.g.. pole-mp mountings and the highest
position onnwxticalsu,i [chbonrd. Mct~l+ladswitchcs
arc modular. enclosed switches that can be removed from
the panel. MemJ+lad stvilchgcsr includes self-aligning
conncctorcontncts. wbichconncct the switch !o the line
when (he switch module is inserted in [he panel. ln!er-
Iocks prevent withdmwing or restoring the swi~ch while i!
is closrd. Autommic shu!!crs prcmn exposure of the
prinmrycircui!s when the rcmovnbleelemem isinthc
disconnccc. test.ormmotcd position. Tbeintermpting
device has a metal front panel so tha! only grounded
conductors nmy be touched by personnel. A meml-
encloscd brenkcr differs from metal< lad switchgcar in
that access to the interior is possible by removing panels
or doors.

The extinction of !hc arc that results when n breaker is
under load is achic~,ed in scvcml different ways. The
contncu in an oil circuit brmkerarr submerged in oil.
which cook and quenches !hc arc column. so [ha! n much
I@hervolmgccanhc interrupted forthcsamcconmct
scpvmion in air.

Air blast or magnetic blowout components in the cir-
cuit brcnkcrforcc thcnrc. thnt forms n,hcn thcconmcts
scpamtc. into an arc chu!c. The chute elongates. breaks

UP. CLWIS.find deiOni~= lhc ~X path.
[n vacuum breakers. the number of air molcculcs nvnil-

ablc for mnizn! ion is so extremely smnll thnt an arc does
not develop even if the contnc: srpamlion is small.

Circuit brcskcrs opcmue m required by rekty action or
nmnwd in!crvention. They OR mpablc of interrupting
full-load currcm and nmy be required to imcrrupt short-
circuit current. lfn brenkcr isinmpablcof breaking short-
circuit current. it must bc connected in series wiih n fuse
thman interrupt thcshon-circuit current.

The maximum current to be interrupted must consider
the DCcomponcnI of thcfnult current produced because
the shon circuit can occur nt a point in the voltage waw
Ihn! is not zero. A DC component of current rcsulm and
causcsthc ACcurrcn! wnt,ctobcoffsctrmd thcmngni-
tudc of the currrnt to be interrupted to be ncad y Iwicc the
steady state AC current oblnined bsdi~’idin8 the VOlU16c
of the system bythcequivalen! impedance brtwmn the
point of the fnult and !hc source voltngc (gcncmmr). The
instanmneousc urrrnt lisgivcn by

,= Y

m
X [sin (u.11+ a – 0) –e-m’~sin (a – 0)], A

(6-1)

whe rc
● = 2.71g2g. ~Xofmt”ml lo@rithm. dimemionI~
v = voltage between Iinc nnd ground. V
r = time. s
O= T+rad .

121= W+(UL)-. mngn!tudc ofl’hcwninimped.
ancc”sccn- from sourccthroughfauh. f)

L = inducuuw?c of line and fault. H
R = rcsismnce of (he combination of the Iinc znd

rmdl. n
a = phase angle of line M [imc of fcu!h. md
w = mdizm frequency of line. rnd/s.

The rrsul!ingcurrcm described by Eq. d-l is a combina-
[ion O( a sinusoid predicted by the first ICrm within the
brnckcts nnd a decaying cxponcntird predicted by the
%cond term. The current wnvcform is shown in Fig. 6-1.
The peak curi-cn! is determined by several factors includ-
ing the Iinc witngc. the magni!ude and phase nngfe of the
impedance of the line/fault combinmi on. and the line
voltngc phase angle at the instant the fmdt occurs. If !hc
phase nngle a of the voltage UKthe time of the nccurmncc
of the frwh is thal a - 0= Ir/2. thccurrrm mngnitude m
be interrupted is the maximum and mny be npproximntcd
by

I
~ *,A

mm, (6-2)
Izl

‘where
v_ = maximum fnuh volmge. V
1- = moximum fault current. 1.

MaximumCurrent
/

w‘.= Glnlom

‘-- -z -

lime -

Figure 6-1. Completely Offset Current Wave

------ . . ... . . . . . . 6-2 .——
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6-1.3 RATINGS OF SWITCHING
COMPONENTS

The pmnmctcrs used in rating switching equipment arc
1. Rated Maximum Operating Volmge. The mm

voltage forwbich thecquipmcmw nsdcsigncd
2. Rattd Fmqucn~y. The frcqumtcy of!hcvoltagc

for which the frequency uas dcsigrmd-60 Hz in the US
3. Raredlnsulof ion kvel. Spccificdnscithcra 1-

min wi!hsumd vollngc ornnimpul=-withstnnd voltngc.
~cl.min uithstnnd voltn~isthe mnximum AC~.oltage ,
III the appropriate fine frequency thnl an bs npplicd to
the switchgmr for 1tin withou! brmkdotvn. The impulse-
withstrmd voltnge is the maximum pulse voltage Ihat can
be applied wi!hou[ breakdown. A smndnrd pulse shape is
used. i.e.. oncinwh!ch the%.oltngc rises toiupcakin 1.S
P and falls to SWo of Ihm level ih 5~ #.$.

4. Continuous Current Rating. Therms currcntthat
the sw”!chgw can carry continuously without excmding
the tem~mturc allowed by the most limiting insulating
nullel-inl

5. &ted,\ momentary Current. ~c maximum rms
total current tbm can be carried without electrical.
mcchanicnl. or ;hcrmnl dmnags or permanent deformat-
ion of any pans. The maximum current includes the DC
wnmicm component as discussed in par. 6- I.2.

6. ,$faxim”m CumenJ.lnterwpting Capability. ~e
maximum load current that the swi!ch can interrupt
without significant damage for a specified number of
switch cycles.

6-2 INDUCED ENVIRONMENT
6-2.1 ARCING

When the csmmcts of a breaker begin IO scpamte dur-
in8 cm opening operation. n vst[togc appears Lwtwecn the
contncIs. The voltnge gmdicnt. due to !hc increase in the
original itinitcsimal distance between con!ncts, is cx-
trcmcly high. Thk high-vol!ogc gmdht ionizes the
diclcc!ric-nir. oil. etc.—that surrounds Ihc contncts and
[hereby creates a conducting path. The current that ff.mvs
across thk path elevates the tcmpcmturc to such on
extreme thm intense light and heat arc radiated. The
rcsulmnt hot. gaseous conducting path is called an electric
arc. Anefxtric nxmnfom onothcr pnnsofoncl=tri=l
distribution system when the effective dielectric length of
insulation bctwccn energized pans is reduced sufficiently.
Some examples of circumstnnccs in which arcing cnn be
inidmcd arc

1. Wet material blowing across opm. mimulatcd
conductors will reduce the effective electrical scpat-ntion
bctwcsn conducmrs. The voltage gmdiem across the
rcduccd air gap can reach lhc ionimtic.n threshold and
muss nrcing ocross cond ucmrs.

2. Kim s[ring.i falling ncross uninsulated conductors
can CZUI.SCarcing bmwrcn overhmd Iincs.

3. Squirrels or birds bridging part of n porcelain
insulator cause the air across the unbridged part to bs
stressed beyond the ionization point. and arcing occurs
ncross the entire insulmor.

4. A mmsicnt voltage on n distribution nmvork
resulting from n nearby lightn@ stroke-cloud-to-cloud

6-3

or c[oud-to-ground-ean bs higher than the impulse ml-
ing of insulators. Voltages of over 500.fJGil V on 4000-V
discrihution systems hare been rrpor!cd (Ref. 2), A smtic
spark over the insulnmr will establish an ionized pnth (hat
an lead to n high-amcm m-c through the snme p~ih.

6-2.?. PRESESCE OF HIGH VOLTAGE
(Ref. 3)

Like other Iinc-powrcd electrical appamtus, switch-
gcar has high voltngcs on line ccmducmrs. including
switch contacts. The high witogc an produce nn clccwi-
CMshock hnmrd when insulation and conductor guard-
ing arc insufiicicnt. Also malfunction of the insulation
may cause exposurs of grounded conductors, which. in
the event of a line-so-ground fault. can lead m hazardous
step- or touch-poteminls.

6-2.3 iMECHANICAL SHOCK
Mechanical forces can bc producsd by two diffcrcm

mechanisms in clccwic.al swi!ching systcm~ ( I) mechani-
cal shock from the o~ning of contacts and (2) stresses
induced by high currcm surges. The mechanical fcmurrs
of switchgcnr contact assemblies musl be sufticicmly
strong to w,ithstnnd large currmw thcrrforc. their mass is
significam. To extinguish the arc cffcctiwiy. !hc switch
nction must occur very mpidly. This action requires WIT
mpid nccclcrm ion andl or decelcmt ion of stvitch cmnpo.
nems and can !mnsmit shock or vibmtion to nltnchcd
structures. The breakers. therefore. must be isolated to
prevent undcsimble transmission of the breaker motion
to ndjamm equipment. If tmnsmit! cd. the undesired
vibmtion could muse inadvertent closing of relay con-
mcts. shorting of flexible conductors. or physical dnnmgc
to delicate mechanisms.

The extremely heavy shcms-circuit currents in bus bars
and cables induce magnetic fields. which. in mm. may
exert Inrge forces on magnetic nm!crinls or other current -
carrying conductors. The bus barsuppon insulator must
have mechanical strength sufficient IO withmand Ihe lnt-
cml thrust mulling from n shon circuil.

6-3 HAZARDS (Ref. 4)

6-3.1 ELECTRICAL SHOCK FROM
EXPOSED CONDUCTORS AND
CONTACTS

The presence of high voltngc on clccwical apparatus
poses on electrical shock hazard to personnel in the vicin-
ity. especially when the nppnmtus must be accessible for
service or repair. Energized swi!chgcar crcmcs n special
lmmrd for two reasons!(I) the switchgcar must LXmmssi-
ble for operation and (2) the presence of a swi!ch in a line
adds some uncsnninty about the presence of high b,olmgc
on a given conductor. This uncertainty can lead to ncci-
dems when a conductor. erroneously bclim.ed m LXnot
energized. is muchcd. Exposed switchgmr sometimes
found on obsolete liw front panclbonrds is CSPCCUIIY
hamrdous bemuse of the presence of high voltage on
exposed knife switch components m working height. Also
mnintcnancc operations on the switches can present
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hnmrds bemuse it may be diflicuh or impmctiml m
remove power from the “hot - side of the su,itch or. if the
switch is rrmovablc. cnergimd contacts may be exposed
when the switch is removed. The hazard of clcciricnl
shock associated wi!h su,i!chgenr is increased by im-
propminsmlfntion (irmdcquatc gunrdingandlor improp-
crly grounded protectiw cnclosurcsh moislurc. tvhich
induces electrical leakage paths across insulntor% and
improperly M@cd swilch-opcmting levers. hnndlcs. cm.

6-3.2 IGNITION OF FLAMMABLE
AIATERIAL

The nrcs produced u.hen switchgcar imcrmpts line cur-
rcmsorc a source of heat that can lead to the combustion
of flnmmablc materials. Even small arcs in switches asso-
ciated wilh Iow.-powm oppamtus mm ignite fuel vapors or
other combustible gases that could MUX n fnrge explo-
sion or ignition of other. less flnmrrmblc. matcrirds. The
of!en unanticipated large nrcs-rcsulmnt from !hc opcm-
tion of n switch onto n circuit containing a fnuh-may
produce heat su~!cicnt to melt metal outside the imme-
diate region of the swi!ch contacts and to ignite materials
thought to be located a safe distnnce away. Arcs from
swi!chgcnr can ignite oil thn! has leaked from wnns-
formcrs or oil circuit breakers.

&3.3 ARCING TO ADJACENT CIRCUIT
Opcn+ir switches frequently extinguish m nrc simply

by lengthening i!. If wind currents or magnetic forces
cause lhc arc to PM near other conductors, e.g.. the
other phases of a polyphmc system. the OK may nttach
m !hosc circui!s and sustain itself for n considerable
period. A sustained nrc mny be initioted in this mnnner
even though the conductors ore scpamtcd by n dismnce
that is normally sufkicm m prevent bmnkdown.

The arcing hnzard is increased in a polyphnsc system
when arm initiated by switch nction in scwrnl phnscs
mix and muse n ‘polyphnsc arc”. In a polyphnsc nm the
current does not decrmw to zero every half cycle us it
does with single-phass nrcs or with arcs bawccn phases.
Thus the arc is continuously sustained under conditions
that would otherwise extinguish it bclw,een cycles. The
additional energy of nn arc of longer duration muses
greater damage. espccinlly if the nrc encounters conduc-
tors thnt arc no! designed to resist dnmnge duc to
orcing.

If an arc occurs Ix!u,ccn n power conducmr and n
nearby signal cnblc. considcrnblc dnnmge to the cquip-
mcm conncctcd to the Iow-lcwl cable can rcsulc such
equipment is not designed to withsmnd additional line
voltage.

6-3.4 PHYSICAL DAMAGE FROM ARCING
Dkmnnccu me no! provided on swi!chgcnr whose

contacts mnnot withstnnd arcing bemuse !hcrc is no
mcnns for interrupting an arc that forms if the discon-
nect is opaed imdvcncntly while carrying n load. The
intense herd of the arc would damnge the disconnect IO
the point that it could not be rccloscd and successfully
cz.rry a mted load. Damage could also be produced to

load interrupters if the mechanism jams during opening.
nnd thereby sustnins on nrc. Rcsultam dnmt!gc could
include melting of nearby insulation or conductor nm!c-
rinls. deposit of soot or metal vnpors on electrical cir-
cuitry. or dcposil of molten mcml on. or welding of.
mcchnnical componcms.

6-3.5 COMPONENT EXPLOS1ON OR
HEATING FROM FAULT CURRENT

A breaker copable of opening the circuii in the case
of a short circuit would probably suffer irrepamblc
damage if it U,CX accidentally closed on n fine that has
been grounded with n snfc!y ground strnp. Once !hc
su.itch is closed. the opening mechanism musl be re-
charged before it con be reopened. A dcfny permits the
high-fault current m flow for n much longer time than
the mtcd clearing lime of the breaker. The damage
tvould be extensive. and in the case of oil circuit brcnk.
cm, there is !hc risk of n ruptured oil tnnk and subse-
quent fire.

6-3.6 ENERGIZED CONDUCTORS WHEN A
SWITCH IS OPEN-.

[n conventional single-path circuits. ofxning a switch
in the circuit normnlly rcmows power from all pans of
the circuil controlled by that switch. As a result. there is
n nntuml expectation thm opening n single switch will
remove all power from n circuit. However, if power m a
circuit is supplied by two or more routes. e.g.. in n loop
configuration, then opening one switch will not dccncr-
gize the circuil and thereby increases the chnncc that
mnin:cnancc personnel may mistakenly touch n ‘fivc-
circuit.

In o similnr nmnncr. if two or more circuits in the
same arm nrc exposed nnd the switchgcnr for each is
no! npproprintcly marked andi or not collocated. mnin-
tcnancc pmsonnel may incorrectly assume that the urea
is clear of clccwimd hazards after deencrgizing only one
of the circuits. Unless they ore careful to check all
exposed conductors for the presence of voltage, they
may ossumc the nrcn is snfc to work in and thereby
expose themselves to n scvcrt hrmnrd.

6-4 DESIGN CONSIDERATIONS
6-4.1 PHYSICAL LAYOUT

In an installation the location of plmscs on ganged
brcnkcrs and all single-phase cquipmcm should be con-
sistcm. Phases should be designated 1.2.3 counting
from front to Lmck. top to bottom. or left m right as
.,ieutd from the main sttilching device on the opmaling
mechanism side. The sequcncc. by ~’hich the P~s~
rench their peak vnlue.is I followed by 2 and then 3. All
equipmcm should be clcnrly marked us to volmge ICJ.CI
ond phase.

During o su.itch-opernting operation. an arc tit has
o length longer than Ihc spacing ncm.=my to prcwu
arc-over nmy be produced. Therefore. ii is necessary to
pro~,ide sepamtion or barriers bcwxn phases in poly-
phnsc switches to prewm the nrc from contacting a

CM
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grounded conductor. another phase conductor. or
another arc. Any of these occurrences could result in n
sustained. damaging arc or a fault. If the switches arc
sepm-a!cd insufficiency such IMI nrcs between wious
phases mix. a polyphase nrc—which will be diflicuh to
extinguish—may bc gencmted.

The handles and control mechanisms should hnw a
uniform position for [he open position. and the open or
closed condition of the swi!ch should be clmrly indi-
Cltcd.

Mechanical switchgcar controls should be mcchnni -
cally sound and designed so that excessive play is not
introduced into the mcchnnism os n rcsuh of compo-
nent war or material dcwriomtion. This fcmurc is
cswcidk’ impormnt with rcmo!fiy opcmtcd stvitchgcar.
e.g.. pole-top mounted. or swt!chgcor mounted in n
prowcted arm but opcra!ed mechanically from n remote
position wi!h a shaft or Icwr. Excessive backlash. or
pfay. in the opcmting kvcr or hnndlc could cause an
incorrect indicmion of the switch position or could
allow the switch m change position by i!sclf. To mini-
mize thk possibility. well-fitting pans and subsmmiai
construction should be used. Knobs or lews on slmfu
should have keys or Ilmtcd shafts m prevent misalign-
ment between position-indicating knobs or handles and
should be clearly Iabelcd.

6-4.2 ACCESS

Brmkea that open in air shotdd be located cm pok
tops or high enough on n switchboard that the arc thnt
forms when the brmker operates would POX no danger
to operating personnel. Pole-lop disconnects or other
switches whose opcmting handles am accessible to un-
authorized personnel should be locked in eilhcr the
open or C1OW+position. Keys for these locks should bc
available only to authorized pmsonncl.

Other brcakem should be enclosed in metal enclo-
sures to contnin arcs. The mctnl+ncloscd breakers nf-
ford the additional safety protection of isolating all
currcntarrying pans from possible conmct by pcmon-
nel. Only [he ends of the bushings leading into the
equipment arc unguarded. Dead-front power breakers
hnve the Uninsulntcd rear connections in a“ isolated
rem compwtmcnt. Panels for mcml<nclosed switch-
gear thnt can be uithdmwn should have cot,crs thnt
prcwnt possible conmct with exposed conductors by
personnel when the switching unit has been mmowd
for servicing. Breakers should k equipped u,ith inter.
lacks to prmnt withdrawal or reinsertion of a brrakcr
that is closed to climinam the possibility the current will
lx interrupted by conlacts other than those thal arc
designed for that function. Some provision should be
m.?dc. hotwver. lhat will nllow !mincd Fmonncl to
dcfcm the interlock so they may obsmwe the brmker in
opm-ntion if ncccssnry. The ability to owrride the inter-
lock creates less of n hamrd than !hm created by service
personnel impros,ising or modifying the switchgcm to
obtain access during operation.

Brmkcrs could also be pro~,idcd with a feature m
insure being Iockcd in the open position to prcwide for

the snfety of personnel during maimenmcc and rrpair
of associated circuits.

Cabinets comnining switchgcar should enclose the
units completely and should not have openings that
would permit dropped objccls to contact energized
conductors. if openings arc required. lmwcrcd openings
or grills that nre scpamted suificicmly from live con-
ductors should & used m minimize the likelihood of
conduc!or contact by memllic objects in=mcd from (he
outside. Switchge.nr to be installed outdoors. or in Iota.
tions where moisture may be present. should be
mounted in wcmhcrproof enclosures cxccpt for open
sw,itchgcar intended for pole-mp mounting.

Interlocks must be provided for mcml-c fad [remov-
able) su.itchgem LOprevent the withdrawal of the switch
when the handle is in the closed position. A typical
su,itchgcar component has n three-position interlock
system whereby !hc switch unit may be fully wilhdrawn
for servicing. portinlly inserted to a test posi!ion. or
moved m (he op?rmionnl Juflt’ inserwd posi: ion. In the
withdrawn position the switch is clccwically isolawd
from all line and control volmges. and shuitem or bar-
riers prevent ncccss IO those voltages. As the switch is
inserted to the inmmcdiate test position. contacts of
lhe switch arc grounded. but control circuitry is cncr-
gizcd so [he mcchnniml opcmlion of the mvilch nwy be
observed safely. As the unit is mowd toward the fully
inserted position. the imcrlock system keeps the switch
in the open position. Energized conductors rmmain
covered. Once the switch is fully inserted. the from
panel of the switch is fitted ngains! the cnclosum tmd
thus prcwnts access to the switch. The conmcts me
ungrounded and then arc connected to the line.

Any interlock configuration may be used provided
the high-voltnge conductors remain covered and ony
possible arcing occurs at the suitch conmcts and not m
the socket for the swi!ch plug.

6-4.3 ARC SUPPRESSION AND
EXTINCTION

Switchgcnr must be designed to imcrmpt a specified
current-ci!hcr full-load current for circuit breakers and
load control sw,itchcs. or Iinc-chmging currents for dis-
connects. When the switch contacts scpmm!e, the current
in the circuit tends to keep flowing and causes an arc
ncross the conmcts. The arc. once initia!ed. continues
until ihc arc chnnncl (a path of ionized gases). is cooled.
elongated. or broken so that thcarcdocs not rcswikeafter
thecurrcnt frdlstozcroat !hecnd of each halfcyclc. lfthe
arc is allowed to persist. damage to thc”mvitch is likely,
e.g.. contact erosion or charring of insulation. Design
features [hat nrc incorporated m extinguish !he arc and
prevent damage from it arc

1. Mcchnniml Icvcmge’thnt causes the contacts to
separate quickly

2. Dual contact systems including primary contacts
tha! me designed to conduct the full-load current contin-
uously nnd secondary contacts ihnt arc designed to u.ith-
smnd and extinguish arcs. The conmc!s me mechanically
sequenced so!hm.d uringswi!ching opcmtions. currcm is
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di~crtcd from the primnry 10 sccondmy contacts. Typi-
cally. ctwh sccondnry comnct incorporates n rod-shaped
extension. These contncts arc mounted so that the rods
form n “V”wi!h the point of conmct ot the vertex. As the
contacts separate. the arc forms nt the wtcx and is driwn
outward along the rods by clectromngnetic forces. The
nrc is lengthened M it tmvcls until i; is cxiinguishcd.

3. An arc chute to contain the nm. Within the chute
the orc is dri~,cn onto !hc edges of a series of plaws, which
segment and cool the arc.

4. Air or incn-gss bursts thnt cool nnd disperse the
arc chnnnel.

Arc extinguishing is further described in par. 3-3.9 nnd
in Refs. 5 nnd 6.

To reduce problems associn!cd with nrcing. switchgcnr
is some!imcs immersed in oil to quench the nrc. Hmvcvcr.
this ndds the hazard of nn oil fire if the circuit breaker
fnils.

Some circuit breaker designs include a power resistor
connected in pmnllcl with the main contacts. When the
main comncts open. this resistor allows n limited amount
of current to flow and thereby reduces the volmge across
the main contacts ond prevents !he csmblishmcnl of on
arc. A set of auxiliary contncts then disco nncc! the power
rcsismr. nndsince thccurrcnt islimiled bylhc rcsismr. !hc
arc of the nuxilirmy contacts is extinguished easily.

On higher voltnge breakers. sets of conmcts ore con-
ncc!cd in series to extend the voltage-interrupting cnpa-
bllity of brcnkcrs.

6-4.4 MATERIAL SELECTION
Conmc!s on disconnects nre often made of silver or ore

silver plated because ( I ) the oxidntion of silver does not
incrcnsc its conmct rcsismnm excessively and (2) silver is
more resismm m corrosion than copper or other contact
materials. (The corrosion problem is aggravated by the
ccmin air pollutants—see pars. 3-2.1.4 rind 3-2.1.5.) Elc-
mted !cmpcmturcs of !hc ccmmcts mused by heavy cur-
rent flow also incrcnse corrosion. \Vhcrc contac!s must
withstand nrcing. sili,cr- or copper-tungs!en alloys nrc
used ( Ref. 7).

Dklcctric matcrinls must be flnme-rcmrdam to prevent
excessive dnmngc from arcs. information concerning the
arc rcsismncc of common insulation materials is given in
par. 3-3.7.

The companmcnts and barriers bctwen phases of
mcml-clad switches should be constructed of sIcel to prc-
wnt arcs from spreading between phnscs and combining
as a polyphmc nrc. Cabinc!s must be given a phosphntiz-
ing wentment. m equivalent. before painting with o cor-
rosion-rcsiswml paint.

6-4.5 FAULT PROTECTION’
Switchgear is not designed to mlcmtc fault currents for

extended periods. Therefore. omrcurrent protection must
be used to protect the switch from damnge due 10 excess
current and, more impomntly. m prevent domngc that
would occur if a switch opcrnticm tvcrc mtcmptcd while
frmh current was flowing. Gcncmlly. the rquircmcms for
overcurrcn! protection for Iincs and loads are more re-

strictive then (he requirements for the swilchgcar iwclfi
the fuse size bchg dcmmincd by the current capacily of
the cable nnd load also protects the switchgcnr.

For rcnsons of economy. i! mny be desirable m insmll n
breaker wilh on interrupting cnpacity suf17cicnt to inter-
mpt only load currents. In this USC. n fuse thnt has n
rating somewhat above the full-load current is installed in
series wi!h the switch. Then if a shon circuit occurs. the
fuse will blow nnd the fnuh will be cleared before the
breaker opem!cs. This schcmc also protects n breaker in
closing in n shon circuit. Fusing of low-voltage circuit
brcakem is discussed in Ref. 8.

6-4.6 CAPABILITY FOR SWITCHING
UNDER LOAD

Switchgmr intended for opcmtion in n circuit when
loud current is flowing must be designed to interrupt (he
maximum current tbm may exist in the circuit. Sin= fault
currents can be many times higher dmn !he maximum
load current. the interrupting mpncil y of n circuit brcnker
should be much higher than !hc rntcd continuous current.
Iypimlly 5000 A for the smnllcst Iighti”g-panel circuit
breaker (IS-20 A). Design features for [he interruption of
loud currents include the nrc-extinguishing mechanism.
clcnmncc bctwcn tcrminrds. clcnrancc between contacts
and conductor mntcrinl. conductor sizes. and mccbanical
strength of conductors. An imponmu design considcm-
tion is not only must the conductors carry the current
without cxccssivc heating. but also they must be suffi-
cient Iy strong m withstand the mecbmicnl forces indu~d
during currem surges.

Dkconnccts are switchgcar that is not designed to
interrupt load currents. Thcy mny be combined. hou,c~,cr,
with Ioad-imcrrupting switches to provide the required
continuous current mpnbility and the required currcnt-
imcrrupting mpnbility.

Switchgcnr that is designed IO imcrmpt full-load cur-
rent bw not fouh current should incorporate a fuse either
in the switchgcm or in the clccwical circui! (hat feeds it.

6-4.7 TERMINATIONS
Su.i!chgenr designed for pole-top mounting typically

will hnvc bolt-on tcrminntions so that the able clamp
chrtmctcristics can be selected to rnmch the conductor
chnmcterkics. Terminations must be compatible with
conductor mntcrinl. espccinlly where aluminum conduc-
tors are used.

Gcncmlly. mctnl-cnclosti switchgcrw plugs into sockets
to allow rcmovnl of the switch for servicing. Bolt-on
tcrminnls on the sockets are desirable to allo~ fnsmning
of either the bus bars or screw-type compression wrmina-
tions. Gcncmlly. smaller. moldcd<nsc circuit breakers
u.ith n capacity up m n fcw hundred amperes usc scrcw-
type, comp~cssion wire clamps thnt arc imcndcd for co”.
ncctmn m msulmcd. round conductors.

6-4.8 GROUNDING
Metallic opcmting. handling. nnd connecting mecha-

nisms—such as n remote opcrming handle for pole-top
switchgcar-musl be well grounded m prc~,cnl hazardous
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voltages from reaching accessible conductors through cur.
rem leakage paths, arc-over from fine conductors. or
induced voltages. flexible bonding swaps should be used
to insure !hc imcgrity of the ground across brings or
Ilcxibk joint.%. All suppon .slruclurcs of switchgcnr ns-
scmblics must be tied together with an ndcqunm ground-
ing bus. ond the grounding bus of each group of equip
mem must be connec!cd to the station ground. Paint on
SICCIcabinets. st-cc! structures. etc.. musi be rcmoi.ed nl
the point of connection to the grounding bus to insure n
gocd electrical connection. Switchgcnr components that
can be removed from the nsscmbly while the unit hns
power nppficd should be grounded !hrough a flexible
conductor with Icnglh sufficicm to nllow rcmoml of the
component m n snfe plncc before the ground conncc! ion is
broken.

Instmmcnt MSCS must bc mounted by using metn)
screws to secure the meml cases to the mvi:chboards.
Instrument-mounting bolts of instrument !mnsformers
should provide adequate grounding for these devices.

The grounding buses musl be capable of carrying the
cxpectcd fnult current for 2s on switchgcnr rated m 2.4 kV
m nbow and for 0.5 s on COO-Vequipment for the rmed
fault current of the protective device of the assembly.

6-5 COMPATIBILITY AA’D

INTEROPERABILITS

6-S.1 CLASSIFICATION OF SWITCHGEAR
The chnrnctcristics, dclincd in par. & [..3. ore used to

specify switchgcan
1. Rated maximum opcmting voltnge
2. Rated frequency
3. Rated insulation Icwl
4. Rntcd continuous current
5. Rated momcnmry current
6. Current-interrupting cnpabiliiy.

Additional switchgcnr chnrnctcristics m be considered
in the selection of swi[chgerw for replacement of existing
units or opemtion along wi!h other switchgenr include

1. Presence of oil
2. Fcnlures required m assist in extinguishing an

arc. e.g.. compressed nir or SF.
3. Mounting provisions.

Also if the switchgcar is remotely con:rollcd. then lc~<els
and types of intcrfncc rind/ or control sigmls and switch-
ing or response times mny also be significnn! considcm-
tions. Selection considerations of specific chnmctcris!ics
of sw.i:chgcar depend on the specific functions ond inter-
face rcquircmerm served by the stvitchgcar,

6-5.2 COhlPATIBILITY AhlONG CLASSES
Substitution of diffcrcm devices due so lack of CXIICI

rcplaccmcnt must be based on mreful consideration of
compatibility requirements. The follou,ing considcmtions
should Opp]}!

1. A disconnect may only be used to rcplncc n dis-
connect. II cannot be used to replncc n current.

interrupting device bccausc i{ is not designed to extin-
guish a high-current arc.

2. It mny not be possibk to replace an air blnst.
magnetic blowout. or other metrklnd breaker tvith an oil
circuit breaker bemuse oil circuit brcnkcn must be iso-
Iotcd from other equipment bygrmtcr dis!nnces than arc
usually allowed in switching equipment not containing
flammable mntcriN.(See par. 6-4.1 of this hnndbookand
pars. [72 nnd ISO BI of Ref. 9.)

3. An nir blast breaker mny not be n rcplnccment for
on oil circuit breaker bemuse compressed air may not be
nvnilnble nt the location.

4. Culouts can be used os n rcplnccmcm for a fuse,
but n fuse may not be o suimble replnccmem for a cutout
bemuse the mnnually operable disconnec! fcnturr of the
cutout moy be required, and it is not pan of o fuse
inslnl]mion.

5. Current transformers. rdnys. nnd o!hcr mewing
dcviccs nrc often incorporated in metal-clad breakers but
may not be part of oil circuit brmkers. System pro!cction
may be jeopardized by the nonavnilabilit y of monitoring
signnls.

The currcn!-intcrrup! ing capability of n dmicc may
differ from tbc maximum momcnwy current rating. A
disconnect. for example. is not designed m interrupt cur-
rent regnrdlcss of its current-carrying rating. A circuit
brmkcr may or mny not be able. to interrupt n higher
currcn! than its full-load rating. ffa breaker is unable m
interrupt o currcm greater thnn full load, the breaker
mus! he protected by n fuse in series with !hc breaker. Ref.
4 req”ircs that. within a mrud-clnd mvitchgmr assembly,
rcmovnble switching elements with diffcrcnl current mt-
ings must be configured diffcrcmly to prex,cnt the intcr-
chnnging of units—i. c.. it must be impossible m insen a
swi!chirtg unit into n cubicle designed to reccivc n unit
with n different current rating.

6-5.3 SWITCHGEAR TYPES IN
COMMON USAGE (Refs. 8 and 10)

6-5.3.1 Open-Air Switches
The most commonly encountered types of open-air

switchgcnr nrc those units imcnded for pole-mp mount-
ing. Typically, these switches arc opcmtcd manually
either u,ith n tool (“hoi stick”) or u.ith a long operating
rod m allow opmntion of the switch from a safe distnncc.
Specific conligurntions include fused CUIOUISthat include
cnnridge fuses as the movable arm of the switch, nir-
brmk swi!ches. nnd disconnects. The nir-brmk su.itch is n
manunlly operntcd, loud-interrupting switch thal incor-
porates ore horns. arc chutes, or nuxilinry contacts m
extinguish the nrc. Air-break switches may be used indi-
vidually ror single-phase control or ganged on a single
operating control nrm.for polyphasc comrol. Horizontal
or vertically gnngcd configurations me tmilnblc to nccom-
modmc Lhc lint configuration of the aerial distribution
syswm in which they me 10 be used. The open-air discon-
nect is similnr to the nir-break switch cxccpt that it lacks
the ore-extinguishing provisions nnd cannot interrupt
load currents. The open-air swiichgcar is avnilablc for
V0hn6eS Up 1034.5 kV.
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6-5.3.2 Other Air-Dielectric Switchgenr
Molded case circuit breakers arc perhaps the most

common switchgcnr used in Imv-voltngc systems. Tlwsc
devices me typically used at voltages up m 600 Vnc with
continuous current ratings ranging from 15 A up to 1200
A. Both single-ph.me units and lhrcc-phase units nre
commonly cncountcmd. Thcdeviccs usunllynrcdcsigned
m interrupt fnuh currents thnt arc much g~nter than the
ruled continuous current (fauh currcms that me up m
40.000 A). Snmll. molded case circuit breakers used for
rcsidemial protection typically use n lhermal mechanism
m trip the breaker during on ovcrcurrcnt condition: the
Iargerbrmkcm uscn mngnc!ic ora combination thcrnml.

~finc!ic mechanism. MOSI mOldcd case circuit brmkem
nrc designed to snnp into n panel: howmcr. cases MC
avnilablc that will houscn single brmkcr so it m“ be “wd
in npplicntions where only a single switch is needed.

Metal-clad air circuil brcrikcm nre used in low-i. olmgc
distribution systems. Most mcml.clnd nviichgcnr u“ils
arc removable, modulnr units that plug into mctnl
cabinets that totally enclose the switch units when they
arc in use. Imcrlocks prevent the removal of switches
unless they me in the “open- position. Meml.enclosed
sw.itchgem is amilablc for indoor or mndoor installation
in Iow-vcdtnge systems and is produced with current m!.
ings up to 60011A. although lower current units nrc more
common.

6-5.33 Oil-Filled Switchgenr
Oil-filled switchgcm isgcnemlly nvailab!e for medium-

voltoge systems for u,hich the insulating nnd nrc.
quenching charnctcristics of oil mnkc possible mom com-
pact construction. Models me nvnilnblc for manual
operation. rcmotelycontrollcd operation. nnd nmomntic
opemtion (for owmcurrcn! protection). Both indii.idual-
phasc ond three.phnse units arc c.vnilable. Commonly
encountered contigumtions of oil-tilled swilchgenr ore
pole-mp rcclosers and scctimmlizcr’s used 10 protect low,.
and medium-wltogc distribution systems against tern.
ponwy fnults and to isolate faulty sections.

O!l-likd units also maybe imluded i“ meh-d<”clo~d
switchgcar for indoor rind outdoor. when mounted in
weatherproof enclosures. “SC. These units. however. am
more typically found in medium-to high-volmgc s.yslcms—
34.5 kVac indoors or 765 k\’nc in outdoor insmllntions.

6-53.4 Vncuum Interrupters
Swi!chgcm incorporating mcuum swi[chcs is used as n

rcplaccmcm for nir-insuloted Su,ilchgcm opcmting at
medium vohngcs. i.e., up to 34.5 kVac. Replnccmcnt
vacuum switch units nm mndc with the same external
physical configuration M certain mcml-clnd air switch-
gcnr to ollow dircm rcplnccmcnt. Th: additional expense
of tacuum switches. howcwr, precludes their economic
feasibility os nir switch replacements in Iow-i,oltnge ~ys-
tcms such os those that derive power from on cng]ne-
driven-gcncmmr set.

Vncwm swilchcs arc also used in rccloscrs nnd circuit
brcnkers operating UI 34.5 LVA nt continuous current
ratings up to 3000 A.

6-6 TEST CRITERIA FOR DESIGN AND
lTIZhl ACCEPTANCE

6-6.1 TESTS REQUIRED BY STANDARDS
AND SPECIFICATIONS

TesM for mvitchgcnr equipment ore specified in numcr-
ous spcciticm ions and smndards pennining to switchgcar
(Rcfs.4, Il. 12.13.14. [5. 16.17. 18. nnd 19). Rcprcscma.
live tests ore briefly described in the paragraphs that
follow.

6-6.1.1 Dielectric Tests
flklectric tests arc volmgc brcakdow” tests co”d””ed

on insulation mnterinls used in the swichgcm and am
conducted to determine whether faults are likely to de-
velop when the equipment is mcrgized md expod IO
normnl mmsienrs likely to be encountered. These tens m-c

nppl!cd 10 new. clean equipment !hm is in good condition
nnd is under the temperature and humidity conditions
specified in IEEE Std 4-1968 (ANSI C68. I-1978) (Ref.
20). with corrections applied for nonstandard conditions.
Test yoltng~ ore listed in Table 6-1.

The dielectric tests oristntiomry cq”ipmem arc
1. Phosc-to.phnse and each phase-m-ground with

the switch both closed and open
Z Bctu,ccn the line and load terminals with !be

switch open.
On drntrow cquipmcm the following ICSUnm repeated

on the stnlionnry clement wilh (he removable clement in
the test position nnd the main clcmcm in the closed
position:

1. Phnsc-to-phase and phase-to-ground on both the
line and load tcrminnk

2. Bctuecn line nnd load clcmcnts m 10~o higher
t.oltngc thnn :he volmgc spccificd in Table f+ 1.

6-6.1.1.1 Power-Frequency Withstnnd Test
The pourr-frequency withsrnnd test voltnge is n !otv-

distonion sine wnve. The test witnge is applied for 1min
wilh n frequency not less Ihn” the rnted frcquc”cy.

6-6.1.1.2 Impulse Voltnge Test
The impulse vohage tvithstnnd tcsI is o series of applica.

[ions of three positive ond three negative impulsr \,oltngcs
thnt reach their crcst in 1.2psnnd full to5Woofcrcst in no
less than SOPS.The complctc specifications of the impulse
volmge test am given in ANSI C37.20 (Ref. 4). If no
insulation fnilurc or flnshover occurs in the smics of t.ss.
the equipment has successfully passed the test. If only one
flnsho,,cr occurs. three more ICSISarc mndc. If the equip.
mcnt passes the three additional WSM.the equipment is
considered to have successfully passed [he ba[tcry of tests.

6-6.1.1 J Wet Tesrs on Entmnce Bushings
Insulators that am to be exposed IOthe notuml en\ircm-

mem are tested for mltngc brenkdow.n under simulated
ruin conditions by urt dielectric mm (Ref. 24). In these
[cm the insulator is sprayed with wmer or salt solutions
of specified msistivity tvhilc the insulator k being tested to
determine irs breakdown m nrc+ver voltage.
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TABLE 6-1. VOLTAGES AND INSULATION LEVELS FOR
AC SWITCHGEAR ASSENIBLIES (Adapted from Refs. 21,22, and 23)

Rntcd Insulation L.xcls. kv
Mnximum rms “ Power DC Impulse

Voltage. V Frequency Withsmnd’ W!thstnnd
Wtthsmnd. rms

Mctnl-Enclosed. Lotv-VolIngc Power Ckcuit Breaker Switch~ctu
254 2.2
508 2.2
635 2.2

. .

Metnl-Clad Switchgear
4760 19
8250 36

I5.000 36
38.000 80

Station-Type Cubicle Switchgear
I5.500 50
38.0@2 80
72.500 160

Metal-Enclosed Interrupter Swiwhgcm
4760 19
8250 26

15.000 36
I5.500 50
2s.800 60
38.000 so

.

3. I —

3. I —

3.1 —

27 M
50 95
50 95

b 150

b

b
b

I 10
1s0
3s0

27 60
37 75
50 95
70 I 10

b
125

b
I50

This column”is given os n reference only for those using DC tests and represents vnlncs bcliewd to be appropriate nnd

Upprfximnteis equivnlcnl to the corresponding pou?r frequency withstand test values spccilicd for each t.olmge class
of swuchgcar. \Vhcn making DC tests. the voltage should L-Kraised to the test value in discrete steps and held for a
period of 1 min.

‘Bemuse of the varinhle voltage distribution encountered when making DC withstand tests. the manufacturer should
be contacted for recommendations before applying DC withstnnd tests to the switchgcar.. -.

6-6.1.1.4 flus Bar Insulation Tests 6-6.1.2 Current TesIs
Bus bar insulation is tested by ctpplying the AC voltnge Current !csts nrc conducted m“dctermine whether the

in Toblc 6-1 n; the rated frequency for I min. Tim vohngc switchgcar can conduct its rated current and momcnm~
is applied between the conducmr nnd an electrode of overloads without excessive heating that could damage
conducting paint. kad foil. or the equivnlcm. which was insulmion materials and remove !hc desired temper from

appllcd IO the ouwr surface of the insulation springs and other support components. Failure of either
could Icad to witch failure rind/or dmrmging fnul!
currmns.

,
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6-6.1.2.1 Continuous Current Tests
The test dcmrmines whether the rmcd rms currrnt will

produccn hot-spot tcmpcrmure riscabovc,ambicn: thnt is
within the limit specified for the type of insulation being
used.

Ambicm wmpcmtum is measured by three thcrmome-
Icrs. Onc is Icwl wilh the toD of !hc switch enclosure. one
is 300mm(l f!)nbow thcbottom, nnd the third is midway
between. The thcrmomctcrs me plamd 300 mm ( [ fl) from
tbc structure in such o position as m not bcndvcrsely
offcctcd by ventilation or rndintion.

Tcmpcmturc measurements of tbc surface of the device
arc made by means of thermocouples. A bin-spot location
is difkuh IO locate: therefore. the placement of the ther-
mal junctions for the USI mquircs judgment.

The test continues umil there is no furthcrtcmpernturc
riss abow ambient in three successive readings n! 30-min
intervals.

6-6.1.2.2 Momcntnry Current Test
The momcmnry currcm test dctcrmincs clccwiml.

!hcrmnl. and mcchnnicnl adequacy of buses. connections.
and dcvicestou,ithsmnd the momcntnry currcmsspcci--
tied. Tbc momentary current is the rms current including
the DCcomponcnt. Itsvnlue isthcrnaximum obmincd
from the cn,,clopc of Ihc current wnve for n period of at
least Ioc}’clcs. scc Fig. &l.

6-6.1.23 Current-Interrupting Test
Currcnkintcmup:ing :csIs am conducted uilh (he switch-

gcar in its nornud enclosure and in nccordnncc with test
procedures for the particular device being tested.

6-6.13 Wenthcrproofing Tests
Weatherproofing Icsts verify the ability of outdoor

su’itchgmrtoofxraw in thcintcndcd environment u,ith-
out cxccssiw degradation of the clectriml chamctcristics.
The unit to be tested is subjected m nnilicinl prccipitntion
from n sufllcicm number of nOTAcs 10 give n uniform
sptay cmcr the surfocc to be tcslcd. The surfaces can be
tested in sections or us a complete unit. The spiny should
dcfivernt least 5 mm(O.2 in.)of u’ntcrpcrunit surfncc pcr
minuw aith n velocity equivalent to that of rain in a
29-m/s (9 S-f!/s)minstorm Qmdumd by usinga nonlc
pressure of 448 Pa (65 lb/in:). The spiny nozzles should
not be more than 3 m (10 ft) from the ncarcsl vcnicnl
surface.

Aftcra test of 5 min. thecquipmcm is impcctcd to
determine whether [here is et,idcncc of leaking.

6-6.1.4 Mechnnicnl Tests
Mcchaniml testing ispcrformcd tovcrifythmsu’itch

o~mtion ksmooth nndt.ibmtion free. Rough opcmtion
IMY be a precursor m unreliable opcmtion or pmnnturc
failure of the switchgczr and may have undcsirnblc effects
on ndjaccnt cquipmem through transmission of mechani-
cal shock.

6-6.1.4.1 Sequence Testing
The switches nrc tcs{cd 10 determine whether the

stvitchgmr pnrts opcmtc in [he proper sequence. This ICSt
can bcpcrformcd inslow motion. i.e.. unlatch the breaker
nnd remrd the operation with the mnnwd opcmtion han-
dle or u.i!b oscillograph cquipmem at normal opemting
s+.

6-6.1.4.2 Mechnnicnl Opeintion Tesf
Mechanical [ests arc made to ~.crify tbm shutters.

mechanical interlocks and mccbnnicd parts on rcmov-
nble units. etc.. perform prop@.

6-6.1.’3 Flnme-Retardnnt Test.s
!%mc-rcmrdnm mm arc performed 10 determine

whether insulation mn!erinls nrc capable of withstanding
the effects of electrical fires. Tbc ability to tvi!hstnnd these
tcmpcmtures is necessary so tbnt in the event of fire loss is
restricted to direct dnmngc duc to the fire and is not
compounded by additiomd electrical fnuhs in the sw.itch-
gcnr.

Tc.s!sfor tlnme-remrdnm chnmctcristics ofinmdnting
mmcrinl ore conducted in accordance with procedures
%pecitied in NEiMA. LII-1983 (Ref. 24). The material
should haven 60-s orgmatcr ignition time. n maximum
burning time of 100s. nnd n maximum weight loss of less
thnn 25%

6-6.2 ADDITIONAL TESTS
[n addition to the tcs!s specified by ANSI C37.20, other

ICSISmny be appropriate for wifimtion of swilchgear
opcmti on. especially if the switcbgcar includes automa!ic
or remote control capability. Exnmple ICSLSthnt might be
npproprintc orc

1. Insulation rcsistnnm measured m voltngcs below
breakdown provides an indication of leakage paths across
insulation surfncrs.

2. The response time of a switch is measured by
determining the time intend between submission of a
rcmmc control sigml and the time elecubl continuity is
mndc or broken. The dclro’ in opcmtion of n switch IMY
become critical tvbcn multiple switches arc comrolicd
from n common source: Time-tmvel nnnlysis of the oper-
ating mechnnism maybe performed IO verify mechanical
opcrnticm. Devices for performing these ICSISprovide a
graphical reprcscnmtion of conmct wlocity and position
b,ersus time. which may be compared m the mnnufactw.
cr”s specifications.

3. Inspection of lhc unit while i! is in opcmtion may
be npproprin!c to wrify the opcmtion of nncilfiav
equipment. such as indicming lights and mews. and
interlocks.

4. Internal insu-umentntion may be checked for
occumcy by ccdibmtion procedures that are npproprime
for the instrument used.

5. Conmcl rcsismncc ma!’ be memurcd by impress-
ing n known low voltage across the tcrminnls and measur-
ing the current through the conmct. S]milar in fornmlion
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mny be determined by passing the mtcd current ihrough
the swilch and mctssu ring the induced wdtnge drop ncross
!hc switch. Conmct rcsismncc may be used as an indicator
of the amount of heating cxpcctcd in normnl service.

6-7 Operational PRECAUTIONS
6-7.1 INSTALLATION

All switchgcm should be installed nccording to [he
nmnufncturcr’s directions. Sw,itcbingdcviccs should be
innccessiblc to unqualified persons. Isolation can bs
accomplished !hrough !hc usc of wails, bsrricrs. fences.
Iockcd doom, or other means to protect personnel from
energized parts nnd{ornrcing.

The space provided forthcequipmcm must bende-
qume for qualified pmsonncl to operate. rcplncc. or repair
al) switchhsg equipment without undue hnmrds from
limited working space. For cquipmcm opemting m t4)0 V
or fess. the A’ntional Electrical .%fcty Code (h’ESC) (Ref.
9) spcifies requirements for tvorking space around any
components that need replnccmcm. inspection. adjust.
mcm. or repair. A 0.9-m (3-fl) clcnmnce in front of n
dcnd-front switch panel nnd n 2. I-m (7-fl) ffoor-toeiling
clcamnm nm required. Also a 0.9-m (3-ft) clearance is
required mound exposed O-to- lS&\’ components. For
components operating nt ISO to f@ V. n 0.9-, 1.1-. or
1.2-m (3-. 3.5-. or 4-ft ) clcarnnce is required. depending on .
u,hclhcr energized compcmcms are Iocatcd on one side of
the working space. energized components nrc on one side
and grounded on the other. or energized componcnss me
on both sides. rcspcctivcly (Article 1250 fRef. IS). Also
switchgcawrnusl besepwntcd from llammnblc-liquidor
gn.s-smmgc containers by 7.6 m (25 f!) indoors or 3.0 m
(10 ft) outdoors unless a suitable barrier is placed bawccn
thcm(Arsiclc 1800f Rcf.2 S). Oil-f dtcdswitcbgenrmusl
be segregated from other equipment by pbysicrd separa-
tion. fire rcsisusm barrier walls, or by mcml cubicles. Also
provision! musl be provided for safely containing oil,
which could bcspillcd througb venting orumk rupture.

[f the space provided for the inmnlhxion is outdoors.
special prcasu! ions mus! be taken to insure that !hc cnclo-
sure i$tmnpcrproof. hmust bedesigncdsothnt

1. !+ticks.wire .orliquidsiha tmayimerfcr etviththe
proper function of Ihe insmlla!io~ cannot be inserted.

2. Enmy by ,unauthorizcd persons is difficult or
impossible.

3. Ventilating opc”i”gs should have deflectors Or
nnglcd openings to prcvcm objcc!s inserted in them from
touchin6cnergizcd conductor%

All equipment should bc clearly mnrkcd os to WIIUL!C
lcvd and phnsc. The mcchanicrd~perntion indicators
that indica!c thr stmus-open orclosed—of switching
cquipmcm should be clearly i,isiblc. In addition. signal
Iigh!s should be provided for rcmotclycomrollcd systems
orswitchgcnr thntdocs not hnwnnopcmiinghnndlc that
indicates switch stmss-e.g.. push-button switches with a
red light indimting ‘closed” and u green light indicating
‘open-.

Unless !he swilchgcnr is physically nttnchcd or ndjnc.cnt
m the equipment it controls. it should bc plainly labeled
ei(hcr with thcncme ofthcequipmcnt orsystcm it con-

!rols (for diswibcnion swiichgear) with !he designmion
corresponding to an overall scbcmc of labeling bmncb or
feeder lines. Tbc label should bc mourned Permancndy on
n nonmoving. nonremovable surfncc of ihc opermting
handlcof lhc switch. Lnbcling foroutdoor usc should
usitbstnnd wcatherinn u.ithout cxmssit,c dctcriomtionof
legibility.

Erich insmllntion should be provided with the complete
set of hnndlinn devices or tools rcauimd. for the removal
or operation ;f stvitchgmr. A corivenicm storngc place
for the tools should be provided and clearly labeled.

Erich instnllmionshmdd bcprovidtd with osuimblc
ground bus for grounding enclosures and Iighming sup-
pression devices.

In the original installation all imerlccks musi be
checked m verify tbn! Ihcy opcmic propdy. i.e..

1. hlctnl<lnd, mmo~ableunitsmnnot bcremovcd
or restored if the brcnker is clo=d.

2. Disconnects cnnnol beopmcd orcloscd unless
thcnssociatcd brcnkerisopcn.

3. Circuit-brcnker doors arc m be imcrluckd to
prevent opening unless ihc circuit brcnker and discon-
nects am open. These imcrlocks should be inspected from
lime 10 time 10 verify Ihcy arc still in good operating
condition.

All installations should bc provided w’itb surge voltage
protection (Iighming nrrcstom) to prmcm insulation
damage including

1. Powcrnrr tmckingovcr bushing.s, hotheads. and
bus suppon insulators

2. Ocstruclion ofporcclain insulators
3. Puncturc oftimeinsulntion ofwnnsfonncrs, bus

wsnpping. etc.
No equipmcm should bc insmllcd nbovc switcbcs

(brcnkcrs) thnt open in air because of the remote possibil-
ity tbm the switch might not complete is stroke nnd the
arc between the contacts would Lx sustained. Convective
aircurrcnts. cnussd by the heat of the arc. would mow the
orc CIOSSto or into the equipment located above the
nming switchgcar n nd would a usc considem ble dmnnge,
If the wcrhead equipment included control wiring or
parts of other circuits. the difilcuhy could lx furshcr
compounded. (SIX F.,3-3.8.)

6-7.1 ROUTINE MAINTENANCE AND
INSPECTION’

Switchgenr should be inspected routinely to idemify
problems that could nffc.a the reliability of the witching
cquipmcm or could crmte an unsafe condition. As soon
us possible oftcr circuit breaker operation at or near iu
mting. the breaker should be inspected for possible dam-
age. and indicated mnimcmncc should b: done promptly.

Dkconnccts should be inspected for possible corrosion
of the contact surfaces. and such repairs. e.g.. silver plm-
ing. should be undertaken n,hen neccssnv. Connections
should be inspcctcd for tigh!ncss by using o torque
w.xch for large. criiical connections. Insulation rnnte-
rials should be checked for brmknge or dnnmgc due 10
corona. wncking. arcing. or owrbeming.
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The tempcmturc of swi!chgcar components should be
cbcckcd periodic+ 10detccr unoccepmblc rrsisliw hml -
irq of conductors. Tempcmlure-sensitive paint can bc
appiicd to !hccxtmioro ibus insulation mdctect unus”d
temperature rises rcsultins from overloads ordctcrioml-
in~ bus connections. Periodic usc of infmrrd surfacc-
tcmperaume-measuring devices is highly recommended to
detect heat from high-rcsistnncc contacts or connections
without having to shw down Ihc equipment for installa-
tion of smsors.

Arc-suppmsion devices (arc chum) arc removable on
some switchgcor. These dmiccs should be inspected to
insure dmt tbeynrc insudlcd prop+’ and are in scn,ice-
able condition.

.Ccrmin tests should be performed periodically [o verify
the serviccnbility of the equipment. Appropriolc tests
include I@h-potcmizl (cm and insulation-msis tanm !esis.
These tests should bc performed periodically at an inter-
val spccificd by [hc mnnufaccurcr. For od-immersion
switchgear the oil should be checked periodically for con-
tamination. and its dielectric strength should be mcn-
surcd.

Maintenance. rqnir. or inspcaion of Iow-volmge.
open-air switchgcar must be undertaken with great care
buss of !hc proximity of equipment thnt remains alive
(including the breaker). Equipment that remains dive in
the vicinity of this work should be coi,crcd wilh mbbcr
blankets. ho=. etc.. and the Pmsonncl mus! use rubber
gbcs and ‘hot line” tools M required.

Insulator surfaces should be cleaned rcgularl~ to
remove dcposi!s tbnt could Icad m arcing across the ins-
ulator surfncc. Loo% dust mny be rcmot,cd by vacuuming
orwipingwilba Iint-frec cloth. Stubborn deposits maybe
removed by using solwms recommended ~ the manufac-
turer. Wmcr. steel wool. snndpapcrs. or mdustrinl com-
pressed air should not be used bemuse (he mmcrkls Icf[
behind an introduce Icakngc paths or imcrfcre wiih
mechanical apparatus. Power should Ix removed from
the nppmntus during cleaning. Personnel should ncwr
rely on the solid wire insulation within elccwical oppzra -
tus for protection because pinholes rind/or nicks can
dcstro~ the imegrily of the insulation.

During priodic maintenance. old lubricant residue
should be removed and the switch mechanism lubricated
IO prcvcm sluggish switch opcrntion. \Vhilc the cquip-
mem is dccncrgimd. it should be c@d to insure dmt the
mechanism operates smoothly without binding.

6-7.3 OPERATION (Rcfs. 25 and 26)
~copemtion ofswitchgczr almos{nlunys csposcsthc

opcrntor!othc potcmialhazard ofmcingwhcn thcswitch
is opened or m the po!cntid for lnrgc currents (hat occur
when the switch is closed on a fo”lt. These hazards. along
with possible implications of opcrnting Ihe w,rong switch
oropcmting lhcswitchnt the wrong time. make necessary
careful prcpzrntion before large switchgcar is opermcd.

For distribution systems. all switching operations
should be well planned and documented in n swimbing
order. These ordcm should specify completely the sw,i[chcs

.IO be operated. the sequence. the time of opcrmion. the
person(s) who musl be contzctcd before the opctation

commences. and any other pertinent conditions. Ordcm
should bc proofed and t.crilicd to eliminme errors.

Switches should bc closed with the rmlizmion {hat the
current could comnin n fault dmI could trip a circuit
breaker or blown fuse. The switch should be closed with a
decisive motion. i.e.. use of sufficient form to scat the
mcchimism in thccloscd position. Ifiheswitch ina loaded
line does not smt completely. it should be sealed by
appliCaliOn ofndditiomd force. The switch should ma! &
reopened unless it is dmigncd to be capable of extinguish-
ing [he resulmm arc.

Sticks or poles [-hot s!icks”) used for opaating polc-
mountcd switchgcm should bc carcfull~ stored tvhcn not
in use to protect them from dirt. mo!slum. heat. and
sunlight. Poles kept outdoors may be smrcd in a mbulor
housing with screw-on end caps and bent holes to prctcnt
accumulation ofmoisturc. Polcsstored indoors should be
stored verlimlly to prevent accumulation of dust. Poles
should Ix long enough m UIIOS,the opcmlor to mainmin
stcody footing. In all cases. the slick should allow the
operator to operate the s~,itch while remnining clmr of
electrical Iincsandcxplosive fuses. A minimum clcmnnce
of 0.6 m (2 f!) is required when stitching 2. I- to 15-k V
Iincs via an uninsulated nvitch using o ‘ho! stick-.

Air-insulated switches should be opened ccwcfully
bemuse of the arc that could be produced if the swi!chcs
were carrying load current. The opcromr should wear
protective clothing. including prow’cti~.c headgear. insu-
lating glows. nnd n protective cont. Disconnects. which
arc not designed to interrupt Ihc load current. should be
opened by using !hc inching technique. In [his technique
the switch is opened slowly while the operator obsen’cs
that there is ci!hcr a small arc or no arc produced. [f n
large nrc is produced. [he switch is immediately rcclosed
until the current can be rrduccd by other means.

Load-interrupting switches should never be operated
using the inching technique: they should be opcmted
quickly to break the arc as prompdy as possible.

The ouxilinry arc concocts or arcing horns used m
brink Ihe nrc should be checked viswdly prior to opc!a-
tion. If urc-extinguishing dei.ices ore missing pm.s ornrc
dcfectivc. nn nllcrnatiw mcihod of intermp!ing the pou,er
must be used.

Where nviichgmr is used to dccncrgize distribution
lines or equipment for maintenance or repair. o lock
should be plnccd on the circuit breaker by the servicing
person m insure agninst the reapplication of power before
service opera{ ions arc complete. This lock should hnw
only two keys—one stored at a central lomtion by supcr-
viwary pcrsomcl nnd om carried by !hc tvorkcr. If more
than one team is servicing the equipment. each tcsm
should lock thccquipmcnt so that nll the locks hnvc 10 be
rcmowd before the sw”tch or breaker mn? bc returned to
the energized position.

Where power distribution Iincs arc being serviced.
ground strnpsshould bcinsmlled ( l)to prmcntthc build-
up of induced volmge on lines from coupling to other
circuits and (2) to prevent application of VOIIOKCto the
Iincs Lwin8 scriiccd (mm any source by introducing an
inmmiorud fault. w,h!ch will Irip the oi,crcurrcm.
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CHAPTER 7

END-ITEMS

Described in (hit chapter are the most common end-ilems dust inrerface wilh. and are powered direct(v by,

electrical poiyphose PO wer distribution systems. [(ems discu=ed in (his chapter include motors. [ra~formers

(as ;he interface between the poh$hase electrical dklribulion sysrem and an electrical load or loads). heaters.

lighting. controls or controllers. and load banks. Discussion of each irem follows the same format used

Throughout (he rest ofthis handbook and includes Ihcfollo wing topics: definition of the equipmem. aflect of it

on the environment. associa:e hazards. design comideralio~. comparibilit~ ond inreroperabilil~ considera-

tions. and operofioncd precautions.

7-O LIST OF SY,MBOLS
E = rclntivc cmissivity of surface (l = blackbocf~

O = mirror surface), dimensionless

h = beat loss through convective cooling, WI m’
(W/in!)

h = ben[ loss through conduction. WI m’, (W/ in:)

h,= hcm loss through mdimion. W/m*. (W/in?)
L = capacitor current. A

L = main-winding current. A
k.. = thermal conductivity of mntcrinl. W/m. K

(W/in..R)
6= ic”~h of thcmud cmductor. m (in.)

T-= tempcmturc of ambicm or sink. K(R)
V, = power inpul. V

Tw = tcmpemturc of heated plmc, K(R)

Lt = constmt = 5.69X 10”’ W/m*.K4
c,, = comtam = 0.35X 10-” W/ in?.R4

C,; = constant = 2.26 WI m’.K

G = constant = 8. [04 WI m’.K

7-1 1NTRODUCTION
An end-item. in the context of polyphnse systems. is

any piece of electrically pow,crcd equipment connected to
n powered distribution network for purposes otbcr than
further distribution of the polyphnsc power. End-items
convcn the polypbnsc clcctcicnl energy to another desired
energy form-e. g.. mechnnicrd energy, hem. light, or
‘nonpolyphasc” clectricnl energy.

Tbiichnptcrdkcusses only cnd-imns :hm me connemd
directly to the polyphnsc syswm. Typically these arc Iargc
electricrd loads that either do not opcrmc economicrdly
from n single-phase supply or opcrmc more eflicicndy
from n power source that delivers power continuously.
(See par. l-3.2.) Tbcsc items include motors. beaters. and
high-intcmity lighting. Transformers that convert thrcc-
phnsc power IO lower voltqgcs or to different phase -

configumtions arc described hem because, even lhougb n
transformer doss not use or dissipmc the power. it forms
the clecwical in!crfncc to the polypbnsc electrical diswi-
bution system. (Tbc Wnnsformcrs described hem me those
associated with n spccikic load orclumrcd group of loads.
IXsuibu!ion trnnsformecs Ihnt mmsform voltage levels m
facilimtc efficient distribution of power arc described in
par. 5-3.)

This chap:cr primarily presents safety issues related to
lYPCSof electrical loads used with polyphasc systems. ,No
nttempt is made to describe completely cacb end-item
since such n trmmcnt would be voluminous due m the
variety of devices thnt could Lx connected to the system
and m the uniqueness of mfety considemtions for each
vm-iety. l%c reader is referred IO various texts. hnnd-
books. nnd specifications to obtain dctniled information
about specific end-items.

7-2 MOTORS

7-2.1 INTRODUCTION
The electric motor performs [he inverse function of a

generator. i.e.. it converts electric energy 10 mcchnnical
energy of n rotn!ing shaft. A vnriely of motor conligum-
tions arc n}.nilablc to provide the required SPA(S), sinn-
ing torque, running toquc (or power). cnvironmenml
protection. or mounting co fdigurmion required by tbc
application. Tbii paragraph briefly dcscribcs the nvnil-
nblc electrical and physical configurations.

AC motors arc divided into IWOtypcx induction and
synchronous. Both depend upon n mngnctic Iicld rotating
in the nir gap surrounding the w-nmturc. [n the induction
motor the nxnting field links !hc windings of the squirrel
cage or !hc wound rotor. Tbc rotor never ntmins the speed
of the romting magnetic field: thus the changing flux
linkages m the rotor winding or squirrel cage induce n
current in the same manner as n transformer with n shon-
circuimd secondary. The resulting current flow in the
rotor reacts with the rotming flux m produce the mrquc.
The smrting torque and maximum torque can be varied

.— 1. I
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by changing the design of the squirrel cage or the resistor
used m short-circuit the wound rotor. The sped of the
wmmd rotor motor ca” be adjusted somewhat by chnng-
ing the shorting resistor. These motors. howelncr, arc
csscntinlly consmnt-speed Motors and operotc m speeds
slightly below synchronous speed. Synchronous speed is
determined by the number of pnirs of poles in !he
winding—3600. 1800, 1200. 9fKl rpm. etc. The types of
polypbw electric motors described in Ref. I me summn-
rizcd in Tables 7- I nnd 7-2. The effects of voltage and
frequency variation on \hcsc motors arc described in
Tnh!c 7-3.
‘S~@-pbasc induction motors me the most common
AC motors used for applications requiring 3 hp or less.
These motors typically contain n squirrel cngc nrmntu=
and tn.o sets of windings, i.e., o mnin winding and nn
nuxiliary winding used for starting. The windings arc
constructed m have different rcnctonces so tbnt when
volmgc from n single-phnse source is applied to botb
windings (in parallel), the rcsultam currents in the two
windings will differ in phnsc. The two most commonly
used designs for achieving this phase diffcrcncc MC the
spfh-phnsc and the capacitor-start methods. In the split-
pbnsc method the auxiliary winding bns n high-resistance
auxifinry winding. which presents a more rcsistiw rcac-
tnnrx m tbe line [ban [be mom inductive mnin u,inding.
The more effective capncilor-start s~stcm relics on 0
cnpacimr in series with the nuxiliwy winding as shown in
Fig. 7-1. The capncitor current L leads the source voltage
while the main-line current I* lngs the source \<ol!agc V.
Thus tbc windings have currents differing in pba.sc by
aPProximnIely 90 deg. A rotnting field is produced and
torque develops. which sums the motor. After the motor
comes up m nenrly synchronous speed. o ccmrifugnl
switch opens tbe auxiliary winding and the motor mnin-
tnins i!s sped from the field suppfied by the main
winding.

Synchronous motors nrc used when n consmnt speed is
required. and they arc driven up m nearly synchronous
speed by nn induction motor or by a squirrel cage in its

.:. .

own rotor. When !hc motor comes ‘up to speed. n DC
voltage is applied to tbe rotor windkg. whlcb pulls the
rotor into step with !hc rotntinfi Iicld. The DC for the field
is furnished by batteries, a DC generator on the same
shrift (sbnft end exciter). or nny otbcr DC SOUIU. If tbe
motor is overloaded and falls below synchronous speed. it
will stnl).

7-2.2 INDUCED Eh’VIROh’hl Eh’T
7-2.2.1 Vibrntion

II is nm possible m hnlmvx n motor mmoturc
dynamically so tbnt n romting motor will not impan some
vibration through its housing to the mount. A rotating
load driven by an engine that is not balnnad or n 10wJ
that vnrics throughout its rotation. e.g., n compressor,

TABLE 7-2

DESIGNATION FOR SQUIRREL CAGE

MOTORS (Ref. 1)

Design Dcsignntion” S@kied Cbnrncteristics
A-B-CD

xxx X Full Voltage Starting

Xxxx

xxx

xx

x

x

xxx

x

Specified Locked Rotor Torque

Spccikd Pull-Up Torque

Spccik%d Breakdown Torque

Breakdown Torque up to
Specified Values

Locked Rotor Current Above
Specified Values

Locked Rotor Current Below
Spccilicd values

Special High-Torqur Capability

-See Table 7- I for idcmikmion of design designation.

TABLE 7-1

TYPES OF POLYPHASE ELECTRIC MOTORS (Ref. 1)

Design Squired Cage Running Starting Appficalions
Chamctctilia Chnmctcristio

Slip Breakdown Current Torque \,cdlagc
Torque

A S@c Cagr-Low Resinnnr.c C5% High High Modcrme Rcduad Fans, Gmrifugal Pumps

B Doubfe Cage or Dap Bar a% Medium 75% of A Good Full .Samc as A

C Double CaSCand DCCPEar -3To Nonnnf Low High Full Compmssom. Cru$hms.
Conmyor

D Single-Cage-High Resistance C3% . Low High Full High- lnenia Loads,
Punch Pmssm. Hoists

‘Breakdown torque is the applied torque loading thru, if exceeded. will came the motor m stall with o sudden dcsrmsc in supplied
xorque. The D-design motor u designed for bem’y. in:ermimn! kmdsnnd provid- continuously incrcnsinS torqut m speed u rcducd
from immcmi”g loading. Hence a D.&sign haa no breakdown torque.

7-2
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TABLE 7-3

GENERAL EFFECT OF VOLTAGE AND FREQUENCY VARIATION ON
INDUCTION NIOTOR CHARACTERISTICS (Ref. 2)

Alternating-Current (Induction) Moron

characteristic Vol[tlgc Frequency

I 10% 909’0 105% 95$’6

Toquc*
Sinning and maximum

running ... ... ... ..... ... ... ....

Speed:b
Synchronous .. ... .... ... .... .
Full load .... .. ..... ... ... .... ..
Percent slip .. ... ..... ... .... ..

EITciency
Full load .. .... ... ... .... ... ... .
3/4 load .. .... ... .... ... .... ....
1/2 IOU! ........................

Power Factor
Full load .... .... ... ... ... ..... .
3/4 load .... ... ... ... ... .. .... ..
I{2 load .... ... ..... ... .. .... ...

Currcnc
Starling ... ..... ... ... .... .... ...
Full load .... ... ..... ... ... .... .

Tempermure Rise .. ... .... .... .

Maximum Owrload
capacity .... .... ... .... ... .... ..

Increase 21%

,Yo change
Increase I%
Decrcnse 17%

Increase 0.5 to i point
Lktlc change
Dccrcnsc I to 2 points

Decrease 3 points
Dccrcn.w 4 poinkr
Decrcnsc 5 to 6 points

Incrcroe 10 to 12%
Decrease 7To

Decrease 3 to 4 dcg C
(510 7 dcg F)

Decrease 19% occrcnsc 10?6 Increase I 1%

No change Increase 5% Decrease 596
Dccrcnsc 1.5% 1ncmasc 596 Dccrcasc S96
lncrmsc 2370 Little change Lkde change

Decrease 2 points Slight increase Slighl dccrmse
Little change Slighl increase Slight dccrmsc
Increase I 102 points Slight incrmuc Slight decrease

Increase I point Slighi increase Slighi dccrusc
Increase 2103 point.! Slight increase Slight decrease
Increase 4 to 5 points Slight increase Slight decrcasc

Decrease 10 to 12% Decrease 5 to 6% Increase 5 106%
Increase 11% Slight decrease Slight incrcnsc

Inmmsc 6 to 7 deg C Sight decrease Slight incrcnse
(11 to 12dcg F)

Decrease 1996 Night decrcnsc Slight incretvc
Slight decrease SlighL decrease Slight incrcasc

Increase 2 I96
Slight incmsc

% smrtim nnd maximum mnninn 801UIUof AC induction mo!om will VUIYas the square of the vohngt.
% speed&AC induction motors-will (.ary dkcdy with Ihc frequency. ..—

Reprktcd with pmnis$im {mmD. G. Finkmd H, U,.scaly. SnmdnrdHmdbookfor Ekrri.nl .%i.rrm. copyrisht e 1978,M&rm$LHkkSod
Company,WV Yd. W. 1978. ——.. . ——z

—.—— also increases vibm! ion. V!brmion may be trnnsmi~
into the nlmosphcrc as ncous!icnl noise or through struc-
tural members. nnd vihmtion loosens faslencm ond
cnuses metal fmiguc o“rchafing. Vibmiion isolators atten-
untc the amount of vibration tnmsmittcd through the
motor mounting. A reduction in transmitted vibmtion,
however. is gnincd by permitting movement of the motor.

&

f

Thii accommodation. hou,cvcr. incrmscs the wear of

,! ● “* ‘-

inlet-connecting cables thnt must flex with the motor.
vibration of any apparatus thot is attached directly to the

& . . Cam@m motor is also incrcnxd.
Wii . . The actual degree of vibrntion is difkull to predia

1

since i: depends on numerous factom including motor
k speed. mass of romling nrmnturc. degree of imbnlancc.

and system rcsonnnces.

~*
—-

W* 7-2.2.2 Arcing

F@re 7-1. Capacitor-Start Nloto; W’ith n
Motorr thnt have dri%.cn coils on the armoturc couple

Squirrel Cage Rotor
energy to those coils through slip rings or n commutator.
Variations in the height of rotating contact or engine

7-3
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vibration will cause the comae! between the bmsh nnd
slip ring intcrmittendy to open slightly and prtiuce n
small WC. TMs arc. nfthough physically ,conllncd to a
small area. ncvenhcless. is cnpnhlc of ignmng flammnble
nlmospheres. AISOthe intermittent contnct nnd nonlinear
action of the arc introduce high-frequency components
into the current flow through !hc commumtor. The high-
frcquency energy !hen may be conducted through power
lines or mdimed clcctromagncticnlly m interfere with scn-
silit.e electronic gmr.

7.2.2.3 Elevaied Tempemtures

Resistive losses in motor windin~ cause heating of the
motor coifs. This hem is conducted m [he motor case and
conducted rmd rndimcd to [he ntmosphcrc and sumound-
ing objects. The amount of hcqt lost by the motor k
proportional to the input power nnd the inefficiency of
the motor. Increased mechanical loading on the motor
shaft increases the power drnwn by Ihe motor. which in
turn incrmws the hem dissipated by the motor. Forw-
rm:ely. efficiencies of electric motors are high so only 5 to
20% of the input power is lost w heat.

The actual temperature rise of the motor is dependent
on the heat dissipation and the vemila! ion around the
motor. Layem of dust or din insuhatc the motor. reduce
hem dtilpmion. and cause the motor m operate m a
higher tcmpermum. Frequcndy. thcrmnl premction k
incorporated into electric motors and will remove power
from the motor when tempcmtum limits are excccdcd.
The maximum internal tcmpcmturc the motor is designed
to withstand is spccisicd by the insulmion class. Insulation
Clnsscs A. B. F, and H imply approximmc hot-spot
!cmpcmumcs of 10SO. 130”, 155°, and lgO”C, (220°, 270”,
310”. and 3W” F). respectively. Actual exterior tcmpcrn-
mrcs will be somewhat Ioucr. depending on !hc flow of air
across tbc motor.

7-2.2.4 Presence of Rotnting Components
Motors me used to provide romtionnl energy and, con-

sequently, have rotming components including shafts.
pulleys. and fans. The prcscncc of n smooth rotating shaft
has little effect on the cnvironmerw howver. pulleys.
couplings, funs. and irregularly sbqxd components imro-
ducc vibration (discussed in par. 7-2.2.1 ). air circu!ntion,
and the potential for cnmnglcmem with foreign objects.

7-23 HAZARDS
The presence of romting components constitutes n

potentinl hazard for scwml rcnsons. Clothing of person-
nel may become entmgled in unguarded shnfm. which
will dmw the person toward the apparatus and possibly
cm!.sc serious injury. Unguarded fnns or o!bcr irregularly
shaped objcms may not be visible when spinning nnd may
inflict serious injury if personnel or objects come within
range of their rotmiomd SW-P.

The arcing assncimed with motor bmshcs or contncts
may ignite Ilammablc ntmmphercs. i.e.. those containing
flammable gases or dums. Even if bmshlcss or scaled
motors arc used. am on opening contacts in motor con-
wollem can se! off explosions in a hazardous cnvi-

ronmem. The damage produced by such an c;pioiio;
depends on the volume of flammable mixture ond the
charnctcristics of the mixture.

Failure of tempcrnwrc-protection dcxims-due to o\,er-
loading or stalling of the motor—or [he absence of such
devices incur tempcrmurc-related hazards. Overhcming
of the windings occurs. and the motor insulation or
nearby flnmmablc materials maybe igni: cd. In less severe
cases.. the insulation may smolder—releasing dense smoke
into the atmosphere-nnd thereby degrade the integrity
of the motor insulmion and possibly introduce clecwical
safely hnznrds. Cases of extremely high tempem!urcs—
193” m 21 [“C (3S0” to 412” F)-haw been reported for
commercial motors operating m rated load (Ref. 3).
These temperatures uc sufficient to cause set.crc burns.

An clcctricol shock hazard may be introduced in clcc-
wic motors if insulation is damngcd due m motor ovcr-
hcming or if interconnecting wiring is damngcd by failure
of n motor mount. In addition. c!cctricnlly conducli~.e
paths may Ix introduced into motors through ingestion of
mcmllic panicles or Iibm imo the motor or by moimum.
These unintentional current pn!hs may produce haznrd-
ous voltages on exposed conductors unless those conduc-
tors arc properly grounded. Even then. the unintentional
grounding of energized windings or conductors may
damage the windings.

Vibmtion as.sncia!ed with motors mny produce addi-
tional hnznrds through the degmdmion of stmcturnl
inmgriz y of structures msocintcd wi!h the motor. Unless
proper precautions arc mken. the vibration may cm.se
loosening of fnsmners or mctrd fatigue in motor supports
and rotming components. The ensuing mechanical failure
can produce dnmage to nenrby equipment. especially if
the stored energy in rotating components is released in nn
unanticipated mnnncr. Possible foilum include projec-
[ilcs thrown from rotating components. wiring or piping
dnmaged through contact with the rotnting shrift nftcr the
fnilurc of o momrsuppon. ordomngc to bearings due to
misalignment.

7-2.4 PHYSICAL CONFIGURATION AXD
ENVIRON’ME8TAL PROTECTION

Most motors arc configured 10 mea the following
“normal scwicc conditions” specified in Ref. I:

1. Ambient temperature between 0° to 40” C (32° to
N34”F-J

2. Ahitudc below IOCOm (3300 f!)
3. !nstallntion on n rigid surface
4. ]nstrdlmion where airflow is not restricted.

Other contigurn!ions. howcwr. arc described to smisfy
requirements of environment other tbrm the (ypical scr-
vicc environment. Some of the cmdigurntions identified
in Ref. I me

1. Drip ProoJ A vcntilnmd motor protected from
liquid or solid pariiclcs falling within 15dcg of the vertical

2. Splash Proof. A ventilated motor protected from
wmcr falling within ICOdeg of the vertical

3. Guarded. A ventilated motor in which baffles or
grilles nrs incorpomted to prevent nccrss to rouning or
energized components

7-4 –-—
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4. Serni&&;ded. A ventilated motor provided with
guarded construction on the top half but having cm open
construction on the bottom hrdf

S. Open. .%tcrnollv ventilated .\foIor. A MCW-MprO-
vided wilh a separately powered cooling fnn

6. Open. Pip+ Vemilnmd Motor. A motor contig-
urcd so that airissupplicd to the motor byn pipe or hose,
which can be mtachcd to the fmme of the motor

7. Wcmhe, Prorecmd. A motor designed m prevent
the cmmncc of min. snow, and nirbomc panicles

8. Tomlly Enc\osed. tVonventilnred. A motor that is
tomllv enclosed but not airtight wi!h no external cooling
mcch&dsm

9. ,.%dosion Proof. A motor buih to contain an
in!emtd explosion with;ut allowing sparks or hot gases to
cscapc

10. Duw-fgnition ProoJ A totallyenclosed motor
designed to exclude ignitable pm-ticulnte mmter

II. WarcrprooJ A mudly enclosed motor that with-
stands vmwr from n hose

12. Totallv Enclosed, Air Over. A totally enclosed
motor intended for exterior cooling by a separate ventila-
tion system.

More detailed discus.rionr of these configurations arc
given in Refs. 1 and d.

Provisions for environmental requirements generally
uc made in the motor housing, although modifications to
the internal contigumLion or mntcrinl selection also may
be ncccsmry. Fig.7-2shows two representative contigurn-
tionx n drip-proof motor with ventilation openings only
in the lower half of the housing nnd n totally enclosed
motor with n cowl-covcrcd fan. which blows air across the
outer surface of the motor. The hmtcr configuration is
used in environments containing dust or abm.riw pmri-
CICSthat might be detrimental m the operation of tbe
motor.

TherE arc nltemntive motor constructions [him enable

(N Drip Proof

Rmimcd hit mdsim of R.luuc= E~~ Comww.

the cooler. open-frame motors to operate in environmcnis
conmining dusl or abmsiw particles. Encapsulming the
coils protects Ihcm from corrosive chemicals and provides
n smooth sun-cue that will not coilcct pnniculme mutter.
Pro!emion m bearing surfomr is provided by the usc of
shielded or scolcd ball bcnrings. (Shielded ball bearings
have shields that cow the spncc between the inner and
outer ram. Scsled bcmingr incorporate additional tlcxiblc
seals to prevent the leakage of fluids into or out of the
bearing.) These bearing IYPU typically do not have provi-
sion for Iubricmion but arc packed with high-tcmpcmturc
grca.rc.

Guards or shields mus Lx provided around the motor-
driven apparatus to prewnt personnel injury due to con-
tact with moving pnrt.s or cnmnglcmcnt with clothing.
Pulleys. belts. nll moving pans-except smooth ro!ming
shafts—should be cowred to prcwm mcidenml contact.
(See pnr. 44.1.) Ref. I requires thnt openings in a
“gunrdcd- motor IN no larger than 19 mm (0.75 in.) and
thm i! be impossible 10 insert a spcciol. jointed. 12-mm
(0.5-in.) diameter. 100-mm (4-in.) long probe imo [he
momrin such n waythnt it will contncy n romtingcompo-
nent or n film-insulated wire.

Explosion-proof mom’s arc designed m conmin an
explosion within the motor enclosure and to rclensc only
cool gases m lhc atmosphere. Explosion-proof enclosure
arc !ot@ly enclosed but arc not oinight. The housing is
strong enough thot nn explosion wilhin the mmosphetr
for which the housing is designed will not damage the case
or scams in n way !hat nllows entrapped gases to escape
easily. The housing is designed to present n high resistance
to gnr flow 8s n means of controlling escaping gases. Upon
escaping. the gnscs expand and me cooled naturally by
thermodynamics. To provide the necessary rcsistnn= to
gas flow, the housing must be strong with close-fitting
scams nnd minimnk clearance between the motor shidt
and the housing.
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(B) Totrdly Enclosed Motor

Figure 7-2. Exam@es of Lhlotors Configured to Withstarrd Environmental Conditions
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7-2.5 DESIGN CONSIDERATIONS
7-2.5.1 Motor Electrical Protection (Ref. 2)

Protective devices arc included in motor circuits m
protect the motor and the wiring ossocimed with [he
motor and m remove power @ the event of a fine-r-
eground fault as shown in F!g. 7-3. Protcc!ion devices mny
be incorpormcd ra either internal or external m the
motor.

7-2.5.1.1 Ext;rnal Protection
Protection for motors ngninst overcurrem or overheat-

ing is provided by n vnricty of devices selected in accor-
dance wi!h protection needs. Types of protcctiw devices
include the following items

1. Fuses. These devices provide ovcrcurrcnt projec-
tion for lines 10 the motor and protect the motor against
severe faults. A fuse must hove n currmt ruling consider-
ably above the rated current of the motor so the fuse will
pass the starting currem without blowing. Consequently.
fuses do not provide adequate overload protection unless
the overload is severe.

2. Magnetic- 7jjpc Overload Relays Tbcsc devices
arc circuit breakers ihnt incorporate time dclnys so thnt

the shortdumtion. starting-current surge does not trip
the breaker. but n persistent owumcm condition. even
i( slight. will cnus Ihc line [o be opened. The relays
pro\sidc precise owmcurrcnl protection.

3. Thermal Overload Relays. These arc extemnlly
moumcd dci.irxs thm incorpomte n heater and either
bimetallic strips or n low melting point soldered support
thnt holds contacts in n closed position. Passage of ovcr-
currcm throunb the henter causes the bimemliic sirips to
deform and {o release the conmc= nnd allows thcm m
open. In the soldered version the o~.crload current mchs
the solder and allows the contacts to open and interrupt
the motor current. These devices possess an inhcrcm
delay arising from Ihc time required to hen! tbc assembly.
If the time delay characteristic of this protective devicr
closely ma!chcs the heming characteristic of the motor,
near-ideal projection for the mo:or is provided.

4. Low- Vohoge Pro fec!ion or Release Oevices. These
dc~.ices interrupt the power to the motor during low-
volmge conditions to prevent overheating of loaded
motors. Low-volmgc protccms interrupt the service
whm the volmge falls below n preset threshold and
remain off until the device is manually reset. A low:

~muitbmb=p-agtifi

short cimuite that create amesake
owmurrem mndilions

(B) Short<ifcuil Pmtr3CliOfl

L
u Equipment grounding mnduaoffi

in injunction with circuit
breakere ptotect against

-L
7

(C) Ground Fault PMteCiiOn

Figure 7-3. Types of Electrical ;rotection for Motors (Ref. 5)
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voltage release device automatically restores power when
the volmgc rctums to the normal level.

5. Phase Failure Protcc[ion. These devices rcmoi.e
power from all phases when power is interrupted on one
phase to prevent overheating of th~ motor due to imbr.l-
amcd opwmion.

6. Phase Reversal Prowcrion. These devices remow
power from [he motor upon detection of a phnsc rcvcmnl
condition m prevent the unintended opernt ion of Lhe
motor in the rcvems direction.

7-2.5.1.2 Internal Protection
Thermal protection can bc provided intcrnnlly 10 the

motor either by thcrmnl fuses or by bimclalfic rc@ ~hat
open when cxpossd to excessive hem from the overcur-
rcnt condition or from restricted ‘ventilation in n loaded
motor. Motors mnrked “Thermally Protected” conmin
protection to insure thnt the winding tempemturc remains
below the limits specified for the class of insulation under
continuous-run conditions and locked rotor test condi-
tions. Also the minimum current suflicien! LOtrip the
thcrnwd protective device must be less thnn a specified
percentage of the ruled full load current (Ref. I). The
pm-cenmge depends on the motor size and is given in
Ref. 1.

,Motors with internal thermal protection thm meet
some. bul not tall. requirements for the “Tbenmdly Pro-
tected” rating arc marked wkh “OVER TE.hl P PROT”
followed by n “ I‘, “2“, or “3”. The” I” designation indi-
cates tbm the prouctive device meets winding tcmpera-
IUrCcriteria for continuous current nnd locked rotor con-
ditions but is not CCrtificd to meet the trip current critcrin.
~e ‘~- de~ig”atiO” indicates that tbe protective device is

certified to mea only the continuous current tcs!. The
remnining designation. “3”. indicates thermal protection
is incorporated but that its type nnd performmm arc not
spdlcd. nnd performance information most be obtained
directly from the mtmufacturcr.

7-2.5.2 Motor Lnbeling
AU motors should be Inbelcd with n pcrnmncm mnrk-

ins m indicate tbe motor chnrnctcristics and to dcsignme
the imemnl conncstion of wrmintds.

The motor characteristics arc idcn!ificd on n perma-
nently mmched nnmcplnte. Lkted in Tnblcs 7-4 nnd 7-5
me lhc information items tbnt must be included on the
nnmcplnle of polypbasc squirrel cngc motors manufnc-
turcd rtccording to Ref. 1. The data on Ibis plntc provide
the means of idcmifying the chnmctcristics of n defective
motor so that a rcplammcnt for it cm be rmdily specified.
Also tbe information nllmvs pmonncl installing the
motom to verify that the motor being installed is npprc-
prime. Additional items of information can be marked on
the motor to nid during tbc insmllation. Information.
such os proper wiring conncc! ions for different voltnges
or different operating speeds. or wnrnings of potential
hazards may be spccilied.

Tcrmimd marking of motors is similar to thnt of gcncr-
morx later dcsignmions me given in Table 7-6( Ref. I).
TyqicaIly terminals will bc mackcd tvith one or two letters

TABLE 7-4

MOTOR NAMEPLATE LABELING (Ref. 1)

Type of Information Possible Entries or
Unit oi .Ucas.mmcnt

>Imuiacaurer’s Snme

Motor Fmme Ocsignmion

Time Rming (cspcc!cd operating
time of motor)

.Maximum t\m6im! Temperature

Insulation Syswm Clnss
SmtorI Rotor

.Motor Speed

Line Frequency

xwmbcr of Pbnscs

Rnwd Load

voltage

Locked Rotor kVA

Ocsign Oaignmion Lr.ucr

E~ciency

Scrvict Fmor (factor by which
horsepower ratinE may be
exceeded under specified
conditions)

- 77wrmal Promc:etf.
‘OVER TEMP PROT 2“.
‘oVER TEMP PROT 3-
(for motors with (bend
overload dcviccs)

scc SEMA .uG-I

5.15.30.60 min or
continuous

“c

A. B. F. or H

rpm

Hz

lor3

A

v

Set Tnble 7-5

set Tnbks 7-I and
7-2

96

TABLE 7-5

LOCKED ROTOR CURRENT

DESIGNATION (Ref. 1)
Lcuer VA per \VmI Output kVA per Horsepower

A 0-4.222 0-3. I5
B 4.223-4.759 3.15-3.s5
c 4.7S9-S.36
D

3.554.0
5.36-6.03 4.0-4.5

E 6.034.70 4.5.5.0
F 6.70-7.51 S.0-5.6
G 7.s1-8.45 5.6-6.3
H 8.4s-9.s2 6.3-7. I
1 9.52.10.72 7.1-8.0
ii 10.72-12.06 8.0-9.0
L I2.06-I3.40 - 9,& 10.0
,M I3.40-15.01 10.0-11.2
s ISOI-16.76 I 1.2-12.s

16.76-18.77 12.5-14.O
: 18.77-2t.45 14.0-16.0
s 21.45-24.13 16.O-18.O
T 24.13-26,81 18.0-20.0
u 26.81-30,03 .20.0-22.4
v 30.03 and up ~~,d .ti “p

Thii nm.:minlu mprod.d by pcrmiuim .1 tbc Sa:ioml Elcmicnl
Slmurm!.rtn A!mcmfion(rotn NIihlA Stmdnrds P.bticati.. MG
I-1987.,\t”tO,l end GmtrwOr*.COPYliEhl1987by SE MA.
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TABLE 7-6

TERiMINAL IMARKING FOR MOTORS

(Ref. 1)

Application Tenninrd ,Mnrkin<

AC Rotor U’indinm Mn
Annaum
Brake
Capacitor
Control S@lnl Allachcd 10
Commutating \Vinding

Dynamic Btilng RcsisIor
Fufd. Scria
FEM. Shun:
Line
Magnaizing Wimiing
Resismnce. .Miscclfnneous
Resismncc-Shunt Fuld

An
En
Jn

c
BRn
Sn
Fn
Ln
En
Rn
v“

Shun: Bmking Resistor DRn
SPacz Hcmcn Hn
StmOr Tn
Sinning Switch K
Thcrmnl Pmwctor Pn

% u nsequeminl number mdistinguish conmctions todiffcrcnt
phnsss. comporunm. or ends of ncomponent. (Se par. 4-4.6.)

. .
followed by n number. The Iettcm designate the windin~
or component connected m [he terminal. and the number
indicates which ending of the winding or which ofscwmd
windings is brought out. Multiple s:mor windings in
polyphnsc motors me numbered in the mnnner shown in
Fig. 4-2. Wbcre o terminal is imended to be connected to
ncutrnl. e.g.. n common internal connection of thrrc-
phnsc windings. the number zero is u$sd.

7-2.6 COMPATIBILITY AND
INTEROPERABILITY

Bemuse of the prolifcmiion of motors in commercial.
industrial. and rcsidcminl npplimtions. the stondnrdizn-
tion provided by NEMA-MG-I (Ref. 1) ho.$been readily
~ptcd by U,S motor mnnufncturm and consumers.
Thii spccilicauon defines motor types. smndmd dimen-
sion.% mounting provisions. shnfi con figurmions, and
Inbcling, n5 well as performance requirements. Sufficient
variations in motor configurations are provided under
Ref. 1 so thm motors for n wide latitude of npplicmions
may be procured under [his broad specification. which
covers n varic!y of AC and DC momr Iypcs. Some of
these ly~ me

1.,4 C Momrs. Fractional and integral homcpowcc
single- and pcdyphnsc and induction. synchronous. uni-
versal. and dclinite purpose cmdigurmions

2. DC Afo/ors. Fractional and integnd horscpowec
and series-wound. shunt-wound. compound-wound, or

_ mrmancm magnet c0nfi8umti0n.
The In!crnmiomd Electromechanical Commission

(I EO publishes motor standards. which ore currently
used in \Vutcrn Europe. Major differences Lmwecn $he
1EC nnd National Elccwicnl Mrmufmturcrs Association
(N ELMA) standards w

1. Use of mcwic units in LEC smndnrds

2. Allowable tcmpcmlurc rise with Class F im.ulntion
3. .Mensurcmcnt of tcmpernturc rise by imbedded

sensor.
Selected IEC spccilicmions are gimm in Rcfs. 6 through

14. IXffercnces between IEC and N EMA specifications
arc discussed in Ref. 15.

NEMA .MG- I specifics various performmcc chamc:er-
istics for motors or methods of exprcssin8 characteristics
thnt may vary with design. e.g., locked rotor current.
Chimtcteristics discussed in this spccilicmion that musl be
specified appropriately for a giwn npplicntion arc

1. power output (Opmnting v0hn8c. phase cOldiEura-
lion)

2. Speed(s)
3. Toque (locked rotor. pull-up, brcnkdown)
4. Curmm (opemtin& locked rotor)
5. Physical dimensions (case or fmmc size. mount,

shaft)
6.labeling.

In most .mmlicmions it is sufficient 10snccifv the motor
frnmc size, “&lOsurc type (cnvironme;ml ~rotection),
speed, power. motor types. and shrift configuration to
provide sufficient information m obtain n rcpltwemcnl
compatible with !he original. Some appiicmions, how-
ever. will nccommodnte a wide Intitudc of replacement
motors. whereas otbem can use only nn cxtmct rcPlnce-
mcm, especially mo!ors thnt arc definite or special pur-
pose machines.

Operation of motors under conditions that differ from
the design conditions should bc mtemptcd with care. Of
pnniculnr importance arc the vollnEe nnd frequency
requirements specified for the motor. The follo=in8 con-
siderations should be reviewed before operating a motor
under conditions other than those for which the motor
was designed:

1. If !he motor is opemted at rated horscpou.cr al n
volmge 10% hlghcr or lower than rated. [he motor will
dissipmc more heat. which may lead to pmmnturc insula-
tion failure if this opcrmion continua for cxtcndcd
Vriods.

2. Locked rotor nnd br.akdown will increase with
the squnm of applied voltnge.

3. Operation m n higher-than-normal frequency
decreases torque und increases losses and speed. For some
motmx close regulmion of speed may be esscntinf.

4. If n 60-Hz motor k operated m SO Hz, the applied
voltage nnd ou!put load should be reduced by 5/6. Speed
will be 5/6 of the rmed speed.

7-2.7 TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE

A series of IesIs has been developed 10 verify specified
per formrmcc and to evaluate service-life pmformnncc.
These tests nm summarized briefly M follows:

1. Runnins tight Tut. The unlondcd motor is
excited m vnrious vohngc levels. and power input and
current arc measured. Power drawn from the line under
these conditions is due to windinB resistance, friction. and
windage Iosscs. Gmphiccd mmlysis of the data is used 10

7-8

l–

Downloaded from http://www.everyspec.com



---

I—
!.

1’
MIL,HDBK,765(MI)

—--— .. .
compute clcc!ncnl resistant% losses. mcchnnicnl losses.
nnd eficiency cslimmes.

2. Locked Rotor Test. Tbc motor under testis rigidly
mounted so that the nrmnlure cnnnot turn. but the torque
i! exerts can be mcnsured. Additional instmmcntmion is
nunched for measurement of line current and voltage.
Tbc measured current. called locked rotor current, is
indicmiw of the loaded stnning currcnx the measured
torque indicmes the load !hn! mny be smrted by the
motor.

3. Tempcramre Rise Tests. The motor is opermcd m
a rated load nnd nmbicnt tcmpernturc until nn intcrnnl
temperature equilibrium is csmblisbcd. llte motor is then
shutdown and additional :empemturc measurements arc
made on rotating components and other components that
m-c inncccssible when tbc motor is opernting. Alterna-
tively tcmpcrmurc mcnsumments may be made by men.sur-
ing winding resismncc immediately nfter shutdown or
during opcmtion using a Scclcy bridge. The measured
tcmpermure dam indicate whether the temperature limits
of the insulation will be exceeded during opcml ion of the
motor m n mm! 10uL

4. High-Pomn/id TCSM. Ovcrvohogcs am applied
between windings nnd the case m ICSIthe integrity of the
insulation. Low rcsismncc readings indicate possible sus-
ccptibitily to n fault or excessive leakage resistance.

5. Balance and Vibration. The motor is opermcd in n
specilied mountin8 condition. The vibmtion amplitude
nnd[or noise gcncmtctk nrc (is) measured.

6. Power Ou!put Torque. The motor under test is
coupled m n prony broke or gimballed dynamometer
hnving an nrm of known Icngtb extending Imemlly to a
scnlc. The Iond on the motor is varied by ndjus1in8 the
friction of tbc brnke or the electrical load on the dyna-
mometer. Recorded values or motor speed and torque arc
plotted and nnalyzed to determine the suimbility of the
motor for opplicmions with specified speed-torque
rquircmcms.

Additional information on test procedures is given in
Rcfs. 16 and 17.

7-2.8 OPERATIONAL CHARACTERISTICS
(Ref. 18)

When dclivcrcd. motors arc lubricated with grc~
selected to withstand !hc operating tcm~mturc of the
motor. Lubrication of the motor nf[er insmllnt ion with n
different type ofgrcase could reduce !hc Iubricming ptop-
cnics of [he original grease if the two lubricants arc not
compatible. Tbcrcfom, the motor should be procured
with tbc same lubricant 10 be used during periodic main-
tcnnnce, or the mnnufncturcr”s recommended lubricant
should be procured for periodic mnintennnce.

Motom should be kept free of dust nnd din since these
materials rcduec bent dissipation nnd mny incrmm wear
of bcnring surfaces. If dust mixes with oil or grease in the
motor, it gummy mixture can be produced. which is diffi-
cult to remove and is n fire hazard if the motor owrhems
or arcing develops. Dust should be removed pcriodicrdly
by wiping, vacuum clenning, or blowing off with low-

Motors should be lubricated according to the manuf~c~
umer’s rccommendmions. Oils, bowei,er, should be ap-
plied only to points m wbicb lubrication is desired. Oil
should be kept off the commumtors because it dctcrio-
mtcs the mien insulation and increases sparking m [be
brushes. Also. oil should not be nllowed to collect on
surfaces since it tends to hold dust, lint. und din in plats
and thereby creates n tire hazard.

Unless the motor is designed for operation in the prcs-
encc of moisture. the motor should be protected from
wum to prevent development of b=rdous electrical
leakage pmhs. If frequent clenning with waler is antici-
pated, ci!ber n wdcd motor should be used or the motor
should be mounted such thnt tbe clenning water will not
enter the motor. Prevention of exposure m moisture can
be nccompliihed by mtining personnel or by relocating
equipment.

Bel!s and chain drives should be inspected regularly for
LIpproprinte tension and condilion, and gearing should bc
checked for bearing wear and binding. Ovcncnsion in
belts or bindings will shorten bearing life. Excessive
looseness mny allow belts or chains to slip off pulleys and
sprockem Slight chnnges in mounting position could
cause misalignments thm introduce ex-ivc ~,ibrmicm or
bearing wear. Also elcctricat connections should bc
checked to insure tbnt they have not become loose due to
vibmtion and thnt wiring insulation is not w,om or
cracked.

II is impormm ihnt polypbasc motors be operated from
brdnnccd power sources since tbc maximum power that

. cnn be detivcred by tbc motor declines tapidly with
increasing i.oltnge imbalance. As shown in Fig. 74 (Ref.
I), n voltage imbaktnm of 5% r$duces the mnximum
powcrou[put ofo motor by25% u wcllasincrmsingtbc
tcmpemmrc rise of the motor.

—.

wtege Unbelence, %

llii nmmi.ih .Pmduced’ b? permissionaf k iVatia.mlEktrical
Mamtktutm8 timcimion of SEMA Staodards P.blicui.n MC 1-
1987.Mom,>md Gmrt.aon. mpytisht 19S7by SEMA.

Figure 7-4. Integral Horsepower Motors

Derating Factor Due to Unbdurced Voltage
prcssurcmmprcsscd air. - ._ (Ref. 1)
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7-3 TRANSFORMERS
7-3.1 INTRODUCTION

The trnnsfonncrs covered in th~ pnmgrnph arc required
to supply end-item equipment wilh voltnges differcn!
from the normal distribution voltages or to, provide
ground isolation. Normnldiswibtitionm nnsformcrsnrc
discussed in par. 5-3. These mmsformcrs include small
tmnsformcm thm produce single-phase power (120/240
Viu) where only [hrcc-pha.w power is avnilnble: small
transformers that supply a wide mngc of volmgcs for
electronic cquipmenc and specialized mmsfonncrs re-
quired for DC power supplies. me lights. and control
quipmcm.

Examples of spccitdizcd transformcm arc (Ref. 2)
1. Power Transformers. 1ncorpormcd into electronic

or power nppmmus to provide’ voltages required for
operation

2. Rectifier Tran@rmer$ Provide power. up m
15.000 kVA. to rcctilicr assemblies for DC motors and
electrolytic proccs.su

3. PhaseSht~ting Transformers. Provide power in 6.
12. or even 24 phases from conventional 3-phmc lines.
Power from the larger number phase conligum!ions.
when rcctilicd. hns ICSSripple thnn the conventional 3-
phnse configuration.

4. General-Purpose Specially Transformers. Dry-
typc distribution mmsformers (ha! supply low-voltage
loads, single-phase or thmc-phnsc. from sccondmy4istri-
hution networks thm provide power at higher voltages or
in o differ-cm phase con figumtion

5. Comrol Transformers. Low-voltage mmsfonrms
used to power solenoids, relays. indicmor lamps. and
control nppnrmus

6. Class 2 Transformers. Power-1imited transformers
that am used in sigrmhg circuits.

7-3.2 INDUCED EA’VIRONIAIEiVT
The transformed required by end-items arc gcnernlly

smnll, and therefore. vibration nnd mngnmostriction
noises ore not significant. They arc usunlly Iocntcd in very
confined spaces. however, and cause u rise in the ambient
mmpermurc. The iron in the tmnsformcm opcmtcs near
the knee of the smurntion curve, and !hcrc uc stray
magnclic fields that may k trouhlcsome when used where
spmc is limited.

If step-up tmnsforrncm are used m incrcnsc voltage. the
high voltage is nn environmental concern due to the
incrmsed possibility of arcing or corona.

7-3.3 HAZARDS
Tmnsformcm used with specific end-items arc physi-

cally smnllcr than distribution tmnsformcm and operntc
a! lower power levels. and the haznrds associa!cd wilh
end-item transformers arc similnr to those discussed in
par. 5-3.2. Although hazards arc rcduccd somewhm
because of the smaller capacity of these trnnsformem.
potential damage is incrcn.sml bccmmc these transformers
arc often mounted in or near equipment in inhnbitcd
areas. Specific haznrds ass~imcd with end-imm mms-
formcm me

1. Short cimuits (fnuh.s) or overload conditions in the
primnq circuit of the tmnsformercan [end to overheating
of the transformer and, in turn. m insulation deteriora-
tion. Possible dnmngc includes developmcm of fmdts
within the trnnsformcr. minor smoke damage in the vicin.
ity of the transformer, or ignilion of nearby flammable
mmcricds.

2. Energized conductors m the trnnsfc.rmer terminals
prcsem an clccu-icnl shock hnzard m persons in the vicin-
iiy. If [he wnnsformcr in.mdaLion fails. hazardous vohagcs
could be applied to exposed conductors. such u enclo-
sures or wiring conduit. unless [hose conductors mm
grounded.

3. Older tmnsformers using oil-filled or oil-im-
pregnmed construction may contain PCB. n known car-
cinogen. Case Ienkngc caused by corrosion. extcmnl phys-
ical dnmagc. or ssvere Ovcriond may 8]1oWCmcinogcnic
mnterird m escape and expose personnel to this hazardous
substance.

4. Leakage of flammable insulating oils increnscs [he
hazard of tire rmcomoanicd bv the nossihle emission of
mxic gases. TM is ;micukly im~omnt if the tnms-
former u located inside a building. PCB contnminntion
from n burning trxmsformcr located inside a building
could result in Ihc loss of the building.

5. Overloading tmnsformcrs can produce healing
sufficient to scorch. ignite. or vaporize insulmion mntc-
rinls and rclca.sc smoke and gnscs that in confined spaces
may be Ioxic or irrimting to personnel and may coat
elect ricnl contacts.

7-3.4 DESIGN CONSIDERATIONS
Design considcrmions for end-item tmnsformem arc

similnr to those for distribution transformers however.
nllownnccs must Ix made for their smaller construction
and for the protected environments in which the end-iwm
trnnsformcrs nm used. Consider! ions other thnn those
described in this paragraph mu$l be mkcn into account if
n trmnsformcr with unique requirements is designed for a
special purpose.

7-3.4.1 Enclosures
Trmuformem thm nrc not to be incorporated into

equipment should be enclosed in n housing. which mus!
provide Ihc required environmenml prc.tcction for the
tmnsformcr and enclosing ail energized conductors to
prevent inndvencnt electrocution. Typicnfly, dry wtm.s-
form.ms used indoors ciiher hnvc exposed Inminmion
with coven to prevent ncccss to the windings nnd termi-
mds or tbc entire tmnsformcr core and coil nsscmbly u
mounted in an enclosure with openings to permit !hc
passage of air and cabling. Enclosure openings should be
covcrcd with a scrccn or grille m prcvcm the insertion of
Iingem or mctnllic objects into the cnclosurc and innd-
vcrtcm contact wi!h any energized conductor [hat is bare
or covered tvith film insulation.

7-3.4.2 Electrical Isolation (Primary to
Secondary)

Trnnsformcrs used to provide elccwicrd isolation must
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be designed so thnt ( I) the only significant coupling
mcchnnism Lwtu,ecn the primary and secondary is the
desired inductive coupling ond (2) insuhnion batveen
windings is sufftcicm m nchicve the desired imcrwinding
breakdown voltage. The reduction of coupling mecha-
nisms. cspccinlly clcctroslntic coupling, frcqucmly is
required m rcducc unintcntionnl electrical leakage cur-
rents.. Reduction of Ieaknge currents is cspecinlly impor-
tant in hospital ekccwicnl equipment that mny be in con-
tact with pmiems. High-voltage insulmion between wind-
ings is ncmssnry for trnnsformcm in power supply cimuits
for which the secondary is maintained m n high-voltage
DC bins relntivc to the primmy or for which impulse
transients from the primov source U= nnticipatcd.
Capacitive coupling is reduced by scpmcding the windings
on the core and placing nn electrostatic shield bcttveen
them. The shield should be n sheet of a high-conductivity
mn:crid physically placed to reduce cnpncitivc coupling
between the nvo windin~.

Imenvinding dielectric strrngth is provided by adding
additioncd insulation between windings and between
windings rind the core. The additional insulation increnscs
leakage resistance as well as dielectric strength.

7-3.43 Labeling
Trnnsformcr terminnls should be marked clenrly ei!her

by winding designation letters ndjoccnt to the terminals or
by mounting n physical layout diagram of the !crminnls
on !hc trnnsformcr m show the relative positions of the
terminals nnd the dcsignntions for cnch.

Terminal lnbcling. nsspccificdin Ref. 19. consisLsof
one or two letters followed by n numcricrd subscript. The
letters indicate the windinfi “H-or “H V- for the high-
voltagc primnry ond “X” or “LV” for tbe low-voltage
secondary. Secondary windings. in order of decreasing
voltage. arc no!ed by “X”. “Y”. nnd “Z-. The subscripted
numbm indicate the relative phase in polyphmc circuits,
numbered in the order that the lines reach their crcs!
voltngc. Terminnls intended for connection to the neutral
rue indicmed by the subscript “O”.

Informmion about tmnsformcr chomctcristics-e. g.,
capacity. powvr rcquircmcnts. nnd imponnnt connection
in formmion-should be marked permanently on the
namcplme of themmsfonncr. Anexnmplcof lhennme-
plme inforinmion required by Ref. 20 is shown in Table
~-l. .-: -

7-3.5 COMPATIBILITY AND
1NTER0PERABILIT%

Depending on the cns.ironmcnt in which the trnns-
formcr is mounted. the cooling clnssificmion may bc an
important criterion in the selection of n replnccment
transformer. Thecoolingclnss mnykan impOrmnlcri-
tcrion in the selection of n replacement transformer. The
cooling clnsscs for dry tmnsformcrs me (Ref. 21)

1. Class .4A. Ventilmd dry-type. self-cooled
2. C/asJ A F,-i. Ventilated dry-type. forced air-cooled
3. Clam ,4A/ FA. Ventilated dry-type. sclr-cooled or

forced air-cooled
4. Class A NV. Xonventilmed dry-type. self-cooled
5. Class GA. Sealed d~-!ypc. self-cooled.

TABLE 7-7

NANIEPLATEINFORhlATION REQUIRED

FOR DRY-TYPE DISTRIBUTION AND
POWER TRANSFORMERS (Ref. 20)

Send Number
Cooling Cln55
,Numbcr of Pba.scs
Frequency
kVA Rnting
Vokngc Rating
TOP Vohnges
Temperature Rkc in “C
Polarity Information (Singke-Phase)
Phasor Diagram (Polyphnsc Diagram)
Percent Impedrmcc
Bmic Impulse Insulation Level (BIL)
Approximate Weight
Connection Diagram
,Nnmc of Mnnufacmrer
Refcrcn= to Instnllmion nndl or O~mtion Instmctiom

For replacement applications. transformers must have”
the same number of phosc.s. the same voltage rming. and
the snmc or hlghcr capacity. In addition, the replctccmem
mmsformcr must have compatible mounting provtilons
rind. if Iocmed in n confined area. must opermc with tbc
same or n smnllcr wmpcnuurt rise. Tmnsformcrs can be
opcrntcd at n slightly higher frequency. For example. a
mmsforrncr designed for SO-HZ operation may be oper-
ated at 60 m 400 HL The transformer. botvevcr, must be
dcrated—bccnusc of the core smumtion effects-if it is
operated m a lower frequency.

If the trnnsformcr is to be opcmtcd in parallel with
existing trnnsfonncrs. the preceding conditions musl be
smisficd and the tnmsformcr-tums mtio—as determined
from voltage tests-and tmnsformcr loss chnrmctcristics
must lx mntchcd to insure equitable load sbnring between
the tmnsformcrs.

7-3.6 TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE

Transformer acceptance tess me described in detail in
Kef. 21. The most important tests ore the volmge-mlio
ICStS.the no-lend excitation test, and the full-load current
test—all were described for distribution transformers in
par. S-3.5.

Table 7-8 kiss the tests and indicates wbctbcr the
recommended tes! is o routine manufacturing or nclxp-
tnncc [es! or is a test performed cm selected samples m
verify design adequacy. The type.of trnnsformcr and its
intended npplicntion determine which OTC of test is
nPPrOPrinlc. For large Imnsformcrs. tests for distribution
tmnsformcrs wc used IO\,crify tbm n new transformer has
been rcceimd without dnmngc and 10 provide baseline
data for comparison with dam token during future tests.

For smaller tmnsformers. testing for losses may not lx
justified becnusc the power losses inn single transformer
arc small. However, Iest.s, such as winding polnri!y, that
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TABLE 7-8

RECOMMENDED TESTS FOR DRY-TYPE
POWER AND DISTRIBUTION

TRANSFOR~l ERS (Ref. 21)

Test Reason for Test

\Vtnding Rcsismncc

Ratio

PolnriIy and Phase Rcla[ionship

No-Load Losses nnd Excitation
Current

Impedance Voltnge nnd Load
Loss

Tempemturc Rtse

Dielectric Tests
Appficd
Induccd
impulse
Power Factor
Insulation Resistnnm

Audible Noise Level
Shon-Circuit Current Cnpnbility

,Mcchnnicnl

Design Verification

Routine

Routine

Routine

Design Verification

Dcsig; Verification

Routine
Routine
Design Vetificmion
.
.

Design
.

Routine

%onutimes required by tmnsformcr qxcilicalions

can be performed cnsily nnd thnt might prevent improper
connection of !hc trnnsformcr. especially in polyphnsc or
pamllclcd contigumiions. can be justified.

Appropriaw 1.ss for newly designed transformers for
use indoors or in confined areas are flnmmnbility tests.
These tests dc!crmine whether the insuhwion mfuerinls
used in the transformer could be ignited through n fault or
overload condttion in the mm.sformcr. and they deter-
mine the gaseous mmcrinls that would be released. These
tests hnve been performed on dry tnmsformcrs, which use
a cast insuhnion material to encapsulate the coils. to
confirm that this construction does not increase fire or
health haznrds (Ref. 22).

7-3.7 OPERATIONAL PRECAUTIONS

Appropriate insmllntion and mounting of n tmns-
formcr depends largely on the type of trcmsformcr and the
enx.ironmcnt in which it is to be used. For small wnns-
formcrs used in electronic equipment. mojor considcrn-
tions arc that adequn!e vcmilation is provided for cooling
of the tmnsformcr. that vibration-resistant faswncrs me
used. that the associated wiring is protected ndequn!ely.
und that overcurrcm protection is sized appropriately to
protect the wnnsfonncr.

For Inrgcr trnnsformcrs used m provide power 10 n
Inrgc end-item or to n collccticm of loads. a location musl
be sclcctcd thnt provides cnvironmentnl protection com-
mensurate with the construction of the tmnsformer. Wen-
thcrproof transformed require minimal environmcmrd

protection: however. vcntilnted dry units must be pro-
tected from moisture. Transformers must not ix installed
near flnmmnblc mnterials—n precaution to pr.xcnt ovcr-
currcnt conditions from introducing a fire hnznrd. Adc-
quntc vcntilntion must be provided if the mnnufaclurcr’s.
.mmcitv rntims nre 10 be rmhzed. IAV2C triulS1OnnCrS-—r—-..,.,.....-
mounted indoors must be located in n fireproof room.
which should 001 be used for storage (Ref. 23) and should
be labeled to indicate tbnt high volmgi is present.

A transformer pro~.ides ground isolation between
primary nnd secondrwy circuits. Ewn if the primary cir-
cuit is approprimcly ground, ihc neutral connection on
the secondary must be grounded to prevent buildup of
hn.z.nrdous voltages between line condtmors and ground
and to allow cwercurrcm devices to interrupt circuits
comnining fauns. Neutral connections and trnnsformcr
cnscs must be connected to o group through n ground
conductor that is sized in nccordancs with the secondary
power conductors. The National Elcctricnf Code (NEC)
(Ref. 23) requires n minimum size American Wkc Gage
(A\VG) No. 8 copper condi!ion. or AWG No. 6 Alumi-
num, for grounding systems wired with AWG No. 2 or
smaller wire. (See par. 3-3.3.)

Maintenance of trnnsformcrs is minimal provided Ihe
wnnsformcm me opcmted within their rmings nnd nrc not
exposed to on environment more severe than the trans-
former is designed m tolerate. Mointcnancc is limited m
periodic inspections for overheating, loose connections.
broken or CUI insulation. and other nbnonwditics that
indicms o potemird opcrmicmnl problem.

7-4 HEATERS

7-4.1 INTRODUCTION
The electric heaters discussed in Ibis pnragmph me

resistive devices thm convert elcctricnl energy directly to
hcnt through the “lzR” loss. Elecwicnlly driven. mechani-
cal bcnting systems, such as hem pumps, ore nol discussed
in thu pnrngrnph.

Electric heaters use one or more of the three hcn!-
tmnsfer mechanisms-i. e.. radiation. convection. or con-
duction. The first two mechanisms nrc the most com-
monly used with electric hemcm. Conductive transfer is
sometimes used m trnnsfer hcnt from ihc heating clement
through n retaining vessel to the medium. usually a liquid,
to be hcntcd.

Heatem arc available in many forms m accommodate a
variety of power requirements and physical settings. Sev-
eral cxnmplcs of different forms of heaters me

1. Portable SpLiCfheaters
2. Space heating for n building of sevcml rooms
3. Wmer heating for both rooms and Inundty
4. Etwironmcnml conditioning unit in equipment or

maintenance van
5. Electric ranges and ovens.

Rndinnt hen! m u.nrm small rooms or food can be
provided by an infmmd clcmic lamp. These Iomps typi-
cally drnw about 3W W and moy be installed in a convcn-
Iionnl, 300-W lighting fixture.

Portable space henters that heat n single room mngc in
power from 500 to 2SOfl W and typically arc equipped
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w’ith a line cord and plug for connection to cotwcnicnce
outlets. Units arc mnnufacturcd with fans for heating by
convection or withou: funs for pmdomina!c!y radium
heating. Most pormble heaters arc thermostaucrdly con-
trolled.

Heaters can be liquid filled to distribute the hem from a
relmively smnll heating clement to a much Inrgcr outer
surface to allow opcrn! ion with loser surfnce tempcra-
turcs.llc liquid insures that the tempernturc of theoutcr
case remains Mow the boiling temperature of the liquid
provided tbc heating clemem is totally immersed. Liquid-
tillcd hcmcrs am ussd in portable applications and in
permanent installations.

Hcmcrs capable of heating an entire building me avail.
able in many sizes. Heming rcquircmcnts of n building
depend upon !he cubic footnge of the building, type of
construction. amount of insulation. Imwst ambient tcm-
pcrmurc expecmd. number of occupants, amount of
activily of ou!sidc doors, amount of outside nir used in the
ventilating system. and scvcnd oihcr factors. Heat can be
supplied by resistor-hcntcr sirips nndlor heating elements
distribumd in the duct work of n forced air vcmilntion
system.

Water hcmcm arc available in n number of sizes. SelccI -
ing size and power depends upon the hot water require-
ments of [he installation.

7-4.2 INDUCED ENVIRONAIENT
The obvious impact of henwrs on the environment is

the elevation of ambient tcmpmmurc. For air healers the
tempcrnturc rise is dependent on many interrelated fac-
tors including the power dissipated in the hemer, the
tempemwrc of the hcntcr. characteristics of the surface of
Lhc bcmer. and the velocity of !hc airflow across it.
Because of the poor thermnl coupling between surfncu
md air. the surfncu me usually hemcd to high mmpcm-
tures to permit cmadequate transfer of hcnt to the air. The
high temperatures can also hcnt other parts in mcchnnicnl
contact with Ihc heaters unless proper insulating !ech-
niqucs arc used.

Hemcm that arc used for heating liquids on solid
objet=. e.g.. water heaters and crankcase hentcm. alSO
hem the cnvironmem due m the coupling be!wccn Lhe
heated object and :bc atmosphere. Tempcmwrc rise near
the heating clement may be significant if the hentcd objca
is not insulated and the airflow ncross i! is restricted.

7-4.3 HAZARDS
If forced air heaters arc placed too close to an object

tbm restricts the normal airflow. the clement of the heater
operates nt n tcmpcrmmc thnt is higher than the tempcrn-
Iurc for which the heater was designed. 0$.crhcaling the
element cancnusc deterioration ofinsulntion. loosening
of power connections, or release of toxic fumes from
insulation nnd case lacquer. The gunrding screen over nn
electric air hmucr can be hentcd to the point of Sing n
hnzard to personnel. Also improper plnccmcnt of porta-
ble hcatcm can ignite nearby flammable materials.

Hcmcm that contain liquid can overheat if the hcmer
has lost its liquid for any rmsgn. The thcrmOsta! ~ensin6

clement may depend upon total immersion m funciioh-
properl~ if the thcrmosm! fails. Lhc hcmcr can owrhcat.
Another hnznrd in liquid-filled heaters occurs if the vessel
mptures. Ifpcmonnel axnearby ntlhccimeofmptum.
sewre burns cm be inflicted.

As with any electrical apparatus. electrical shock from
heaters is n potential hazard. TMs is especially true with
hcmem because heating clement terminals frequently am
uninsulated due to the cxpcnsc of insulating conductors
to withstand the operating wmpcrmurcs. Electrical shock
nlso mny occur if open-air healing elements overheat and
droop to conmct ndjnccnt surfaces. [f the surfaces am not
grounded. the meml cnclosurc mny assume [he potential
of the hemcr M the point of contact. Lik$tie 100~ninK
of connections from thcrnml cycling or corrosion can lend
to failure of those connections. The unsupported wire
may full from theconncc!ion. contnct other conductors,
and possibly cncrgizethcm.

7-4.4 DESIGN CONSIDERATIONS
7-4.4.1 Hemer Configurations

From the pcrspcctiw of snfc!y, the primary considem-
tions in designing hcnting uniu arc to select materials that
funclion properly m Ihe high temperatures required for
hcming nnd n con figurnlion [hat, in the event of fnilurc.
minimizes hazards. Electric hcmcrs function over n mnge
of temperatures and con be classified as follows (Ref. 24Y

1. Low Temperature. Up IO 425° C (800” F)
2. ,Mcdium Tcmpcrmurc. From 425° to 1150”C

(aGO” 102100”FJ
3. High Tcmpcmturc. Abow 1150”C (2100” F).
Materials commonly used for hcnting elements and

their respective normal. maximum opcmting temperature
arc listed in Tnblc 7-9.

Open-air hcming elements must be supported at fre-
quent inm-ds to prevent the elements from sagging and
comncting memllic suppon structures or other features
!hm could IX affected by high-temperature elements. The

TABLE 7-9

OPERATING TEMPERATURE OF

HEATING ELEMENT MATERIALS (Ref.2)

Material ,Maximum
Opemting Tempemtum

“c “F

ASTM Alloy B82 (Ni-Cr) 1150 2100

ASTM Alloy B83 (Ni-Cr) 900 1650

Silicon Carbide- 1500 . 270il

.Molybdenum” 1650 30C0

Tungsten” 2000 36GU

Graphite” 600 I 100

.llcse materinls art used typically for the filament or rod in
resistor (or mewdsheath) hc~tem ~. CIemcntOfthe heater u
plnccd in o metal (stnin!c$s steel) tube packed with magnesium
oxide. Thh configumtion pmtcms the hcming material (mm
contamination and allows direct immersion in liquids.
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insulating supports ore usually Cabricmed [rem n refrac-
tory ccmmic that can withsmnd the large Icmpernturc
gradients induced in healers. Heatcm should be placed
only uherc the element u protected during OpcrntiOn. lf
this is not possible. the heater enclosure should be
designed to pro~ide ndcqunte mechnnicnl protection to
the heating clemcms md supports m prevent objects rrom
contacting either the heating element or its supports.
Such contact could induce an electrocution hazard. n
fnuh. or mechanical damage to the supports.

In npplicmions involving vibrmion. immersion. or in
which rhc heater maybe subjected to mcchnnicrd dnnmgc.
n mctnf.shczwhcd heater should & used. In this configura-
tion the mistivc heating clement is plnccd in n protcc!iw
tube packed with o solid clccmicrd insulation mntcrinl to
prwcnt conmct fxtwccn the electrically cncrgizcd clc-
mcnt and the sheath while conducting the heat. This
configuration also is used whcrs good tbermnl contact
Ixtween the hcnting element nnd the solid object 10 bc
heated is required. Various phy.sicd configurations arc
available. including rods and bolt-on strip hmtcm. Stccl-
shcmbed units can be opcmted m mmpcmtums up :0
400”C (7SO”FI and dis.sipme 15 kW/m’ (10 W/in:).
Sheath matcrinls with improved corrosion resistance mny
& opcmtcd at higher mmpcmwcs. Porcclain<namc!cd
steel or nkloy steel sheaths can be opcmtcd up m 650”C
(120&FI and dissipate up m 23 kW/m’ (I5 W/in~) (Ref.
2). Tcmpemnwe limifs for mber commonly used mnte-
I%IS w summarized in Table 7-10 (Ref. 25).

The insulation used in shcnth heaters is usually mngne-
sium oxide with porcelain bushings m [he ends m support
the element and protect the mngncsium oxide. The min-
imum insulmion thickness is 0.4 I mm (0.016 in. ) for clc-
mcnf.s used m 300 V or less and 0.79 mm (0.03 I in.) for
clcmcnfs mtcd between 300 nnd 600 V.

.7.+4.2 Heater Protective Devices

The hcnting nppmntus should incorporate screens or
guards to promct the clemems from inndvencnt comae!
by pmsonncl. The distnncc bctv.’ccn the guards and the
elcmcm should be sufficient LOprevent the guard from
bckg o bum hazard to personnel.

Ovcrcurrcm and ovcnempcrmurc protection should bc
provided for the heating npparntus. Ovcrcurrcm protec-
tion prowcts against faults thnt mny h induced through
the accelerated aging of insuknion materials in n high-
tempcrmurc environment and. in the event of o linc-m-
ground fnult. prevents dnmnge by imcrrupting the supply
current.

OverwmWmlurc protection should be provided to
inbibtt dangerously high temperatures that could occur
from thermostat andl or controller fnilurc or blockage of
the nir vcntilm ion to the heating element. This protection
may bc pro~.idcd by thermal fuse or ovcncmpcmturc limit
switches. The thermnl fuse is o cmwcntionnl fuse with nn
clement that mclfs n: o specified tcmpcraturc. When !hc
ambient tcmpcrmure cxccmks the melting point of the
element. it melts to imcrmpt thccurrcnt flow in n manner
similar to that of the more cons,en! ional fuse. The over-
tcmpernturc limit switch is a Imching thermostat ,x! to
some tcmpermurc nbot,e the normal opcrminn tcmpcrn-

TABLE 7-10

TEMPERATURE LIMITS FOR
SHEATH MATERIALS (Ref. 25)

Shcmh Matcrinl Maximum
Temoeraturc

.- .--L ‘r
Copper 175 350
Aluminum
Brass
Cold Rolled Steel
Nickel Silver

Stainless Steel*
302,303,304.316.321. 347
30PS
310
403,405.410,416.501
430
442
446

,Nickel Alloys*-
40+3
. . .
800
82S 590 1100
8.s0 925 I700

‘America” Iron nnd SIecl Instimw (AISI) Iypc designations
.. Amcric=n society of .Mcchnnical Engineers (ASld E) VPc

dcsigmtims
ULshallnot bermponsibk to any.rx (Wthe.- of.or EIiim UP.. a
ULNatimd by anyone.ULshafl“at incur any .abligauonor Imbility
for dmmrrgcs.indudi.~ cmxequmml darrimgcs.arising ..1 of. or in
commio. mith, tht we of. i.terpmation c+.or I&mm upon a UL
wmd.wl. l%ii mtwial u rcproduad wilh wmisi.. from UL Inc..
S1a@mdfor tiJ%.v@ Siuathd Heai.z Slrmems.UL 10~. Curmm
cq,cs of whichmay h putchawd (tom U!_ Iac.. Publical, onaStcck.
J33 Phinfitm Road. Sonbbmok. IL @YJb2.W6.

264 5WJ
400 750
400 750
540 IWU3

764 1400
815 I5LW
K70 1600
650 I200
705 I300
76a 1400
815 I5CQ

482 900
XZo [l?oo
%?5 I700

turc of the hcming clcmcm. When the ambient tempem-
turc reaches the set poin!. switch conmcts arc opened and
rrmnin open until they arc reset manually.

Additional protectiw devices should & provided for
enclosed vessels rmd pormblc nppiinnccs. Vessels thm
opernte under pmssurc. e.g.. water heaters. should ix
equipped with ovcrprcssurc devices m allow liquid to
escape through o prepared pnth in the event of overbcm-
ing. These devices me intended to prevent rupture of the
tank, which can octur if no escape mechanism is provided.
Pcmmblc heaters such as space heaters should be equipped
with “Icwl”switches that prevent opermion if the healer is
not upright. These devices stop opcrmion of !hc hewer
when it is tipped over and thus prcwnt ignition oincarby
floor coverings or materials.

—

7-4.4.3 Heater Element Size Selection
The selection of tbc size of the heating clement is

determined by nn analysis of hem transfer chamctcristics
based nn energy conscrvntion. i.e.. the energy supplied by
the hca!cr must eqwd the amount of hcm carried away by

., 7.14 . .- —.— — ————
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the heated fluids and conduction. The qunmity of hcm
dissipated is proporriomd 10 Ihc wmpcmturc of the
heated unit. The tcmpzmturc is csmblishcd by nn equilibri-
um condilion in which the hem input balances the hem
output. These rclntionships for n simple geometry me
illustrmed in Fig. 7-5 (Ref. 2).

Tempcrnturcs in typicnl appficntions. however, me
more diftlcult to analyze bccnuse of uncennimics i“ oir.
ffOWpntlcrns and complex fnctors such M thermal resis-
mnce m junctions. For small applications hen!cr cnpaci-
ticz arc determined through rough approximations. and
hemcrs with slightly larger cnpacitics arc insmlled. Such
heaters art opermcd from n mrinble volmgc source to
observe (1) the wmpemtum of the heating element and (2)
the temperature of the object or fluid strenm 10 be heated.

‘7hc power input m the heater is mcrcn.md until the
desired temperature of the hemed medium is rcnchcd
without excccding the thermnl Iimitntions of the heating
element. [f the desired hcnting cannot be obtnincd with-
out exceeding the tcmpzrnturc limit of the hcming ele-
ment, then either o hlghcr tcmpcrnturc element must be
used rind/or [he thermal coupling bztwcen the heating
clement and [he heated object muzt be improwd.

Tcrminmions for heating elements should be capable of
tvithsmnding the tcmpmmure cycling rmd extremes iuso.
cimcd with the hcming element. Typicad clemcm comzec.
tion prohlcms am permnncm de formmion and subse-
quent loosening of connections due to the expansion nnd
contraction of the mnmrinl caused hy ihcrnml cycfing.
The tempmmurc extremes promote acczlcrmed corrosion

_{
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Figure 7-5. Heat Flow Diagram for Vezticnl, Heated Pln;e-(Ref.”2)
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mtcs for materials used in high-tcmpemturc cnviron-
mems. Appropriate connccxion mchniques include bolted
and crimped connections. Terminations for heating clc-
mcnt.s also require n nonmctnllic grommet 10 protect
ngnkm dnmngc from vibration. Teflon (polyIctndluo-
roc!hyicnc) grommets should not be used bemuse the
inilini [hcrmal decomposition products can result in an
acute illness termed “polymer fume fever”, the symptoms
of which include headache. nausza. aching, wenkncss.
chills. and fever.

All materinls used in bolted connections or tcrminn-
ticms should hnvc reasonably mntchcd coc~tcicnts of
thcrmnk expansion or should hnve an elastic member. e.g..
spring washer, thm mninlnins pressure on tbc electrical
connection us componems expand and contract.

Crimp connections can be made if approptinte mnte-
rinls arc used. tWckel is commonly used at tempmmums
up to 650” C ( 12CWF) with iron. mangnncsc-nickel.
nickel<hromium. or nickel conductors (Ref. 26).

7-L4.4 Mnrkings (or Heaters
Permanent markings should lx placed on all hcmem

and heating elements and should include in formnlion
nbout opemting voltngc. power. and n manufacturer’s
identification number or symbol. O!bcr markings mny be
necessary to wnrn of possible hnznrds. Examples of
approprintc markings arc

1. “Bottom- and “Top” for units tbnt should be
mounted in only one orientation

2. Hcmcm powered by scvcml sources should haven
placiwdi ndicntingthc numbcrofsourccsto bc discon-
nccted before servict should be mlcmp: cd.

3. A high-voltage warning should be placed on units
that hnvc removable covers that expose energized con-
ductors.

4. Specinl wiring considcmtions, such us minimum
tcmperoturc mtingofthc insulation orusc ofcoppcrwirc
(only), should be noted to prevent usc of materials that
might detcriormc in that environment.

5. A warning agninst placing n ponnble heater too
close ton wnll. drnpcty mnminls. orothcrfextumsthnt
would introduccn fire hnznrd

6. Warning of hot surfaces
7. Warning that all removable componems must lx

in place before opermion
& A sign with the forma: shown in Fig. 4-$ should bc

used to warn about bcimd surfaces that me not visibly hot
because of tbcir physical configuration. This sign should
be located on the ncmst permanent. cool surface. i.e., not
on n removable guard, or if placed on a hcmcd surface. it
should be consimcted to withstand the surface mmpcm-
turc.

The application warnings arc discussed more com-
pletely in Ref. 27.

7-L5 COMPATIBILITY AND
INTEROPERABILITY

Heaters and heating elements tend to be designed ror
stific applications. and consequently, there has been
little smndudimtion in bcmer design. Them arc. how-

ever. some high-volume applications for which standard
healer clcmcnts can be used. e.g.. wmcr heater.

The charac!cristics that describe n hcmcr and should be
specifmd m define n unit $uimble for n given applicmion
arc

I. Operating voltage
2. Power consumption
3. Phase configuration
4. Physical configuration. e.g., size and mounting

provisions
5. Tcmpermurc Iimi[
6. Special limitmions. such n.srestrictions on mounl-

ing oricntntion and support
7. For forced air heating assemblies, airflow and the

maximum impcdnncc of !hc flow path.

7-L6 TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE (Ref. 27)

The following sequence of tests is an example of tes!.s
performed to verify the safe operation of beaters:

1. ,Mcasurccurrcm and watt input whilcthe hentcris
energized m nominnl voltage and ffequcncy.

2. Test Ihc case housing or cnclosurc for Ienkagc
current and volmge above-ground. Repeat with heating
element hcmed and a! ambient temperature. The objec-
tive of this test is to identify sources of le~kagc currents
that could become hnznrdous to personnel if the heater
case is not grounded.

3. If the forced nir heater is m be attached m o
ptwticulm piece of equipment. verify that the reduction of
airflow resulting from ths interconnection does not ovcr-
hcm the bcnter, its motor, and the heater case.

4. Verify opcrmion of snfcty devices, such u tip-over
switches for ponnble hemcrs and thermally activated
fuses because such devices, if inopmmivc. can provide n
false sense of scm+y and possibly lead to scvem hnz.ords
if ex-ive reliance is placed on !bcir pcrformcmcc.

5. For pormble air heaters. measure the tcmpemtum
of protective guards or screens to insure thnt burns or fires
will not be produced from incidenmk contnct.

6. Verify that o~mtion of n pormble heater does not
imrodum the hazards of fire, electrical shock, or person-
nel injwy when opcmlcd under conditions of excess
power volmgc, burned-em element. tip-over, or improper
placement. e.g.. nenr wnll or furniture. Likewise. checks
for rnin spray. *cl mops. or rr.mric!cd airllow mny be
apprOPriutc if such checks arc possible during the normal
use of the heater.

7-4.7 OPERATIOXAL PRECAUTIONS
Raistivc heating elements gcncmlly require no period-

ic mnintenunw, however, they should be checked periodi-
cally for loose or corroded connections. Any nccumulrt-
tion of dust. dirt, or grcas.c near or on the heater should be
removed to reduce the chcmcc of fire. Sc~lc or other
nccumulmcd mutter should be rcmo~.ed from immersion
hcmcrs to improve thcrmtd comnct bcmvccn the heating
element and the liquid being heated. which will lower the
imermd tcmpcmuwc of the heating clcmem.

Portable or freestanding heaters (ha! arc subject to
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frequent relocation must nltmys be operntcd in n [ocatbn
that assures safety. An opcrming manual and/or Inbcl
should Lx provided thm contains the following types of
wnrni”g (Ref. Zlt

1. Hemcr may bc hot ewn when not in USC.Avoid
skin contact.

2. Dwonnccl heater when not in use.
3. Do not use outdoors (unless unit is wcmherprooll
4. Do not usc in wet locations.
S. Unit must be grounded during operntion.
6. Do not allow foreign objects to enter beater

openings.
7. Do not block openings or opcrnte hcmer on soft

surfncs thm mny prmcnt free air circulation through
hentcr.

7-5 ARC LIGHTS
7-5.1 1NTRODUCTION

Prior to 1940. high-energy arc Iigbts were used by the
military for coastal defense and tmtinimmft operations.
Later high-intensity lumps were used for bmtlctic!d illum-
inmion. Hmvevcr. the development of image intensifiers,
infrm-cd (IR) imaging systems, and other battlefield sens-
ing systems diminished the need for illuminating the bnt-
tleficld. Searchlights now arc used primnrily for special
purpose illumination such as providing illumination of
large arms for maintenance or constmction opcmtions.

The original units used carbon-arc lamps thm initimcd
nn nrc between IWOcarbon electrodes that. in turn. wcm
vaporized and con$umcd by the am. Both the complex
feed mechanism needed to mnintain a constant cm Icngth
and the need for frequent nttention during opcrmion,
howwcr. have mndc the usc of carbon-arc lamps less
populnr. Altcmntivc arc lamps nrc glass-awclope lumps
filled with mercury. xenon. or n combination of the two.
These lamps arc logistically simpler to operate in compar-
ison to carbon-arc lamps but have less output and require
I@+cdtngc circuiuy (50 kV) m initime the arc.

A 20-kW. Iiquid+oolcd xenon Inmpis used in the A/N
TVS-3, which originally was designed for bn!tlcficld
illuminm ion. Other military npplicm ions include n 30-k W
airbomc-mauntcd xenon scnrch}ight and n l-kW signnl-
ing Iamp. which may usc either xenon or incnndcsccm
Inlnps.

7-5.2 INDUCED ENVIRONhlENT
The mercury-xenon vapor arc is enclosed in n quartz

.mvelopc because of the high operating tempcrnturc.
Since qunnz is relatively trnnsptwcm 10 ultrnviolct (UV).
the ultraviolet rnys produced by ihc dischnrgc are pnssed
to the environment.

The high temperatures associmcd with Inmps induce
signhicnnt heating of the environment. Fortunately. high-
intcnsiry lighting is used outdoors w,hcm air circulation is
not restricted: hcncc the heat does nm build up.

Ozone is often produced around the qunnz envelope by
(he UV emissions. If the mercury-xenon vapor am is being
used in n confined space. e.g., n movie projection booth,
the conccmrmion of ozone con nccclcmte corrosion of

mcuds nnd insulating mntcrinls and introduces n health
hamrd m personnel.

7-53 HAZARDS
Hnznrds nssocimcd with arc lumps am

1. The mercury-xenon \.apor arc emits ultrat.iolct
rndimion su~!cient to prcssm n serious hazard to eyes and
skin subjected m direct exposure. Gencndly an ulmwiolet-
absorbing glass plme covers the source to filler out ihc
ultrnk.iolet mdimion. If the cover plate must be removed
for Inmp replacement, it can be broken easily and thus
make it necessary to operate the lamp without Ihc protec-
tive cover plmc until n replacement may bc obtained.
When the lamp is opermed in this manner. personnel arc
subjected to excessive ultraviolet radiation from either
dime! or indirect mdimion. which can cause eye damage.

2. The hazard of bums is nssocintcd with lamp
repln=mem if in.su~lcien! time is allowed for the lamp to
cool before replacement is mtempmd

3. Arc lamps in which there is high pmssurc in the
quartz envelope imroduct the hnzord of possible arc
explosion. A special metal enclosure that encases the
lamp during its removal rmd in.stnllnlion provides some
protection. Personnel arc protected from flying debris of
nn explosion but not from possible mercury contnminn-
tion.

4. Thctieteriomtion of electrical insulation due to the
intense hcnt nnd ultmviolci rndimion cnn cause the dcvel-
opmcm of faults, which may lend to the presence of high
voltage on exposed components if the equipment k not
properly grounded.

7-5.4 DESIGS CONSIDERATIONS
High-intensity lights. such as searchlights, nm.st be con-

figured to rcducc the possibility of electric shock and
excessive Iighi (especially UV) exposure to the opator
and to protein the Inmp from any damage thnt could lead
to its explosion.

Necessary design features include an interlock system
to remove high voltage from the interior when the unit k
opened for adjustment or rcpnir. Electrical wiring mate-
rials must be selected to resist dnmngc from h@h !cmpera-
turc.s and high ozone concentrations near tbe lamp. It
mny be necessary to provide addttionn! busbings orstcmd -
off insulntotx to isolate the conductor from surrounding
conductors or grounded stmcturcs in the event of imula-
tion failure from nccclemmd deterioration in this environ-
mcm.

Xenon. mercury-xenon, or mercury lumps operate with
high internal pressures-npproximatcly 10 to 50 limes
atmospheric pressure. The highly pressurized gns can
propel glnss fragments wilh explosive force in the event of
envelope failure. A protective enclosure is designed to(1)
prment nny physical damage m the lamp char could result
in fracture nnd (2) contain the flying glass and toxic
mntcrials !hat would be rc!cmcd during an explosion. The
lamp should lx operated only wilh protective films. baf-
fles. or other snfcty enclosures LOprotect personnel from
potcminl explosions and the ultraviolet radiation (Ref.
24).
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To minimize the chnnce of lamp fracture. metal or
plastic protective cases arc used for storing. The lamps
should be kcpI in [hcsc storage cases umil insudlmion.

Gcncmlly scaled-arc lamps opcrnting m power levels
up to 1.3 kW mm be cooled by nntu@ convection. Higher
powered lumps rquirt .forccd air or water cooling for
rmsonab[c lamp life because the lnmp enclosure will
reach hlgb tempcrmurcs during extended opcrnking peri-
ods. If tbe Iigbt is operated in an accessible location.
guwds or perforated shields that allow convective cooling
sbmdd be used to prevent contact with (he hoi surface by
personnel.

7-5.5 COMPATIBILITY AND
lNTEROPERABILITY

The design of high-intcnsi(y m-c Iigbts k generally
intended for low-volume, special purpose opplicmions.
Therefore. existing dcsigm should be used to avoid a
prolifcmtion of special purpow uni!s but cmlyifsucb
designs arc no: obsolete.

,New designs should use smndnrdized bulb configure-
tions to reduce cost and to insure nvailnbiliiy of replncc-
mcnt parts. Specifications for these bulbs (Ref. 28) IIrc
wrict.m to promote intcrchnngcabili!y of lamps mnnufnc-
tured under Lhc specification.

High-intensity Iigbting femurn that must be specified
to determine the suitability of n Inmp as n rcplncemcnt arc

1. [ntcnsity or power input
2. Beam divergence
3. Voltage md phn.sc of input power
4. Physical size/ mounting/portability
5. .Mnximum period of unmtcnded owmtion.
Femum :hnt may be incorpormcd in n new design to

cnbancc i~ compatibility with existing and future 8ppli-
cmions arc

1. Cnpnbility of opernlion from various supplics—
i.e., tbrce-pbasc. single-phase. DC M vnrious voltages

2. Variable &am chnmcccristiu
3. Acccptnnm of n range of lump sizes and types.

possibly using adopters to nccommodmc different lamp
envelope configurations

4. Replaceable stm’tcr assemblies may be necessary
to mccommcxlme diffcrrnt Iypa of Inmps.

7-5.6 TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE

The tests that am appropriate for lamp designs arc
bigbly dependent on the nmiciptucd applications and the
fcmues of :hc light. Examples of ICSIS !hat may be
apPrOprintc tO insure snfc opermion of Iigh!s arc ( Ref. 29)

1. Dielectric Strength. Apply a specified voltngc
bctn’cen the power conductors and frnmc. .Monitor cur-
rent flow. and observe !bc test device (or evidence of
arcing. Excessive current could produce hazardous
pomntinls if equipment is not properly grounded.

2. In.rulmion Resismncc. Apply a modcrme test volt-
age bemvccn the power input and fmmc. and measure the
multing current flow. which. if equipmcnl is not
grounded. could lead to hazardous pmcntials on exposed
conductors. his test may brpcrformcd in conjunction

wi!h dielectric strength or cnvironmcnud exposure tests.
3. Temperature Umifs. Operate tbc lump for a

period suflicicm for thermal equilibrium. and measure
the tcmpemturc ofcxposcd surfaces to dewrnine wbctber
the opermor will be exposed m excessive bum bnmrds.

4. Enviromnenml .flrposure TesI~. Expose the unit to
salt sprny. water spiny. humidity. and nccc!cmmd aging
conditions while the unit is opcrming m determine
whether en~.ironmcnm[ exposure degmdcs optimal pcr-
formwwc or inmduccs undesired c!cctrical leakage paths
and creates the same brunrds as high Ienkagc. Also con-
duct writer spray tests to determine whether sudden cool-
ing induces damage m the bcated components.

S. Shock andlor Vibration T.wJ. Subjrct [be unil to
n prmcrn of shock nnd vibration to lest fracturing or
unfastening of componcms thm cause inopcmbilky,
degraded pcriormnncc. or cm unsafe condition. e.g.. a
power line contacting the case.

7-5.7 OPERATIONAL PRECAUTIONS
Every precaution should be excrnscd in opcrming the

high-imcnsi[y arc lamps to ovoid cyc damage from expo-
sure to ultraviolet radiation. Also direct exposure to the
Iijjb! bcnm can cause flesh burns. and precautions against
skin exposure should be taken. Searchlight operators
must not direct the beam m other pmwanncl.

Lamp replacement should not be mwmpwd until tbe
lamp bus had n sufficiem cooling+ff period. Some types
of lamps require n spccitd metal enclosure wbcn the Inmp
is in its lixiurc as well as during instnhion and removal.
This enclosure reduces the cbnncc of injury, which could
occur in the event of an explosion.

The lamp should be kept clean to minimize the possibil-
ityy of lump ovcrhcming due m the radiant energy absorp-
tion of surfncc conmminntion. High-tempsmtum lumps
should no! be hnndlcd with bare bands. Thii precaution
prevents the deposition of skin oils on glmq skin oils
produce hot spots when !hc lamp is opermcd.

In tbc case of n dnmagcd quanz envelope nnd n mcr.
cury spill, special precautions must be tnken. ,Notify tbe
commanding officer, industrial hygienist. or responsible
orgnnizmion in the cwnt of a mercury spill of two or more
ou nccs.

7-6 CONTROLS
7-6.1 INTRODUCTION

Controls discussed in this p~mgmph include on-off
proportional controllers. which control tbe flow of power
to polyphnsc Ionds based on mmuml control position. the
magnitude of n related pammetcr. or some combination
of the two. Under manual control ihc voltage applied m
the load is controlled by an on-off switch. a variable
mmsformer. or n varittblc resistor. The led of npplicd
voltage is not dcpcndcm on n monitored parameter. e.g.,
motor speed or hemer tcmpcmturc. exmpt indirectly
through obswwnion and control by the operator.

For the purpose of discussion in this handbook. a
control consists of o rcgulming device thnt exercises con-
trol over some sspect -such us speed. power. position. or
simply whether tbc equipment is running or not (on-nff
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coimol)-of !he operntion of the m~ihinc. Even though
control may be implemented mechanically, e.g.. clutches
or wansmisskm. ths discussion focuses on electrical con-
trols that incorpomte switches, tmmsformcrs. or rheostats
to regulate the flow of electricity-based on input from nn
opcrmor—to n piem of electrical apparmus.

A controller proi.ides $!sensing nnd regulating capabil-
ity LOcfkct nummmic feedback control. These devices arc
usually clccttical. although physical mechanisms may be
employed for sensing. e.g.. the thcrmnl de formmion of o
Mme:alticsttip orlhccxpamion of gas in acapillmytubc
to activme switch contmm physically.

Feedback control systems adjust !he applied voltnge
(or currcm) to maintain monitored parnmetcr values.
These systems also may employ operation input. which is
most often a specified set point for the desired value of the
pmameter being comrolled. The applied volmge. how-
ever. depends on an “error” sigmd corresponding to the
diffcrmwc between the desired level (SCI point) nnd the
electrically sensed value of the same parameter.

Numerous controller con figurmions exist to satisfy
unique requirements of the devices or systems 10 be con-
trolled. Examples of common control systems me

1. Momr Contro&. Controllers that vnry voltage to
provide orderly stars-up of clccwic motors

2. Temperature Controllers. Controllers !hnt vnry
power to electric healer 10 control [he tcmpcmturc mca-
SUrCdby a thermocouple

3. Posirion Controllers. Controllers that vnry mltngc
and phase sequence to motors thnt drive lnrgc doors,
cranes. or elevator cam until they reach the dcsimd
position.

7-6.2 INDUCED ENVIRONMENT
Electrical controls or controllcn gcncrnlly hnw little

direct effect on !hc environment but may hnvc significant
indirect effect through the electrical apparntus they con-
trol. The specific effect depends on the type of opparmus
connected and may include incrmscd heat from all types
of appamms orcxccssiw vibrntion from electrical motors.
The design of the controller cnn significantly affect the
Im’efs of these CffCCtS.

One environmental effect !hnt is directly attributable to
clcctricak controls or controllers is the gcnermion of c!cc-
tromagnctic in!erfcrcncc (E,M 1). This interference u pro-
duced by arcs or abrupt interruption of currcm. csprcinfly
if the in[en-uption occurs pcriudically m the power line
frequency. UnIcss proper filtering and shic!ding are
incorporated, the hnrmonics generated will be conducted
by power cables or mdiated through the rmtcnnn effects of
the wiring to nearby clecwical uppormus. The high-
frcqucncy energy of !hc harmonics may interfere wit h t he
opermion of electronic equipment.

7-6.3 HA2A R DS
Improper interaction between the conwoller and the

equipmcm being controlled rcpmcntsthc primwysourcc
of potential hazards mtribumd to controllers. The specific
nature of controller htzards depends on the IYPC of
equipment being controlled. Exnmplcs of types of pown-
[ial hazmds wc

1. Inndvenent activmionof mnchincryduring main-
mnnnce or SCIUPo~mtion while pcnonncl arc within
range of rotating or reciprocrding components. Acliva-
[ion could be initiated by bumping against the control
switch. by depressing the wrong control switch. e.g..
“START” or “REVERSE” instead of “STOP-: or by a
short circuit within thcswitch housing due to moistum or
physic~l damngc.

2. Application of full volmge to a loaded motor could
result in IIsevere ovcrcurrem condition when the sinning
torque is insufficient to overcome the load.

3. EM1 generated by n switching transient could
cause improper opemtionof n progmmmrible controller
or computer-based control system and. in wm. cau.u
inappropriate control activation. Outcomes of innppru-
prirtte control could include loss of a mmmfnc:umd prod-
uct. prc.ccss ”mnnwny”, ornctivntion ofmnchinerythm
should be idle.

7-6.4 DES1GNCOXSIDERATIONS
The design of u control or controller for clcctricd nppn-

rntus depends on the quipmcm to he controlled. [he
Upplicalion of the equipment. and [he e“vironrnem i“
which it wdl be operated. Certain general considerations.
however, apply m n large portion of the controllers for
common applicmions such as motor control and temper-
ature control. These gcncrtd considemtions arc discussed
in thesubpmagrnphs thmfollow.

7-6.4.1 Physicnl Arrangements for Controls

Control panel lnyout should be cnrtfully designed so
t hm the function and use of switches or opemting tcvcrs
are clear to the operator. Standardized color and position
coding should ix employed so the operator does not hnve
tostudythc panel todcterminc which button m press.
Uniformity in design of control panels, especially among
those foraspccified application. will minimizcopemtor
errors in the usc of the control panel.

Conwttiorts have been established by the Nntionrd
Electrical Manufacturers Association for orientation and
positioning of mnchinc controfs (Ref. 30). “STOP” but-
tons should be red in color m distinguish them from other
switches. Push btmons for n multispecd motor should be
oriented in o row, eithcrvcrsicallyor horizomakly. In a
vcnicrd con figurmion the%TOP” button should bent
the botmm. and switches above ordered in the sequcnm
of increasing speed -i.e., with the highest speed witch al
the top. Horizontcdly nrranged switchcs should hot.e the
“STOP- button on the extreme left nnd the highest sped
on !hc extreme right. A grmn Iigbt is used [o indicate [ha!
the con!rollcd apparatus is opcrming. ‘A red light also
mnv be used 10 indicate thnt the Immmlus has &en. .
sto~pcd.

Types of controls maybe keyed by CO1OCsize mny aim
be used to group controls thnt arc functionrdly related.
Size orsha-pe should bc used to kcy commonly u.wd
controls m provide n tactile indication to the opcrmor of
what control is being ndjusmd in order m prevent the
inadvertent adjustment of the wrong control. The most
commonly udjusted controls or the most critical adjust-
mcnts should bcthclargcst size.
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If controls me used lo ndjust the level of m! indicated
parnmcter. [he control should be Iocmed next to the
adjustment-level meter or display for the pnrnmctcr. Con-
trols should bcpositioned such that ionvard. clockwise.
orupwmd movements crmsethc con!rollcd nppnrmusto
activate. incrcnsc in speed. misc. m“ove fonvnrd. or rotme
clockwise. Control.sthm should bcnctivntcd inscquencc
should be grouped and arranged in the normal sequence
of adjustment.

Controls thnt are used for muintennncc adjustment
should be covered. Convenient access. hmvevcr. should
be provided for mainmmn.x personnel. Controls that
could initiate an action thnt is potcminlly damaging to
quipment or injurious m personnel should be protected
to prevent nccidcntnl nctivntion. Protective measures may
include

1. Locming the control away from frqucn!ly acmssed
controls

2. Reccssin8 or surrounding [he control with barriers
to limit access m one pzmiculm direction

3. Providing a mcchanicrd interlock thm requires the
rrlcnsc of a lock mechanism or pull/ push to engngc before
the control mny be adjusted

4. Providing “stiff” opemting mechnnism so !hm
ndditiomd force u rcquirrd to adjust !hc control.

For critical op-miens. interlocks may be employed.
Interlocks mny consist of a scpamte lever or push button
[ha: mus: be depressed prior to nclivmion of n push-
button control or to turning o rotnry switch to a criticnl
position. (lntactimle quipmenl.it maybe ncccssnryto
providem! overridctodknble the interlock ifit fails.)
Another example of n mechanical interlock dmigned to
prevent damage is one that prevcms mpid mmsition
between two operating switch positions where the sudden
transition could cnuse dnmagc. For example. sudden
switching from fotwvud to raerse in n motor controller
could cause severe ovcrcurrcms in the motom and/or
damaging mcchnnical jolts. Switch units maybe designed
sothm theconwol musl remain inthc off position fern
specified wriod of time before moving into the reverse
position. If separate speed and direction comrols me
provided. M interlock between the controls may be
appropriate to ensure [hut the dimcticm mm ~ cha”gcd
cmlywhcn!hcspccd issct to zero.

Control should klnk!edclearly, nnd Iabcls for all ‘
control posi! ions should be readable. The Iocmion of the
Inbcls should beconsistcnt. i.e.. nlwayseithcr nboveor
below the control. Generally. n pointer is used on ram-y
Conlrolsto point m n label indicmin8the sc!ccted func-
!ion. If possible. rotming dinls and windows mny be used
so thnt only the appropriate label is showtx however. IhM
nrrangemem may unncmsmrily complicate the design of
[he control unit. Indicntins knobs should be keyed to the
shaft. i.e.. u.sins o flatted shaft. to prevent improper imml-
Imion of Lhc knob so that n false position is indicated.

Labels for switch posi[ ions should describe the func-
Lion nsconciscly aspossiblc in !crms that arc familinrto
nll personnel who will use the cquipmcm. Common
terms. such us “START”, “STOP-. “OPEN”. “CLOSE-.
“.FOR\~ARD- and “REVERS&:_uP preferred overJ—. .— —..

-. =.. . . . . .
csotenc nlternmwcs-Symbols should be u&d only if!h;~
we familiar 10 all personnel who will opcrnte the equip-
ment.

Additional in fornmion on the humnn cngincwing
WpcC1.50f conlrO1nmmgcmenlS LU’Cgiven in Ref. 31.

7-6.4.2 Control rind/or Equipment lntemction
Controllers used in feedback control systems should be

designed m provide cm unconditionally stable operation.
Since the fnctom that determine smbility can vary wi!h
machine tOadin& sensor location. or any number of
Upplicmio?dcpcndent factors. a control system that is
operating m a stable mode mny easily become unstable if
opcrnting pnrnmetcm me changed suddenly or if n mnl-
func!ion occurs. Thcrcforc. i! is usunlly necessary to have
prcsel limit dcflcctom [ha! will shul down the opermionif
the control system output excctds normally cncoumemd
control levels by a significant mnrsin. These limit deflcc-
mrs protect tbe controlled equipment in the cwm of
sensor or control-system failure.

Controls for high-speed machinery, especially those
with material-feed opcmtions. should include provision
for Iow-speed opemtion so that the opemtor may check
the motion of !hc mcchnnism. position matcrinl. or initime
n drilling or cutting operation. The slower speed permits
the operator to smp the opcmtion before irreversible di.un-
ngc occum and provides g!mmr safety IO human intcm$
[ion with the machinery while it is in an opcrming mode. If
the slow femurc is not provided. opermom mny w n series
of quick. smn/s!op sequences lo nccompliih the same ,
functions. During n quick stm nnd stop sequence. how-
ever, the control unit could jnm or !he operator could miss
[he stop control. nnd the mnchinc could reach normnl
operating speed m a time when thnt is not desired.

7-6.4.3 Elec;ro-mag;etic Intmferenc~ -
As mcmioncd in pnr. 74.2. the switching devices used

in comrollcrs gcnerme high-frequency energy during
operation. and this energy may be coupled to sensitiw
electronic equipmem. Arcing of conmcts in switches or
rclnys produm hnrmonic energy with n fundnmentrd fre-
quency m the line frequency and harmonics extending up
to hundreds of megahertz The durmion of the interfering
energy is generally short and Iosls only as long as the
mc—genernlly only a few cycles of the line voltage.

Comrollcrs thm incorpomtc solid-state switching com-
ponems vary the delivered power by swi!ching off for n
ponion of the beginning of each line cycle. The rcpclidous
switching also Scnemws energy with a fundnmen!nl fre-
quency equal m the line frequency and harmonic energy
into hundreds of megahertz. Thii energy is emitted cont-
inuously nnd varies in intensity with the rise time of the
switching transient. the current and vohnge levels king
swi:chcd. nnd !hc electrical riwumnces in the circuit.

The reduction of interference to sensitive electronic
equipment is nccompliihed by reducing one or more of
[he following

1. Energy mdiamd from the source of interference
2. Coupling be!wccn interference source and the sus-

ceptible cquipmcm
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3.”Tt-c susmpiibilily of cquiprncnt thnt is disrupted

by the interference.
Vmicws techniques for reducing all of these arc discussed
in Rcfs. 32 [o 34. The imcrfcrenm gcncrn!cd by equip
mem is minimized most effectively by incorpomting
IIpproprinle shielding nnd filtering during the design
phase. The undesired coupling b minimized during insud-
lmion by npproprinte cable routing and grounding.

The emitted .cnergy k reduced by elcciromagnetic
sh!clding of Ihe switching components. filtering of wiring
to the switchktg devices, contact arc suppression. and
gond grounding practices. Shielding is accomplished by
surrounding the unit in n mcml enclosure constructed
from conductive mntcriol. Although copper is preferred
because of iss high conductit)ily. steel is also ndequntc for
nlmost all applications and has !he admmmges of econ-
omy and strcngsh. The design of the con figurmion is more
importont than the election of the shielding material
Large openings, covers, or doors that do not mnke com-
plete electrical contact wilh the cnclosurc or unfiltered
wiring pnssi”g through holes in the cabinet may couple
electromagnetic energy to the external environment and
defem the cffecsivencss of the shielding. If high-powered
controllers me to be located mm sensitive electronics. n
complete ond scpnmte enclosure of the control unit and
the instrumentation is ncccssnry to prmcnt undesired
electromngnctic emission rndintion and unintended
reception.

Power and signal leads that leave n comrol system
enclosure should be filtered and shielded. TIIe Iiltcring
prevents the conduction of intcrfcrcnce into o! out of the
shielded enclosure nlong the wire. The cable shtclding
further inhibits the coupling of undesired energy to or
from [he cable. Fihcm for this npplicmion may consist of
ferrite bends or low-pass. single-section. LC fihcm. Note
(ha! for poser lends. the source and loud impednmcs art
:YP@lb’ IOW’and varying. Hence, conventional filter
dcstgn techniques that rely on known source nnd terminn.
tion impedances nrc not valid.

Usually, contact arc suppression is nemssnry for cOn-
tncss used to switch inductive loads. For DC circuim.
diodes nrs used [o dissipate voltage surges introduced by
the sudden interruption of current thrcmgh nn inductive
load. The diodes arc plnccd across the Iond such thnt they
arc reverse bhscd while the load is powered but ore for-
w,ard biased by the trnmicnt produced by the current
interruption. For AC switches, various capacitors or m-
sislor tmd}or cnpmitor combinations are placed across
tbe contocss. (See Rcfs. 32.34. and 35.)

Grounding of control enclosures is necessarily per-
formed for safety considerations. H owver, in cases
where high-frequency noise immunity is important. nddi-
tionnl constraints are imposed. The gr.mmd connection
must be shon nnd direct. Loops or coiled wire add i“duc-
tancc. which rniscs the impcda”ce nnd reduces the effcc-
tivcncss of thegmund connection. Also conductors wilb a
lnrge surface m-en are preferable to round u,irc in order m
reduce wiring inductrmcc. Ground connections should be
made m prevent ground currents from being introduced
into sigtml lends. shields of signnl lends, or Ieods used 10

—.—
ground signal instrumenmtion. Grounding for EM1 re-
duction is discussed in Rcfs. 32.34. nnd 35.

7-6.5 COMPATIBILITY AhyLl
INTEROPERABILITY

Controls and controllers arc generally designed for
specific applications and typically arc interchangeable
only with units designed for o similar nppiicntion.
Although electrical and physical imerfnces form the most
restrictive compmibility criteria, the opcmtor imcrfoa is
also important. For controllers m be interopcrable or
compmiblc-i. e.. m be used simultaneously in the same
system or to serve as rcplnccmcnts-it is ncccssm-y that
the Inyoul of controls and operating chamcteristics be
similnr. Otherwise. the probability of operator error is
increased due to unfamiliarity wi!h the control functions.

Compatibility nnd imcropembility of controls am
cnhnnccd by following stondnrd practices in control
layout discussed in par. 7-6.4. I nnd Ref. 36.

Commercially available controllcm designed for usc in
control loops have features thnt allow flexibility of opcro-
tion rind rcpln~mcnt of n wide variety of special purpose
comrollers by n smaller number of smndnrd uniss. Char-
nctcristics that facilitate compatibility include

1. Adjusmblc gain and feedback functions-c.~,
proponionnl fscdbnck, integration, or fdtcrrng of input

2. Ability to accommodate different sensors Ihrougb
the usc of plug-in input mndules or mconflgumb!e inpws

3. Ability to nccommodme diffmcm power co@u-
rations through the usc of rcconligumble switchhg gear
or plug-in components.

The disadvantage of highly flcxibk controlIem that CM
be configured for n wiricty of applications is thm insmlla-
tion promdums mny be quite complex. Personnel with
expertise in electronics and trnining on the specikic con-
troller arc rsquired for installation nnd ndjuslmcnt of the
controllers. Therefore. the use of these iyIXS of con-
trollcm is limited m npplicn! ions where properly mined
people MC avnilnblc.

7-6.6 TEST CRITERIA AND lTEhl
ACCEPTANCE

The acapmncc and pmformnncc tests for specific con-
trolled depend on the design nnd function of the control
dcticc. Gencml tcs!s described in Refs. 30 and 36 include

1. Tcmpernturc rise of comacts. buses. wminnfs. or
interconnecting smnps. Excessive heating could lead m
insulation failure or loss of spring tension on contacts.
lnsu!mion failure then could rcsul! in controller dnmags.
devclopmcn! of excessive voltngc on comrollcr outputs,
or !he prcscnm of hazardous voltoges on exposed conduc-
tors. Contact hcnting thnt results in loss of contact pres-
sure Icads to inctmw+ contact rcsktnncr. funhcr aggm-
vn:es the problcm. nnd leads e..emunlly m compcment
failure.

2. Ditlecwic brmkdown tes:s dcierminc the qunlity
of motcrinls that insuhuc energized conductors from the
case or from other conductors. Low breakdown volmgcs

. indicmc insu~tcicnt insulation that could lend w dcvcl-
opmcnt of hazardous voltngcs on exposed conducmrs.
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3. Shock and vibration tests verify the ability of the
dcvicc to survive physical abuse withoul dcgrndmion of
opcrntionnl pcrformnnce or the imroduction of a hnznrd.

4. Switch characterization Icsts. e.g.. ttsis for cxces-
sivc contact bounce or response time, may be performed
to verify compatibility between the controller and inter-
connected equipment. Poor switch opcrmion could cause
crrmic motor opcmtion or generation transients ,tba!
could dnmagc solid-stnte controller circuiwy.

5. Tests for electrical interfcrtncc m-c performed m
determine whether n degrndmion of pcrformtmcc in
equipmcm located nearby is possible due m conducted or
electromagnetic emissions from the unit king cmlumcd.
Intcrfercnm can cause crmtic opcrm ion, fnilurc. or unde-
sired responses from nearby electronic equipment. The
severity of n crcnmd hamrd depends on the function of tbe
affected equipment.

6. Short-circuit current-withstand capability is mcn-
surcd to determine the ability of [be device m witbsmnd
ovcrcurmn! situations of shon durmion caused by fauks
of improper cquipmcnl connections.

Physical inspections of control dcviccs should be mndc
to confirm that controls opernte freely without binding
and that controls may be opcrnted by personnel under 811
operming conditions. e.g.. while waring gloves or in dim
lighi.

Performmhx tests arc more npplicaliondcpcndcm nnd
should be designed to evalunte the performance of c!
control or controller when interacting with n loud. After
installation. fccdbnck-control systems should be msmd
for stability under cdl opcrnting conditions. Mo!or-
suming and speed comrollcm should be tested to deter-
mine mmor-smning currents ond to verify the acceptabil-
ity of start-up chnrnctcristics, e.g., absence of excess
vibrmion or “jolts” when starting.

7-6.7 OPERATIONAL PRECAUTIONS
7-6.7.1 Installation

Control units should k instnlled securely in a protected
location where inndvcncm con!act activation of con-
!rollcd equipment or dnmngc to [he control unit is
unlikely. The control unit should not be insmlled where it
will be a hnmrdous obstmction. i.e., should not ‘M
insmllcd where it will be bumped into. tripped over. or
where it may snag clothhg of personnel in the vicinity.
Machinery controls should lx installed in n location
where the opcrnmr may convcniemly opcmtc the control
while obscn’ing the machine and cm quickly nndsafcly
renchthc controlsin thecvem of n malfunction. Unless
the enclosure is umthcrproof, ii should be instnllcd in dry
locations and protected from the wcmher. Adequate
clcnnum should be proi,idcd for mnintenuncc nnd rcplnce-
mcnt if ncccsmry.

Aswitboll electrical npparntus. proper grounding of
the enclosure is necessary to prment hazardous exposure
tovolmgcs under fault conditions.

7-6.7.2 Cnreand Maintenance
The opcmting instmctions forcomrol equipment should

delincnte all items thnt require periodic inspection. lubri-
cntion, nnd maintenance. Mnimcrmnctcnn include

1. Periodic inspection of terminals and connections,
espcciolly w,bem nluminum conductors arc used

2. Clcnning of contacts to remove corrosion. dusl, or
contc.minnntsthnt could incrcnscconmct rcsismnce and
heating

3. Clcanin& and renewal of lubrication of moving
puns in control switchgcar

4. Checking for sources of moisture that would lend
to condcnsmion in m dripping onto control units

5. Inspecting for healing of wiring or coil windings
6. Inspecting for damogt after occurrence of a fault
7. Observing carefully the ofxmtion of the controlled

device under n prescribed scenario. (NOW this is n test no!
only of theconwol unit but also oftbcnppnrnms thmit
controls.)

7-7 LOAD BANKS
7-7.1 1NTRODUCTION

Lcmd banks nmrcsistiw network.scapnblcofbrmn-
Icssly dissipming large nmoums of electrical power. These
devices me used forgcncrntor londsduring tests or IIS
“Iond-lcveling” devicu to provide n minimum load on
diesel gcncrmon to prevent carbonization [hat builds up
if tbc engine-gcncrmor is opcrmed at less than 40% full-
Ioad. Reactive loud banks, consisting of reactit,e elements
(inductors or cnpncitom) arc used with resistive load
banks m provide n nonunit y power factor Iondfor gcnera-
tormwing.Lend-bnnkrcs isto~can bestlcctcdin 12.5%
steps of generator mting III either 120/280 or 240/4 16 V.
Uni~ designed for militnry applications may be used as
bnhmcsd, three-phase loads. The three individual load
bunks, hmvmer. mny be interconnected to function as n
single-pbnse load. Ancillnry control circuits nutomni-
cnlly disconnect the load-bank Iond u.hcn the generator
load rcnchcs 100~ in order to prevent overloading the
engine-generator set. If [he bank is tripped, i! musl be
reset manually when iu usc is again rquimd.

7-7.2 INDUCED ENVIRONhlENT
The maximum power dissipmcd by a load bank built

according m Ref. 37 is 44 kW. The forced vcmilmion
dischnrgcs !his hem to the surrounding air. The degree of
tempcrmure elevation is dependent on the convecti~.e air-
flow across clcmcms within the load bank.

7-7.3 HAZARDS
In n confined sptwc ambient tcmpcrmures may rise 10

levels (bat could damage thermoplastic insulation mntc-
rinls and thus allow energized conducmrs to contact the
enclosure or swuctuml members. Also resistive elements
are sulTtcicmly hot m inllct severe bums upon contact.
Since [be rcsis!ors used in load banks arc essentially heat.
em. hazards associatcc+ with heaters discussed in par. 7-4.3
opply to load banks as well.

7-7.4 DESIGN CONSIDERATIONS
Poiyphasc load banks gcncmlly consist of three. identi-

cal load banks, which may be used individually or inter-
connected in o wye or deha co figumti on. Each element is
composed of switchable resistors so the load may be
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manually adjusted m the required wduc. Vernier control
mny be provided by a continuously variable rheosmt
wired in series with (be rcsimws.

The imake for the vemilmion syswm is designed
according to application rcquircmcms to provide protec-
tion from meteorological elements; For example. baffles
or shields may he nccr.mry m prevent ruin from contact-
ing clcctriczl components and creating the snfcty hazards
of excessive lmknge currcms and possible equipment
failure. Air veloci!y in wnu m the bot[om should be
in.sufiicicm to lift dm panicles off the ground or horizon-
tal Surfnccs.

Resistor tmmrinls should have low rcsistivi!y+cmp cm-
mm corfliciems so thm ihc load resistance does not
change significantly u the load bank heats. (The tcmpcrn-
mrc coefi%icm of nichrome wire is 0.0004 per dcg C
(0.0002 per dcg Fk this permits a tcmpernturc rise of 2S0
dcg C (450 dcg F) above ambient while maintaining n
resistance wi[hin IO% of the normal value.)

Terminnl boards should be capable of withstanding
conductor temperature. Tcnninnl blocks that arc ther-
mally isolated from the heat-gcnemting resistors may be
made of molded or Inminated plastic. The studs for con-
necting the phn.se leads from the generator should be
adequate to cm-y the load current withoui excessive heat
gcncmtion. .MlL-L-52366C requires 9.53-mm (0.375-in.)
studs for phase wim and 12.7-mm (0.5 -in.) wuds for the
ncutmf. Standard labeling should be used —i.c., L 1. L2.
and L3 for phnsc wires and LO for the neutral.

A control panel should be provided m allow setting of
the load-bank mi.mnce without exposing the opcmtor to
hazardous voltngcs or hot surfaces. No exposed termi-
mafs. conductors. swi!ch toggles. or knobs on the face of
the panel should beat n voltagcdiffcrent thnn !he voltage
of the enclosure (ground). The panel also should contain
omm.trrcnt protection for the load bank and n master
mviich to disconnect tbc load banks from the enginc-
driven-genemtor set. Indicators should be provided for
current nnd ovencmpcmturc conditions. The panel
should be labeled with readily understandable signs. e.g..
“connect load” or “increase”. If rotmy controls arc used
to WIN the load. the control should be configured so that
clockwise rotation incrmscs the load. i.e., decreases load-
bank resismncc.

The case and associated resistor supports must bc pro-
vided wilh n ground connection connected m the ground
of the engine-gcncrmor SC! to eliminate the possibility
thnl personnel could tiiw an electric shock if the insula-
tion failed.

Doors should be provided m protect and limit ncccss to
the input terminal board. the opcramr control panel. the
reconnecting circuits. and any other features thnt do not
require frequent access during routine operation. The
input-tcrminnl access door should have interlocks to pre-
vent access when [he unil is energized. A bypass may be
provided to allow ncccss for tcstin~ howcwr. the main
breaker nnd the bypass switch must be constmctcd so (hat
they cannot be operated inackncndy.

7-7.5 COMPATIBILITY AND
INTEROPERABILITY

The electrical chnrnc!eristics of n resistive loud bank’
thm determine its compatibility or intcroperability arc

1.Phase configuration
2. Load adjustment range
3. Volmgc
4. Overcurmm or automatic load-bank-shedding

circuitry.
Loud banks usunlly will OPCmW O~er fine fmquenci~

from 45 to 440 Hz unless frequency-sensitive control cir-
cuitry is used.

For usc as a gcncmmr test dct.icc. the load bank only
needs to hnve the appropriate phase con figumtion and
operming voltage and be ndjustoblc to the level ofdcsircd
power consumption.

For the load bank to operate m n continuous loading
dcvicc for diesel engincdriven-gcncmmr sets. !he aforc-
mcmioncd c!ectricnl chamcicristics of the load bank must
be compatible with those of the generator. Also. a gcncm-
tor load current-monitoring capability must be built info
the load-bank unit to disconnect the gencmmr output
when the clcctricnl lend on the gcncrnmr reaches a prede-
termined value.

Load-bank fcmum.s thn! increase compatibility include
1. hlultivolmgc cnpabiiit y
2. Swi[chablc load
3. Switch- or jumper-sclcctrtble phase conligumtion

(delta. WY. or single phnsc)
4. Disconnectnblc ancillary control circui!.s, e.g., n

circuit that disconnects the load bunk when Iota] load
exceeds gcncmtor cnpacity.

Operating instructions should be provided on the
inside of the control panel door. These instructions Ik
hnmrds and give specific warnings abou[ incorrect proce-
dures [hut could result in unsafe conditions. Schcmntic
wiring dingmms should he provided os well.

7-7.6 TEST CRITERIA FOR DESIGX AND
ITEM ACCEPTANCE

Load banks constructed according to ,641L-L-523615C
me subjected 10 n series of wsts 10 verify their opermion.
The mosl significant of these tests arc

1. Insulrxion Resismnce. With uII lend resistances
connected in pmnllcl. mcn.sure the msisumm between the
line input nnd the enclosure. Vnlucs below the criteria in
the spccilicntion indicate an undesirable leakage path.

2. Instdaiion lVi{hstand Voltage. Wtth the unit setup
for single-phase opcrntion, apply n specified high voltage
between !he line input and the cnclosum for a specified
lime period. Any nrcing indicates n potential for de\,el-
opmcnt of high voltages on the load-bank enclosure nnd
constitutes failure of the test:

3. Functional PerJormonce.Opcmtc the load bank
for a specified time period in various configurations nnd
verify, by examination at the completion of the test. thai
no physical dnmnge has occurred when [he unit is oper-
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mcd at capncily. Also verify” the-o pcr~t[070fiw-
ob~rheat sensors by removing the cooling air source.
which induces nn overheating condition. Examine the
unit for domngc due to [he heat.

4. Control-Circuit Charocterisrics. Verify the power
drown by the conwol circuits does not exceed stated
rcquirrments.

5. Em,ironmentai TesJ. VerifY thnt the unit may bC-.
opermed or stored in cnvironmc;tn! conditions such us
high humidity, including rain. and low tcmpermurcs.
Also verify shock and vibration rcsistnnce to evaluate the
mmsponnbility of the unit.

7-7.7 OPERATIONAL PRECAUTIONS
Many of the same considerations thn! apply to other

clcctricnl equipment OPPIYm load banks as well—e. g.,
providing protection for power wiring and grounding of
thccnclosum w,hcn!hc unit isinstrilled and periodically
inspecting the unit for loose connections or signs of ovcr-
heming during operation. Considerations unique m loud
brinks include insuring ihnt the unit has adequate vcmila-
tion and thco it is insmllcd where the hem given off will not
dnmnge nearby stmctum or ignite combustible mate-
rinls. Operating instructions should include recommended
minimum clearances and wnrnings against loose mmeriaf
thnt could be drawn into and clog ventilation openings.
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CHAPTER 8

TEST EQUIPMENT

In the context of electricalpower s.wems. tesr equipment includes bolh indicating instrumentrmion inmalled

permanemlv in electrical mwems and pormble cquipmem for us-needed hOO~UP and measurement. TCSI

instruments measure e[ectr;ca! parameters to monitor sy~tcnl operol ions Or 10 diOgnOse m@dnctiO~. ?VPeS

of IeSI equipmenr inchide vo{tmcrers. ummcwrs. wattmeters. power ana(vzers. phme me!ers. and frequenc.v

mekvs.

First. this chapter discusses general considerations conrmon IO all these ilems. Subsequent@. separate

discussions of considerations unique 10 each i;em ore presented. The format of euch discussion is the same as

that used throughout this handbook — i.e.. idemt~cation of environmental efleris. hazards introduced. desixn

information Jor safety, identt~cation OJ recommended tests. and ~perutionol considerations.

8-O LIST OF SYMBOLS
1 = tms current. A

lti = cunmn in line to be mm.swcd. A

I- = current into meter from current transformer. A

G = correction value for trnnsformcr turns.rntio,
dimensionless

P = mensurcd powc.r. \V

R, = nnmcplme tums-rntio of trnnsformcr. dimcn-
si.anless

v = rms Vollagc. v

@ = phnsc angle between current and voltage, rnd or
dcg

6-1 INTRODUCTION
lnnmmmuxion used with clccwicnl cquipmcm mny be

divided imo three cmcEorics. i.e..
1. Equipment pcrmnncmly instnlled that tnmsmi!s

ordispinys sums information continuously. Examples of
!bii equipment include pnncl meters nnd clectricnl sensing
equipment Ihat telemeters data.

2. Pormhlc instrumcntntion used for test and diag-
nostic purposes. Examples of thw type of equipment
include pormble voltmeters and ammeters, and multi-
function test WS. Portable equipment is usually more
flexible tbm pcrnmnem equipment bemuse it must bc
used with many types ofelectrictd equipment opmming m
different voltage and power Icvcls. Also in contras! m
Pmnmncntly installed equipmcm. pormblc equipment is
frrqucntly configured for multiple types of mcaawc-
ment.$-c. g.. volt-ohm-milliammctcrs (VOMS), which
measure voltngc. resistance. nnd current.

3. Lnbomtory instrumentation for servicing nnd cnl-
ibrming other test equipmcn!. Included in this category
me nccumw indicating instruments. which bemuse of
their accumcv nnd inherent smbility. serve as !mnsfer

standards for [he cfllbmtion of other equipment through-
compnrntiw measurcmcms.

This chnptcr discusses safety issues rclmed primarily to
the usc ofcquipmem in the first two categories. Due to
similarities in function. hou,c~-er. much of the mnmid
pmemcd pertains to laboratory instrumentation us well.
Additional in formntio? regarding operating principles
and application of test equipment relevant to power sys-
tems described in this handbook is given in Ref. 1.

8-2 GENERAL TEST EQUIPMEXT
CONSIDERATIONS

8-2.1 INTRODUCTION
Akhough the design and npplicmion of a piece of test

equipment depend on the specific parameter co bc men-
surcd. certain safety considermions arc common to dif-
ferent types of instrumentation. For example, nfthough
portable voltmctcm. ammeters. and wmtmemrs mmsurc
diffcrem pnrnmctcm rmd arc connected m on electrical
circuit in different configurations, design considerations
common to all lhrec instmmcms include design of !be
readout. tesi-lead connections. enclosure or packnging.
and ovcrwoltnge znd/or current protection. The purpose
of par. 8-2 is to discuss safety comidcrruions thot are
common to several or all of the instruments discussed in
this chapter. Considcrmions that arc unique to n specific
inst rumem arc discussed sepnrmely in the pnrngraph pcr-
mining to thm instrument.

8-2.2 INDUCED ENVIRONhlENT
Test equipment generally does not adversely affcc: the

environment other than possibly to increase the negative
effcms on the cnviranmem by the equipment being tested.
By design test equipment must provide information on
the operation of the equipment wi!h minimum dismr.
bancc to it. Any primary cnvironmcnwd effects am pro-

— s-l .—
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duccd by tcmpomry modifications made m !hc item
under test to facilimte the mcasurcmcnu. For cxamp!e.
the removal of covers or panels 10 gnin access to internal
connections to connect test equipment may cause the
redirection of forced-ventilation air paths. This redirec-
tion has the potential to rcmow” cooling necesmry m
prevent overheating of components. The result u in-
crmscd local heating that could possibly lead to dnmngc.
A specific example u the removal of the enclosux around
a comprcssor<ondenscr rcfrigcmtion unit. In ccnoin
units th~ cnclosurc mm: mmnin sealed in order for air
drown by cooling fans m pass over the condenser coils.
Opening the unit m measure electrical components dis-
rupts the air circulation pmtcm. TMs disruption greatly
reduces the airffow owr the coils and thereby reduces the
cooling and incrmscs the imernatpmssure of the refrigcr-
an! glls.

Perhaps the most significant environmental effect of
test quipmcm is produced when lhc quipment u con-
nected m energized conductors. The placcmcm of clips on
bus bnrs or closely spaced terminals effectively reduces
[he nir gnp spacing between the conductors. This reduced
air gap can lead to arcing m voltages lower than those m
which nrchg would otherwise occur, or if high voltages
~ P-nt, it could lend to corona. Connection of n test
lead m an energized conductor energizes the test Icad
along its entire length. Improper insertion of the simple
pin or banana-plug connector on the WS!lead into the test
instrument causes environmental exposure m htgh volt-
nge and incr-casss the probability of incidental contact by
personnel or contnct between :hc lead and nnothcr con-
ductor m produce arcing.

8-2.2 HAZARDS
Test cquipmen[+pccinIly pmmblc. multifunction

units-is designed to provide maximum flexibility in
terms of parameters to be measured nnd the types nnd
configurations of quipmcnt 10 be tested. These inslm-
mems usually have switches or multiple connectom.
which nklow the operator to determine the range and the
pnrnmcter to be measured. Human error in the seiup of
theinstrument cnnlcad mdnmnge or injury. Exnmpks
arc

1. Scttingthc instrument forncurrcm mcnsurcment
and connecting Icads across energized conductors in ihc
manner appropriate for n voltage mensuremcm causes
substantial volmgc m be npplicd across the rclntively low
impcdanm of the meter. See Fig. 8-l(A). llc probable
rcsul! is damoge m the test equipment or possibly arcing
at the point of thetest-lcad conmct.

2. Anmtempt to make nvoltagcmemu~mcnt on
solid-stale equipment with n muhifuncl ion metcrsct for n
currcn!-mmsuring function. which causes the meter 10
have n low input impcdanm, may introduce undesirable
current paths through the unit under [es! nnd could dc-
s:roy the uni~. Thii siumtion is shown in Fig. 8-l(B).

Hnznrdous situmions, cnncnsily IX produced by mis-
reading an in.strumcnt and taking innpproprk action
b-on thccmoneow reading. Erroneous madingsnrc
quite likely m occur if the instyment scales arc not clearly

8-2

marked or if conversion factors must be applied to sc&
readings to determine the value of the monitored pammc-
ter. If controls nnd corresponding indicators me not
apPrOPrinIclY grouped. [he operator is likely to adjust the
wrong control when attempting to correct on out-of-
tolcrance condition rind. seeing no immediate response in
thcindic.wor. mnymake nnextnmetijmtment before
realizing the error. Depending on the function of the
control that wns adjusted. the effects could be disastrous.
Similarly, if meter-scale markings arc not clear. the opcr-
ntor mny make corrective adjustment tocormct n pcr-
ccived out-of-range rending when the rcadingwasactu-
ally within range but mi.sinterprcwd.

Additimml hmntisthnt atieinconnmting elarid
test quipmcm with clcdcal apparatus arc

1. Shon-circuiting of ndjnccm conductors when
making tempom.~ connections to portable test quip-
mcm. TIM re.sultmg arc can cause burns. eye injury, or
equipment dnmgc.

2. lnadvenem contact withhigh-voltage quipment
when mnking mensurcments on energized quipmcm
with portable instmmcnts. Injury may result from conmm
with energized conductors within the quipmem under
test or from contact with test-equipment leads ones tbcy
nrcconnecmd !othcencrgized conductors.

3. Accidental opening of n current trnnsfcmncr
secondmynnd thercmdmm prduction ofancxlmmcly
high VOlln&.

----- -—. —— --— -—-

8-2.4 DESIGN CONSIDERATIONS
8-2.4.1 Configumticm

The most common hnznrd with test equipment is.
humnn error, especially with portable test equipment thnl
musl be connected m the unix under IUI wi!h temporary
test leads. The instrument must bc designed so that the
opernt ion is as simple as possible with!n constmims of the
opemtionnl requirements and that operational errors do
not produce o hazardous condition. such as instrument
damngc. or expose the opcmtor to high voltage or other
hnznrdous conditions.

Uniformity in the conligum!ion. Inkling. and readout
rind/ or display is an imponnm consideration in the
design of ICSIcquipmcm. Panels containing multiple dis-
plays and controls should becon@ured unifm’mfy through-
out n system or in equipment designed for similar npplicn-
tions. All indicators should be clearly lahded and posi-
tioned in n mmmcr consistent with conventions for the
npplicmion. For example. indicators showing voltage or
currmw on individual legs of n polyphnsc system should be
placed in the order of the phnscs. i.e.. ihc indicator for
Phase I on the left or mp, the indicmor for [he Ia.s! pbasc
on Ihe right or bottom. nnd the indicators for intetmc-
diate phases plnccd in order between them. Controls that
arc closely associated with die indicator should be PIA
ncnr the indicator of the pnrnmctcr !hcy control. For
example. vnrinble tmnsfcmnem or mp changers should be
locntcd ndjacmt to the voltmeter indicating their oulpul
nnd preferably oricnm.d so thnt turning the control clock-
wise causes the me!cr to r=pond in an upscnk direction.
Control and indicator lnyout in a new daign should

—
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20S Vdc

lea! Lezuh
(0.2 k-k)

‘.Multimomr..

30A
(mossurm volfsm or current]

I

Switch Closed
for current
Mms”remem

Q“”’”’ a 54
— I

(A) Atmmpted Measurement of Line Voltage Causes Surge Current
That Will Likely Dama&s Memr

=. -..
(B) Attempted Measurement of Semicondustot Voltage Causing

Ex@ssive Transistor CO1lectOr Current ~8t~tl Likely De$troY

Transistor
— — . .

Figure 8-1. Hnznrds Crctrted by Attempting Voltage Measurements With- Multimeter Function
Switch in Current Positiur .

“resemble that used in p;evious designs unless improvc~
mcnes in clarity or convenience with n new layout out-
wci8h thcdisadvamagc thni arises when persomd u,ho
arc used to one configuration musl become familiar with
the new configuration or. worse. must work with both
codtgumtions.

The selection of digital versus analog display is depen-
dent upon thenppiication. ~gitaldkplny equipment is
more precise nnd less subject to reading errors tbnn
nnalos equipmcm. Annlo~ indicmors provide n moti
quickly imcrpremblc indication of on out-.af-rnnge condi-
tion or sudden fluctuations in value. A rapidly ffuctumins
load. howcwr. is difticuh fif not impossible) to read dig-
imfly because of the high speed ofthcse meters and Ihe
rnpidity of the change of register. The opcrmor con
obserw the sprcnd of the indication of an analog pointer
and m l:nm obtain an indicmion of the avcragcvnlucof
the flumunting parameter. Analog displnys gencrallynrc
preferred for situations in which n control must be
adjusted for peak or minimum Ieml of the indicnted
pammctcr digital mctcmnmpmfcti forsituntionsin
which a hish degree of mc”rncy is required or in which Ihc
indicated vnlues arc to be manually r-worded.

Asinglcdigilal indicalorcmr beuscdtodisplny multi-
p!e pmnmctcm by including a selector switch. This usc is
not recommended except for situations in wh!cb the
meter provides informmion only for nmintenunce or
diagnostic purposes it should nc~<erbe used for o parnmc-
ter thm must be closely .moni!orcd or for critical or cmer-
gencysitumions. Inmemcrgcng valuablclimecank
lost in locmin8 the proper digitat reading, whereas n quick
visunl inspection of mnny nnnlog displays is more as-
cumte.

8-2.4.2 Packnging(Ref.2)
Ponnblc instmmcntmion should be packaged in dura-

blecnclosurcsthnt pro.idc thcnccsssms physicrdnnd
environmental proxecxion. ‘flrcpnckin.gcasc should be
free of sharp cdfp m qorncrs, which could cause injury m
personnel or CUIwire insulation in the elcctricnl apparatus
in which itisbeing used. Ca.rings ofinsulatingmnm’Ms
arcprcferred becnusc ofthcir resismnce tocorrosion and
the fact that they can be used around energizing conduc-
mre without the dnnger of bridging conductors. causins
nrn. orimroducing undcsimd lenkngcpatbs.

For two reasons, both porrnble and permnncmly

8-3
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installed instrumentation should be packogcd in enclo-
suru made from mmcrinl thnt does not suppon combus-
tion. First, the combustible mrucrinls in clcctricnl equip
mcm should be minimnl to diminish the dnmnge from
fires initimcd by arcing CI!9vcrhcntin6. SecOnd. ins!ru-
memntion packaging that Mresistant to damngc from lirc
is more likely m maintain separation of conductors within
it during n fire this scparntion will prevent the develop
mcm of additional foults. Ref. 3 specifics the rcsismnce-
tc-ffnmmnbllity requirements for mmetinls in comrol
pnncl instruments.

Cure must be taken in the design of an analog instm-
mcnt to cfiminnte rending errors bccmw of parnllnx.
These errors rise from viewing the meter man angle that
lends to erroneous perceptions ofthc position of the meter
poimcr relative to the scale. Pnrallnx errors arc mini-
mized by meter designs that have either n poimcr recessed
[o the snme Icvcl as the scale. mirrored scales. or o pointer
bledc that is pcrpcndiculnr 10 the mctcrscnle. If accuracy
requirements arc less stringent, ihc plnccmcnt of ihc
mctcrpoimcr within 1.5102.5 mm(O.06to0.10in.) of the
scale minimizes pcwehx errors (Refs. 4 nnd S).

If the tesL cquipmcm mros exceeds 16 kg (35 lb), fifting
and/or cn~nghuardsm ayexistpr Ref.4.

8-2.43 Labcfing
Alltest equipment should belabclcdclcarly. Analog

panel-mounted instrumcmsshould be mnrkedu.iththc
following information:

1. Monufncturcr
2., Model number
3. Basic meUurcment function (V, W.A)
4. Twoofthelhmc following pnrnmctcrx

a. Movement volmgcsensi!ivily, V
b. Movcmcnt currcnt sensitivity, AormA
c. Imemnlmsismncc. fk.

,Note that basic meter sensitivity can differ from scale
mdhgs if Ihe meter is intended for usc with rangc-
extending devims such us current trnnsformc~ or voltngc
dividers,

O& Protective Ground Terminal

Q AC Terminal

——— DC Terminal

~j ACorDCTerminal

Panel mctcm tbnt arc polarity sensitive or hnvc one
input lead connected to !hc cuss should be plainly marked
with permanent symbols ncarthctcrminals. Pokwhyis
indicmcd byn”+”symbcdlocmed ncnrthe positit<ewmi-
nnl. Grounded terminnls OR marked with thesmndnrd
ground symbol.

F!g. 8-2 gi~,cs the International Elccwotechnical Com-
mission (I EC) defined symbology specified in Rcfs. 6 and
7 for usc on portable test cquipmcm. The usc of these
symbols would ennblc non-English-spmking pmsonncl to
opcmte the equipment.

8-2.4.4 Protection Agninsl Electrical Shock
Test equipment should be designed m prevent exposure

of purrs thnt arc energized when tbc unit is in operation.
Openings for wnilntion should be ccwcrcd with n screen
orgrillcto prevent fingers inserted through opcningsin
the case from !ouchh!g live parts. Adquntc clcnnrncc
musl be provided between intcnml conductors energized
by the supply nnd exposed conductors including the
enclosure. Table 8- I giws crcepagcdistnnce require-
ments. Crcepage distance is the minimum distance be-
tu,mn these conductors mcnsurcd across insulator sur-
faces.

Test equipment. like other electrical equipment, must
be mounted in n grounded enclosure so that any internal
faults do nol produce hnzardous voltage Icvcls on exposed
components. MIL-T-28W10D( Ref.2)rcquircst hat leak-
ngc currem bmwccn ACor DClineconducto~nnd any
accessible conductive pens of the equipment shall not
exceed 5 mA. Likewise, radio frequency interfercnm
(RFl)or surgc-supprcssion deviccs connected between
the line power input and the safety ground shall not allow
more than5 mA ofcurrcn! to ffowm the ground conduc-
tor. lle hater Iimitmion is required to prevent lethal
currems from flowing through nn inswumem opcrnmr if
[bat equipment ground connection is opened. lnswwncn.
cation that normally is installed pcrnmncntly. bu! must be
removed for mnintenurcc or repnir. should be connected
so thnt the cquipmcm will remain grounded until it is.

z-h See operamr’a manual
for instructions

t

High-Voltage Terrninaf

I On

From IEC 411. Graphical SwnholJ Jor fist on Equipment. Rcpmductd by pcrti,on of tbc Inwmntionrd Elmrowcimiud
Commission. which rcmim the copyright.

Figure 8-2. IEC Symbology for Electrical Tests and Measuring Equipment (Refs. 6 and 7)

a-4--- .
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TABLE 8-1

REQUIRED CR EEPACE DISTANCES FOR TEST EQUIPMENT (Ref. 8)

Ra!ed Ckcuit Voltage Distances
AC (mm) DC. AC Peak Clearance Crccpilgc

[f Sinusoidal. “ or Mixed Voltuge,
v

Dismnm
v mm (in.)

Up1024

mm (in.)

up1035 I.0 (0.MO) [0.5 (0.02)]” Snme

O\.cr 24 iJp to 60 Over 35 up to 85 2.0 (0.08) [I (0.40)~ Same

O\cr 60 up to 130 Over 85 up to 184 2.5 (o. 10) [I .5 (0.06)] Snme

Over 130 up to 250 over 184 up 10 354 3 (o. I2) [2 (0.os)r Same

Ow 250 up to 450 Ow 354 up m 630 3.5 (o. 14) 4.6 (O.18)

Over 450 Up to 650 Over 630 up to 920 4 (O.16) 6. I (0.24)

Over 650 up to 1000 Over 920 up to 1400 5.5 (0.32) 9.1 (0.36)

Over IWO up to 1500 Over 1400 up to 2100 10 (0.40) 12.2 (0.48)

Over 15C0up102m Over 2100 up 102800 I 2 (0.48) 14.2 (0.56)

Over 2@30up to 2500 Ow 2800 up to 3&20 14 (0.56) 15.7 (0.62)

‘llc snmlkr values enclosed in brackets apply to miniomrc-tyw componcnu-prinud circuiw micromodulcs. etc.—and may k
-pled OnlY~bcm the %ptin~ arc rigidly maintained by constructional mcmu and cannot k reduced during assembly.

TMS material is mproduccd with permission from American Mional stonda~ -WI? Rwi,emcn13J0r ~CCIriCU/and ncclrOnic
Mcnwrins nnd Comro[ling In.rrmmrn:arion. AM I C39.5-1974.copyright 1974by the Amcricrm Nntionnl .%ndnrds Institute. Copies
of thu standard may be purchnxd from the American National ?mmdards Institute. 1430 Brocuhvay, ,NcwYork. NY 100[S.

completely disconnected from all sourcu of potwr.
Pnnel-mounted equipment that is connected to the power
source through flexible wiring should hnve n scpnrnte
ground conductor m mninmin continuity between the
case and ground after ihe mounting screws have been
removed. The ground conductor should be slightly longer
than the power wiring so thnt the ground connection does
not hnvc to he removed before the power wiring. If pou.cr
is supplied through n connector pnir. the connector must
be configured so that the ground contact must mnke
conwux hcforc the contacts cawing the line current nnd
so Ihat the ground connection is the Inst to break when the
connector is stressed m fnilurc.

Meter interconnecting cables. cspecinlly those for por-
table equipment. should he constructed so that no ener-
gized conductors arc exposed during normal opcrmion or
in situmions that commonly wise from operator error.
For example. rcmovnblc tcs! leads should hnvc n connec-
tor thnt shrouds lhc comnct on the cable. If this protec-
tion is not provided and Ihc test Icad is connected to nn
energized conductor. then the exposed contact ci[her may
he touched by personnel or may contact nnothcr conduc-
tor and cause n short circuil. An example of !his problcm
is !hc [cst-lend configuration sbmvn in Fig. 8-3. The test
leads shown in Ftg. S-3(A). commonly used in the pm:,
use ‘bannna” plugs for connection to ihc meter. An
improved rdlcrnntiw is the shrouded connector shotvn in
Fig. S-3(B) in which bo:h (he mole and fcmn!e contacts
remnin guarded when the connectors ore not motcd. The
end of the cable that is nmtched to the cquipmcm under
test should he insulnwd to the extent allowed. If one lend
of a meter is connected to nn energized conductor. the

other lend will assume the snmc potential. If the meter is a
low-impedance nmmeter. large currents may result if the
unconnected lend contac~ conductors al n different
potential nnd thus cnuses nrcing. Even if the meter is n
medium-impcdnncc voltmeter. personnel may receive
elcctricnl shock from contact with [be disconnected probe
under these conditions.

S-2.5 OPERATIONAL PRECAUTIONS
Gcncrrd-purpose test equipment is designed to he flexi-

ble [o meet [he variety of mcasurcmcm requirements.
This flexibility is usually obtnined by the incorporation of
switches, multiple input connections. or other functions
thm UIIOWmodilicolion of the instrument funtiion. It is
important thn! clenr, dcmilcd instructions be provided
with ench instrument [6 explain operation of the controls
in each of the intended applications. The need is amplified
because of the infrequency of test operations and the
widcspmad usc by mnny personnel.

Complete. detnilcd instruction mmwnks should include,
as n minimum. Ihe following information (Ref. 6h

1. Instnllmion considerations including assembly,
grounding. interconnection. rind wmilmion

2. Explnnmion of cquipmcn: mnrkin~ and controls
3. Interconnection uith LICaSSOriCSor other equip

mcnt
4. Operating instructions including safety. smmgc... -

nnd hnndl!ng precautions.
1nstrucuons for ponabic instrumcnu should also he

avnilnblc in n concise form. such u n plncnrd or durable
booklet, which mny be kept with the instrument. Some of
the specific issues that should be addressed arc discussed
in the pnmgmphs that follow.

8-s -_ .._—. —-----
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(A) Old Style Test Leads Using Banana Plugs for Connection to Meter

%

Ridgss
for Grip

Insulating
Hood

(B) Improved Hooded Connector for Test-Lead Connection

Figure 8-3. Tesl-Letsd Connections for Portable instruments

When it is nemssnry m connect porsnblc voltmeters by
using clip lends. specinl precnuliom nre neccssnry. os
shown in Fig. 84. The clip must bc smcdl enough m nvoid
bridging adjacent conductors mrd cnusing n shon circuii.
First. connect to [he conductor nemcst to ground potcn-
tinl (ground potential if possible). Then using only one
hnnd. clip the connection to the “hot-lead. These precau-
tions ripply equrdly to the voltage connection of u,nllmc-
tcm. bar meters, or nny other instrument potentinl (wdI-
nge) coil.

Typically. power must be interrupted to connect cur-
rent meters (or current coils of waumetcrs) into lines.
Where such imcrrup!ions cnnno: be tolcrmed or where
frequent mcnsurcmcms of current with ponable inswu-
mcntntion arc nnticipmed, prcwision should be made so
the current connection may be mode without power inter-
mptimr. One woy !hn[ is suitnblc for Iow-currem levels is n
two-conductor connecmr that shorts the IU,O conmcts
togerhcr until a mating connector is inscncd. Altcrnn-
Iivcly. n momcntory. normally closed switch can bc wired
in parallel with n connector m provide n path m maintnin
the current flmv except when n measurement of current is
desired. For high-current s~stcms n low-resistance shum
mny bc wired pcrmnnently m line with lends brought out
to an accessible connecror.

Anrdog instruments being marsported should be plmcd”
so that the shaft of the pointer is horizontal. If ihc inswu-
mcnt is lying cm irs buck. the jarring of the vchiclc may
dnmnge the lower pivot or jewel. Erich time tbe instru-
ment is connected for n new test. the condition of thk
lower pivot should be tested for damage as follows

1. hiove the inswumcm slighlly in the horizontal
plnnc-cnrmgh m cause the pointer to move slightly off
X1O.

2. Observe the location of the pointer (twaid parnl-
Inx).

3. Top the instrument case gently with one linger
mrd observe whether the pointer mows. Any movement
of the pointer indicntcs n dnmagcd piwx and the inswu-
mcnt should be sent to n qunlilicd shop for repair and
culibrmimr.

When accwme readings am desired from analog taetcrs.
care must be mkcn to nvoid parallax crmrs. The head
must be held so that !he scale is viewed perpendicularly. If
the meter has n mirrored scrdc. the head mus: bc posi-
ticmcd so the rrffcctcd imnge of the pointer is hidden by
the pointer. It is recommended thn: neither eye he closed
nor shielded, but the technician learn how m view the
pointer, meter scnle, and reflected pointer imnge with one
cyc u,hile he ignores the image perceived by !he other eye.

84 ––.
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(A) Check Clip Leads for Integrity
of Insulation and Compatibility
With Terminals

(B) Connect Ground Lead Securely
so it Cannot Slip Off Terminal

T-

/) (Cl with One Hand, Connect Other Test Lead
m Energized Line. Keep Hands and Body
Clear of Other Conductors

Figure 8-4. Procedure for Connecting Voltmeter Using Clip Lends to Energized Conductors
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The cover glass must be kept &JIk~ W;pin~;hc glnss with
n dry cloth, howcwr. tvill induce o static chnrge on the
glass and can cnuse crrom in the meter indicmicm. Brcmh-
ing cm the glass will remove the stmic chorge.

8-3 VOLTMETERS “

S-3.1 lNTRODUCflON
AC voltmeters typicn!ly hm.e ranges from 1.510600 \’.

There arc scvcrnl types of meters, including DC vcdtme-
!crs with rectifiers or peak detection circuitry. to measure
AC vohngcs. Selection of n meter for o particular test
must consider the chnractcrislics of the ins!rumcnt. whm
mcnsurcmcnt is required (rms. average, peak voltage),
and the relationship between instrumcm impcdanm nnd
its effect on the quantity being mensurcd.

Analog DC voltmeters gcncrnfly employ o DArsonval
meter mox<cment and series rcsismnce m provide the
required range. Portnble meters usually wc mnde with
ranges of millii,cdts to 60U V with input impcdnncc rang-
ing from 1000 to 100.000 fk/ V full-scale. Highcr impcd -
nncm arc obmincd in portnb!e meters through the use of
field effect transistor (FET) amplifiers. Voltages nbcwc
600 V require n voltage di~.idcr resistor. Higher voltages
mn? be mcnsured by using external voltage probes con-
trumng series resistance.

D1giml vollmctcrs. both AC and DC. me gcncmlly
high-impcdmcc devices that require scparntc power for
opcrntion. These devices me produced in both portable
ond panel-mounted designs and can incorpcmm either
incnndcsccm. liquid crystal. or Iight-cmittingdiodc
numeric displnys. Like !hcir analog countcrpans, these
devices arc available with full-scale volmgcs of I to 600 V
with displays of three m six digits. The volmge range for
portable instruments may be extended with special probes
conmining msisiivc dividers.

8-3.2 INDUCED ENVIRONMENT
The impact of mlmgc-indicating instruments on the

cn\ironmcnt is gcncrnlly small and does not differ from
that of the gcncrnl instrumentation discussed in pm. 8-
2.2. The only unique consideration is thnt \<oltmetc~.
when connected to nn electrical systcm, usually hnvc n
difference of potcmird bewvecn their tcrminrds duting
operation, and o; leas! one of the terminrds has n signifi-
cant vohage with re.spcc: to ground.

8-33 HAZARDS
Hnmrds nssocimed with the opcrmion of vol{metcrs,

either pernm”cntly insml]ed or ponnblc ICS1equipment.
me the same w those dcscribcd for general instrumcntn-
tion discussed in pm. S-2.3. In addition. the use of porln-
blc voltmeters to measure high t.oltngc incresscs the pos-
sibility of electrical shock or electrocution when the
auxilinv high-volmgc probes arc used. These probes con-
tain a resistirc diridcr and extra high-voltnge insulmion
m extend the m:asurenmu capability of the meter. If
moisture or din causes ccmductiviiy across tbe surface of
the probe or if cracks nllow the development of conduc-
tiw paths through tbe insulmion. current from the high-
vohnge conductor connected m tbe vokmctcr may puss
through the person opcrmins the voltmcscr.

8-3.4 DESIGN CONSIDERATIONS
Voltmeters usually me not designed to mensurr voll-

agcs in excess of 6GIIm 1000 V because of the increased
danger of mcing M the vcdtmctcr tcrmimds or intcmnlly—
n condition thm poses n severe shock hnzmd 10 the opera-
mr. For portable instruments n resistive divider incorpw
rated inm n high-voltage probe is frequently used 10
extend the rrmgc of the voltmeter. In the design of these
probes. the distance between the probe tip and the voltngc
divider resistor should be kept short to minimize the
Icngth of conductors tbnt arc energized to tbc full wdtase
IAng measured. The probe should be insulated with n
mrucrial that is resistnnl to cracking and breaking and has
n high resistance to diclecwic breakdown. The insulation
mntcrinls should hm.c a smooth, easily clcmmble surfncc
thnt is impervious [o moisture and one thm is shnpcd for
!hc mnximum creepngc distnnce between the probe and
handle. Fins or ribs moy be nddcd to extend this distance.

For permanent installations in which high vcdtngcs arc
m be measured, n potential transformer is used m allow
mcasuremcm of high voltages M a safe lc\4el. The primmy
tvinding has n voltage rming equal to the voltage to be
mcnsurcd. and the secondnry supplies n low voltage (usu-
ally 150 V) w,hcn the rated voltage is applied IO the pri-
mary. Potcntinl trnnsfcwmets should be fused for protec.
tion of the system in case of n fnilurc in the transformer.

Typically. elecwicrd system circuits we low impcdnnm.
so no stringent requircmems arc placed on voltmeter
im~dan.x. Some npplicmions. however. related 10 power
systems do require high-impcdnncc meters. Consider the
problem of mcnsuring the induced voltnge on m un-
grounded wire routed parallel m n high-voltage line. The
copncimnce bc!wccn the energized line and Ihe line under
test nnd the copncimncc between the line under test and
ground forms o voltngc divider. If the volmgc on the line
under test-with respect m ground—is measured with a
low-impedance meter. the rending will be less than !he
nctunl witogc. A high-impcdnnm electronic voltmeter is
required for mcumtc mcmurcmem of the induced voltage.

Voltnge and current measurements am typically ex-
pressed in rms values so the two may be multiplied
together m cnlculate power. Vohnge measuring instru-
mentation typically responds to the nvemgc rectified voll-
ngc. As shown in Table S-2. for the sinusoidal wwcform

TABLE S-2
Comparison OF fMEASURED VALUES

FOR SINUSOIDAL, TRIANGULAR,
AND SQUARE WAVEFORh~S

Wa\.cfom Average rms Ralio
value of value of
Rectified \\#avcfom ~

waveform with 1.0 Peak Avcrn~
Wi(h 1.0 kak

Sine 0.637 0.707 1.11

Trinngulnr 0.5 0.577 1.15

Sawtooth 0.5 0.577 1.1s

Square Wnve 1.0 1.0 1.00

.— . 8-S
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used in power systems. the rms value of a sinusoidal
waveform is about 11% higher than the nverngc rcc:iticd
value. This difference is normally incorpormed in!o [he
cnfibrmion of tbe meter so that Lbe actuaf readout will be
in mm. Errors will occur if this ‘average-to-rms” cdihrn-
tion factor u incorpommd into n meter thnt is then used to
mnkc voltage measurements on n waveform diffcrcm
from that for which it is cnlibmtcd. For exnmplc. if n
meter calibrated for use with sinusoidal waveforms is
used with n triangular waveform with the mom peak
nmpliludc. the meter deflection will be a bow 2 1.5T0less.
However, !he rms VRIUCu only 18% less: the n.a result is
on error of about 4Yoin the meosured MU voltage.* In
gcnemk, the amount of error is dependent upon t he wnvc-
form. Rcctificr-typc mctemshould bccafibmtcd for the
particular waveform used and cmploy~d only on the volt.
ngcwm.eform sforwbic htheyorccafibmted. lfrms mea-
surcmcnts arc to be made on arbitrary waveforms. then n
“Ime rrm meter-should be used. Usunlly these meters me
inswumcntsthnt clmtronically computcthctme rmsof
Ihc input wnveform nnd displny i! on either an analog or
digitrd display.

Anrdog meters generally use the D“Arsonvnl move-
ment, nlthough the Iesc sensitive clcctrodynnmo meter and
iron-wmc movements am sometimes used bccnuse their
squnx-lnw mspownllows thcirwem true rmsinstru-
mencs. [n the fYAmonvnl movement. the pointer is driven.
by a movable coil suspended in the field of n permanent
magnet. The elcctrodynnmomcwr uses the repulsion
between Iwo e!ec:romngneu (one moumcd on n pivol) to
move the pointer. In the iron-vnne meter, current through
a coil magnetizes the two soft-iron vnnc.s. which then repel
cnchothcr. Oneofthe vnnesismovnblennd nflixcd too
pointer. which indicntcs the amount ofcurrcm. Any strny
mngnmic field in the mea caus.ss ihe meter m giw an
erroneous reading. This type of insmmcnl gives satisfnc-
tory nccunuy from DC and AC voltages up toscvcrnl
hundred hertz.

Electronic nnnlog mm instruments m-c nccurme and
very sensitive. They can measure volmgcs with a negligi-
ble loading effect. They incorporntc nn AC-m-DC con-
vcrcer (rectifier). n DC amplifier, and n D“Arsonvnl DC
meter. Depending on dc.sign. (hcsc instruments respond
—
“Since the meter responds to (he mzragt value of (he reaificd
wrwcform. the rrsp.ansc of the meter to n triangular waveform
wilh the snmc Pmk-m-peak amplitude as n cmrcspondt”g sin”-
soidal wm’cform will k kss than the msponx to (he sinusoidal
wavcfonm by m amoun$proportional m zhe diffcrcmz in ‘a $cr-
agc- vnfucs den from Table 8-2. e.g.. (0.637 - 0.5)/0.637 =
0.215 or 21.5% Cafculntioru. using values from the same table,
show the ncmnf mu tmfuc for the triangular waveform to lx
(0.707 - 0.S77)/0.707 = 0.184 or 18.4% below the mm value of
corresponding sinusoidal .’ave form. The difference berween
21.S% diffcrcncc in instrument msponsc ond the 18.4’%differ-
ence in mu value rcprcscntc a mcnsurcmcnt error. The actual
errnr. using an nvcmgc-rccponding mc!er calihmtcd for mu
mcosurcmems on n sinusoidal waveform to make rms mm-
suremcnu on a triangular wm’cform. would k proportional to
difference in the rms-to-nvemgc mtio for each case given in (he
right column of Table 8-2. For this situntion. the ecror would be
(1.15– 1.11)/ l.15=0.0350r 3.5+%.

m the positive peak value. tbe peak-tc-peak value. or the
rms volue of the wnvc and we usually calibmted m mad
MIS that assumes n pure sinusoidal wave input. For other
than sinusoidal waves. a correction must be applied
except in true rms meters. The mmc considermions apply
to digiwd voltmeters. These meters typicafly ore designed
for higher nccumcy 6CCOUSCof the greater precision of the
indication.

Voltage measurements cm circui~ nbovc 600 V me
made by using n voltmeter with n ISO-V range nnd II
potential transformer permanently connected in the cir-
cuit. The primary of the potential transformer is fused m
protect the system should the mnnsformcr fnil.

Scale markings should be .dibrnted with 1.2. or 4 units
pcr division. Scale calibm[ioos having n nonintegcr uniu-
pcrdivision should never be used because of the diflhdty .
in determining indicated vnlucs and the incrmscd likcli-
bcmd of error. A combination 150- 3fP2- @fJ-voltmeter
scale should be grnduntcd m I V per division cm the 1SO-V
scale. Then when the voltmeter is used on the 303- and
6f30-V nmgcs. ihc rcsol”tio” will be 2 V per division a“d 4
V per division. respectively. If the desired voltngc mnges
on n muhimngc meter me not integer multiples. then
sepnrn!e scafes should be provided for each range.

8-3.5 COiMPATIBILITY AND
INTEROPERABILITY

$iignificant chmncteristicc thm must bc considered i“
selecting voltmeters. either 0.s replaccmenis or for new
designs. arc

I. Voltngc rongc
2. Input impedrmcc
3. Frequency rnngc
4. Wtwcf.arrn sensitivity+ e.g., rms mponsc or nWr-

ngc response calibmmd for rms indication of sinusoidal
waveforms

S. Environmenud considerations, e.g.. semiiivity to
mngnctic fields or tcmpcmtum extrcmcc

6. Movement type
7. Physical size nnd mounting considerations.

A more complcle Iiit of considerations for voltmcten is
given in Ref. 9.

8-3.6 TEST CRITERIA FOR DESIGX
AND ITEM ACCEPTANCE

Table 8-3 lists tests for an$dog meters thnt nrc described
in Ref. S.

A vohmc!cr should be calibrated agains! n smndnrd
voltmeter. both upcm delivery from the manufmurer nnd
at regular intervals thcreoftcr. At no p.&nt on the scnle
should the instrument htwc an error grmcr than the
guaranteed accuracy of the prmiculnr class of instmmcnt.
This nccurucy usucdty is smf.cd os pcrcem of scale. For
digital instruments the accuracy may be suncd as “the
maximum error will not cxcccd —?bof !hc rangt PIUS—
% of reading plus_ units of the least significant digit”.
The actual numbers inserted in the blanks in this expre-
ssion nre range dependent.

Examples of tests t hnl may be appropriate for electrical
tesI equipment (Rcfs. S nnd 8) mm described in the sub-

S-9

I

Downloaded from http://www.everyspec.com



MIL,HDBK-765(MI)

TABLE 8-3
ACCEPTANCE TESTS FOR ANALOG PANEL METERS DESCRIBEDIN

N11L-N1-103O4E (Ref. 5)

Viunl lmpcclioty Opcrmion m Tempcmturc E.wcmes
Q.afityof Consl~ction Thermnl Shock
Labeling Resistance to Soldering Hcnt
Presenccof Rcquircd Features Overload Capacity

Soldcmbility of Terminal Lugs Dielectric Wilhsmnd Voltage
Influence of ,Uc:er Orientation on Indication Insulmion Rcsisumcc
Effca of Zero Adjustment \Vatertightness by Immersion
“Slicking” of Meter Poimcr in Off-Scale Positions Rcsistnncc to ,Moismrc (High Humidity)
Accuracy of Indication Impact Tests for Wkdotvs
Response Time and Ovcqhoot Tcrmimd Strength
Repeatability of Indication Vlbrntio”
Power Consumption at Ftdl-Smlc Shock
Fmqucncy Response Drop Testing
Su.sccptibili!y IO Smtic Effects

paragraphs thm foll;w. Note thm the environmental
condition during the tests should he reprcscntmive of the
conditions under which the equipment is to be opcmted-
including tcmpmmxe extremes, presence of moislurc.
a“d sdt sprny if applicable.

Test c.xnmplcs nm
1. Lcakage Currem. TIM Iczkagc-curmnt testis used

to evaluate [he electrocution-hamrd poter)tinl. of a test
instrument by mensuring the o.mount of current on
exposed surfnccs thot could pass through the opern!or
upon conmct. instrument terminals arc connected to n
voltnge source equal m their maximum allowable w.lmge
level, and the Ienkage current is measured by conncc!ing a
millinmmctcr having on input impdancc of 1500 0
shunted byn 0.15 -pFcapacitor bctwccn ground and nny
exposed conductor or conductive surface. For power-line
frequencies, instmmcms arc usually required to hnw
Icnkage currents bclOw O.5 mA. akhough more stringent
requirements mny he specified.

“” 2. Insulation Voltage (Dielectric lVidumnd) Test.
The insulndon-vohnge mst detects insufficient insulation
within nn in.wumem thm could he bridged by n wnnsiem
and possibly cnusc hnznrdous voltngcs on insmmcm
tcrminnls or external surfaces. After environmcntnl con-
ditioning. e.g., exposure to moisture or ncmlermcd aging.
an AC test volmgc is applied bctwmn terminals and the
cnse or protective ground. The test voltage is vnriable—
&ginning at zero and increasing to lhe wdue shown in
Tnblc 84 (Ref. 8). Failure of Ihc [es! is indicmed by
current flow duc to brmkdown or any other indication of
arcing.

3. Torque Tesl Jor Terminal. The tcrmina! torque
testverifiesthe mechanical integrity of poncl-meter Ier-
minnfs and determines wbethcr interred connections will
he easily broken during the attachment of wires. Although
th~ testis performed primarily for opcmtionnl considcm-
tions rather than safety. i! does check for the possibility of
internal faults thm could bc produmd by the reposition-
ing of intcmal wires from termintd rotation. In this test u
specified toquc is applied to stud-t ypc terminals. Failure
of the test is indicated by terminal romtion. obvious
brmkngc. or improper opcmtion of the meter after the
[al.

-.

TABLE S-d
TEST VOLTAGE FOR INSTRUMENT

DIELECTRIC WITHSTAND TEST (Ref. 8)
Voltage Rming MU Test
of Inswumem voltage. v

(Inpto Range). V

0-30 5CU

30-130 Iofm

130-2s0 I 500

2s0450 2300

Thk mmerial is reproduced wilb permission (mm America”
.NntionntSI.mdr,rd Safety Rqui,cmatmJo, Slmtrical and Sk.
Ironic Mm.mn.IIx and Con,mlling Imwumcnmtion. AN t
C39.5-197d. copyright 1974 by the American National Stand.
mds Institute. Copies .4 this mmdard may be purchased from
the American Smiomd Standards Institute. 1430 lkrcmdway,
,NewYork. SY tOO18.

4. Physical Ruggedness. Rug@ncss tests verify
that the mntcrials and construction of the equipment arc
sufficiently rugged to withstand [he expected physicol
abuse witboul significant degmdmion in performance or
safety. Specifications may call for impnct tests or drop
ICSISto verify the strength of the enclosure ad mggedncss
of imcmnl construction.

5. Temperature Rise. Tempcrmurc rikc mm wify
that no Iirc hazard, burn hnznrd to personnel. or mhcr
potentially damnging o~.encmpcrnture conditions will he
induced from the normol. continuous operation of the
cquipmcm. In these tests tcmpermum of ncccssiblc com-
ponents and in!ermd. heat sensilive components nrc mon-
itored while the instrument is opcmtcd under conditions
thm produce the maximum imcmidly generated hca. The
unit under test fails if, af!cr reaching t hcrmaf equilibrium.
ony component or surface has a minimum tempcrmu=
rise in excess of !hc values spcci lied. Examples of allow.-
oblc tempctnturc rise for outer surfaces. inmrnnl compo-
nents. and intcrconneaing wiring nrc given in Tahlc S-5
(Ref. 6).

s-lo
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TABLE 8-5
MAXIMUhl TEMPERATURE RISE’ UNDER REFERENCE TEST CONDITIONS (Ref. 6)

Equipment Area or Component Tcmpcratum We Above Ambient
dcf C (dcp F) dcg C (dcg FI

Aa.usible PLIrIX
Surfam of enclosures
Small nmas nnd cnsily d-miblc hem sink$ (not Iikcly 10 kx
touched in nornml use)

Opcmting Dcvicu nnd Hondlcx
Medic
Nonmetdii

Enciosurc Interior Surfoccs:
wood
Insulming mntcrinl

Insulming Materials
Polymeric
Varnished cloth
Fiber
Wcmdand similar nu.terinl

Cllpacilorf:
Elcarolytic
Other types

Fuss
Semiconductor dcvid
Sadhg compound

ScIcnium mctificd
Tennintd box
Surfoa on which equipment might k mounted in mvicc. and
surfam that mighl ix ndjaccm to the unit when it is so mounted

Wtrcs nnd ccmd~

Class 105 windings of:
Trnn$formca
Rclziys,elccwomngncts. solenoids. nnd the like
MoIom DC. universal. and AC motom with frame dinmetcr lar6cr

35 (63)

65 (117)

20 (36)
30 (54)

65 !117)

60 ;108)
6S (117)
65 (117)

40 (72)
65 (117)

65 (117)

75 (135)
40 (72)

(Us thnn melting point)
50 ($0)

65 (117)

65 (117)

35 (63)

75 (I 35)’ 65 (117)’
85 ( 153)’ 65 (117)”

than 178 Mrn (7 in.)’:
opal melon 75 (135)’ 65 (117)’
Enclosed motom 80 (144)’ 70 ( 126)’

AC motors with frame dkmctcr of 178 mm (7 in.) or led:
Opm motom 75 (13s)’ 75 ( [35)’
Enclosed motors

Vtbm!or ~oib
80 (144)’ 80 (144)’
75 ( [35)4 75 ( 135)’

Cfm! 130 Wtndings of:
Transformers 95 (171)’ 85 ( 153)’
Relnys. .4ectromngneu. solenoids. and (he like 105 ( 189)’ 85 ( 153)’
Motorx DC. univwsnl. and AC motom with frame dinmctcr lnrger
than 178 mm (7 in.)’:
Open motors 95 (171)’ 95 (171)’
Enclosed motors 100 (180); 100 (lSo)’

vibrator coils 95 (171) 95 (171)’
% bu1in8 temcm Lwcond.ctcd.: my mom ttmpernmm tctwun 15*and M*C (5Y md 95°0. and the observedtcmprmurm
cOrmctcdto a room tcmpcrdtumof 22-C (7FFI.

“Polymmicmmcrir.1mutt be accqnmbk b the npplimticmwhm evaluated uilh rnpm m temlxratum
llu di.mctm. cucns.mdi. the plane of the Iatnimtiotu. .fthc cimlecimmucribinn the smmr Imme.czcludiw I.gx bona. d h
like. used sokly for motot-m.”ming amcmbly.or connection

‘Wbm mmwrcd by incmmc i“ windingraklanm
.Whm cncasumdwith thmncaupk
boa not apply if imcmirmd md acceptedfor o higher tcm~raturc

UL dull not br rcqmmibk m ‘mImc for hc usc of.., rclima upm.s CL wmdwd by myxn’. UL INl not inmy an? disxim or Oalility (m
M. ~iuc@ <MI-UA w. 3riUWCUB.(. or ~ WNXC~OI1.+dI. dIC.= cJ. IIIWWIrIZU~of. or 1*c w ~ VL-rd.~$
numial is wjma!urt+ .siti pntitim, (run UL &.. SIEIIC+.rdP .Sa/rty@ .Hrrt. ..1 and Elrrtmm. Mrnsmn? 4 TrMIW.%mjmnmt.LI 1?+4.
Gmmt CC@- d.* may kcpmhmrd Irwn UL fnc.. l%HicmiaM.SmCh.3S3Phbwtm Rind. NuddmcA. IL MzXKQ9G.
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8-3.7 OPERATIONAL PRECAUTIONS
To be sure !hm thevoltnge to be measured is within tbc

~~ sc:ting Of th,e in+mmem. !hc instrument should
mmnily be sei m IS hlghcst range. This mmsurcmcnt
should indicate the proper range.. When voltmeters arc
used on circuits above 300 V, it is recommended Ihm first
one connection (prcfembly ground) be clamped m the
connection point nnd then the second probe lx con-
nected. If high volmges OK being mcssu red. it is dcsirnhle
to mnke connections wi!h one hand while keeping the
other hnndclcar ofnny conductors-grounded orcncr-
gizcd. Neve ruse both hnnds to make twoconncctions
simultaneously.

Any tatequipment thm is used to mca.sure high vcdt-
ogcs shOuld & stored in n dry loc~t ion and where it will bc
protected from br.mkngc. The presence of high humidity
over an extended period could imroducc Ieaknge paths
across surfaces of high-volmgc insulmors and possibly
expose the operator m severe electrical shock hazards
during use of the prolx. Likewise. physical abuse of high-
volmge insulations could cause cracks to develop and
crente leakage pmhs through the insulator.

Annfog panel mctem whose nccumcy is affected by
mngnclic mnm-inls or fields should be marked or m.ggcd
with appropriate wnmings and proper installation instruc-
tions. ltisalso helpful mprovide nqunntitntive mensurc. .
ofcrror thmisimroduced byimproper insmllmion--e. g..
mounting n meter. which should not be mounted near
ferrous mntcrids. on a steel panel.

~c%lcclion ofthcvoitmcter fort-t mensurcmems
must take into account the chomctcris!iw of the circuit in

which the measurements me to be made. including pri-
marily the expected volmgc level and the impedance of
the circuits. An example follows.

A voltage is known to bc lMl V and the source hns an
internal impedance O( 100011. A 1000-11/V meter is used
to measure the volmge. which would have nn impcdnncc
of 100.000 fl on the 1OO-V range. The loading effcm
produced by the 100.Wfl-fl resistance in series with [he
1000-fl source resistance will cause a I-V drop in {he
source rcsismnce and indicate n meter response of P9 V. If
the I-V error is unncccpt able. n meter with a higher input
impednnct must be used.

8-4- AMMETERS
8-4.1 IXTRODUCTION

Ammeters arc used m monimr Iotiing current in dis-
tribution lines or output bygcnermors ortotroubleshoot
electrical apparatus. Ammeters m?y me=urc the current
directly or sense the current flowing in an existing con-
ductor by tmnsformcr action. Common types of nmmc-
tcrs are shown in Fig. 8-5. ‘The direct-insertion amnmer
(fig. 8-S(A)) must be insencd in ihe line and thereby
requires nn imermption of current flow while the nmmc-
ter is connected. Some instruments thm sense current
flow by sensing the fields mound n wire mny be installed
around the wire without disconnecting il.

Analog ommetem use the same type of mc!cr moW-
ments toed for voltmeters described in pm. %-3.1. One
idditionrd type of meter sometimes used is the thermo-
couple reeler.

Thermocouple instmmcms depend upon hem gcncr-

(A) In-Line

@

\\ 1,, /

@

(C) Clamp-On “4

~

v
Voltmeter

(B) Shunt

4A

(D) Current Transformer

. Figure 8-5. Common Types of Ammeters
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nted bycurrcnt innhentcr (proponionnl to @)toproducc
an electromotive (orcc (voltnge) by n thermal function.
This voltage k measured by a DC D’Arsonval inslmmen[.
which reads rms values nccurntc!y UP 10 f=qucncics Of uP
to 50 MHz.

Ammeters generally arc Iimiled to instruments with
5-A full-scsle capability. To mmsurc currmus abow this
value in AC circuits. currenl trnnsformcm usually mm
employed as shown in F@ S-5(D). Altcrnntively. current
shunts can be used in either AC or DC circuits. Current
tmnsformcm hnw n primnry wiih very few turns. High-
currcm trnn.sfornms have n single turn passed through n
window in the iron core. The secondary has many turns
wound around the common core. The mtio of turns
between !he secondary nnd primary determines the
current-wansformcr ratio. (A XE3+um secondary and I-
turn primary have a rmio of 20& 1. which would enable a
5-A meter to mcuure 10W A.)

Some mullirnnge ammcwm arc nvailzblc that can mea-
sure 200 A by means of a self-contnincd. Inppedarrcnt
mmsformcr. A clamp-on ammeter shown in Fig. 8-5(C)
contains an iron core thax is split nnd hinged. By opening
the h!nged portion. the core can enclose a single conduc-
tor. wh]ch now becomes n single-turn primary of n current
wnnsformcr. A multiturncd tapped sccondmy nctumcs an
ammeter. Becnuse of the split in the core rind the hinge.
the iron core is less thnn perfect. The instmment is of
limited accuracy, and the location of the conductor in the
window of the core may influence the rending. ~CSC
nmmctcrs arc good indicators of the magnitude of the
current in n conductor but must not bc used when an
accumtc reading is required.

A currem shunt (Fig. 8-5(B)) u n precise resistance.
which will product n known voltage drop when n current
is pnssed through it. Typical shunts arc configured to
provide n small voltage drop. e.g.. 50 mV. when their
rated current is passed lhrou8h them. These shunts usu-
rdly me used with n voltmeter wilh n compmiblc input-
volmgc range and n display cnlihrntcd to read out directly
in [he current mnge being mmsured. The resistance of
current shunts and the corresponding output volmgu arc
kept low for two reosonx (1) to minimize losses in the
circuit under test and (2) to reduce heating of the shun!
and produce n corresponding change in resismncc.

Hnkl-effect sensoIY can giw an indication of the mogni-
mdc of AC or DC current in n conductor. A steady
current flowing in n constnm, uniform magnetic field
produces a voltage III right nnglcs to bolh the currcm and
Lhcmn.gnctic flux. which is proportional to the product of
the magnitude of the current. the magnetic flux. and the
sine of the mgk bcwccn (hem.

S42 INDUCED ENVIRONMENT
Properly insmllcd ammeters and clamp-on portable

meters haw a negligible impact on the environment
beyond the impact discussed for general test equipment in
par. 8-2.3.

843 HAZARDS
Par. S-2.3 indicates the hnz-nr@ common to the use of

all electrical lest equipment. The usc of amme:crs in con-
nection with current transformers has the extreme haznrd
that if the secondary circuit u broken when the current
transformer primary is carrying a load. 0 voltage of sm.
eral thousand volts will nppear at the secondary winding
terminal.

Ammcws {hut arc designed for inscnion directly in [he
circuit-m opposed to those that use a shunt or current
transformer inserted in the line to provide n signal to n
remote indicator—will necessarily have the line current
flowing through the meter. This current. if more than a
fcw amperes, may cause heating of Ihc meter or connec-
tions and possibly lead m meter dnmage.

8-4.4 DESIG”N CONSIDERATIONS
Highqunlity ammeters most often am made wilh Iwo

ranges—2.5 rmd 5 A, and 0.5 and 1.0 A. The winding is
split so thnt the twohnlvcscrm Ltcconnectcd inscrics (low
mnge) or in parnllcl (high range). Ammetem of n some-
what lesser qwdity often have se~.eral romp by incorpo-
miing an internal current wnnsformer in the instmmcnt
case.

When n range switch is incorporated into an ammeter.
it should be configured so that the continuity through the
ammeter is not interrupted when the range is changed. If
the circuit is inwrmptcd wh!lc the ammeter is connected
in series with n load drnwing significant current. severe
arcing will occur m the switch contacts and possibly led
to swilch fnilurc or arcing to odjaccnt conductors.

Currem mmsformcrs usunlly arc pcrnmnendy installed
&cause ihcir “doughnul- construction requires that
power be interrupted in order to reroute the wiring
through the opening in the trnnsformcr. There arc mod-
CIS.however, in whtch the tmnsformer cm-t may be sepa-
rated into two hnli,u and bolted around the conductor m
allow installation without interruption of power. In
either construction the transformer must be well insu-
lated to prevent short circuits between the transformer
and the line and to prrvent breakdown between the
secondary windings from the high voltngcs that develop if
it is not connected to o load. The secondnry of [he !mns-
(ormcr should be grounded m one point unless grounding
affects the functioning of the other equipment connected
to it. Therefore. the sccondnry is usmdly M ground potcn-
!ird nnd develops only o low voltnge across a low-
impcdance meter. but the danger of high vokngc is always
present if the sccondnry circuit u accidentnW OWn~.

For pormble meters tbnt use currcm transformers
separate from the indicating electronics. pro~is iOn shOuld
be mndc to prevent exposure of Lhc operator to high
voltage in the event thnt the current trnnsformcr is dis-
connected from its load (the indicating meter ondl or
electronics). Prcwuivc mc=urcs include ( I ) the p.mmn-
ncm connection of the transformer to indicn!ing electron-
ics and (2) co~.crcd contacts with n voltage-limiting
device. e.g.. zcncr diode. built into the transformer m
prevent buildup to hazardous Im’els.

The impedance that n current transformer is designed
to drive is called the burden. Ref. 10 specifics nine smn-
dnrd burdens ranging from 0.1 to 8 11. Generally, the
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nccumcy is specified for all burdens that the transformer
is designed to accommodate and may be different for
different burdens..

Errors assiximcd with current tmnsfonncm mny be
classified in two categories. i.e., errors due to phase shift
and errors in apparent tmnsformer ratio. The phnse shift
errors do not affect measurements that respond only m
current magnitude. such w ammeter mcasurcmcnts.
These errors become significant only when ihc currem
transformer is used in phnsc-scnsiiiw applications, e.g..
wntlmctcr mcnsurcrrmnts, Errom in apparcm transformer
rntio me corrected by usc of n mtio correction fnctor. A’,,.
This factor is the ratm between true and design values of
(he current ratio. A mtio correction factor of 1.010 indi-
cmes thm the secondary current is lower than the correct
value by 19.. i.e.. the output of Ihc tmnsformer is

[un,K<, , ~
l—MO,” =

R,
(8-1)

w,hcrc
1- = cumnt imo mewr from current trims.

former, A
fb = Currenl in fine to bc mcasumd. A
G = comction value for crmtsformcr turns

mtio. dimensimdcss
R, = nnmeplnte turns ratio of mmsforrner.

dimensionless.

Ref. 10 provides standard cntcgorics for nccumcics of
0.3.0.6. md 1.2% which ore based on errors thm we
encountered when using the transformer for power mea.
surcmcnt.s When the transformer is used for current men.
surcmcms. the error !ypically is smnllcr because the innc-
curncy thm k mtribumblc to phase errors does no: affect
the current men.$urcmcm.

In polyphiuc and single-phase branches of o diswibu.
tion network. the neu!nd conductor generally is grounded
M multiple points consequently, some ponion of the load
currcm ffows through the ground. Therefore, m meosurc
currcms associmed with n load. the current meter or
current-sensing transformer must be placed in the phass
wire or wire. and not in (he ncmrnl conductor. If it is
plnced in the neutral, the indicated current maybe only o
ponion of the total loud current.

Panel-mounted ammeters gcncmlly arc limited to 5 A
full scale. [f currcms above this wduc we expected, n
currcm tnmsformcr or shun! should be used. Ammeters
generally have a low impedance-less Ihnn 1 11-bw
when used in high-currcm, low-vohngc circuits. Ihc voll-
ngc drop through the meter cnn be significant.

S-45 COMPATIBILITY AND
INTEROPERABILITY

Ammeters with lower rnnges arc available to satisfy
in.mumenmtion needs, but the standard 5-A meter is the
most commonly used instrument in electrical generation
rind/or distribution SYSICMS(used with currcm tmns-
formcrs to provide higher ranges). Care must he cxcreiscd
in obtaining o replacement for an existing nmmctcr thnt is
used with n current transformer since some ammeters

mny hnvc n different internal impedance. The replacc-
mem of n meter with another hating a different imped-
ance maycausc the current transformer ompm IOdcvime
from i!s spccilicd wduc for the current being sensed. TIM
specifications of the current tnmsformcr should he checked
IO determine whether [he required accuracy will LX
obmincd with !hc burden ofthc rcpltmmcm meter. (Cur-
rent transformer specifications give correction factors
nnd nccuracy spccilicm ions for all burdens that the wans-
former is designed m accommodme.)

Where instrument trrmsformcm (current tmmformcrs)
are specified m extend the measurement rnnge. the fol-
lowing pmamc!crs should be specified for the tmnsfonncc

1. Basic impulse insulmion Ic\,el
2. Nomimd system vOrtaW
3. Frequency
4. Accuracy
5. Continuous current rating
6. Peak current rnting.

Insofar as it is possible. all highqucdity ommetcrs
should be of the same model and the same manufacture
for uniformity of scales and the mmidrmce of errors in
scale readings.

8-4.6 TEST CRITERIA FOR DESIGX
AXD ITEM ACCEPTANCE

1:

The general tests listed in par. 8-3.4 for voltme:em arc
gcnemlly applicable for ammeters ns well. except for !he
Icsts that verify meter calibration. In cnkibrmion !csts
known currents should ~ opplied through the meter
instead of voltages applied across meter terminals.

8-L7 OPERATIONAL PRECAUTIONS
When o directly conmcted ammeter is inscrlcd in a line.

care must be taken thm an exmssive mitoge drop is not
introduced due to the imcrnrd resistance of Lhc ammeter
and interconnecting leads. This considcmtion is more
imponant in high-current. [Ow,-voknge cirruit.s where
grcmcr volmgc drops me induced and any voltage drop
will be o higher pemcnmge of the source voltage. In
Iouwoltnge applications meters with low internal resis-
tnncc-or Iow-impcdnnce external shums—should be
used. .Muliimmcm lypically hrwe higher imemaf r=k-
mncc and mny not be suimbk for current mcis.urcmcnts
in ccrmin nppiicmions. Conncc] ions IO the meter should
be made wi!h wiring and tcrminmions that am copnblc of
handling the current. For expected currcn! values in
excess of I A. n bolt-c. norothcrpermancnt connection is
npproprimc.

[n all cases. ammeter connections should be sufficiemly
secure m climinntc cffcctiwly the chwwc of connections
being nccidcnmlly disconnected. If conmctions me made
wih “alligator” clips or other Icmpornry clips. the con-
nections should bc mndc with the power off. If power
cannot be turned off. the load-side connection should be
made secure firs!: then the line-side connection can be
made. If the line side is connected first or if the load side
becomes disconnected. the unconnected connector is
energized to the full volmgc of the line and will arc upon
contact with n grounded conducmr. The exmssiw cur-—. —.
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rents will destroy the meter unless suitable owrcurrcnt
protection is incorporated within i!. AISO an exposed
test-lend connector poses a severe shock hnznrd.

The secondn~ of n current transformer should be
grounded m one point unless grounding inten-ercs with
the function of the equipment connected. If it u not
possible to ground the secondnry, a warning of this foci
should be posted near the point where connections to n
test meter arc made.

AI regulnr intervals. or if there is rcnson to suspect
damnge. the meter should be recalibrmed. Each time the
instrument is used. it should bc moved enough in the
horizontal plane to cause the pointer to move off zero to
determine that the pointer smoothly returns to the prc-
viou.s indication. Tap the instrument Iight!y with one
linger while observing the pointer- [f ihc rezdmg chongcs,
the pivot or lower jewel is probably damaged or improp-
erly adjusted and should be repaired. [f stmic charges on
the cover gfnss cause crrmic rmdings, they can be
rrmowd by brrmhhg on the glass.

8-5 WATT,METERS
8-5.1 INTRODUCTION

Wuttme:ers uccompcm”d imtrumcnls that mm.sure
currcm into ond volmge across n load nnd that compute
theclectrical power hascd on the average value of the
insmnmncous current-voltage product. If the current and
volmgenmsinusoidal.the measured power Pis

P= VICO.W$, W (8-2)
where

P= mcasurcdpower. W
V= rmsvOltnge. V
I = rms current. A

@ = g~~c&@ between current and volmgc. rod

Depending on the power factor. the nc!urd power will
always be less than or cqunl to [he product of the rms
voltage and current.

,Mechnniccd onalog wmtmeters use :he magnetic repul-
sion between n “current- coil and a “voltage” coil to
deflect n pointer over a scnlc and indicate the twerage
value of the VI product. The inertia of the meter provides
the n~.crnging iunc! ion.,

Basic wat!mcms read power on a single line and typi-
call y hrwc rnngcs of 750 or 150+3W-corresponding m
s.olmgc input ranges of 0-150 V or O-300 V and a current
input rnngc of O-5 A. Higher power copacilics arc typi-
cally measured by using basic devices with cumcm or
w,lmge transformers to extend the range.

Power may be measured in polyphrtse s>smns hy using
multiple wmtmcters and ridding the rmdmgs. Generally.
one less wmtmetcr than the number of wires is required —
i.e.. LFO meters arc m“quircd for power mcasurcmcm i.n
three-phase. three-wim systems and three wmtmetem am
required for three-phase. four-wire systems. The methods
of interconnection arc discussed in pm. 8-5.4.

Altcrnntivcly. o composite unit can be used thm con-
sists of n single shaf! nndl or pointer drkcn by two sets of
coils connected as shown in Fig. 8-6: This meter has the
advantage of indicating polyphnsc power on n singk rea-
dout. For applications requiring remote indication of
power. electronic wmtmctcrs thm generate n voltage or
current signal proponiomd to [he power determined by
sensed voltages and curmms cnn he used.

llc measurement of watts includes many diwsc
appl~cntjons in n distribution syswm. Some exiunpks of
opphcanons me

1. Measurement of the Iotnl load on a finder
2. Mcnsurcmem of each load connected m Ihe

feeder
3. Mea.suremcni of copper and iron losses in a

transformer.
An instrument to m.msum volt-ismpcres reactive

(VARS) is very similnr to n w,mtmc:cr except that the
external voltage rmd current coils arc oriented so the
meter deflection is produced by the component of voltage
and current waveforms thm is 90 deg out of phase. These

,4’- \

!$%Current Coil

1 ~ential Cd 1
I

G )

3
Source

Neutral Load

Figure 8-6. Wirissg Diisgrnm for Dsv.sl Element Wottrneter Used for Three-Phtsse. Four-Wire
tMensuremenIs .’
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instmmcn!s respond 10thc”imaginnry ””powcrf10win8m
power circuirs wi!h n nonunity potucr factor.

8-5.2 IXDUCEDEXVIRONMENT
The cnvironmcnml effects of n wnttmctcr me minimnl.

Since Ihc wmlmetcr consists of a current coil and a volt.
ngecoil. thccffectson thccnvironmcnl amthesnmc -
those discasscd for voltmeters and ammeters in pan.
8-3.2 and 8-4.2. rrspectiwly. The general considerations
discussed in par. S-2.2 apply as well.

8-.53 HAZARDS
The hnmrds encountcrtd by using wmtmcws mc the

smmcns Ihoscdiscusscd fortoltmctcrsmd ~mmc!crsin
pms.8-2.3.8:3.3. mrdB-J.3.

8-5.4 DESIGN CONSIDERATIONS
A wat:metcrmn be used to measure power flow by

monitoring volmgc nnd current in the single- or poly-
phase circuits. \Vnumctcrs, in principle.orcbipoltwde-
vimsthm hnveoutputs thnt can be positive orncgmi~,c.
depending on the direction of the power ffow in the line.
(In some cases physical limitations can prevent the rczd-
OUI of ncgmive power. ) The convention has been estnb-
Iiihcd [hat load wm.r are considered positive and cause
the wmtmcterto read in the posi~ive direction. llus if
current enters the wnttmcter current connection with the
plus marker when the voltage is positive on the voltage
conncaion with the plus mnrkcr, the meter rends up scale.

Ifthc network bcingmonitorcd isnsmmccofpowcr.
!hc direction of the currcm is rcvcmcd and the meter
mtempu m read down scale. To measure watts delivered
by o source. rcw’sc the current conncmion or the voltage
connccticm. bu! nm both. The voltage connection is usu-

(A) Three-Watfmeter Configuration

d
I

ally the safest to reverse txmuse the current path daes not
hate to h imcrrupted.

A wmmcter is constructed with two coils. i.e.. a sta-
tionary coil of heavy wim of n few turns (the current coil)
und a movable coil of many turns of tine wire inserics
with o high resisumcc(lhe vohngc coil). TIIe force pro-
duced by the interaction of fields from these coils mo~’=
the pointer across the calibrated scale. The average torque
dewlopcd and the inertia of the moving systcm cause the
rczding 10 be [he average of Ihc watts delivered. The
wtwtmcter rends tweragc power. which is the cffcclivc
power obtained by multiplying [berms dues of voltage
nnd current with compcnsmion for the power fncmr.

Volmgcs nndl or currents that arc no! true sine u,aws
but contain bnrmonic components follow, the mme nnnly-
sis. and tbc u.mtmcter continues to read true nwragc
power for frequencies of up m sevcrrd hundred hertz.

The mcasurcmem of three-phnsc waits is straightfor-
ward. For three-phase. four-wire systems. three w,aitmc-
Iers OR conncctcd bstwccn each phase and the ncutrnl as
shown in Fig. 8-7(A). The tmnl power is the sum of the
powers read on the three wmtmeters. In three-phase.
three-wire (dcltn-conncctcd) systems. two wmunctcrs me
used in the configuration shown in Ftg. 8-7(B). Ahcmn.
tiwly, mneutral potcntinl can be derived by using a resis-
tive network ccmsisling of [hrcc rcsiswms tied together at
one end and each of Ihc olhcrcnds is connected scpmzuely
to each of the three phases. Then the three wnttmcters can
be used.

Depending upon the power factor of the load, one of
the waumcws may rmd down sctdc or negative. If ncgn-
tiw rmdings rim not permitted by the meter being used.
the voltage connection of ihc meter rending down scale
should & reversed nnd subtmcted instead ofnddcd. when
cz!culn!ing the awmnge three-phase power.

w
(B) lWo-Wattmeter Configuration

Figure S-7. Cenneclion of W~ltme!ers for Memurement of Tlwee-Phme Power
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S-5.5 COiAIPATIBILITY AND
INTEROPERABILITY

.Mcasurcmcm of low vnlucs of wins. e.g.. iron or
coppcrlosscs in nwnnsformcr. rcquircsensitil,e wmtmc-
ters. These meters usunlly hnvc n low current rnting. less
than 1A. with n 150/300-V volmgc winding. These
instruments arc used for special tcsls nnd arc not intcr-
chrmgcablc with !hesmndmd 5-.% 150-10 300-V wml -
meters.

The S-A. 15& Vmc~cmgcnerolly nmintcmhnngcoblc.
Instrument transformcm can be used m pro~.idc mea-
surement capability n! higher mnges. AS smted in pw.
8-!.5. current transformcm must be designed for the
burden (impcdanct) or the wnumc!cr current coil.

The scale ctilbmtions of mctem with Ihc same full-scale
rmings should & identical to prckt misreading or mis-
intcrprctmion. Each division should be the same incre-
mcncatnll pmt.$ofthcsczlc.

Only wmtmcters that respond to the true nwragc
power. not simply the product of rms voltage and current.
should be used for power mca.surcmcnts in electrical
power systems. ,Most clcctromngnetic analog mcms and
electronic instruments, howc~.cr. arc [me pou,crmctcrs.

8-5.6 TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE

A new wnmncter should bc ctdibrmed against n sum-
dmd wnttmcter m insure that it was not damaged in
shipmcm. The cdibmtion rmdings should be within !hc
guaranteed accuracy’. The condition of the pivot nnd jcw-
CIS in clectromcchnnical mctcm should be checked as
indicated in pm. 8-3.7.

Instruments mnde by reliable manufnc!urcm should
meet the standards in Ref. S. including those for leakage
current rind breakdown voltage between the energized
coils and the case.

8-5.7 OPERATIONAL PRECAUTIONS
Considerations for the connection of n wmtmmer wc

the same as those for connecting n voltmeter nnd an
nmmctcr os discussed in pars. S-2.7. 8-3.7. and S-1.7.
Polm-ity is XInaddilionaf considermion. [f either Ihc cur-
rent or voltage coil connection is rcvcmed. the meter will
rend in the negative direction.

Depending upon the power fnctor and nmoum of
unbalance inn :hrcc-phnsc Iond. one wnttmclcr may read
backward even if the mc!er was connected wilh the plus
mnrkers properly considered. A backward reading will
require the rcversnl of ci[her lhc current connection or t he
voltage connection nnd subtraction of the reading instead
of addition.

8-6 POWER ANALYZERS

8-6.1 INTRODUCTION
A powermmlyzcris nset of instrumentsin ~single cmc.

Thesecombined in.xmmernsm-cused to check the m~gni-
tudc and nmure of Ionds+.g.. motors. lighting. u combi-
nation of both. or some otbcr load. For usc on lhrcc-
phase systems. n powcrmudyzcrcc.ntains two S,atlmclcrs

(or three wnttmcwrs if n d-wire system is employed), three
voltmc:em nnd three ammeters. The number of meters
con be reduced by using u single meter with a vminble
phase switch 10 select [he phase in which mc-uremcn!s
mm desired. The mngcs of the instmmcnts arc usually m
follows

1. Ammeter. O-5 A
2. Vokmcmr. 150-300 V
3. Wotlmcter. 750-15C0 W.

[f the load being monimrcd is outside these rnngc.$.
instmmcnt Irnnsformers can be used to extend Ihc ranges.

Po=,er amdyzcm necessarily NC portable instruments
used m troubleshoot or ewiume loading conditions on
power lines. Since the power mml.yzer is made up of !hc
same types of instrumcms—i. c.. voltmeters. ammeters.
and wattmetcrs-discussed previously. comidcmtions
pnniculm to this instrument pertain to packaging. intcr-
connccting, and switching of the components m produce
n compact. potmble instrument. wh:ch mny be used in n
wide wricty of situmions.

8-6.2 lSDUCEO ESVIRONMEST
In comparison m smndmd instmmcntmion mounted

on control or moniuxing panels. [he portable power m-m-
Iyzers have an ndditiorml consideration relntcd to their
compacmess. The bringing together in close proximity all
phases of the polyphnsc distribution syswm incrcascs [he
voltage stress on the air between the phases of the power
system.

8-6.3 HAZARDS
The generalh~znrdsmsocinwd wi!h testcquipmen! me

discussed in pnr. S-2.3. Specific hazards related to voltmc-
iem are discussed in pm. S-3.3, to nmmmcm in par. S-!.3.
and m wottmcters in par. S-5.3.

In addition to hazards associated with the individual
instrumcnw. [he power analyzer poses two additional
hnznrds. The lirsI haznrd is !hc increased dnngcr of wring
within the mmlyzer. n! its input termianls. or in the tem-
porary wiring used to connect it to the line. The incrmsed
clcc:rical stress between phases increases the likelihood
that nrcing maybe initiated by n line transient, condcnsn-
tion. conducuvc dust. or any other mechanism thm
further shortens the scpamtion between the conductors.
This hazord is further compounded by [he proximity of
all phases of the distribution system-i. c.. if an arc that
involves all phases is initialed, energy will be fed continu-
ously to ihc nm. The msulmm polyphuc wc dots not
extinguish as rcndily bemuse the periodic current “zero”
that occurs in AC systems when ihe current reverses does
not occur in polyphnsc systems. Energy is fed m Ihc arc
continuously to sustain it. [f wvitchcs me used to select
phases for mcnsurcmcnts or to disconnect the service
from the load. then the likelihood of arcing is funher
i“crcascd by the normal twcingduringthc- break-opera-
tion of o swiwb.

The second hw.ard is caused by the temporary hookup
neccsmry to connect the power rmnlyzer m the power
system. Since the power tuu+zer hns componcms that
must bcconncctcd inscrics wllh the lint and componcms
that must hr. conncctcd ncross phases. a number of con-
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ncctions me necessary. Generally. cxisling power wiring
is disconnected from the Power source m some convenient
terminal. e.g., m a circu;! breaker. and connected to the
OUIPUIterminals on n power nnnlymr. Jumpcm arc then
instnllcd to supply potvcr from the original terminals to
the power analyzer. Since the wiring is temporary. il is
often installed with the degree of workmanship below
!hm twccpmble for n permanent insmllntion. As n result.
short circuits. arcing upon conmc: between phases. or
conmct by personnel m exposed. energized cOnductO~ is
more likely.

S-6.4 DESIGN CONSIDERATION’S
Power 13nrdj7em for usc with low-power systems can be

designed so that power to the load PUCS through the
analyzer. A minimum con figumiion of equipment must
include one voltmcwr. one ammeter. and two wm(mctcrs.
This minimum configuration requires a switch m permit
vohmctcr measurement of three line-to-line voltages nnd
a voltage mnge switch thm cnnblcs voltmeter rending of
150 or 300 V full-scale. A schcmntic of a power nm-dyzcr is
shown in Fig. S-S..A special selector switch for the amme-
ter must be provided to enable it to measure the three-line
currents. This switch must isolate the lhrcc phases and
scqucnm the switching so that continuity is maintained
twwcen the input nnd output M all limes. This ncccssi-
mtcs a spccizd switch wiih shorting-[ ype conmcts. i.e.. one
thm connects the input and output terminnls of the
nmmctcr m the tine before breaking the “through” con-
nection. Generally more reliable. safer operation may be
Aimed if the load current-cnr~ing swilch is replaced
with the sim~ler unit. which does not htwe to maintain
continuity.

Inpl
Tenninak

Amme(w
switch

WA

Fig. 8-9 sho”us a power tmnl.yzcr wmh features that
climinxc the need for a complicated switch and the need
for line-level current and voltage switchin3. This configu-
ration uses shums and voltage dividers to produce lou,-
ICJ.CIsigmds !hat can k switched safely. AlthOugh [he
ammeter switch does have all three phases connccud m it.
it has n simpler construction that can provide greater
physical separation between phases in comparison to the
switch used in the configuration shown in Fig. $S. Com-
plete isolmion of the ammeter circuitry from the line
could h provided by using current transformers to sense
(he line currents. If this configuration is used. howcwr. it
is essential that n way be provided to insure that the
currcm transformer sccondmics nrc new open-circuited.
In this configuration. rcsismm can Ix connected across
Ihc secondary [Oprei,ent the buildup Of~16h ~O@!e when
the ammeter is not $wi:ched to another line. A1tema-
tidy, high-level swi{ching could be eliminated by using
dcdicstcd meters with each phase.

The input terminnls for a polyphnsc power mmlyzer
musl be designed cmcfully. Typically, tcrminmions cue
used in which ihc wire is inserted lhrough a hole and held
in plnm wiih n screw that compress the wire against the
sides of the opening. The assembly is encased in insulation
mmcrial except for the opening for inscnion oft he wire
an access hole is proi.idcd for n scrcwdr+cr in designr in
which a slotted head screw is used to hold the wire in
place. [f this type of connection is used. ccnain femurcs
must be incorporntcd to insure safe operation. The termi-
nals must be sepnrnted enough so that errant strands from
one phme do not make ccmmct with conductors con-
nected to on adjnccnt terminal or !he tcrmimd itself. The
tcrminnl must be covered with insulation so that pcrson-

*I
-&=5

r I

Figure 8-8. Design for Power Analyzer With Complex Ammeter Switch mrd High-Voltwge
Switches
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Figure 8-9. Improved Power Armlyzer Design With No High-Voltnge or Current Switching

ncl cmrnot inad~,encndy touch any of the energized con-
ductors once the nnid~cr is connected. It should not be
possible to inscrr thi wire ibrough n terminal such Ihm the
wire protrudes through the other side.

[f power mml.yzcrs am IO be used with higher capacity
Iincs. it is not practical m bring the power through the
nnal.wcr safely. Alternmiwly. mr analyzer with clump-on
current transducer should be used. This configuration
would bypass Ihc need for disturbing the system wiring.
although power should be removed. using cxis!ing swilch-
gear. while the voltnge Icads and the current transformers
arc insmllcd. Again. provisions must IX made so [ha! a
load is always connected to ihc current trrmsformcrs—
either by means of a shunt resistor thnt is an imcgml pan
of the transformer or by pcrnmncmly connecting the
tmnsformcrs to the mmlyzers without tbc usc of con-
nectors.

8-6.5 COMPATIBILITY AND
INTEROPERABILITY

Since power analyzers arc pormb!c tcs! equipment.
they nm designed to be used with a variety of syslcms.
Generally, one power mml.yzcr may be used to replace
another provided Ihc rcplaccmcnt analyzer has the fol-
lowing chnmr:cristicx

1. Can be operated n! Ihe same voltnge and current
level and frequency

2. Has cquidcnt connections. c.E. direct connec-
tions versus current-sensing coils

3. Is approximately tbc snmc size
4. IS Itbclcd with the same symbols.

Power analyzers arc typicnlly custom ~cskn~ items.
Once a design hm been dmidfd upon. oll mmlyzcrs used

by personnel performing !hc snmc function should con-
form m !his design to avoid confusion in connection
leads. scales, readings. nnd switch armngcmems. Few
tures thst might increase the number of systems with
which the tmmlyzer might be used arc

1. RanSe switches to allow operation M more than
one volmge range

2. [mcrchangcablc current trnnsduccm to nllow use
on lines operating m different current capacities.

8-6.6 TEST CRITERIA FOR DESIGN AXD
ITEM ACCEPTANCE

\Vhm received from the mmuikurcr. Lheindividual
instrumcn!s must be tested ngnins!sumdmd instruments
for accuracy. Lcokngc currcms and volmgcs on exposed
pm-rs should be tested according to ANSI Standard
C39.5-1974 (Ref. 8). (See par. 8-3.6.)

Selector switches and range change switcbcr mm! be
chcckcd for pro~r opmmion. The curmnt-sclcctor switch—
if the analyzer incorporates a single nmme!cr and selector
switch—musl be tcswd for insulation be!wxn the three
current circuits for tdl switch positions. The switch must
be tested to verify (hat cnch currcm circuit connects the
ammeter before the shorr is removed.

The voltage selector switch must be checked to verify
Ihm not only is the voltmeter mnge changed but nlso the
two-wattmcm potential coils w,hcn tbc switch is operated.

8-6.7 OPERATIONAL PRECAUTIONS
Precautions that must be exercised in using nn analyzer

depend upon [be configuration of the paniculcw mml!mr.
TIW voltage selector switch should be WI on the high
range before connecting the leads to the circuit. and
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power should be dkconnec!ed prior to connection of the
nmdyzcr. This disconnection k esscntinl for umlyzcm in
which the power must PM Ihrough the analyzer and is
necessary for safety on analyzcm that usc clamp-on cur-
rent scnsom and voltage probes.

If analyzers arc equipped with a connection harness
thm is permanently connccmd to the analyzer. Ihe uncon-
nected leads become “live- us soon as Lhe first connection
is made m any energized circuit. Thcrcforc. [he hmncsscs
must be laid out—keeping nll leads isolmcd from ground
or other phases while connections arc being mndc.

8-7 PHASE iWETERS
8-7.1 INTRODUCTION

Phase reelers arc used m mc”murc or indicate the rcla-
tiw phase cmglc Lwwvecn twovoltagcs. Phase meters.or
indicators. can be ony of the following

1. Ldmmtory or portable inswumems that accu-
mtcly display the phase-angle diffcrmmc bmvccn a sigmd
of an unknown phase and n reference signal

2. Inmmmcnu thnt indicmc. through metcrmo\,e-
mcnt or lamps, the direction of phase rotntion in n thrcc-
phosc sysmm

3. Instmmcnu thmindicme, through romtingdisks
or lamps. when the phase difference bemvccn two voltages
isat minimum and nmchnnging.

The phase meter most commonly encountered in poly-
phasc systems of the scope co$ercd in Ibis handbook is t he
synchroscope. nn instrument that indimtcs phase diffcr-
cncc with a pointer that is free m rotate through the full
360dcg. [n the single-phnsc synchroscopc. n dud-coil
mctcrdeflcc!sa rommbtc iron vane manoricntmion that
is dependcm on the phase difference between the coils
and. to some dcgrcc. independent of [he opcmting voltage
and frequency. Functionally similar instruments arc
mnde for three.phmc systems that haven three-coil sm!or
and a thmc-coilmmmurc. Thcsynchroscopc is used m
monitor the phnsc difference between a gcncrmor output
and on energized bus system m determine the time the
voltages me in phnse so [he gcncm!or may be switched
on-line. If thcfrcquencics ofthc twovolmgcsnr cdiffcr-
cm. the phase will be continuously chnnging and the
synchroscopc indicator will rotmc m a rate proportimml
mthediffcrcncc in frcqucncy. Inthcgcncmtor applicn-
tion. the frequency of !hc off-line generator is ndjusted
until the rotation of Ihc synchroscopc is slowed as much
as possible thcgcncmloris thcnswirchcd on-line when
thesynchroscope indicamrpasscs through the position
indicating zero phase difference.

Asimplcr system. somctimcsuscd forthcsamcpur-
pose. has indicming lamps thnt am illuminmcd when the
relative phase between two lines is such Ihat a voltage
difference exists ktu’ecn the lines. The ndvanmgc of this
configuration is simplicity and. therefore. rcliobility. The
disadvnnmgc is thai it provides an indication only when
the phase approaches zero and d= not indicate whether
the monitored phasclends orlagsthc rcfcrcnccvolmge.

Another application O( phase mcwrs is the detcrmina-
tion of the phase tmglcacrosstm open brcnkcr ina net-
work in which power is applied to both sides of the

breaker. Such n brmkercould lx used to npplypowcrtoa
series of branch circuits through an alternate route w,ith-
out interruption. The mm.wrcmcnt of phw,c difference
between vohages on cxh side of !hc brmkrr provides an
indicmion of whether the brmkercan be closed safely.

A phmc mtmionindicator isaspecial type of phase
meter. ltdocs not indicate thcnnglc bctwccn two voltages
but. m!her. thcphasc scqucncc ofthrecvolmges. Itisn
simplcdeviccin which anoluminum disk iscompletc!y
enclosed in an insulmed case nbout 76 mm (3 in.) m
diamcterrmd25mm(l in.) thick. Atriplexcablc. wi:h
three clipsm thecnd of thccable. is an integral pan ofthc
instrument .Theclipsnremwked l-2.3 .When[hese clips
arc connected to a source of three-phase voltage. the
tduminum disk romtcsslow,ly .The romtionof thedisk is
in one direction if !hc clips arc connected to o s~slem
whose phase romtionis 1-2-3 or the revcrxcdirecuon if
Ihc rotation is 1.3-2 .Thiscdibmtion iscngraved on the
cover of the instmmcm. The instmmcnt is built far usc on
any voltage up to 440 V phase-to-phase nnd is nol scnsi-
tiw to wlmge magnitude.

8-7.2 lXDUCEDEXVf RONMENT
Synchroscopcs almost zdways arc panel mounted and

practically ncwr used as a pormblc meter. Therefore, this
instrument. once ii is installed. has no further impact on
thccnvironmcm. General. purpose frcqucncy-mmsuring
instrumentation is similm in application to gcncrrd-
purpose i.oltmetcrs. Considcmtions discussed inpar.8-
2.2 arc npplimblc.

8-7.3 HAZARDS
The hazards associated with n synchroscope and its

application arc cssemially the some us with t.oltmcters.
This ins!mmcnt responds to the phase of voltages and.
therefore. may, bc connected without brmking exisling
circuit connectmnsasisdonc forthc insertion ofcurrcm-
scnsing devices. Consequently, the hnzmds associated
wi!h n synch roscopc and i!s application arc essentially the
same m those associated with wdtm.xers and genernl.
purpose instrumentation as discussed in PUS 8-2.3 and
8-3.3. One additionrd considermion orises from the fat!
thm phase mc:crs measure the difference in phase between
IWO\,oltagcs. which implies that in polyphasc systems two
sets of polyphnsc lines from two independent sources ore
brough! together in one instrument. Power drawn by the
synchroscopc from each source is small. However. if a
short circui! or arc developed from lines from one source
tothcothcr. considerable dnmage could bedonc to the
synch roscope znd surrounding equipment unless suitable
overcurttm protection was provided forthc instrument.

8-7.4 DESIGNC OXSIDERATIONS
StIfct y-relamd design considcrmions for synchrosco~

include the minimizmion ofelcctrical leakage between the
internal coils and thecnclosurc or the panel [o which it
will be mounted. If the synchroscope is to bc used in !hc
vibrating cnwimnmem of an cngincdriven-gcncramr set,
all moving pnns should be suflicicndy ruggcdizcd so Ihm
!hc possibililyof mccd fatigue or brcakugc is minimal for
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two purposes: (l)toincrcmc’ihc mllabllltyofthcdc~,tm
and (2) m vrct.cnl the development of short circuits
Lx:w&k inte;ncd connections and the c=e. The possibilityy
of intcmtd shorts con Ix funhcr rcduccd by the cncapsu la-
tionof coils and terminmicms to prevent thcdct.clopmcnl
oflcaknge pxhs tothccxx.

To prevent problems duc to the’development of fmd!s
between the Iwo polyphase sources within the me:er.
some form of omrcurrcm protection should be provided
toprotcct wiring nsscwiatcd w,ith the mclcr. This protcc-
tioncould consist of buih-in fuses.fusclinks.orsimply
wire suflicicmly small that it could net M a fuse. The fuses
should belocmcd right at Ihe input ofthcmeter to mini-
mizc the possibility of internal arcing “shcad - of the fuse.
which would produce currents in excess of the capacity of
the wiring of;hc instrument. In.oddition. terminals fOr
cash input should bcsspnra!cd to the maximum extent
possible to minimize Lhc chnnccs of arcing or de\,clop-
mem of faults between the mrminnls.

8-7.5 COMPAT1L31L1TYAA’D
INTEROPERABILITY

Lnbomtory phmc mctem genemlly n= ~,emmik inslm-
mentsthn! crmkconligurcd through pnncl controls to
mnke phnsc mcmurrmcms for many applications not just
those associmed with electrical power systems. Features
thnt nllow the in.mumcnt to be used for n variety of
upplicmions arc

1. Sclectnb!c input mngcornutornnging capability
2. Muhirangc phnsediffcrcnm meo.surcmcnt capa-

biliw
“3. Operation from n wu+y of line volmgcs or from

intcrnnl bzmcrics
4. \Vtde frcq”emy i“pw nmgc
5. Phase differences measurements in fundamcnml

frequencies with minimal effect due to waveform dis-
tortion.

Phase meters that me included in generator control
panels and other power insulations generally are com-
pnct. line-powered instruments built into (he equipment
thnt they test. These units only haw to operate m power
line frequencies and at reosotmbly consmm volmgc levels.
The following chnrac!cristics of !hc synchroscopcs must
be specified to designmc requirements for unit rcplme-
menc

1. lnpul voltage rnngc
2. Physical size nnd mounting provisions
3. Built-in illumination
4. Sen.sitivi!y.

The term sensitivity rcfem to the degree !O which small
phase differences may be read visually on the mclcr. The
required sensitivity depends on the npplicntion. In the
most common application. gcnermor monitoring. it is
gencmlly sufficient m know phase diffcrcncc to within
tens of degrees also a clew indication of O dcg is more
important thtm Iincly calibrated scales.

8-7.6 TEST CRITERIA FOR DESIGN AND
ITEM ACCEPTANCE

The instrument must be tested for temperature rise
when both windings. system and new machine, me ener-
gized cominuously from n source of normal voltage. Any
metal pwts Ihnt arc exposed must be tested for Icakagc
current and for the existence of voltages as described in
par. 8-3.6.

The synchroscopc should be tested wiih both windin~
energized from !he same source m veriiy thm the pointer
indicates exactly 12 o’clock. For synch rOscOpe~ US~ dur-
ing smn-up of a gencrs: or. (his check is emily mndc after
the generator is swi!ched on-line as the two lines. or sets of
Iincs. monitored by the synchroscopc arc connected
together.

8-7.7 OPER.\TIONAL PRECAUTIONS
Each time the synchroscope is used. it should bC tm[~

m verify that wilh both windings. energized from the
same source. the reading indicates 12 o’clock.

To avoid the hazard due m nrcing bctwccn the two
sepnmtc power lines connected to the phase meter. inpw
wiring from the two sources should be isolated as much M
possible and current protection should be included in the
line to prevent Imgc fault currenu from arcing.

8-8 FREQUENCY METERS
8-8.1 INTRODUCTION

There me three types of frequency mc:ers-i.c., the
mmlog vibrming-reed. the frequency-m-voltngc con\,er-
ter/ meter combkmtion. nnd the digiml meter. The
vibrating-reed instrument is simpler, more rugged. and
ensicr for monitoring !hc cffcctiwncss of throttle adjusl-
mcnts. The range. e.g.. 58 to 62 Hz. of these instmmcms.
bouwcr. is icry restricted. if a generator scpxrntes from
the system. the frequency of the isolated gencrntor can be
considerably teyond the restricted range and the operator
would be unable m know whnt adjustment to make.
Digital frequency meters hst,c more extensive ranges and
could giw an indication thm would amble the operator m
adjust the generator speed u.ithin the range of the syn-
chroscopc for desynchronizing the generator m the system.

8-8.2 INDUCED EXVIROXMEST
Frequency meters me gcncmlly pan of the pcrmment

panel board installation. Tcmpomry connecting Icads are
not used since a sclcclor switch to measure the frequency
of each indit. idual gencramr connected m the distribution
network is provided.

8-8.3 I+AZARDS
The usual hwards discussed in pnr. 8-2.3 do not apply

m frequency meters because they have single-scale rcti-
ings, Pro\.idcd that the frcquen:y k within range. the
indication giwm by the vibrmmg-reed instrument k
straightforward and not subject m misimcrpramion. The
indication on the digital instrument u also clear and
immediu[cly undcrswmdabk. TIM insmmcm ~ Pcrm~-
nently installed and free oi wv hmrd of tcmpo~ry
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connecting leads. Properly installed selector switches do
not introduce any haawd.

8-8.4 DESIGN CONSIDERATIONS
A vibrating-reed frrqucncy meter consists of a number

of thin. flexible reeds thm are mmched a! one end m a
yoke thm is subjected to a vibmtioninduccd by an c!ccwi-
cal current flowing in a coil closely coupled to the yoke.
The other end of the reeds is unsuppormd and free to
vibrate. The natural frequency of i.ibration of each reed is
adjusted to correspond w lhc scale calibration opposite
its position in the row of reeds by odjusling the muss
(solder) at the tip of the recd. \Vhcn [he coil is energized.
the reed with the naiural frequency equal to Ihc frequency
of [he voltage, vibmtcs. The end of the reed then appems
as a white line about 2S mm ( I in.) long below [be sed of
Ihc instrument. Reeds with natural frequency close to the
fmqucncy of the voltage vibrme s~ghdy and all others do
not vibrate m all.

Vibmti”g-mcd instruments can bc ndverscl? affected
by vibration. For cxnmplc. assume thnt the prowl is sub-
jected to a strong 60-Hz vibration from some piece of
quipment thm is connected m the main system and the
coil is energized by an isolated generator opcrnting at 59
Hz. The instrument could indicate 60.59. or both 60 and
59 much tothcconfusion of theopcrmorwho might easily
take an innpproprimc action. [n cases of excessive vibra-
tion. the vibrating-reed instruments can lx mounted v.itb
isolators [hat prevent the coupling of mcchrmic$d vibm-
tion to the operating ponion of the inswumcm.

The frequency-to-volmgc convcrwr/meter combinm
lion ws an electric circuit to generate on analog voltage
(or currrm) that is proportional to the measured fm-
qucncy. An nnalog or digimd meter. dri~,en by the output
of the cotwcner. is used m a display device for !hc fre-
quency mcasurcmcnt system. Since the system is 811elec-
tronic. it is not scnsitiw to modernte lcwds of vibrmion
like the vibrating-reed meter. bw it does nol hnw the
inbcrmn accuracy of the pure digital meter.

Digiml-frequency instruments mcawre ihc number of
pulses of a high-speed clocking circuit betv.’ccn zeros on
the \,oltngc wwe and interpret this reading w fmqucncy
of the voltage wat.c in henz. [n one configuration. the
cycles of the line m-c counted for n prescribed period nnd
the totol displayed. With th~ scheme the lime intend
nccrssary to accumulntc the required coum is inwrsely
proponionrd to ihc desired resolution. Thm is. if n fre-
quency readout mthc neares:O. I Hzisdesircd. the meter
must nccumukue !hc count over n IO-S period. In some
applic~tions. such as adjusting the gowrnor of a gcmra.
mr. this disploy m obtaining an updnwd reading may be
unacceptable. Digiml im!mmcms that measure the period
between cycles. or groups of cycles. generate u high-
resolution frequency measurement much fmmr. The dis-
ndvantngc of this con fi~urntion. however. is that the

instrument !s highly dependent on the cycle-tcwycle
wuveform variation being insignificant. Therefore, any
Irnnsicnts or electrical noise on the line may cause error.

8-8.5 COMPATIBILITY AND
INTEROPERABILITY

All vibrating-reed frequency metcn should have the
some frequency range m uvoid confusion if it is neccssmy
to replace o dcfcctiw insmumcnt. The instmment scales
should be idcntical~ marked.

The mngc of digital instruments is not inbcmntly
limited as it is for the vibra!ing-med meter. More accurate
readings. however. can be obtained if filters that preclude
harmonics and electrical noise from the mcwmemem
circuits arc incorporated. The incorporation of (he filters
will limit the rcsponscofthc frequency mcterto80 to 100
Hz.

8-8.6 TEST CRITERIA FOR DESIGN
ASD ACCEPTANCE

Vibra!in&rced frcqwncy meters should be tcslcd at
rated volmgcs 10 insure that the reeds do not vibrme wi!h
sufficient nmplitude m strike the SCOICwindow opening or
other metal parts. The case of the instrument should be
tcwcd to verify {hat MY leakage current or voltage on the
case is within rcquiremcms of ANSI Smndard C39.5-
1974 (Ref. 8) as discussed in par. 8-3.6.

Digiml frequency meters should be tested m a rated
volmgc for proper mdicmi on. Leakage current to the case
and voltage on the cw should rdso k tested for the snfet y
of the operating personnel.

Frequency meters may bc checked and calibrmcd by
operating the unit m be mstcd in pomilcl with a calibrated
frequency counter. both driven from a variable frequency
supply copnblc ofdcliveringlhe appropriowvolmge. The
frequency of ihc supply should be varied owr !he entire
opcrnting range to vcnfy the response of the instrument
under test.

8-8.7 OPERATIONAL PRECAUTIONS
Frequency meters should Lw mounted in u location

where ihc melcr maybe read easily, m npproximmely eye
level. For vibrating-reed mc:cm suimblc illumination
must be provided to nllow easy determination oi the
vibrating reed.

[n digiml frequency meters that haw a trigger i;thie-”
shold control. this control should be adjusted owr its
range to dclcrminc the maximum nnd minimum settings
thm provide repeatable readings. The control should then
beset ton point halfway hctw=n. The operator. howcwr.
should also nom nny points throughout the mngc m
which the reading becomes erratic and should avoid those
particular levels. These errors moy be produced by rcpcli-
tive transients on the line caused by solid-state switching
circuits.
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GLOSSiRY
A.

Airbrmk switches. A switch in which the conmc:s nrc
surrounded by nir so that upon scparntion on nrc is
drawn in and extinguished in the air.

B

Basic in.sufntionlevel (BIL). The lowcm level of one of
Ihc smndard volingc swcnglhs.avnilablc thar will not
be exceeded at any transformer location within the
network.

Bus bars. A rigid conductor usunlly mounted in groups
of two or more for the purpose of distributing power
within abkwts or mcewnys.

c

ChilbInin. An inflammatory su,clling or sore caused by
CXpOSU~ 10 cold.

Circuit breaker. A switching det.icc capable of discon-
necting power to n circuit when the full load current
is exceeded. Usually this term refers to n switching
device thm has on ovcrcurrcnt detecting fenturc so it
cm intcrrup: current to n circuit when excessive cur-
rcn! is detected.

Clnss, insulmion (motors). A designation of the mnxi-
mum temperature the insulmion within mmom will
withstnnd over long periods. CIasscs A. B. F. and H
arc defined in lEEE-Sld-l.

Cogenermion. Gcncmtion of electricity on-site in ptmnl-
ICIwith the utility. Excess power is fed back into the
utifity m reduce power costs.

“Cold” Wmdby sysmm. A gcncmtor !hnt is fueled.
maimnincd, and miibmtcd so that it can Ix started
and brought on-line anytime the primary power is
lost.

Control. A switch. potentiometer. vnlve, or other man-
unlly opemtcd mechanism designed m regula[c the
flow of energy to or within n device.

Controller. A piece of equipment thm rcguhus the flow
of energy within another dct.im based on inputs such
ns control position and sensor inputs.

Crccpnge distance. The Icnglh of the shortest path
across an insulntor surface scpwming two cOn-
ducmrs.

Current tmnsformer. A transformer intended to wnns-
form large line currcms to smnllcr currents. e.g.. 5 A.
which can be more ,msily measured u,ith convcn-
tionnl instrumentation. The primnry may bc a singfe
turn. which is frcqucmly the line conductor carrying
the current m be measured. The secondnry is in-
tended to Lx connected to n low impednncc so the
voltoge drop across the primnry is smnll.

Cutout. A switch. typically incorpom!ing a fuse. [ha! k
used to interrupt current to n load.

D

Dend- from panel. An electrical panel that has no ener-
gized conductors accessible from the fram.

Deltn (A). The three-phase power configuration in
which the power sources or loads nrc connected
between three Icrminnls. No ncutml is used in the
delta conligurmion. When specified for this conligu-
rmion. ihc voltage is the voltnge between any two
terminals.

Disconnect. A switch thnt is used for reconfigumtion of
n distribution system. It is designed to conduct load
current but is not capable of imcrmpting load or
fault currents.

Dktributlon network. See primnry distribution network.

Distribution system. The system of conductors. [mns.-
formcrs. und nssocia!ed prmectiw devices that dis-
tribute the poucr from o source or multiple sources
to vmious end-items.

Diversity, load. The ratio of the sum of maximum loads
of indi~,idual components maximum to the compos-
ite load for nn electricity supply, e.g.: generator.
Load diversity will always be 1.00 or greater.

Drip proof. A construction such thn! cquipmcm opcrn-
tion will not k negnti>.ely offectcd by liquid or solid
particles frilling within 1S dcg of the vertical.

I ~roop. ch~mc!cristic of gencmtor syswms in which the
Coordkmtion. The procedure of selecting overcurrcnt

protection devices so only the device most closely
line frequency drops sligluly with increasing load.

nsswim-d wilh a fauh is [ripped.

G-1
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E

Earth connection. Electrical connection made directly
to soil or water on the surfncc of the earth.

Engine. An energy conv.mien dci,icc thnt produces
mechnniml motion from the combustion of fuel. e.g..
gasoline or diesel fuel.

Explosion proof. A construction such that the effects of
an internal explosion arc contnincd and the energy
in gases is dtilpmd so thm the gases me cooled
before escaping to the environment.

F’

Fault. An unintemionnl connection between n line and
nnother conductor. either &rounded neutrnl or
another Iinc.

Feeder. C:rcuit that carries power from primary distri-
bution source to secondary distribution cmtcm

Flnsh point. The minimum temperature M which a liq-
uid will give off combustible vapors m n rate suffi-
cient to ignite.

Fuse. An overcurrcnt protective device comnining n
th!n meml strip that melts or vaporizes when exces-
sive current passes through it.

G

Generator. A rotating machine thnt converts the
mechanical energy in the romting drive shrift to elec-
trical power.

Ground. electrical. A conducting connection capable of
maintaining cquipmem M the potential of !he earth.
Electrical ground connections can be made directly
m the cnnh. to structures that arc connected to
canb, or to a refmivcly Inrgc c0nductin8 mass. which
serves in plnm of mrth. e.g.. vehicle frame.

Guarded (motor). A construction such that all openings
that expose rotating or Iiw electrical pan$ ore
covcrcd with scrccns or shields to prevent conmct by
~rsonnel.

H

Hazard. A condition prerequisite to a mishnp or ncci-
den!.

Hnznrd probability. The aggregate probability of the
occurrence of the individual hazardous cwnts that
CX21Cn SfJCCitiChazord.

G

Hnznrd severity. An assessment of the worst credible
mishap ihst could be caused by a specific hazard.

Hot-spot temperature. The temperature within molor
or tmnsformer windings o! location where tcmpern-
turc rise is greatest due m local concentration of hc~t
generation or reduced cooling.

“Hot” standby system. A gcncrmor that is opcmting
imo n dummy load. or an intcrmplible Iond. so that
if primary power is lost. the stand? gencrmor is
nlrcndy opemting nnd mn be immcdmtcly (possibly
nutomnticnlly) switched to the primary Iosd.

I

Ignition temperature. The minimum temperature m
whtch a flrimmnblc subsumce will begin burning
from its own heat (in absence of spark. flame. or
other local ignition source).

Induction motor. An AC motor in which one member.
uswdly the stntor winding. is connected to the line
nnd gcnemtcs n field !hnt induces n current in the
other member, usually the rotor u,indings Torque is
produced by the mngnclic forces exerted on the
current-carrying rotor conductors when opcmwd in
the mngnctic field produced by the smtor.

L

Locked rotor current. Cutmm drawn by n motor when
its rotor is held stntiormry. An indication of worst
case smrting current.

Loop. A nc!work con figum[ion in which !hc supply cir-
cuit is closed upon itself forming t! loop. Loads at-
tached to various points oround the loop arc fed
through two paths hcncc a single break in the loop
will not interrupt power to nny load.

M

Metnl-elnd switchgcnr. A meml<ncloscd switchgcsr n.%-
scmbly chmnc!crizd by removable switching units.
interlocks to prevent removal of such units while in
Ihc closed position, and shu!tcrs m cowr Ike con-
ducmrs that would otherwise be exposed ~.hen the
switching is removed.

Metnl-enclosed switchgenr. A sw.itchgcar assembly [hat.
except for wmilming and inspection uindows. is
completely enclosed with n sofid mcud cowing.

Motor. An energy conversion de~<ice that produces
mcchnniml motion from electrical energy.

-2
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Momr.genemtor. Assembly consisting of an electrical
gcnemtor thm is tumcd by an clcc:riml momr. Motor-
gcnemtors are used for voltage conversion and elcc-
wiml isolation.

0’

Oxygen index. The lowest oxygen concentration suffi-
cient to suppon combustion.

P

Polyphnse. An C!cctricalconligumtion in which power
is delivered from multiple sources. e.g.. individual
windings on a ccmmon trnnsformcr. each of which
produces voltage with the same magnitude and fre-
quency but with n constant phase diffcrcncc between
them.

Power analyzer. An instrument that measures power.
voltage. and current a“d that is connected lmwccn n
power source nnd load to measure charnctcristics of
source and load.

precise. Descriptor for engincdriwn-gcneramr sets that
hnw closely rcgubted frrqucncy and voltage outputs.

Primary d~rribution network. A system of conductors
tbm dutributcs power m high voltage to the primn-
rics of distribution tmnsformcm

Prime. Dacriptor for engincdriven-gcncrmor sets that
arc designed for long-term usc typically in fixed
Iocmions.

Prime mover (for genetntor). Source of mechnnicnl
energy for electriml generator. Typical prime movers
are gasoline or diesel engines or turbines. although
electric motors can bc used in special npplirmions.

R

Recliner. An overcurrcm protective device that opcm
the protected circuif, then nftcr n short delay C1OSCS
to energize the circuit. llc process is repeated until
the fault condition is cleared or n predetermined
number of cycles occur.

Resistance grounding. Grounding configuration in
which the connection to be grounded (“sunny the
neumd) is connected to ground through n rcsistanm
so fault currents can be detected wilhou! interrup-
tion of power service. and third harmonic distortion
of gcncrmcd power is rcduccd.

Risk. An expression of the possibility of a mishap in
terms of hazard scwrity and hamrd probability.

! Root.men”+q”nre. A mnlincar nwmging technique

whereby first the iwemnc is computed of the series of
squared values (or the ;quared ccm:inuous function).
The rms value is the square root of that nvcrage
value. For current or t,olmgc waveforms. [he rms
value is the magnitude of an equivalent DC current
or volmgc that would produce the same power dissi-
pation in n resistor.

s

Secondnry network. A distribution network operating
m load Ic\.cl voltages nnd usunlly drii,en by the
secondary of distribution transformers. ~hich sup-
plies power directly to loads.

%ctionnlizcr. A switch [hut operates in conjunaion
with a rcdoscr to isolnm n branch or section of n
distribution loop.

Service entnmce equipment. Connection and protcctiw
gear mounted on n building at a point where the
clectriml service cmcrs. Snwice cmmnce equipment
includes. but is not limited to. cable nnd conduit.
metering equipment. fuses. nnd circuit breakers.

Single-pbnse. A system of AC power diswibu!ion in
which the power is conducted over two w,ircs: a
“hot” wire nnd n neutral. This system is called single
phase because nll power delivered by the system is n!
[he snmc phase.

Solid grounding. Grounding conligurmion in which the
connection to be grounded (usually the neutrnl) is
connected dirccdy to ground through n connection
which has minimum rcsismnce.

Splash proof. A consmmion such hat equipment ofxm -
tion will not be negatively offccted by liquid or solid
particles striking it at nn angle equnl m or less thnn
[00 dcg from the upwwd vertiml dirccticm.

Split-phnse. A system of AC power distribution in
which (he power is delivered oi,cr three conductors: n
neutml conductor and IWO power conductors each
conducing the same volmge bw with opposite po!ar-
ity (1S0 dcg out of phose).

Stnndby power system. A system consisting of an tdter-
tmtc power sourtc ond n S~iWhin8 circuit that can
supply power to n load or loads when the primary
power source becomes inopcmlil,e.

Stnndby system. An indepchdcm electrical supply sys-
tem capable of deliwing power to critical loads
when the primary source foils.

Step-poteminl. The difference in potential between a
person’s fee! when standing on cnnh.
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Switchgexr. D&ices (including the contact assemblies
and auxiliary appmntus. such as prO:cc:i~e and cOn-
trol equipment and monitoring instmmen:ntion) used
for switching or interrupting current.

Synchronous motor. An AC motor in which the arrow
turc romtcs at the same speed as the romting field
withh the machine. The resulting speed will be a
submultiple of the line frequency.

Synchronous speed. The speed of the rotating mzgnclic
field within an AC mo!or. Synchronous motors
opcrme at synchronous speed. whereas induction
motors operate slightly &low.

Syncbroscope. A mcmr or ind~cator with a rotming
pointer thm indicates the insmntzneous phase differ-
ence between Wo power line voltages.

T

Tncdad. Descriptor for cngincdrivcn-gcncmtor sets
that arc designed for mobility or portability and
environmental resistance.

Touch-potentinl. Tbc difference in powmird between an
object touched bya person and the ground on whtcb
the person is sumding.

Transformer, dntribution. An clcctriml transformer
used either to conmn modemtely low volmgcs pro-
duced by gcncmtors 10 higher Icw!s suimblc for
transmission over dismncc or to convert the wnns-
mittcd voltnge back to lower volmges suimblc for
operation of end-items.

Tree. A network con figumtion in which the supply lint’s
atnnylcvcl. exmpt the Iowcst. supply powcrtomul-
tiplcsupplylincsnt the next lower level.

u

Uninterruptiblepower supply (UPS). A smndb? system
that supplies power continuously to critical loads
[hat cannot tolcrmccwn brief power oumges.

Utility. Descriptor for cngincdriicn-gcnemtor sets hav-
ing frequency nnd voltnge regulation charmcristics
equal [oorlcss stringem than the typimlchmacteris-
tics of a commercial utility.

v

Volt-ampere reactive (VA R). The quadrature compc-
nen! of power rcfcrrcd to us reactive power. or
imaginary power.

Volt-ohm.millinmmeter (VOll). A multipurpose lest in-
strumcm used to measure voltage. current. or rc-
sismnce.

w

\Venthcrproof. Rn!ing ofswitchgmr construction indi-
catingthn!cxposurc to thcwcm her will not interfere
wilh successful operation.

\Ventherprotected. A construction such that the equip-
mcnt can be opcrnwd u.i!hout being nffmtcd by min.
snow. or airbornedus!.

\vye (Y). A three-phase power conligum(ion in which
the power sources or Iosds me connected bctwmn
ench of the three tcrminais and n common tcrmiml
culled !hc ncutmd.The volmgcspccified forthk con-
Iigurmion is the wltngc bc!wccn the ncutrnl and nny
ofthc terminnls.

~_..-_ ----- —.——
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INDEX

Acid min. 3-2. 3-3
Air pollutants. 3-7
Aluminum conductors. -
Amcricnn N’miomd Smndards Institute. see ANSI
Ammeters. 8-12 to 8-15
ANSI. 2-15.2-17
Arc . .

contribution of dust. 3-9
damage due 10.3-31.3-64. N
extinction. 626-5 .6-5
initimion. 6-3
in motors, 7-3. 7-!
in test equipment. 8-2
polyphnse. 6+ B-17
rcsismnce. inmdntion materials. 3-32.3-33 (tnblcs)
suppression, 3-34. 6-5.6-6
switchgcm. 5-2 I

Arc !i@US. 7-17.7-18

B

Backup power system. 4-22.423
Batmics, 5-20. 5-2 I
Battlefield environment. 3-15
Bonding. conductors. 5-5
Buried tinCS.5-4
Burns

from electric motors. 7-4
from electricity, 2-3
from heated surfncrs or flames. 2-8. 2-9
from uhmviolct mdimion. 7-17

Bus ban. I-5
insulators. 5-5

c

Cnbincts. stitchgmr. 6-5
Czblcs. ICS!design. S-5. S-6
Capacilor. power correction. S- I7 to 5-19
Carbon arc lamp. 7-17
Carbon dioxide. 2-14.4-5
Carbon dioxide. fire cx!inguishcr. 4-9
Carbon monoxide. 2-14.4-5
Ckcuit breaker. 5-6 IO S-8. 6-2
Ckcuit breaker. molded case. 6-8
Clm.5. insulfition, 4-14
Ckmsificmion of distribution system. 5-1 to 5-3
clcmlncc

overhead conducmr. 5-$
switchgcm. 6- I I

~lmatc. cfxsilications. 3- I2 I: 3- I5 —

Cogcncrmion. 3-19
Color

code for wiring. 4-23.4-25 (table)
keying of controls. i-19
warning. 4-18 (table)

Connections. current measurements. 8-14.8-15
Contact. clccwiml

arc suppmsion. 7-21
mawrinls. 6-6

“Control panel layout. 7-19.7-20.8-2. K-3
Cent rots and controllers. 7- Ig m 7-22
Cooling, forced nir. 7-23

disruption of. 8-I. 8-2
Coordination. circuit interruption dc,,iccs. 5-6
Corrosion

factors influencing, 3-6 to 347
prevention of. 3-26.3-27

Crccpage distance. 8-4.8-5
Current meter hookup. 8-6
Current swi!ching in instruments, 8-18
Current unnsformen. 5-8
Current transformer. error. 8-14
CU1OU1S.6- I

D

Dcltn configuration. 1-5. I-6
Density. metals. 3-28103-30 (tnble)
Dklcctric strength

air. 3-12.3-13 (gmph)
mmerinls. 3-32.3-33 (tables)

Dkkctric withstand ICSIS.6-8.6-9.8-10
Dkconnffl. S-22. 6-I. 6-2, 6-7
DkplcIy. wmlog vs digital. 8-3
LXstribution system

classification. 5- I 105-3
components in. I-4, I-5
detiniiion. 5-1

Dust. 3=3. 3-9 --— . ----

E

.- -.

, EGSA. 2-15
Electrical Generating Systems Associ~tion. sce EGSA
Electrical Icakngc. heaters. testing. 7-16
Electrical Power Rcscmch Institu!e. see EPR I
Electrical shock. in test equipment. 84. 8-5
Elcctmcution. 2-3. 2-S. 24, 3-3
Elmtromagnctic interference

from controllers. 7-19
from motors. 7-4
reducing, 7-20. 7-2 I

l-l ..— — ——-. .. ——. .— .-. —.
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Enginedrivcn-gcncmtor XS. Chnpicr 4
classification. 4-20
installation. 4-29.4-30
US Army. 4-2 to 4-4 (table)

Engine
cooling, 4-4
cmisions. 4-5
Cxbausl. 4-1. 4-5
msofine m diesel. 4-18.4-19
;ultifucl. 4-19.4-22

Entanglementwilh motor shaft. 7-4
EPRL 2-16
Exhaust. engine. building insmllntion. 4-23.4-24
Expansion. !hcnmd. connection. 4-12.4-13
Explosion of arc hmps. 7-17
Explosion-proof motors. 7-5 .

F

Fault current interruption. 6-2
Fmdt protection. 6-6
Feedback comrol systems. 7-19
Fibrillation. 2-3. 2-5
fire

hmnrds of. 2-9
cngjne. 4-5
extinguishing systems. 4-9 to 4-1 I
source. 2-9.2-10.64

Flash point. 2-9
Frequency mews. 8-21.8-22
Frostbite. 2-9
Fuel, diesel. 4-5
Fuel umk insmllalion. 4-29
Fumes. toxic. 2-14
Fuse. 5-6.5-7 (mblc). & 1

motors. 7-6
thermal. 7-14

G

Galvn&c series. metals. 3-27,3-34 (table)
Gasoline. 4-5
Generator. definition. 4- I
Gencmums. parallel opern!ioru see pmnllel operation of

gcnerntors
Ground fnult circuit interrupter (GFCI), 3-26
Grounding. 3-19 to 3-23

current transformer. S- I5
dis!ribmion system. 5-5
for clcciricrd noise suppression. 7-2 I
generator. 3-2 I to 3-23.4-6.4-7
in frozen earth. 3-15
instrument. S-4. S-5
purpose. 3-19.3-20
rcmomblc mddcs. S-4. S-5
mistance. 3-20. 3-2 I
solid. 3-2 I
switchgcar. 6+ &7
mmsformcr. 3-23.3-24.7-12

Ground rcsistnncc. 3-20, 3-21
Ground rcsismncc. measurement of. 5-9
Guarding, physical. 4-7104-9
Gunrds. for motordrken pulleys. 7-5

H

Hnlogcn Iirc-extinguishing systems. 4-9.4-10
Hazardous atmospheres. 2-14
Hazard probability, categories. 2-2. 2-3
Hazard severity, categories. 2-2
Heaters. 7-12 to 7-17
High \,ollagc

guarding. 4-S. 4-9
measurements, S-10
lest equipment stomsc. S- I2

Hold-on effect. 2-3
Hydrocarbon. emissions from diesel. 4-7
Hydrogcn chloride. 2-14
Hydrogen sulfide. 2-14, 3-7

1

[EC. 2-16.2-17. 7-S
IEEE. 2-IS
Ignition tempemturc. 2-9.2-10 (mble)
Inching. 5-22.6-12
Induction motor. 7-1. 1-2
Institute of Elccwical and Electronics Engineers. see

IEEE
Insulation

clnsscs (motors and Sencmtors). 7-4
dctmiom!ion from uhmviolcl nvdia!ion; 7-17
heating elements. 7-13.7-14
materials. 3-32.3-33 (tables)
mntcrial selection. 4-14. 4-IS. 4-17 (mblc)

Interlocks, 4- I 1.6-5.7-20
Internntionnl Elcctrotechniul Commission. see IEC
Intcrmuionnl Organization for Standardization (1S0),
2-17

Isolation. using tmnsformers. 7-10. 7-II

L

Labeling
controls. S-2
instrument. S-1
phose. 6-4
thermal protection, motors. 7-7

Labels. hazard. 4-16 to 4-IS
Lcakasc testing. load banks. 7-23
Lightning. 3-3 to 3-5.6-3
Load allocation. 3-23 m 3-26

in backup system. 4-23
Load bahncing, 4-7
Load banks. 7-22 to 7-24
Load Imcling for gcncrnmn. 7-22
Lending of circuit by vokmctcr. S-S. S-12

--——- .— -..
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Loop distribution system. 5-1. 5-3
Lubrication. motor. 7-9

}1

Maintenance. cngincdrivcn-gcncrntor set. 4-29104-3 I
Material. chamctcrislics. 3-26 to 3-34
MaLcrials. heating element. 7-13.7-14
,Mclting point

mctnls. 3-2S IO 3-3 I (table)
,Mercury-xenon arc lamp. 7-17.7-18
,MCIIII.chnmc:erkics. 3-2S to 3-3 I (table)
.Mctnl-chd swi:chgcar. 6-2
Meud-enclosed switchgmr. 6-2
MCtcr

care nnd handling. 84
misreading. consequences. S-2

,MIL-STO-633. 4-1 to 4-I
.Moisturc

effect on motor sekaion. 7-9
dkct on shock Imznrd in generators. 4-6
effects of. 3-2

Motion sickness. 2-12
,MOtOr. 7-i 107-9

ns generator load. 4-15.4-16
controls. 7-19
currrm. 3-18.3-19
explosion proof. 7-5
frame codtgumtions. 7-A 7-5
lubrication. 7-9
namcplntc information. 7-7
normnlsmviceco editions. 74
operation under out-a fdcsign conditions. 7-S
protection. 7-6. 7-i
switching power 10.3- [8. 3-19
wrminal markinn. 7-7. 7-S
tcsls.7-s. 7-9 ‘“
types and chamctcristics. 7-1. 7-2.7-3 (mblc). 7-5

Motor.gcncrmor. 5-16.5-18.5-19

s

Xn!ional Elcctriml hlnnufoctumn Assxiation. see
SEMA

Sntiomd fire Protmtion t\sxintion, see XFPA
NEMA. 2-15.2-16
NFPA. 2-15
Nilricoxidc. 2-14. 3-7
Nitrous oxide, 2-14. 3-7
,\’Oisc

engine. 4-4. 4-7
hamrd due to. 2-S. 2-6
limits. 2-6 to 2-S
Iimiu. occupied nrcas. 2-S
quieting. engine. 4- I2

0

Occupational %fcty and Health t\dministration. see
OSHA . .-. .—. ---

oil-filled switchgmr. 6-S
—

OS HA. 2-18
Overcurrcnt protection. 5-6 to 5-S
O.erload protection. motors. 7-6
Osygcn index. 2-9
Ozone. effects of. 3-7
Ozone. gcncrmed by arc lamps. 7-17

P

Parallel operation ofgcncmmfi. 4-18.4-19.4-32.4-33
Poschcn’s curve. 3-12.3-13
PCB. 5-11.5-16. 7-10
Phase mc!cm. S-20. S-2 I
Phase protection. motor. 7-7
Polyphnsc. definition. I-2
Polyphmc power, chnractcrislics. l-2
Polyphasc systems. spplicmions. I-7, I-S
Power onnl}xms. S- I710 S-20
Power mcmurrmcn!. polyphasc. S- 15 m 8-17
Precipitation

chmacteristics. 3-14
effect on equipment, 3- I5

Pmsurc
altitude. 3- I 1.3-12
effects. dielectric strength of air. 3-12.3-13
water. 3- I2

Prime mover. 4- I

R

Radnr. I-7, I-S
Radiation. solor. 3-9 to 3-1 I

Cffecls of. 3- I 1
RCC!OSCI’5,3-16.3- 17.5-8
Refucfing. engine. 4-3 I
Regulator. vohnge. 3-16.5-17 m 5-19
Rcsismnm. ground. 3-20.3-2 I
Rcsisti\,ily

insulation materials. 3-32.3-33 (tables)
soil. 5-S

Risk ncccpmncc criteria. 2-3
rms mcmuremcnts. S-S. S-9

s

salt Sprny. effects. 3-6. 3-7
Sand. 3-S. 3-9
Sectionnliws. 3-16.3-17. 5-S
Sheathed healing clement. 7-14
Shielding. electromagnetic. 7-2 I
Shock. CICCtliCd. 2-3. 2-5.2-6

from cnginedrimn-gencrntor sets. 4-6
from motors. 7-4
from swi:chgem. 6-3. W
from transformc~. 7-IO

Shunt. current. S-13
Single-phase. detini(ion. I-2
Solnr radiation. cold climates. 3-15
Sound. engine. d-l—.— —

l-l ——— .. —--
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Split-phnse. definition. I-2
—

Smndb~ power system. 3-17 to 3-19
chdicmion of. 1.7

Smtic electricity. 3-5. 3-5
Step-potential. 3-3, 3+ 3-20.3-21.54
S[crilizcr. I-S
Storage. high-voltage ICStequipment. 8-10
Sulfur compounds. 3-7
Sulfur dioxide. 2-14.3-7. 4-S
SUlfur wioxide. 3-7
Switchgcar. S-21. 5-22. Chnptcr 6

conswuction. 6-4106-7
mtings. 63. 6-7

Switch opemtion. &12
Switching orders. 6-12
Switching s!mems. I-5
Synchronous motor. 7-2
Synchroscopc. S-20

T

Tempem!urc
classification of heaters. 7-13
cffcas on materials. 3-6
engines. 4-1. 4-4
hot SpOt. 7-4
typical values in environment. 3-5.3-13 to 3-IS

Temperature rise
from motor losses. 7-4
maximum allowable. 8- I I (mble)
tcsl. motor. 7-9
tcsi. test equipment. 8-10

Tensile smcngh. nmerials. 3-2S to 3-3 I (mblc). 3-33
(table)

Tcrmiml labeling
generator. 4-13.4-16
motors. 7-7. 7-S
trimsformcm, 7- I I

Terminals
gcncmlor. 4-12. 4-[3
instrument. S-IS. S. 19

Tcrmimuions
hcmcm. 7-15.7-16
switchgcm. 6-6

Test quipmcm. Chapicr S
Thcnnnl cyclins of connections. 7- I3
Thermal protection

heaters. 7-14
motors. 7-6. 7-i

Touch-potential. 3-4.3-20, 3-2 I
Tmnsformcr

npplimtions. 7-10
cooling cktsscs. 7- I I

current. 8-12. S-13
—

diswibulion. 1-5. 5-9 to 5-16
end-iwm. 7-1. 7-lo to 7-12
grounding. 7.12
nnmcplmc information. 7-11
off-frequency opcrntion. 7-II
potential. S-S
resting, 7- I 1.7.12

Transmission lines. 5-3
Tree diswibution syslcm. 5.2. 5-3
Trend monitoring. 4-32

u“

IJL. ~.lb

UItmsonic noise. 2-7
Ultraviolet rxdiation

burns from. 7-17
insulation dc:eriomtion from. 7-17

Underwrite Laboratories. see UL
Unimermptiblc power supply (U PS). 5-20. 5-2 I

v

Vacuum breakers. 6-2
Vacuum interrupts. 6-S
Vlbmting-rmd frequency meter, S.21. S-22
Vtbm,ion

effect on frequency meter. S-22
effect on pmonnel mid equipment. 2-11 m 2-14
engine. 4-I
motors. 7-2. 7-3

Visibility. effect of dusl. 3-9
voltage”

phnsc.to.phzse. phase-to-ncutrnl relationship, I-2
dii,idcm. instrument. 8-S
imbalance. effect on motors, 7-9
regulmion. requirements. 3-16
regulator. 5- I7 to 5-19

Voltmeters, S-S 10 S-12

\v

\Var”i”g information. heaters. 7-16.7-17
\Vnttmetcr5. S- I5 to S. I7
WnvefOrm scnsitivily, voltmeter. S-S. S-9
Welding equipment. 1.S
\Vyc configuration. 1-5. I-6

x

S-my equipmcm. I-S

.— ..- . . . .
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