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WARNING

INFORMATION SUBJECT TO EXPORT CONTROL LAWS

This document contains information subject to the International Traffic in Arms Regulation
(lTAR) and/or the Export Administration Regulation (EAR) of 1979 which may not be ex- -
ported, released, or disclosed to foreign nationals inside or outside the United States without
first obtaining an export license. A violation of the lTAR or EAR may be subject to a ,
penalty of up to 10 years imprisonment and a fine of $100,000 under 22 U.S.C. 2778 or .
Section 2410 of the Export Administration Act of 1979. Include this notice with any repro-
duced portion of this document,

DESTRUCTION NOTICE - For classified documents, follow
the procedures in DoD 5220.22-M Industrial Security Manual,
Section 11-19 or DoD 5200.1-R, Information Security Program
Regulation, Chapter IX. For unclassified, limited documents,
destroy by any method that will prevent disclosure of contents
or reconstruction of the document.

●
Beneficial comments (recommendations, additions, deletions) and any pertinent
data which may be of use in improving this document should be addressed to:
ASD/ENES, Wright-Patterson AFB OH 45433-6503 by using the Standardization
Document Improvement Reposal (DD Form 1426) appearing at the end of this
document or by letter.
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AFGS-87242A

c)
AIR FORCE GUIDE SPECIFICATION

FLIGHT CONTROL SYSTEM

GENERAL SPECIFICATION FOR

This specification is approved for use within the Depacucaemof the Air Force
and is available for use by all Departments and Agencies

of she Dcpansasem of Defense within the disrsibusfon limitations noted.

1. SCOPE

1.1 Scopa. INs specificasfon delineates the operational needs and general parameters for a physical
product fancify identified as Flight Control Systems(FCS) for piloted aerospace vehicles. Flight consml
systems are described to include all elements used to transmit fligfmcontrol commands from the pilot and
ocher sources to selected force and moment producers. f%ght concrol commands may result in control of
the air vehicle’s flight path, ffighI trajectory. attitude, angfe of attack. angle of sideslip airspeed.
aerodynamic configuration, and response characteristics. Elements included are the pilots” controls,
displays and logic switching, transducers, system dynamic and air dasa sensors, signal computation, test
devices, transmission devices, actuators. uninterruptible power, and signal transmission lines dedicated to
the flight contsol system. Excluded art aerodynamic surfaces; surface attachments, hinges. pins and cranks:
engines: fue control devices; crew displays and instrumentation. Interfaces of flight concrol syssems wish
related air vehicle mbsysteme are defined. Verification provisions are included.

1.2 Applicability. All paragraphs of thfs specification shall be used for each flight concrol syssem

o
specification. Tlsose numbered paragraphs found to bs not applicable in the sssiloringprocess shall be Iiied
by paragraph number and side but shall be marked “IWA” in she railored FCS specification for the specific
air vehicle.

1.3 Use. Thii specification cannot be used for contractual purposes without rewriting the scope and
providing mpplemencal information whtch relates to operational requirement for the specific air vehicle.
Ilse scope must be generated to reflect the coverage of each specific air vehicle FCS specification. The
supplemental istfomsacion must be derived by assessment to the scmed operational needs and by
imerfsresasion of she rasionale, guidance, and lessons Ieamed prodded in she appendix to this specification.

1.3.1 Structure. ‘fhii specification is structured to require tailoring to specific operational needs. It
emsbfishes the paragraph numbering and fligfs: control area for a specific air vehicle. Section 3,
Requirements, defines which needs and parameters will be sated but leaves blanks wicMn the scatemem
paragraphs for requirements 10 bs tailored for the specific air vehicle under consideration.

1.3.2 Inatrssctlossal handbook. The inwucsional handbmk, which is concained in she appendw herein,
prmidea she rationale for specified requiremensa, guidance for inclusion of supplemental information, and a
lessons Ieamed repository.

1.4 Deviations. Deviations from Govemmem or contractor generated air vehicle FCS specifications which
can bs shosm to accsue subscantia) benefiss to the Govemmem shall bc brought m Use attention of Ihe
acquisition activity for consideration of change. Deviations should be numbered sequentially and identified
in she numbered paragraphs affecced. Addendum paragraphs should bc added to the air vehicle FCS
specification identifying each change and providing she rationale, jttstification, and benefits expected.

o
1.5 Contractor required documentation. Documentation and data shall be generated and updated as
necessary during FCS development and teas to fulfill requirements contained in the applicable contsacs data
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requirements list (CDRL). Where the CDRL shows a requirement only for data accession listfimemal data,
such data shall be generated to fidly and completely document each development effon and task.

1.6 Classification
@

1.6.1 Flight control system classifications

1.6.1.1 Manual flight control systems (M FCS). Manual flight control systems consist of electrical.
electronic, mechanical, hydraulic, optical and pneumatic elements which transmit pilot control commands
or generate and convey commands which augment pilot control commands and thereby accomplish flight
control functions. This classification includes the longitudinal, lateral, directional, lift, drag, and wing
geomewy concrol systems as well as their associated augmentation, performance limiting, and control
functions.

1.6.1.2 Automatic flight control systems (AFCS). Automatic flight control systems consist of electrical, “
electronic, mechanical, hydraulic, optical, and pneumatic elements which generate and transmit control
commands to provide pilot assistance through automatic or semiautomatic control of the flight path,
attitude, or airframe responses to disturbances by references internal or external to the air vehicle. This
classification includes automatic pilots, stick or wheel steering, automatic coupled pilotage, structural mode
control, and similar control mechanizations,

1.6.2 FCS operational state classifications

1.6.2.1 Operational State 1 (normal operation). Operational State 1 is the normal state of flight control
system performance, safety, and reliability. This state satisfies the level 1 flying qualities requirements within
the operational flight envelope and level 2 within the service envelope and the stated requirements outside of
these envelopes.

1.6.2.2 Operational State 11 (restricted operation). Operational State lf is the state of less than normal
equipment operaLion or performance which involves degradation or failure of only a ponion of the overall a
flight control system. A moderate increase in crew workload and degradation in mission effectiveness may
result from a limited selection or normally operating FCS modes available for use; however, the intended -
mission may be accomplished. This state satisfies at least level 2 flying qualities requirements within the
operational flight envelope and level 3 within the service envelope,

1.6.2.3 Operational State 111 (minimum safe operation). Operational State I1f is the state of degraded
flight. comrol system performance, safety, or reliability which permits safe termination of precision tracking
or maneuvering tasks, and safe cruise, descent, and landing at the destination of original intent or alternate;
but in State 111pilot workload is excessive or mission effectiveness is inadequate. Phases of the intended
mission invoking precision tracking or maneuvering cannot be completed satisfactorily. This state satisfies
at least level 3 flying qualities requirements.

1.6.2.4 Operational State IV (controllable to an immediate emergency landing), Operational Smte lV
is the state of degraded FCS operation at which continued safe flighl is not possible; however, level 3 flying
qualities necessary to allow engine restart attempt(s), a controlled descent, and immediate emergency
bnding shall remain.

1.6.2. S Operational State V (controllable to an evacuable flight condition). Operational State V is the
atate of degraded FCS operation at which the FCS capability is limited to maneuvers required to reach a
flight condition at which crew evacuation may be safely accomplished.

1.6.3 FCS criticality classification

1.6.3.1 Critical. A function is critical if loss of the function results in an unsafe condition or inability to
maintain FCS Operational State lf 1. ●
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1.6.3.2 Mission critical. A mission essential function is mission critical if imcroperability of chat fcmcsion

i with tie FCS is●ssential to accomplish the mission and failure or degradation of that function could result in
an unssfe flight condition or comrol capability below Operational Ssste 11.

1.6.3.3 Flight phase essential. A function is flight phase essential if loss of the function readra in an unsafe
condition or inability to maintsin FCS Operational Slate Ill only during specific Iliglst pfssses.

1.6.3.4 Noncritical. A function is noncritical if loss of the function dots not affect flight asfety or result in
concrol capability below chat required for FCS Operational Ssste 1II.

2. APPLICABLE DOCUIMENTS

2.1 Government documenca.

2.1.1 Specifications, s!andards, and handbooks. The following specifications, acsndards, and

o

Q

hancfbcso~ form a pan of Oiii document to the extent specified herein. Unless oshendse specified. she
issues of rhese documenrs are those listed in the issue of she Depanmem of Defense Index of $rccificasions
and Srsndards (DoDf SS) and supplement thereto. eked h the solicitation (see 6.2).

SPECIFICATIONS

(Unless orherwise indicaied, copies of federal and mifitmy specifications, assndards, and handbooks arc
avsifable from she Standardization Documents Order Desk, Bldg 4D, 700 Robblns Avenue. Philadelphia PA
19111 -5094.)

2.1.2 Other Government documents, drawings, and publications. The following other Government
documents, drawings. and publications form a pars of this specification to she extent specified herein.
Unless otherwise specified, the issues are those cited in the solicitation.

(Copies of spccificatimss. standards, handbooks, drawings, publications. and ocher Government documents
required by contractors in connection with specific acquiskion functions should bs obtsined from she
contracting acti~ity or as directed by the contracting activity.)

2.2 Non-Government pubf icat ions. The follouing documensa form a pan of this document to cfseexcem
specified herein. Unfess otherwise specified, the issues of the documents which are DoD adopted shall k
those fined in she issue of the DoDISS cited in the solicisstion. Unless othewi.se specified. the @es of
documenra no: listed in the DODISS are the issues of tie documensa cited in the solicitation.

(Appficstiona for copies should be addressed to she (nsme and address of the source.)

(Non-Oovemmem acsndards and ocher publications are nonnslly ava.ifsble from she orgsnizasiom shm
prepare or dfscribute she documents. Thsae documem$ zdsomay be available in or shrough libraries or ocher
irsformationsl acrvfces. )

2.3 Order of precedence. hs the evem of a conflict between the text of chii document and the references
cited herein (except for associated detail specifications, specification aheem or MS mndar~). tie te~ Of
this document cskes precedence. Nothing in Osis document, however, supcraedes applicable laws and
regulations unless a specific exemption has been obtained.
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3. REQUIREMENTS

3.1 System requirements. The flight control system (FCS), a subsystem of the (a) vehicle, shall
provide manual and automatic control of the vehicle. The system shall provide (bl m enhance
operational utility and flexibility for mission accomplishment.

3.1.1 MFCS performance requirements. The MFCS shall interface with and supplement, as required,
the characteristics of boLh the pilot and the air vehicle m allow the flying qualities, special performance, and
mission requirements to be met.

3.1.2 AFCS performance requirements. The AFCS shall interface with and supplement the
characteristics of the air vehicle to provide, as selected, flight pa!h and attitude control, airframe response
and functional performance as specified in the numbered subparagraphs of this section. A pilot interface
shall be provided through an AFCS controller. The controller shall be icnplemented through the (a)
and shall, for the AFCS mode selected, provide functions, responses, and control as shown below:

Attitude Hold (Pitch) (b)
Attitude Hold (Roll) (c)
Heading Hold (d)
Heading Select (e)
Altitude Hold (f)
~~

The authority of the pilot to maneuver the air vehicle through the AFCS shall be [i)

A damping ratio for non-dominant responses of at least &critical shall be provided for nonstructural
AFCS controlled responses. The AFCS shall be functionally compatible with any automatic AFCS limiter
and its associated warning system and not overpower such limiters at the extremes of the flight envelope
resulting in unsafe conditions chat would require immediate pilot action.

3.1.2.1 Attitude bold (pitch and roll). Attitudes shall be maintained in smooth air with a static accuracy
of [a) degrees in pitch attitude with wings level and [b) degrees in roll attitude. The rms attitude
deviations shall not exceed (c) degrees in pitch or (d) degrees in roll attitude and shall provide at
least Operational State fe) in turbulence at Lhe rms gust intensities corresponding to & probability
of exceedance (cable 1). Accuracy requirements shall be achieved and maintained within (e) seconds
of mode engagement for a 5 degree attitude disturbance. Attitude hold engage limits shall be (h)
degrees in pitch and (i) degrees in roll.

3.1.2.2 Heading hold. in smooth air, beading shall be maintained within a static accuracy of (a)
degrees. Deviations shall not exceed & degrees in heading and shall provide at least Operational State
~ in turbulence at therms gust intensities corresponding to_kD_ probability of exceedance (table
1). When heading hold is engaged, the aircraft shall roll towards wings level at a rate not m exceed (e)
deglsec and a roll acceleration not to exceed ff) deglseclsec. The reference heading shall be that
heading which exists when the mode is engaged within a tolerance of (e) degrees,

3.1.2.3 Heading select. The aircraft shall automatically turn through the smallest angle to any heading
selected or preselected by the pilot and maintain chat heading. In smooth air, heading shall be maintained
within a static accuracy of (a) degrees. Deviations shall not exceed fb) degrees in heading and
shall provide at least Operational State (c) in turbulence at the rms gust intensities corresponding to

(d) probability of exceedance (table f), The contractor shall determine a bank angle limit which
provides a satisfactory turn rate and precludes impending stall. The heading selector shall have 360 degrees
control. The aircraft shall not overshoot the selected heading by more than (e) degrees, or~
degrees in landing configuration. Entry into and exit from the twn shall be smooth and rapid. The roll rate
shall not exceed (e) degkec and roll acceleration shall not exceed [h) deg/sec/sec.

. .
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3.1.2.4 Lateral acceleration and sldsallp Iimlts. Excepc when aide force conuol or directed sideafip is
defibacately induced, the psrforcnsnce specified in csble 11 ahafl be provided whenever any fateral-
dimctional AFCS function is engaged. Lateral acceleration refen to apparent (meamred, sensed) body axis
acceleration at dre aircrah center of gravity. unless mhenvise noted.

3. 1.2.S Altftude hold. Engsgemem of the altitude hold funccion at mtes of cfimb or descent leas tin _(x&
fpsn ahafl aslect che axksicsg indicated altitude and concrol the aircmh to this altitude aa reference. The
reaufcing nosscsal acceleration shall not ●xceed fb} E incremental. For engagement at rates of climb or
descent above (a) fpm, resulting normal acceleration shall not exceed (c) g incremental
maneuvers. WiIJSinthe aircmf! chrusc-drsg and performance capabilhy and at steady bank angfes. the mode
shafl provide control accuracies spscified in table f11. These accccmcy requimmencs apply for an aimpccd
range ~. For ocher airspeeds the accumcy requirements shsfl be J&_. Foffowissgengsgemem or
persccrbstiocs of this ccccde at 2000 fpm or leas, the specified accurscy shall be achieved tichin (fl
seconds. Any psrkrcfic residual oaciflacion within chcse limits afwfl hsve a period of at leas _@_ seconds.

TABLE 1. Rms gust intensities for selected cumulative
●xceedmrce probabilities, Wsec TAS.

c)

c)

FLfGfiT ALT3TUDE
SEGMEhT (m

up [0 1000
(LATEW+L)

TERWIN
FOLLOWING up 101000
(AGL) (VERTICAL)

500
1,7s0
3,7s0
7,s00
15,000

NORMAL 25,000
FL!OHT
CLIMB
CRUISE 35,000
AND 4s,000
DESCEh7 Ss,ooo
(ASL)

65,000
7s,000
OVER
80,000

2%10-1

4.0

3.5

3.2
2.2
1.5
0
0
0

0
0
0

0
0

0

10-1

s.!

4.4

4.2
3.6
3.3
1.6
0
0

0
0
0

0
0

0

8.0

7.0

6.6
6.9
7.4
6.7
4.6
2.7

0.4
0
0

0
0

0

10.2

8.9

8.6
9.6
10.6
10.1
8.0
6.6

5.0
4.2
2.7

0
0

0

12.1

10.s

11.8
13.0
26.0
15.1
11.6
9.7

8.1
8.2
7.9

4.9
3.2

2.1

14.0

12.1

15.6
17.6
23.0
23.6
22.1
20.0

16.0
15.1
12.1

7.9
6.2

5.1

23.1

17.5

18.7
21.5
28.4
30.2
30.7
31.0

25.2
23.1
17.5

10.7
8.4

7.2
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3.1.2.6 Altitude select. Engagement of the altitude selecc function at rates of climb or descent less than.
~ fpm SfWIUremit ~ Cbeaircrafc automatically climbing or descending to any altitude preselected by
she pilot or within an automatic navigation or guidance program. The resulting normal acceleration shall not ●
exceed fb) g incremental, and the resulting climb or descent shall not exceed (a) ~m.
For engagement at rates of climb or descent above (a) fpm, resulting normal acceleration shall not
exceed (c) g incremental maneuvers. Wkhin che aircrafa thrust-drag and performance envelope, and
at saeady bank angles, the mode shall provide control accuracies specified in table 111. These accuracy
requirements apply for an airspeed range (d) . For other airspeeds, tfte accuracy requirements shall be
~. Follofig engagement of this mode, the specified accuracy shall be achieved within (S3
seconds after initial crossing of selected altitude. Any periodic oscillation tithii these Iimics shall have a
period of a least ~ secOnds

TABLE Il. AFCS lateral acceleration and sidesliD Iimita.

Ffight Condition
I

ktcrementsl
I

Lateral
Sideslip - Degrees Acceleration 1-g

Coordination in
steady banked turns

Lateral Accelerations

Rolling at:
3oo/sec
9oo/s.ec

over 9001sec

Coordination in steady
“straight and level” flight

TABLE 111. Control accuracy for altitude hold AFCS function.

Aftitude

in

feet

Bank angfe in degrees

3.1.2.7 Automatic hovering. Position shall be maintained relative to the point of reference to an accuracy
of (a) feet. This accuracy requirement applies during gust intensities of fb) ftlsec, aitd wind. or
point of reference, velocities up to (c) knots. 9
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3.1.2.8 Mach hold. The Mach numbsr existhsg at the engagement of Mach hold shall bs the reference.
Afser ●ngagement and etsb~zssion on Mach hold. she AFCS shall maintain indicated Mach number and Use
error ahsU nol exceed fal Mach or fb) percent of indicated Mach, whichever is farger, aaich
respect to the reference. Any periodic oscillation within these Iimira shall have a period of at leas4 ~
acconda. A mode reafnmae or maximum time to capture reference auhable for the mission phaas ahslf be
Jfl)_ seconds. Adjustment capability of at least (c) Mach ahsll be avsifsble to aflow r3sepilot to VSSY
she reference Mach number around the ●ngsged Mach number.

3.1.2.9 Airspeed hold. The airspeed esdsting at the engagement of airspeed hold ahafl be che reference.
Indicated airspeed shaU be maintained rmlhin (s) kno~ or fb~ percent of the reference speed,
whichever fs greater, up to fcl degrees bank angle. Any periodic oscillation ticfsin rJreae fimica ahafl
hsve a period of at Ieaac (d) ascends. The mode responss or maximum rinse to capsure reference ahsfl
be (e) seconds in she moat demsndmg mission phase. Adjuaccnem cspsbifity of at lean Kt knaca
shall be available to aUow rhe pilot to vsry the reference armmd tfse ●ngsged airspeed.

3.1.2.10 Automatic raavlgatlon and guidance. The AFCS shall provide automatic control to fnierceps
and mainrain the crack defined by the following equipmentiaubsyatema:
Maneuvers commsnded by tfse AFCS during any phase of such operation shall not place rhe air vehicfe in
hazsrdmas attitudes or result in flight lissahations being exceeded. Switching and sequencing. and air vehicfe
bcdy axis rates and accelerations shall result in smooth. nonosciflatory air vehicle contsol and rapid
reduction of error. There shall be no residual oscillations greater than those allou.ed in the flying qusfitisa
requirements for this air vehicle. Requirements for specific equipmenclaubsyacems are as follows:

3.1.2.11 Control stick (or wheel) steering. The control stfck (or wheel) Seering hmccfon, as a aelea.sble
opsrating mode, ahnll +. The maneuver limits of the AFCS and the control force fimisa●stsbfiahed by
she flying qualities requiremema shall apply during control asick (or wheel) steering operations. The pilot
shall retain full authority to maneuver che air vehicle tithin tie applicable force and maneuver hits of she
flying qualities by reversion to the fh~ hmction of che FCS. Any revesaion or change of mode shall be
adequately annunciated to the pilot.

3.1.2.12 G loss of consciousness (GLOC) systems. When a GLOC signal is received. she aircraft ahafl rofl
through she shorten route possible to wings level and then execute a dive recovery using Ore maximum g“a
avaifable”up to (a) g’s. Once che recovery is accomplished, drich will be determined by fhl , she
aircsaft shall hold level altitude flight until fci . If the throttfe setting is not sufficient co maimain
ahimde, (d) . warning of aumrecovery shall be annunciated to the pilot. The pilot shall have contscd
aushority to override any autorecovery. There shall be automatic logic to prevent activation of the GLOC
recovery syszem during the following critical flight phases: fel .

3.1.2.13 Ground collision warrrf ng system (s) (G CWS). The minimum accep~blc WfO~nce of the
OCWS ahsfl be as fohwa:

3.1.3 General FCS design. The design of the FCS shall be entirely auitabfe for the puspoae, missfms. ●nd
general requiremenca of the air vehicle. The FCS shall be as simple. direct, and foofproof as possible wish
r~cl KIJdesign. ifascsffation. operaciom inspection, and maintenance. ‘flse design shall nca incbade
feacurea or deucifs which experience has ahowrr to be hacardcms or unreliable. Each conuol and each
control loop ahall ba designed to operate with she ease, smoochnesa, and positiveness aPPmPtite 02 b-$
hmction.

3.1.3.1 System ●msngement. Assembled elements, subsystems, and separate chsnnels and concrcd loops
of the FCS ahafl be arranged and located in the air vehicle

3.1.3.2 Trim controfs. The FCS shslf provide trim control conforming to the following requirements: _

7

Downloaded from http://www.everyspec.com



AFGS-87242A

3.1.3.3 System operation and interface. Separation and isolation shall be protided between (a) to
make the probability of propagated or common mode failure extremely remote. Operational performance
shall be met by the FCS (b) seconds after power ia applied. Positive means of disengagement shall be @
protided for (c) Mode selection logic shall enhance operational and mission capability ‘and shall
provide (d) Transients due to failures, disengagements, and changes in operating modes shall not
~ceed ~.

3.1.3.4 Failure immunity and safety. Within the permissible flight envelope, no single failure in the FCS,
which is not extremely remote, shall result in any of the following effects before a pilot or safety device can
take effective corrective action.

a.
b.
c.

3.1.3.5 Redundancy. The redundancy requirements shall be as shown in table IV. Exceptions to this
requirement should be identified on a component level in cases where costfcomplexily lsafety trade-offs may
indicate less redundancy is required. Specific approval to implement less redundancy must be received from
the Government procuring activity.

3. 1.3. S. 1 Redundancy management. in FCS which utilize electric or electronic redundant channels,
redundancy management shall provide

3.1.3.6 Stability. For all closed loop FCS, the required gain and phase margins about nominal shall be as
shown in table V. For gain or phase variations within the indicated frequency bounds, no oscillatory
instabilities shall exist with amplitudes greater than those allowed for residual oscillations in 3.1,3.8, and any
non-osciff atory divergence of the aircraft shall remain within the applicable limits of the flying qualities
requirement. @

TABLE IV. Redundancy levels.

COhTROL LOOP
MFCS

PITCH
ROLL
YAW
HI L1fT
DRAG

AFCS
ATTITUDE
NAVIGUID
HOLD ~

REDUNDAh’CY

8
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TABLEV. Gaiss and phase mcwghs requiremenra (db, degrees).

o

Airspeed
Below %h41N At At

Mode ‘%4 IN 10 Limit Airspeed i.15 VL
Frequency Hz \~N4*x (v, )

[m< 0.06

0.06< fm <Fret
Aero
Efatic
Mssde

‘f~ > First Aero-
Elastic

1. Mssde

0

0

Wh.+: v f- .

‘OMIN *

‘OMAX .
hi ode .

Limii airspeed
Minimum operational airspeed
Maximum operational airspeed
A characteristic aerodastic response of she aircraft as
described by an aeroelastic charactecisdc root of tie
coupled aircrafrJFCS dynamic equations-of-motion

Ghl = Gain hlargin = The minimum change in loop gain, at nominal phase, which
results inaninstnbility beyond thalallowed asa residual oscillation

PM = Phase Margin = The minimum change in phase, at nominal loop gain which
resuks in an iraatabllity

fm = hbcfefrequencyinHz (FCS engaged)
Nominal Phase . The comractor”s best estimate or measuremem of FCS and
and Gain aircraft phase and gain characterisdca available at the rime

of requirement verification

During dse gain and phase variations, the AFCS loops shall be ssable for any amplitudes greater than rhc?se
allowed for residual oscillations in 3.1.3.8. in muftiple JCIOPsy~ema. VS*UOIU shall bC cOtidered ~~ aff
gain and phase values in she feedback paths held at nominal values except for she parh under investigation.

A path is defined to include those elements connecting a sensor to a force or moment producers. For bmh
aerodynamic and non-aerodynamic closed loops, at Ieasa 6 db gain margin shall exist at zero airspeed. The
margins specified shall apply regardless of system implementation and shall be maintained under flighl
conditions of most adverse center-of-gravity, mass dksribucion, and extesnal store configuration throughout
the opmarhaml envelope and during ground operations.

3.1.3.6.1 Sensitivity analyses. Tolerances on feedback gnin and phase shall be ●stablished at she ayscem
level baaed on dae anticipated range of gain and phase errors which will efisc between nominal teas values or
predictions and in-service operation due to such factors as poorly defined nonlinear and hfgher order
dynamics, anticipated manufacturing tolerances. aging. wear, maintenance, and noncritical materiel
faihares. In additfon, these tolerances shall also include normally anticipated uncenaincies in predicted

9
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aerodynamic characteristics, aeroelastic effects. and structural modes. For digital flight control systems, the
tolerances established shall specifically include the effects of sampling rates, digital system delay, input and
output filters, digital filter implementation, and integration technique. Gain and phase margins shall be e
defined, based on these tolerances, which shall assme satisfactory operation i“ fleet We. These gain and
phase tolerances shall be established based on variations in system characteristics either anticipated or
allowed by component or subsystem specification. The range of variation to be considered shall be based on
a selected probability of exceedance for each type of variation. The exceedance probability shall be based
cm the criticality of the flight control function being provided. The stability requirements established through
this sertaitivity analysis shall be entered in table fV.

3.1.3.7 Operation in atmospheric disturbances. Outing normal operation the FCS shall provide a safe
level of operation and maintain mission accomplishment capability while flying in atmospheric diswrbances.
For essential and flight phase eaaemial FCS functions, at least Operational State (a) shall be provided .
for gust intensities corresponding to exceedance probabilities fb) and (c) . respectively (table 1).
Noncritical controls shall provide at least Operational State (d) in atmospheric disturbances at the
intensities corresponding to (e) probability of exceedance (table f) Noncritical controls operating in
disturbances with gust intensities above those specified shall not degrade flight safety or mission effectiveness
below the level that would exist with the control inactive. ~ means to inactivate the noncritical control
for flight in heavy disturbances shall be used when required. The dynamic analysis or other means used to
satisfy this requirement shall include the effects of rigid body motion, (@\ , and the flight control
syacem. Significant nonlinear effects shall be represented by conservative nonlinear or equivalent linear
representations. The analytical form of the atmospheric disturbance models specified in the flying qualities
requirements, with the exception of the discrete gust, shall be used for flight control analyses at the intensity
levels specified herein. The discrete gust to be used shall be defined as a single full wave of a (I -COS)
function with a peak amplitude of 40 ftJsec which may be encountered anywhere within the operational
flight envelope, Varying gust amplitudes up to 40 fthec shall produce near linear air vehicle response. The
gust wave length shall be tuned to produce maximum excitation. The gust intensity levels apply at the 9
turbulence penetration airspeed VG. At the maximum level flight airspeed, VH, these intensity levels are

reduced {O~ of the specified levels for atmospheric disturbances.

3.1.3.8 Residual oscillations. For normal operation and during steady flight, FCS induced aircraft
residual oscillations at all crew and passenger stations shall not exceed fa) g’s vertical or fb) g’s
lateral peak to peak acceleration, Residual oscillations in pitch attitude angle shall satisfy the longitudinal
ma”newering characteristic requirements of the flying qualities specification. Residual oscillations in roll and
yaw attitude at the pilot’s station shall not exceed (c) degrees peak m peak for flight phases requiring
precision control of attitude.

3.1.3.9 System test, display, reporting, and monitoring provisions fTDRM). Test and monitoring
incorporated into the essential and flight phase essential FCS shall include:

. . 10

Table VI defines the applicable tests and the air vehicle functions to the flight phase:
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TABLE W. Applicable tessa ●nd the alr vehicle functions 10 the ffight phaae.

PHASE
TEST PREFLIGHT lNFLIGHT PGSTFLJGHT

PHASE
TEST PREFLIGHT INFLIGHT PGSTFLIGHT

3.1.3.9.1 Preffight. preflight BIT shall be fa~ and include any tt~ sequence (see cable Vf) p“or to
takeoff. preflight tesss shall no: rely on ground tes equipment for their successful completion. Interlocks
ahaff be provided to prevent in-night engagement and to terminate preflight BIT when she conditions for
engagement no longer exist. It shall be possible to perform prellight teats by manipulation of rhe foflowfng
equipment: (h)

Tess prcrvfsions shall include the capability for determining the imegrit y of the following by the corresponding

o

The functional capability of the following in their fail operational modes shall afso be determined by she
corresponding test: fd~

The overall Ieata performed (BITs, Vf, PPM, SPCL) contain tie (olfowing specific related Iessa:

o

3.1.3.9.2 lnffight. hsflight TDRM of equipment performance and critical flight conditions shall operate
during fa~ and shall be capable of detecting (h)

Ml@ TDRM shall be passive and not propagate any failures to the (c) flight controfa.

Infligfu TGRM shall include, bul not be limited to, tie follotig cfsPaMfitie5: ~.

3.1.3.9.3 Postffight. Poscllight shall (a) and incfrsde the tear sequences shown in table Vf. Pcrstflight
te% dispfay, and reporting shall be capable of fhl . Postflight maintenance tears shall have interlocks to
prevent issflight engagement and to tescninate these !escawhen conditions suitable for maintenance testing no
longer exist.

3.1.3.9.4 Inflight monitoring. Continuous in flight monhorfng of equipment performance and critical
flight condkioms shafl operate during fal and shall be capable of detecting: ,~..

fnflight monitoring shall be passive and not propagate any faifures to the ~. @fst cOnU0f5.

Inflight monitoring shaff Include, but not be fimited so, the following capabilities: ~..

3.1.4 hfFCS design. This section of the specification deaf.r wish overall desips philosophy of she flight
control ayaem. This section is normally completed by the contractor aher conducting a series of trade
studies to satisfy shat eynem’s safety, mission completion, and sysem reliability requirements. Care must be
taken when completing this aectIon to assure that it is in compfiince with she overall acquisition strategy of
weapon system being procured (For example, some acquisition strategies may insist that no design guidance
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be included in any specification). Where requirements in other sections of this specification are
performance related requirements, the intent of this section is to provide protection to both the contractor
and the procuring activity to assure that the system design is within safety and reliability requirement, and to e
further assure the procuring activity that major modifications to that design cannot be accomplished without
governcrtem concurrence. From the procuring agency standpoint, care must be exercised [o assure that over
specification does not result in Engineering Change Proposals (ECPS) for minor changes or for routine
changes during normal system development.

. . . The MFCS ahaff be mechattized as a (a) using fb) for pilot control of pitch, roll, and yaw. The
system shaff provide (c) to enhance operational utility and flexibility for mission accomplishment. h
ahafl be designed to provide a satisfactory physical interface bstween the pilot and the air vehicle such that
every pilot action required to monitor and control the FCS to accomplish every phase of any assigssed
mission abaff be consistent widr established flying qualities requirement and pilot training practices.

3.1.4.1 Mechanical MFCS design. Mechanical components shall be designed with paramount
consideration given to reliability, maintainability, aupponability, asrettgth, and simplicity. The mechanical
signal transmission paths between the pilot, sensors, or command generator to she surfaces shall be
redundant to the extent required to meet the system safety requirement of

3.1.4.1.1 Reversion--boosted systems. The mechanical FCS shall provide Operational State _
capability when boost is unavailable, Means shall be provided to re-engage boost following reversion to the
mechanical system. Boosted, mechanical FCS shall provide Operational State capability.

3.1.4.1.2 Use of mechanical linkages. Mechanical linkages and artificial feel deviceslsysrems used for
signal conversion shall not have friction/free play that restdss in operation below Operational State _.
Linkages and feel devices shall be balanced appropriately for the desired axis to meet the structural mode
and force requirements for this air vehicle. Residual imbalances shall be consistent with feel requirements.

3.1.4.2 Electricallelectronic MFCS design. Electrical/electronic fly-by-wire fligh: control systems shall e

be designed to withstand all induced and natural environments such as lightning, EM1, etc. Redundancy
shall be employed to achieve the safety requirements of the air vehicle. Reliability. maintainability,
~ppO~bility. simplicity. and sufivabilily shall be major deskn parameters. The design is required to have
operational State 1 capability.

3.1.5 AFCS design. AFCS design shall provide those ftmctions and services which fulfill not on]y the stated
needs for the air vehicle, but also the needs for a satisfactory interface with the pilot operator. AFCS design
shall bs integrated with and complement the MFCS design sttch that switching between these systems
produces no noticeable air vehicle responses. AFCS design shall have no adverse effect on MFCS
operational integrity.

3. 1.S. 1 System management. The (a) management function shall be responsible for ensuring that
the automatic flight conmol system does not permit failures to place the aircrah in an unrecoverable
situation. Transients for normal engagemenrIdisengagement and failures shall not exceed fhl and
~, respectively. Failures of the [d) management function shall (e) . ‘Appropriate&
to the crew vdth (s) to re-engage [h) shall be provided.

3.1.5.2 Mission flight controls. Mission flight controls are dte modes of the automatic flight control
symem that provide trajectory guidance or trajectory stabilization automatically without pilot input. Mission
ffight control guidance commands (e.g., flight dkector, bomb Nav. terrain following. integrated fire and
flight controls, autopifot, etc.) ahafl be managed by (a) The guidance si~als shall allow neisher
transients greater than specified in 3. 1.S. 1 nor erroneous commands. Interface requirements shall be
~. Fafi~es Ofshe mission ffigbt control system shall not (c) Appropriate methods if interlocks
far engsgemenddisengagement of mis+on fhght controls shall b provided Mth ~ fOr f@t ~fe~Y. a
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3.1.6 Mission accomplishment rellabllil y. The pmbsbifky of mfaaion faihcre per flight due to relevant
materiel faihsres in the FCS shall not exceed

3.1.7 Quantitative flight aafet y. The probability of air vehicle loss per flight. defined as esaremely remote.
due co relevant materiel failures in the FCS ahnll nm excccd

3. 1.S Sus+vabllity. The FCS shall be designed to wfthstand and operate br unnmrsrsl, induced. hosdfe
environsnenca, which would not otherwise cause IOS of ckseair vehicle, witfsour suffering abortive icsspairmem
of iu abifily to ssrabscain at lea~ Operational State

3.1.8.1 AU engines out control. The FCS and its power sources shafl be designed such tit loss or
reduccion of msscional speed of all power genermfng engfnes befow pvwer generation apeed shall nm reds
in leas sfsan FCS Operational State _. Transicnca due to change in operational acme ahsfl confoms to
3.1.3.3 requirements of thk specification. Roviaions shafl be made for reversions 10nomssl operscioo when
sufficient engine gecsersted power K restored.

3.1.9 Invulnerability. DegradacJon in flight concrol syacem operation due to shsfl be
tithin she Ucnira specified in she following subparagraphs.

3.1.9.1 Invulnerability to natural environments. The flight control system shall be designed to whhassmd
she fufl ssnge of natural environment esccremes estsbfiihed for rlak air vehicle wihout permanent
degradation of performance below FCS Operational Stme (al , or temporary degnscfmims below FCS
Opelmional Sate fh) . Reductions below Scme fa) shall be experienced only at adverse
envimnmensal extremes not normally encountered and shall be transient in nature only, and she fcmcsion
“shall be recovered as soon as she aircraft has passed through she adverse environmem. System componema
and clearances with ssmcture and other components shall be adequme to preclude binding or jamming.
bsssabtity, or out of a+secificacion operation of any potion of she syssem due to possible combinations of
temperature effects, ice formations, loads, deflections, including ssrucncml deflections, ~, and
build up of manufacturing tolerances.

$secificafly, rhe FCS shall be able to tithscand the following nsmral environmental conditions: ~.

3.1.9.2 Invulnerability 10 lightning atrlke and static atmospheric ●lectricity. Flight conml system ahsll
maintsin Operscional State fn) capability or better when subjected to elecrric field and fighcning
discharges except that a temporary, recoverable. or extensi~’e loss of Performance 10 bmfio~l s~!e

(b) is affowable in the event of a direct fightning mike.

3.1.9.3 Jnvsslnerability 10 Induced environ menSa. FUght concrol syasema shall withstand she full tangs of
amrat-case-induced temperatures and temperature shock, acceleration, vibration, noise and shock,
induced pressures, explosive and corrosive accsaospheres, electromagnetic interferences (EM1). and nucfesr
radiation icschcding electromagnetic pulse. projected in nsfaaions for she air vehicle. without pemmment
degradation or loss of capabifky to maimsin FCS Operational State (al . These induced envirmusaents
svishfnacructuml and crew survival limics shall not result in tempmnsy degradation during cfseexposure co she
envirmsnsem below FCS Opcrationrcl Stste fb) capability. Specificsffy. but not excfuafvely. tie FCS
ahsff be dcaigned to withscmsd the foflowin~ (Ci

3.1.9.4 Invulnerability to mcboard failures of other systems ●nd equipment. The FCS ahsff meet ks
faifure ammfmfisbilky budget, as affocated within she weapon system. far self-gencrsted failure (within the
FCS) and for those FCS failures icsduced by failures of o~er interfacing ayssenss witfchsme weapons systems.
in addition, the FCS design shall comply with the following:

a. Easendal and flight phase essential Ilight concrol systems ahsll main FCS capability of Operatiocaaf
Stste fa) or better ahcr sustaining the following failures ~.

13
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b. Flight control systems. including the associated structure hydraufic, pneumatic, and electrical
syssems shaU bs designed so that the probability of losing the capability of maintaining FCS operation m no
less than Ofserationsl State (c) as a result of an engine or ocher rotor burst is extremely remote. @

c. (d)

3.1.9.5 Invulnerability to maintenance error. Flight control systems shall be designed so that it is
physicaUy impossible to install or connect any compunem item improperly without one or more oven
modification of the equipment or the aircraft. provisions for adjusting the flight control system on the

. aircraft, except during initial buildup, major overhaul, software modification, or rigging during major
maintenance activities, shall be minimized. AU tine replaceable tits (LRUS) shall be designed to permit
makmg internal adjustrnenss only on the bench. The system shall require only a minimum of rerigging
foffowing replacement of LRUS. AU control linkages and other flight control mechanisms shall be designed
to resist jamming from inadvertent entry of maintenance tools or other materiel. In addkion

3.1.9. S. 1 Invulnerability y to software maintenance error. The following provisions shall be implemented -
for systems using digital cotnputstions to prohibit the implemencacion of the incorrect version of software:

3.1.9.6 Invulnerability to pilot and flight crew Inaction and error. Flight control systems shall be
designed to minimize the possibility of any flight crew member controlling or adjusting system equipment to a
condition or awe which could degrade FCS operation. Included shall be:

3.1.9.7 Invulnerability to enemy action. Essential and flight phase essential FCS on combat aircrah,
including associated structure and power supplies, shall not be degraded below Operational State _
because of damages due to

3.1.9.8 Invulnerability to bird strikes. Flight control system shall maintain Operational State ●
capability Or better when subjected to one or more bird strikes on a leading edge of the aircrah. This shall be
accomplished by:

3.1.10 Maintenance provisions. Design and installation of the FCS shall permit trained FCS maintenance
personnel to ssfely and easily perform required maintenance under all anticipated environmental
conditions. Means shaU be provided to facilitate the accomplishment of all required maintenance functions
including:

3.1.10.1 Operational checkout provisions. The desi~ and imcaUatiOn Of the FCS shall prO~de fOr
ground operation as required to verify FCS functional parfonnance, airworthiness and freedom from
faUures. operation of the main propulsion engines shall not be required for this checkout. Power for the
checkout shaU be supplied by . .

3.1.10.2 Maf function detection and fault location provisions. Means of having a high probability for
detecting malfunctions and failures. and monitoring critical performance conditions as required m locate
faults to the replaceable unit, shall be provided for .,

3.1.10.2.1 Malfunction indication. indications which show that a malfunction has been detected and
where the fault is located shall be provided by

3.1.10.2.2 Provisions for checkout with portable test equipment. Provisions shall be made to check out
elements of the installed FCS by using portable test equipment identified as

3.1.10.3 Accessibility and serviceability. The FCS and ita elements shall be designed, installed, located,
and provided with access so that inspection, rigging, removal, repair. replacement, and lubrication can be
readily accomplished. ●

14
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Suitable provisions shall be made to facilitate correct rigging of the FCS. The number of rigging positions
sfscdl be kept to a practical minfnsum. Rigging positions shall be readily accessible and lncated where
adequate space is availsble for the rigging operstion. Powered control surface actuator outputs shaff not be
rig-pinned.

3.1.10.4 Maintenance personnel snfel y provisions. ‘f%e FCS and its elements shrill be designed to
precfude injury of personnel during the course of all maintenance operations isscludmg tesing. Where
positive pmsection csnno: be provided, precsutfonssy wsrnfngs or information shsll be affiied in sfre aircmh
and to the equipment to indicate any har.srd, and appropriate wamin@ shall be included in the applicable
msfmensnce fnatrucdons. Safety pins, jacks, locks, or other devices Intended to prevent accumicm shafl be
readily accessible and shall be highly visible from the ground. or incfude sweamem wfich am M@fY~le.
AU such screamers shsfi be of a type which cannot be blown om of sfght such as up into a cavity fn sfse afr
vehicle.

3.1.11 Stmctursal Integrity. The FCS and irs elements shall be designed to meet the load, screngds,
deformation, dsmage tolersnce, stiffness, and durability requirements of

3.1.12 Wear life. Assembled unit elemenrs of the FCS shsll remain economically repairable and meet
refiabiliiy requirements for a wear life equal to

3.2 Subsystem and component design requirements. Subsystems, mbfunctions. components, ●lements,
and assemblies of the FCS and swbsysterns interfacing with the FCS shall bc designed, fabricated. and
fnstafled as indicated in the subparagraphs of SMSsection.

3.2.1 Cockpit controls and displays. The design and location of the FCS cnckpit control elements and
displays shall be in accordance with Additional requirements are stated in the following
subparagraphs.

3.2.1.1 Cockpit controls. Whenever a FCS control is interfaced with redundant flight control chsnnefs.
mechanical and electrical separation and isolation shall be provided m make the probabifhy of common
mode failures

3.2.1.1.1. Removable cockpit flight controls. Removable cockpit fhght controls shall be positively
retained during all flight conditions.

3.2.1.1.2 Movssble rudder or directional pednls. hfnvab]e rudder or duectional pedafs shsll be
intercnnnecced to insure ~sitive movement of each pedal in both directions.

3.2.1.2 P1lot displays. Wherever any display or annuncimor is interfaced wftfr redundant fligh consmf
chsnnefs, mechanical and elecuical separation and isolation shaff be provided to assure tit common mode
faffures do not occur.

3.2.1.2.1 FCS ●nnunciation. The FCS control panel. aasociawd panef.i or intepted @sfaYs *U
provfde means to display:

AFCS engaged
mode engsged

3.2.1.2.2 FCS wamhsg annunciation. FCS wsming annunciation shall be pmrided in tfse cockpit to aflosv
crew to assess the operabtily of redundant or monitored FCS. Annunciation shall be designed to cfearfy
indicate the associated degree of urgency.

a. Fm degree - immediate action required (wsming may be audible)

15
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b. Second degree - caution, action may be required

c. Third degree - informational, no immediate action required.

Warning annunciation shall include, but not be limited to the following

3.2.1.2.3 Cockpit Indicators. Suitable indications shaU be provided in the cockpit to indicate to the

3.2.2 Sensors. Sensors used for flight control system functions shall be designed and located such chat
adequate eenaissgof the desired aircrah and tight control system parameters can be accomplished. Sensors
ahaU be designed to operate shroughmtt the power range specified for the air vehicle. Locations shall be
chosen which minimize exposure to conditions which could produce failures or undesirable output signals.
Signal and impedance levels for remote sensors shall be designed to minimize EM1 effects and to prevent
signal level changes due to transmission path loadlng effects. Closely spaced, redundant electromagnetic
sensors ahaU be designed to prevent cross coupling of signals among the sensors. If self-test or in-flight
monitoring BIT are used, the sensors and flight control system shaU be fail safe in design in regard to the
operation of the BIT.

3.2.3 Signal transmission. AU signal transmission concepts, devices, lines, components, and subsystems
dedicated to she FCS shall be covered by requirements in this section.

3.2.3.1 General requirements. AU signal transmission elements, components. and subsystems of the FCS
shaU be designed and suitably protected to resist jamming by objects. Where feasible, advantage shall be
taken of shielding afforded by heavy sccucttual members, existing armor, and other equipment for
protection of important elements of the FCS. Signal transmission elements shall be protected from usage
such as steps and handholds. Clearance between FCS elements and structure or other components shall be
provided as necessary to insure chat no probable combination of temperature effects, air loads, sctuctural
deflections, vibration, buildup of manufacturing tolerances, or wear can cause binding or jamming of any

a

potion of the FCS. In locally congested areas, the minimum clearances which may be allowed aher all
adverse effects are accounted for shall be

3.2.3.1.1 Computer signal transmission. Signal transmission of commands between the flight conuol
cosnputera and detices or modules designed to act on the commands shall be performed by using direct_

When redundant computing paths are provided, they shall be isolated or
separated to meet invulnerability and failure immunity requirements.

3.2.3.1 Mechanical signal transmission, general. Elements used for mechanical signal transmission shall
meet the structural integrity requirements of this specification. Capability shall also be provided to uansmit
forces to override interference or jams in the mechanical loop up to a level of at least

3.2.3.2.1 Control cable installations. Wke rope type cable subsystems used for FCS signal transmission
ahsU meet requirements of this specification with respect to performance, safety, maintainability, reliability,
structural integrity, and wear life. Requirement for component design and usage shall be as shown in_

3.2.3.2.2 Push-pull signal transmission instsdletions. Push-pull type subsystems used for FCS signal
aranamiaaion shaU meet other requirements of this specification with respect to performance, safety,
maintainabtity, reliability, atsuctural integrity, and wear Ufe. Requirements for component design and usage
shaU be as shown in

3.2.3.2.3 Control chain. RoUer chain may be used for signal uansmission in FCS mechanisation.
Conneclitlg Ibdca shall be retained by cotter pins: spring clips shall not be used. The chain used shall be of
standard aircraft quality and conform to requirements of ●
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3.2.3.3 Elactrlcal signal transmission. The following requirements apply to all essential and ffight phase
●asensial signal pasfss:

3.2.3.3.1 Multiplexing. Signal transmission circuira shsfl be ~. type usifizing ~ as tie
smnsmf@on media for the data bus. The data bus, fiie, and iseinterface eleccronica. multiplier terminal unit
~fl ~.

3.2.4 Signal computation. The methods of signal compurarion used in s2te FCS shall bc fuffy auirable to
sniaafon, envirmnsnem, and other requirements itssposcd upon she FCS.

3.2.4.1 Transient power effects. Fflght conrrol computers shaU not suffer adverse effects, which reacsftin
operation below FCS Operational State_, due to power source variations within the fimita specified for
the applicable power system. ln sfre event of power source irtterrcspsion, no adverse effecca shall reauk which
finrft operation or performance of flight consrol computers upon rasumprion of normal qusfity pawer.

3.2.4.2 Mechanical signal computation. Mechanical signal compcnasion shall be accompfiihed by means
of elements. Nonlinearities and Parameler variadons shall not cause adverse effects which
cause degradation in flying quafisies or the FCS operational state.

3.2.4.3 Electrical signal computation. At she time that tire pmducrion configuration basefine is
estabfiahed by the procuring agency, a _ percent gro~h capability for computation ahafl exist within
each fliglu control computer. Scaling, shall protide sstisfactow resolution and sensitivity to
ensure continuous safe operation for all possible combination of maneuvering demand and gust or oshcr
pfatrd%le disturbances, and to prevent unacceptable levels of nonlinear characteristics or insrabilitiea.

o

For failures which may cause a hazardous deviation in she aircraft flight path, each computation channel
shall have provisions for rapidly disabling iss command outputs or servos unless other fail-safe provisions
exist.

Support and maintenance provisions shall

3.2.S Control power. Sufficient electrical, hydraulic, and pneumatic power capacity shafl be prsrsided in
afl ffight phases and wish all corresponding engine speed settings such that the probability of losing rfre
capabtit y to maintain at least FCS Operational State IIf airplane performance shall not be greater than _

. Essemial and flight phase essential flight cmscrola shall be given priority over
noncritical controfa and mfser actuated functions during simultaneous demand operation.

3.2.S. 1 Hydraufic power subsystems. All hydraulic power generation and distribution systems ncrrrnafly
used for flight concrol ahaff be designed in accordance w“sh

The FCS ahaff operate in accordance with this specification when applied wfch such power.

3.2.5.2 Efcctrical power subsystems. Electrical power generation and distribution sasbsyatenss should
comply tirh requirements of Uiis apccification and she following For
fly-by-wire air vehicles, eleccrfcal sysems which provide power to essential or Slight phase ●asectsial conssufs
ahafl tc deafgssed to ensure unfnterrupcible, isofated, redundant power of adequate quality so meet FCS
sequirementa after any malfunction no: considered ●xtremely remote.

3.2.5.3 Pneumatic power subsystems. Pneumatic power using cam-air, engine bleed air, scored gas,
cnechanfcaffy compressed air, or generated gas rsray be used for noncritical Ilighl consrol funcsicass.
Pneumatic power systems shall conform to

3.2.6 Actuation. The design, innallation, and performance of flight concrol actuation comprenta,

o
aubsyatema, and interfaces shafl compfy with this specification. Load capabdit y of acruarion compossenrs
and aubaynems shall be in accordance with
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3.2.6.1 Mechanical force transmitting actuation. Mechanical force transmitting devices shall be
designed in accordance with the following requirements: ●
3.2.6.2 Mechanical torque transmitting actuation. Mechanical torque transmitting devices shall be
designed in accordance with the following requirements: Backlash accumulation shall
not prevent the system from performing its required function throughout the service life of the airplane.

3.2.6.3 Hydraulic actuation. Hydraulic actuation subsystems and components shall be designed in
accordance with the folfoting requirements: If hydraulic bypass provisions are
necessary to prevent fluid lock, excessive friction load or damping, . In actuation systems
designed for manual control following hydraulic failure, provisions shall be made to

3.2.6.4 Electromechanical actuation. Electromechanical actuation subsystems and components shall be
desigcted in accordance with the following ‘requirements:

3.2.6.5 Pneumatic actuation. Pneumatic actuation subsystems and components shall be designed in
accordance witi the following requirements:

3.2.6.6 Interfaces between actuation systems, support structure, and control surfaces. The interface
between actuation system, support structure, and control surfaces shall comply wkh

3.2.7 Component design. Design of components and elements shall be entirely suitable for use in the FCS
and shall be such that the other requirements established for the FCS are not infringed by that design.

3.2.8 Component fabrication. The selection and treatment of materiel, and the processes and assembling
methods used in fabrication shall

3.2.9 Component and element installation. installation of FCS components shall meet
*

3.3 Integrity requirement. The FCS component’s hardware and software and integrity subsystems shall
meet the integrity requirements of this section.

3.3.1 Structural integrity. Load transmission and elements of the FCS shall meet the load, strength,
stiffness, deformation durability, and damage tolerance requirements for each element as follows:

a.

b.

3.3.2 Mechanical integrity. FCS mechanical devices such as rudder pedals, stick, inenial sensors,
actuators, etc., and integrating subsystems shall meet the requirements for load, strength, function,
environment, and durability as follows:

a.

b.

3.3.3 Electronic integrity. FCS electronic and elecuo-mechanical devices such as computers. convertors,
power supplies, sewo’s, etc., and integrating subsystem electronics shall meet the functional, environmental,
and durability requirements as follows:

a.

b.
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3.3.4 Software integrity. Software ●lements (units, compmsenta, and flight programs) of the FCS and
icategrrcting subsystems shall meet rhe requirements as follotw:

a.

b.

4. VERIFICATION

4.1 System verification. Verification of che ayasem requirements shall be performed by analyses (iichsdes
simulation), Inapactfon, demonstration, ground teat. and flight teat.

llse approach used for quafky assurance shall provide a planned and systematic pattern of afl actions.
atncctured and time phased throughout the program, to provide adequate confidence that the FCS, hs
elements, and so&are conform m the established technical requirements. Compliance with each
appficab!e requirement in section 3 shall be verified as required by i!a dedicated aeccion 4 paragraph. l%e
fack of a spcific verification requirement for any pom”on of a design requirement in accsion 3 does nor
refieve the concracsor of responsibility for full compliance with the requirement. The verification processes
dsafl be thoroughly documented and shall clearly show that methods uacd are suitable and proper. that Lhe
prcxedures foflowed are comprehensive and thorough, that requirements have been met. and that high
quafity is a buiit-in atccibute.

When requirements are verified by analyses and flight teat, the flight envelope shall be analyzed to
determine WOKScase combinations of airspeed, altitude, gross weight, center of gravity, and maneuver.
Ffight tem shall be conducted at, or sufficiently near, theaa cases to vafidate the adequacy of artalysical
results. Acaal@cal results shafl not be accepted until such validation is accomplished. Test ksarunsentacion
shall include appropriate measurement of attitudes, rates, accelerations, controller position and force Ievefa,
surface position, thrust, altitudes, altitude rate, and internal ffigln concml system signafs and antes as
required to verify hardware and, if used, software performance.

Requirement verifications which must be completed to suppon tkse release of the air vehicle for first flight
Shall be

The processes incident to verification of each requirement shall be documented in engineering detail to the
extent necessary to show the quality and ffight-wonhiness status which is exhibi!ed for each unil of pmcfucs.

4.1.1 MFCS performance verification. MFCS performance shall be verified by inspection, arcalyaih and
-d and flight test. Tess conditions, fiitures and methods areas follows:

4.1.2 AFCS performance verification. AFCS performance requirements ahafl be verified as indicated in
the ascbpare.graphs of tits section. The specified damping ratio for nonsmcctural AFCS controlled reapcmse
ahafl be vesffied by

4.1.2.1 Attitude hold (pitch and roll). Attitude hold shall be verified by impecsion, analyses, and flight
seat. Teat condition, fiires, and methods are as follows:

4.1.2.2 Heading hold. Heading hold performance parameters ahafl be verified by a combination of flight
tests and Flight tening shaU be performed

4.1.2.3 Heading select. Headkig select performance parameters (heading accuracy, overshoot. mfl ~te
and accelerasims, bank angfe fimita, and smallest angle to select heading) shall be verified by flight ten and

Flight testing shall be performed
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4.1.2.4 Lateral acceleration limits and sideslip limits. Lateral acceleration shall be verified by flight tests
and FUght testing of lateral acceleration fimits shsll be performed

4.1.2.5 Altitude hold. Resulting normal acceleration, accuracy, and time to achieve accuracy shall be @

verified in smooth air by flight test and Flight testing shall be performed
AbUity to engage or not engage shall be verified by attempting to engage during a climb or descent of _

fpm at aU fight test points.

4.1.2.6 Altitude select. Resulting normal acceleration, accuracy, and time to achieve accuracy shall be
verified in smoorh air by flight test and (a) Flight tescicsgshall be performed (b) Ability to
engage or not engage shall be verified by attempting to engage during a climb or descent of (c) ~m at all
fUght teat points. Ability to maintain sustained load factor or climb or descent rate shall be verified by
engaging (d) feet above and below selected altitude.

4.1.2.7 Automatic hovering. Automatic hovering requirements shall be verified by

4.1.2.8 Mach hold. The Mach hold requirements shaU be met during maneuvering flight incident to cruise
and in steady Ilight including climb and descent. Verification shall be made by flight test and
Flight testing shall be performed

4.1.2.9 Airspeed hold. Time to stabilization and accuracy of airspeed hold shall be verified by a
combktation of flight test and Operation during landing approach shall also
be verified, Flight testing shall be performed

4.1.2.10 Automatic navigation and guidance. Verification of navigation and guidance requirements shaU
be through qualitative assessment by the pilot during and by

4.1.2.11 Control stick (or wheel) steering. Control stick (or wheel) steering flying qualities, accuracy,
stick force, and maneuvering limits shall be verified by a combination of flight test and e
Flight testing shall

4.1.2.12 G loss of consciousness (GLOC) systems. The GLOC recovery system shall be tested to verify
that nuisance activations will not occur and that the recovery minimum altitude lost or occurs within
of the set altitude.

4.1.2.13 Ground collision warning systems. The GCWS performance requirements shall be verified by
/

4.1.3 General FCS design. The FCS design requirements contained in subparagraphs of 3.1.3 shall be
verified by and

4.1.3.1 System arrangement. System arrangement shall be verified by

4.1.3. Z Trim controls. Trim control requirements shall be verified by

4.1.3.3 System operation and interface. System operation and interface requiremen~ shaU be verified by

4.1.3.3.1 Warns-up. The time requirements for w-arm-up shall be verified by

4.1,3.3.2 Disengagement. Disengagement requirements shall be verified by

4.1.3.3.3 Mode compatibility y. The mode compacibilit y requirements shall be verified by

4.1.3.3.4 Failure transients. Compliance with failure transient requirements shall be verified by

@
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4.1.3.4 Failure Immunity and safety. Compliance wish tie Laihcreimmunity and safety requiremensa ahsfl
be demonstrated by

4. 1.3.S Redussdsncy. Redundancy shall be verified by and

4.1. 3.S. 1 Redundancy management. Redundancy management requiremems shall be verified by _

4.1.3.6 StcsbUify. Verification of air vehicle scability shall bs performed by analyses, simulation, and
ground and ffight test. Prior to fiit flight, ground testing shall

4.1.3.6.1 Sensltlvlty ●nalysis. Stability margins established under thff paragraph shaff bs verified by
analysis. This analysis ahafl Include variations due to tolerances affectfng system charsctetics and
wscersainties in modefing.

“4.1. 3.7 Operation In ●tmospheric disturbances. Operatfon in atmospheric dumrbance afsaffbs verified
by

4.1.3.8 Residual oscillation. Compliance wih the requirements for residual oscillation shall be verified by
Residual oscillations shall be measured al

4.1.3.9 System test. display, reporting, and monitoring previsions (TDRM). The test and monimtig
methods incorporated in she FCS shall be verified

4.1.3.9.1 Prafllght built-in test (BIT). The proper opsrstion of pretlight BfT shall be verified by ground
test and fal . Ground test shall demonsuate fhl . Prevention of inflight engagement shall be
verified ~.

4.1.3.9.2 Infflght. The proper operation of the inflight TDRM shall be verified by ~. Grmmd test
s.lmffdemonstrate .~. Psevemion of inflight TDRM failure propagation where the normal activity of
the air vehicle may be disturbed shall be verified ~.

4.1.3.9.3 Postffight. The proper operation of postffight tesrs maintenance BIT shall bs verified by ground
ten and fa) . Verification test shall demonstrate fb) . Prevention of in-flight engagement ahsff bs
verified “~.

4.1.3.9.4 Infllght monitoring. The proper operation of she FCS intlight monitoring shall bs verified by
A. Ground tesr shall demonstrate fh) . prevention of ictffight monitor failure propagation where
sfte normal acdvity of the air vehicle may be disturbsd shall be verified ~.

4.1.4 MFC5 design. MFCS design requiremcnca of 3.1.4 for satisfactory physical interface shall be
verified by , those for breakout force and free play by , and shose for mechanical
element charscscristics by

4.1.4.1 Mechanical MFCS desfgn. Compliance wfth shff requirement shall bs verified by

a. Engineesicr8 tests that show adequate strength to a safety factor o! 1.S for she ratio of Iicrrftso ufcimate
bad. Tesu ahsff afso show rfse system’s ability to clear a jam.

b. Environmental tests that show the system’s abifity to resist corrosion, withstand acceleration and
viismion, compensate for thermal propenies. and function under required load.

c. Endurance teats performed under load for a number of cycles chat show she syiem’s abifity to fass for
the service fife of she aircrafc or the qsecified MTBF.
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d. Maintenance demonstration chat shows the system adjustmentalcalibrations are accessible and can
be done cm the aircraft. ●

e. Functionalloperational tests that cenify the system is operational aher maintenance actions or initial
aaaambly and that the redundancy provided is achievable under all failure conditions.

4.1.4.1.1 Reversion-bousted systems. The requirement shall be verified in a system test. The teat shall
simulate realistic surface loadings and provide a realistic representation of, if not the actual.
mechanical-boosted system. The teat shaU demonauate the abtity of the mechanical system to perform in
the boasted and reversion modes and the engageldisengagement of the modes from the cockpit.
Limitations, if any, shall be noted for inclusion in the simulation effort.

4.1.4.1.2 Uae of mechanical linkage. Mechanical linkages and anificial feel devices shall be tested as
described ict 4.1.4.1.1. fn addision, a maintenance demonstration and an endurance teat stroll be -
accomplished.

4.1.4.2 Electrical/electronic MFCS design. The electricallelectronic portion of the mechanical flight
control system shall be tested by all the tests described in 4.1.4.1 and 4.1.4.1.1, integration tests and fhght
test.s

4.1.5 AFCS design. AFCS desi~ requirements shall be verified by and

4.1.5.1 System management. This requirement shall be verified by

4.1.5.2 Mission flight controls. This requirement shall be verified by

4.1.6 Mission accomplishment reliability y. Mission accomplishment reliabilityy shall be verified by _

●
4.1.7 Quantitative flight safet y. The quantitative flight safety requirement shall be verified by

4.1.8 SurvivabiIit y. The aurvivabilit y requirement shall be verified by

4.1.8.1 All engine out control. The ail engine out control requirements shall be verified by

4.1.9 Invulnerability. Verification to invulnerability requirements shall be made by

4.1.9.1 Invulnerability to natural environments. Flight control invulnerability to natural requirements
shall be demonstrated by

4.1.9.2 Invulnerability to lightning atrikes and static atmospheric electricity y. Flight control system
invulnerability to lightning strike and atacic atmospheric electricity shall be verified by demonstrating the
ability to maintain al least cfte required operational ssate capability or better when subjected

4.1.9.3 Invulnerability to induced ●nvironments. Flight control system invulnerability to induced
environment requirements shall be verified by

4.1.9.4 Invulnerability to on board failures of other systems and equipment. Compliance with the
itwdnerability requirements to onboard failure of other systems and equipment shall be demonstrated by _

4.1.9.5 Invulnerability tomaintenance error. Flight controi system invulnerability m maintenance error
requirements shall be verified by m
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4.1.9.S. 1 Invulnerability to software maintenance error. Flight concrol system inw.hmrabifihy so
software maintenance error requirementa shall be verified by

4.1.9.6 Invulnerability to pilot and craw Inaction and error. Compliance with the invufnerabtit y to pifoa
and Slight crew issacsion and error requiremems shall be demonstrated by

4.1.9.7 lnvsslnerabillty to enemy action. Fl@ht concrol syasem invulnerability to enemy acsion shaff be
verified by

4.1.9.8 Invulnerability to bird strike. Ffight control s.yacem irwolunerabifity to bird acrikes ahaff be
verified by

4.1.10 Maintenance provisions. The maintenance provision requiremems shall be verified by,_

4.1.10.1 Operational checkout provisions. The operational checkout provisions shall be verified by_

4.1.10.2 Malfunction detection and fault Iocntion provisions. Malfunction detection and fault fcxacion
pmviaions ahsll bs verified by

4.1.10.2. I Malfunction indication. Requirements for use of insscumemation in malfunction deteccion
and fauh location shall be verified by . .

4.1.10.2.2 Provisions for checkout with portable test equipment. Provisions for checkouI wkh pcmable
tmr equipment shall bc verified by

4.1.10.3 Accassibilit y and servicesbilit y. The requirements for accessibility and ssrviceabfity shall bc
verified by

4.1.10.4 Maintenance personnel safety provisions. The required safety provisions for msimesasnce
psrsonnel ehalf be verified by

4.1.11 Structural integrity. Scsuctural integrity requirements shall be verified by

4.1.12 Wear life. Wear life requirements shall be verified by

4.2 Subsystem and component design requirements. Requirements comained in she subparagraphs of
this aecsfon shall be verified as indicated in their respective verification sdsparagraphs.

4.2.1 Cockpit controls and displays. _ shall be used to verify compliance with

4. L 1. I Cockpit controls. The ssparacion and isolation between redundant FCS channels and cockpis
concrofs ahau be verified by ~. ne probability chat commOn m~e failure K~ shsfJ ~ ~rified
by ~.

4.2.1.1.1 Removable cockpit controls. Positive retention of removable cockpit flight cmscrofs ahaff be
verified by

4.2.1.1.2 Movable rudder or dlrectlonol pedals. Positive interconnection of rudder pedals ahafl be
verified by

4.2.1.2 Pilot displays. The separation and isolation of piloi d~lays sfssIIlbe verified by ~. fie
probability chat common mode failures do not occur shall be verified by ~.
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4.2.1.2.1 FCS annunciation. FCS annunciation shall be verified by

4.2. L 2.2 FCS warning and status annunciation. FCS warning and status annunciation requirements can ●
be verified by

4.2.1.2.3 Cockpit indicators. Compliance with indicator requirements shall be verified by

4.2.2 Sensors. Correct sensor location and operation shall be verified by analyaes, inspection, and test.

4.2.3 Signal transmission. Signal transmission requiremenca shall be verified by inspection as having
complete coverage of the dedicated concepts, devices, lines, comfmnents, and subsystems used in the FCS.

4.2.3.1 General requirements. The general requirements for design of signal uanamission elements,
components, and subsystems shall be verified by

4.2.3.1.1 Computer signal transmission. The method of signal transmission, isolation and separation of
redundant computing paths, and direct signal transmission shall be verified by inspection of
Failure immunity requiremerm shall be verified

4.2.3.2 Mechanics] signal transmission, general. The general requirements for mechanical signal
transmission shall be verified by

4.2.3.2.1 Control cable installations. The requirements for concrol cable installations shall be verified by

4.2.3 .2.2 Push-pufl signal transmission installations. The requirements for push-pull signal
transmission installations shall be verified by

4.2.3.2.3 Control chain. Control chain requirements shall be verified by - ●)

4.2.3.3 Electrical signal transmission. FCS essential and flight phase essential electrical signal
transmission requirements shall be verified by inspection of , by testing of , and
by analysis of all potential failure modes involving electrical signal transmissions.

4.2.3.3.1 Multiplexing. ~eproper operation ofmultiplex siWaluansmission circuits shall beverifiedby

4.2.4 Signal computation. ~emethods ofsignal compu@tion used inthe FCSshall be verified by_

4.2.4.1 Transient power effects. The flight control system operational atate capability during power
system variations shall be verified by

4.2.4.2 Mechanical signal computation. A dynamic and meady atate analysis shall be performed on
mechanical computation systems to verify that no adverse effeccs are present due to nonlinearities and
parameter variations.

4.2.4.3 Electrical signal computation. Growhcapability shall reverified
shall beusedto verify theadequacy ofsignal scaling. Proper operation of computation

chacmel disengagement, inapplicable, andother fail-safe provisions shall be verified by

4.2.5 Control power. Sufficient control power shall be verified by

4.2.5.1 Hydraulic power subsystems. Hydraulic power subsystem requirement ahallbeverifi&dby _

a
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4.2.S.2 Electrical power subsystems. Requiremensa foreleccrical power subsystems shall bcverified@_

4.2.5.3 Pneumatic pwermsbsystems. Verification ofpneumatic plwersyarems requirements SfldfbC
accomplished by

4.2.6 Actuation. Verification of FCSactuation comWnenu andmh~emshaU beaccomplkhedby _

4.2.6.1 Mechanical force transmlttksg actuation. Verification of requfremema for mechanical force
transmission SJISUbe by

4.2.6.2 Mcchsnlcal torque tmnsmilting actuation. Verfficscion of mechanical torque uansmissicm
requirements shafl by accomphshed by

4.2.6.3 Hydraulic actuation. Hydraulic accuation comWnem requirements shall be verified by_,

o

4.2.6.4 Electromechanical actuation. Electromechanical actuation subsystems and componensa shafl be
verified by

4.2.6. S Pneumatic actuation. Pneumatic actuation subsystems and componenca requirements shaff be
verified by

4.2.6.6 Interfaces between actuntion systems, support structure, and control surfaces. Requirements
for she interface between actuation systems, smppon structure, and control surfaces shall be verified by_

4.2.7 Component design. Component design requirements shall be verified by

4.2.8 Component fabrication. Component fabrication requiremensa shall be verified by

4.2.9 Component and element instnlfalion. Installation of FCS components shall bs verified by_.

4.3 Integrity requirements. The FCS integrffy requirements for hardware. sohsvare. and integrating
Subsystems Shall be verified by:

a.

b.

d.

4.3.1 Structural Integrity. The Integrity for she FCS and imegrstfng subsystem elements shall be verified
by

4.3.2 Mechanical integrity. The integrity of the FCS and Integrating subsystems mechanical devices ahdf
meet the hcncsioml, ●nvironmental. ussge, and life requiremenra for the device as follows:

o

a.

b.
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4.3.3 Electronic integrity. The integrity of the FCS and integrating subsystem electronic and
eleccro-mechanical devices shall meet the functional per fmmance under the environments, usage, and
dtsrabflity requirements as follows: ●

a.

b.

4.3.4 Software Integrity. Software verification shall follow a build-up approach to evaluate the success of
the functional and integrated mechanization. Software verification shall meet the following:

a.

b.

5. PACUAGiNG

5.1 All deliverable items shall be prepared for shipment as directed by the acquisition activity.

6. NOTES (Thk section contains information of,a general or explanatory nature that maybe helpful, but is
not mandatory.) ●
6.1 Intended use, The flight control systems are intended to be used in piloted air vehicles.

6.2 Acquisition requirements. Acquisition documents must specify the following:

a. Title, number, and date of the specification,

b. Issue of DoDISS to be cited in the solicitation, and if required, the specific issue of individual
documents referenced (see 2.1, 1.).

6.3 Consideration of data requirements. The following data requirements should be considered when
thk specification is applied on a contract. The applicable Data ftem Descriptions (DID’s) should be
reviewed in conjunction with the specific acquisition to ensure that only essential data are
requestedlprovided and chat the DIDs are tailored to reflect the requirements of the specific acquisition.
To ensure correct contractual application of the data requirements, a Contract Data Requirements List (DD
Form 1423) must be prepared to obtain l.be data, except where DOD Far Supplement 27.475-1 exempts
the requirement for a DD Form 1423.

Paragraph DfD Number DID Title “Suggested
No. Tailoring

l%e above DIDs were those cleared as of the date of thk specification. The current issue of DOD
5010. 12-L. Acquisition Management Systems and Data Requirements Control List (AMSDL), must be
researched to ensure that only current, cleared DID’s are cited on the DD Fotm 1423. ●
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6.4 Abbreviations

o A S (FCS)

AC, at

AID

AFCS

AFLC

A17EC

AGE

APU

ARINC

ARP

ASD/ENFf_C

BIT

CAS

o Ccv

CFIT

c1 p

cM ~

CDR

CPU

CDRL

t70L

C.g., Cg

D/A

db

DC, dc

degfsec

o DFBW

IMght asfetyallocacion factor for FCS

alternating current

amlog-to-digitsl

automatic flight control system

Air Force Logistics Command

Air Force Test and EvaluaciorsCenter

Aerospace Gmucrd Equipment

Auxiliiry Power Unit

Aeronautical Radio, Incorporated

Aerospace Recommended Practices (Society of Automotive Engineers)

Aeromsutical Syacems Divi40n/Fllght S~bility& COnUOl Bmnch. ~ght
Technology Division, Directorate of Ffight Systems Engineering

built-in test

commandlcomrol augmentation system

Control Configured vehicle

Controlled Ffight fnto Terrain

change in rolling moment due to change in sidedip angle

change in pitching moment due to change in angle of attack

critical design review

Central Processing Unit

concract data requirements list

Conventional Takeoff and Landing

center of gravity

digfcal-to-analog

decibels. 20 log ouc#uVinput

direct current

degrees pa accond

D@J Ffy-by-Wke
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DH

deglseclsec

DFO

DME

DT&E

EBU

EFCS

EM1

EMP

EPROM

FBW

FCS

fm

FAA

FCA

FMEA

fpm

fsIsec

.g

GLA

GM

Gcws

GLOC

HOL

Hz

lCAO

IFIM

IFM

icslsec2

Decision Height

degrees per second per second

dual fail-operational

distance measuring equipment

development t&t and evaluation

Emergency Backup Unit

electric flight control system

electromagnetic interference

electromagnetic pulse

erasable programmable read only memory

Fly-by-Wke

Flight Control System

mode frequency in Hz

Federal Aviation Administration

functional configuration audit

failure modes and effects analysis

feet per minute

feet per second

gravitational unit of 32.2 ft/sec2

Gust Load Alleviation

gain margin

Ground Collision Warning System

G Loss of Consciousness

Higher Order Language

hertz-oscillatory frequency in cycles per second

International Civil Aviation Organization

In flight Integrity Management

In flight Monitor

inches per second per second

B
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ILS

o Uo

KCAS

nrslii

LRU

MFCS

MLC

MPS

MLS

MTBF

MTBA

M-m

OFP

PAR

o

PCA

PIO

PM

PPM

PROM

psi

QS(FCS)

QPL

RAM

ROMS

RSS

RVR

Rs

radlseco REo

instrument landing system

Input/Output

kcrota, calibrated airspeed

pounds per inch

line replaceable unit

manual flight concrol system

Maneuver Load Control

Motor-Fump-Sen’&actuator Package

mfcrowave landing system

mean time between [ailurehult

Meantime Betm<eenActions

Meantime to Repair

operational fligtu program

Precision Approach Radar

physical configuration audit

pilot induced oscillation

phase margin

physical parameter measurement

programmable read only memory

pounds per square inch

maximum acceptable air vehicle 10SSnot due to FCS

qualified products fist

Random Access Memory

Redundancy Data Management System

Relaxed Scmic Stability

Runway Vial Range

overall air vehicle flight safety requirement

radians pcr second

responsible engineering office
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rnls

ROM

SAS

SCAS

SFO

TACAN

TAS

TED

TF/TA

v 0 MAX

‘0 MIN

v~

Vf.f

vf-

VAP

VHF

VOR

vISTOL

“WRA

Zoc

6.5 Definitions

AFGS-87242A

request for proposal

root mean square

read only memory

stabtity augmentation system

assbllity and control augmentation system

single fail-operational

tactical air navigation

true airspeed

to be determined

terrain follotinglterrain avoidance

maximum operational airspeed (MfL-F-87.S5)

minimum operational airspeed (MIL-F-8785)

turbulence penetration airspeed

maximum level flight speed

limit airspeed (MIL-A-S860)

venerability analysis plan

very high frequency

VHF omni-directional range

VenicallShon Takeoff and Landing

Weapon Replaceable Assembly

zone of confusion

6.5.1 Abort. An abon ia mission dependent and implies degraded handling qualities.

6.S.2 Acceptance. The, determination by the userlcuatomerrhat the product meets his requirements.

6.5.3 Active control ayatem. AsySemwfich actively commands tiemovement ofconwolmrfaces ontie
basis of aenanr inputs to provide some fimccion or characteristic not available in the aircraft passively.

6.5.4 Aerodynamic closed foop. Aloopwhich relies onaerodynamica forlmpclomre mchaambility
augmentation. A nonaerodynamic closed loop does not rely on aerodynamics for loop closures, An
example is a servo-actuator loop.

6.5.5 Airspeeds. MIL-F-8785 defines airspeeds associated with frying qualities and MIL-A-8860 defines
airspeeds related to landing and fluner. ●
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6.5.6 Assembler. A program which uanslates pneumonic assembly language instructions into the binary
inssrucdons used by the processor. assigns dues to named addresses. and Perfom ocher func~ons as an
aid to she programmer in ticing a aohware program.

6. S.7 Alert height. A height (100 feet or less above she highest elevation in tie :ouchdows zone). base
upmr t2re charaeteciacics of sfse aircrah and the pasticadar airborne Category 111 system above which a
Category 111approach would be diacmrdmsed and a rcsiasedapproach executed if a failure occurred in one of
the requfred reduardam operacfonal sy~ems in the aircraft or in the ground equipment.

6.S.8 AU weather Imading system. An aff weather landing syasem incfudes specifically all rhe elemensa of
airborne equipment and more generaffy Includes the ground-based equfpmem necessary for completion of
she all weather fandicrg. AU weather fandinga comprise the cqwasions and procedures required to conduct
approaches and fandinga during Categories 11and III visibility conditions defiied by the International CMf
Aviation Organisation.

6.S.9 Automatic landing system. A landing system which provides automatic ffigfu conrml 10 touchdown
or co mcrcfadown mad beyond.

6.5.10 Categocy I operations. An instrument approach procedure which provides for appmachcs to a
decision height (DH) of not less than 200 feet and visibility of not less than 1/2 mile or RVR (Runway Viii
Range) 2,S00 feet (RVR 1,800 feet wirh operative touchdown zone and nmway centerline fights).

6.5.11 Category 11operations. An inscmment approach procedure which provides approaches to minima
of less than DH 200 feet/RVR 2,400 feet to as low as DH 100 feeURVR 1,200 feet.

6.S. 12 Category Ills operations. Operations wifr no decision height fimiration, to and along she surface

o

of rJre runway with external visual reference during she fiial phase of she landing and tith runway visual
range not leas than 700 feet.

6. S. 13 Categow llIb operations. Operations w“th no decision heigln, to and along the surface of she
runws y with runway vfaual range not less than 1SO feet and with reliance on she system for pan or aU of IISe
roflmn along she sumvay and wish external visual reference for guidance along the caxiway.

6.S. 14 Category IIIc operations. Operations whh no decision height, to and along the surface of the
runway and caxiways whhout reliance on external visual reference.

6.S. IS Channel. llae term describing a single afgnal or control path within a device or system that may
comain many parh. A channel (.san entity within itself and contains elemerua indh’idual to rhat channel. A
model may be used as a reference channel in a detecrioticorrection system.

6.S. 16 Classes. Airplane classes are defined using Use MI L-STD-1797 definitions for the fofltig
Cfasses:

6. S.16. 1 Class L SmaU, fight abpfanes such as: .

Light udfily
Primary rrafrser
Lfght observation

6.S. 16.2 Class 11. Medium weight, low-m-medium maneuverability airplanes such as:

Heavy utiliIy/search and rescue

o
LIghI or mecUum r.ransponlcargoha.nker
Early warning/electronic counter-meaaureslairbome command, conrrol or communications
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relay
Antisubmarine
Assault cranspon
Reconnaissance
Tactical bomber
Hea~ attack
Trainer for Class II

6.S. 16.3 Class 111. Large, heavy, low-to-medium maneuverability airplanes such as:. . .

Heavy transportlcargohanker
Heavy bomber
PacmUearly warning/electronic countermeaaurealairbome command, control, or
communications relay

Traicser for Class 111

6.5.16.4 Class IV. High-maneuverability airplanes such as:

Fightertiiterceptor
Attack
Tactical reconnaissance
Observation
Trainer for Class IV

Where MIL-F-83300 appliea, the corresponding MIL-F-83300, Class 1, 11, 111or IV applies.

6. S. 17 Compiler. A program which translates a higher order language into she language of a particular
computer and performs the assembler functions. a

6. S. 18 Comparison monitor. A device which compares signals andlor warning outputs from two or more
amcrces and provides ica own signal to indicate that she two or more outpu~ are witiin or outside specified
tolerances.

6. S. 19 Computer. A system containing a processor, variable storage memory, program storage memory,
and inpuI and mccput interface circuits including control, timing, power supplies, etc. The computer can
psrform a large variety of functions by the sequential execution of a set of basic operations in the processor.
The commands for the set of operations is called the software program and is stored in the program memory.
(The hardware necessary to conven input signals to the proper digital form and also the hardware necessary
to conven the output signals to the proper form are usually included wibin the definition of a computer.)

6.S. 20 Control Configured Vehicle (CCV). An aircraft whose basic aerodynamic andlor structural design
includes the use of an active control syacem.

6.S. 21 Cantcml law. An algorithm which defines the relationship between the input and output of a flight
control ayatem.

6.5.22 Control wheel (stick) steering. An AFCS mode which permiss pilot manual control inputs to be
introduced into the system through the wheel or stick when she AFCS is engaged and controlling she
airplane.

6.5.23 Damping ratio. In actuality, most engineering systems during their vibratory motion encounter
fciction or resistance in the form of damping. Damping, in its various forms such as air damping, fluid
friction, Coulomb dry fricsicm, magnetic damping, imemal damping. etc., will always slow dO~ the mOtiOn. ●
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and cause the eventual dyin8 out of the oscillation. If the damping is heavy, oscillation rvWnot occur; the
system is said to be overdamped. If the damping is fight. oscUfacion is possible: che system is said to be
underdamped. A critically-damped syssem is one in which the amount of damping is such that she resultant
motion is on the borderline between the two previous ones. An overdamped syssem has a damping ratio
greater shan one. An underdamped system has a damping ratio less than one, and a critically dsrccpsd
system has a ration equal to one.

6.S. 24 Decision height. Decision height, wish reqxcc to operation of aircrsfc means she height at which a
decision must be made during an ILS (Instrument Lending Syssem) or PAR (Precision Approach Radar)
fnscsumerct approach to eitier continue the approach or to execute a missed approach. ‘flcii height is
apresaed in feet absrve runway datum ahiwde and for Category fl ILS opcrsrions, the height is addidomlly
expressed as a radio altimeter reading.

6.S. 25 Direct Lift Control (DLC). A system that will ●nable the pilot to give venical crsrc.dacion so the
-It rs’fthmsra mcacional moment.

6.S.26 Dual load path. A type of passive paralleling wherein !WOseparate load carrying paths exist. Esckr
load path is capable of carrying sufficient load such that failure of either member will not jeopardize system “
pcrfocncance.

6.S.27 Elastic Mode Suppression. Active comrol to increase she damping of Iighdy damped arnscnrm}
bsndmg modes excited by gusts.

6. S.U Electrical Flight Control System (EFCS). A flight control system wherein One or more axes Of
vehicle consrol is. at one point or another, completely eleccrfcal. Non-slecuical backup or osher reversion
means may ●xist. Electrical flight control is commonly referred to as fly-by-wire, especially whers she
appficmion is ●ither manual or ●ssential.

6. S.29 Essential FCS. A hmccion is essential if loss of the fcmctfon maths in an unsafe condition or
insbtity to maintain FCS Operational State II 1.

6.5.30 Extremely remote. ?lre probabilityy of an event occurring which. ahksou@ rkseoreticsffy possible, k
not expected in drc fife of an individual aircraft. For the purpose of this specification. the extremely remote
probability for a specific aircraft is defined as numerically equal to the maximum aircrsh loss rate due to
relevant FCS material failures spscified in 3.2.3.1.

6. S.31 Fail operational. The capability of the FCS for continued operation without degradation following
a single faifure and so fail passive in the event of a related subsequent failure.

6.S.32 Dual fail operational. A system rksatwill continue to operate with no degradation in performance
with 100 percem probability aher the fii faffure and opsrste with no degradation in performance with a 95
psrcem probabilhy after rhe second failure.

6. S. 33 Fail passive. The capability of the FCS to automatically disconnect and to reven so a passive state
following a fafhcre. AUowable failure transient or out of trim condislon shsil result in no significant steady
state deviation from the vehicle flight path which could impair safe fl@.

6.S.34 Fall safe. The capability of tkse FCS in a singfe channel mode of operation to revere so a safe scam
foffowing an ausornscic disconnect in rhe event of faflure or pflm fniriated disconnect. Safe mate nssy be
achieved by authority limiting and positive removal of acsuacion motive power. llse afknvable amhoricy
Umfts need to bc established to provide the desired performance objecdves and in consideration of strucnsrsf
dssigcs ficnita and safe recovery characteristics.

6. S.35 Failure. nre inability of an item to perform within previously specified fimirs, usually considered
permanent.
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6.5.36 Failure, latent. A failure that has the potential of being detected under specific conditions. When
this condkion occurs, tie failure is then detectable through the system response or a display annunciation to
the pilot. o

6. S.37 Failure rate. The number of failures of an item per unit measure of life (flights, rime, cycles,
events, miles, etc.) as applicable for the item.

6. S.38 Fault. An anomaly irr the performance of a system.

6.5.39 Fault tolerance. A system which is able to continue m provide critical functions after the
occurrence of a fault.

6.5.40 Firmware. A set of binary machine language instructions stored in read-only memory in a
computer for the purpose of providing a step-by-step control of the processor.

6. S.41 Flight control systems. Flight control systems (FCS) include all components used to transmit flight
control conrrrrands from the pilot or other sources to appropriate force and moment producers. Flight
control commands may read in control of aircraft flight path, attitude, airspeed, aerodynamic
cmrfigtrration, ride, and structural modes. Among components included are the pilot’s controls, dedicated
displays, and logic switching, transducers, system dynamic and air data sensors, signal computation, test
devices, trananrission devices, actuators, and signal transmission lines dedicated to flight control. The
interfaces of flight control systems with related subsystems are defined.

6.s.42 Flight director subsystem. A subsystem which provides the pilot a display of actual and desired
flight parameters. When operating in a tlight director mode, the pilot’s task is to minimize the difference
between the dkplayed actual and desired values through control actions. Many modem flight control
systems have integrated many of the automatic flight controls and flight director functions.

6.S.43 Flight envelope. Altitude and Mach range of an aircraft. ●
6.5.44 Flutter suppression. Active control to suppress aeroelastic modes,

6. S. 4S Fly-by-wire (FB W). The use of electrical signals to connect the pilot’s control devices with the
control surfaces.

6.5.46 Fully-powered control system. See power-operated control.

6. S.47 Gust-Load Alleviation (GLA). Active control to redtice loads due to gusts.

6.5.48 High Order Language (HOL). An HOL is “independent of” the particular computer rather than
“dependent on” the particular computer. HOLS such as FORTRAN, JOVIAL, PASCAL, etc., are
completely machine independent and require a compiler to convert them to the language of the particular
machine.

6.5.49 In ffight monitoring. Continuous automatic monitoring of system performance notmall y performed
irdlight as a safety check.

6.5.50 Integrated Actuator Package (lAP). An actuator design wherein the driving hydraulic source is
contained withii the package.

6.S.51 Integrated circuits. An entire functional electronic circuit, fabricated on one tiny mmrolitMc
silicone chip. It may contain anywhere from a few to thousands of transistors, resistors, diodes, capacitors,
etc.

6.5.52 Large Scale Integration (LSI). An integrated circuit on a single small silicone chip, upon which
more than 1000 digital gates have been fabricated. ●
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6. S.S3 Maneuver-Load Control (MLC). Acck’e redisoibutfon of che increased loads due to maneuvers in
order to reduce mructural loads.

6. S. 54 Mlcroeleclronla. Synonycnous w“ch integrated circuirs.

6.S.SS Mlcropmcessor. A digfcal CPU fabricated on one or more LSI chips. AU contain an
AridussetSc/Lcrgic Unit, several registers, and tfse necessary control. When data worage, a clock. smsce
fraputlmatput fnterface circuks, and a power supply are added, the microprocessor becomes a
microcomputer. h nsay mean just a CPU or an entire rofcrrxomputer.

6.S. S6 Psuceasor.

a. Shon for microprocessor.

b. A software program which
processor, COBOL processor.

includes the compiling of a gf.en program fanguage, e.g., BASIC

6. S.57 Multimode FCS. Multimode flight concml systems ●ncompass those modes automatfcalfy selected
for the mission segnsenrs and are optimized for those aegrssents.

6.5. S8 Nonaerssdynamic loops. Inner feedback loops wicfrh an FCS which do not rely on aerodynamics
for 100P closure. Examples include AFCS servo loops and actuator feedback loops.

6.S. S9 Pfoncrltical FCS. A fiusccion is noncritical if loss of the function does no! affect flight safety or resuh
iss control capability below that required for FCS Operational State 111.

6.S.60 P.aralfel trim. AUOWSthe pilot to reduce the steady state conuol forces to zero by changing the
cockpit controller force neutral point with no change in the cockpit conuoller to control nuface (s)
relationship.

6. S. 61 Power-boosted control. A reversible control wherein pilot effort is exerted through mechanical
linkages and is boasted, dhectfy in proponicm to the force of the input, by a power source.

6. S.62 Power-operated control. An irreversible cmccrol wherein tie pifot, through mechanical linkages or
ocher means, acnsates a power control package to control an aerodynamic surface or other device.

6.S.63 Random failure. Any failure whose occurrence is unpredictable in an absolute sense which is
predictable ossfy in a probabilistic or statinical sense. Random failures are those which cannot be attributed
to wearout, defective design, or abnormal asress. and can occur at any time tititn rkse equipment’s useful
life.

6.S.64 Redundancy. A desfgn approach such that two or more independent failures, cather than a single
failure, are required to produce a given undesirable condition. Redundancy may cake the focm:

I a. providing two or more components, aubsyscems, or channels. each capable of performing aSsegfvcn
function.

1 b. Monftoricsg devices to detect failures and accomplish amunciation and automatic discocmecc os
auscrmacic switching.

1 ’ c. Combmacion of the two above features.

6. S.6S Redundancy Management. The process of managing redundant elements in order to identify a

o
failure and then reconfiguring the system to remove the ●ffecu of Ose failed element and continue operation
with unfaifed elements.
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6.5.66 Relaxed Static Stability (RSS). The use of active control to allow the static srability of the basic
unaugmented airframe to be relaxed. The aircrah with the active system operating will have the normal
stabifity margins. e

6.S.67 Relevant failure. Any random or normal wearout failure occurring in service prior m end of
specified service fife when the equipment is properly operated wirhin design load and environment Iimics. A
normal wearout failure is relatively improbable cm a new pan, but ondergoes a relatively rapid rise in
probabiby of occurrence after an extended period of aefice (operating hours or calendar time). Wearout
is twical of aeak., beatings, motor bncshes, fatigue-critical structure, etc. A realistic system reliability
computation must include proper allowance for such failures wherever they are not avoided by scheduled
replace mentloverhaul procedure in aetice.

6.5.68 Reversion. The capability to reven to a backup or ahemate COnIIO]frOnI nOI’MalcOnUOlmea~.
The alternate control may use mechanical or electrical signal transmission and powered actuation.

6.5.69 Ride-Control System. Active concrol to improve the quality of the ride for dse crew and
passengers.

6.5.70 Series Trim. Allow the pilot to reduce the steady state control forces to zero by moving the control
surface (s) to a different position in relation to the cockpit controller fwed neutral point.

6.5.71 Software. A set of instructions intended to be stored in programmable memory of a computer is for
the purpose of providing seep-by-step control to the processor. This includes source program instructions
requiring assembly or compilation as well as binary machine language instructions.

6.5.72 Stability Augmentation System (SAS). An active control system which augments the natural
stability of an aircrah.

6.5.73 Transient Fault. A temporary anomaly in the performance of a system.

6.5.74 Turbulence cumulative exceedance probability. The cumulative probability of experiencing
turbulence at an intensity equal to or exceeding a given level. This probability accounts for both the
probabtity of encountering Nrbulence and che distribution of the RMS intensity of the turbulence, if
encountered.

6.5.75 Validation. The determination that a resulting product meets the objectives that led to the
specification for the product. Thk determination usually includes operation in a real environment.

6. S.76 Variable geometry control ayatem. Thoss components and subsystems which transmit control
cootmands from the pilot(s) and which produce forces and moments to change the aerodynamic
configuration of the aircrafc. Variable geometV concrols include chose for changing wing sweep angfe and
*8 ~cidence antic. fO1dingwing tips. deploying canard surfaces, and varying che angle of the nose of the
aircraft with she body.

6.6 SubJect term (key word) listing

analog controls
computers
d@al controls
electrical power
ffight controls
flight test
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guidance and control
hydraulics
mechanical controls
navigation
sensors
stability and control

6.7 International standardization agreements. Certain provisions of this specification (Requirement
Ouidsnce for 3.1.3.9) are the subject of international nandardmtion a~eement (STAh’AG 322 I ). When
amendment, revision, or cancellation of IMi apccification is propoacd hat @l modify the internacicssul
agreemem concerned. the preparing activity till take appropriate action through internsrionaf
standardiicion channefs,”including depansnental standardization offices, to change the agreement or make
otfser appropriate acconssnodacions.

6.8 Responsible englneerhrg office. ‘flse office responsible for development and technical rnaimenarace
of this specification is ASD/Eh’FK, Wright-Patterson AFB, OH 4S433-6503. Requests for additional
information or assiscmsce on this specification can be obtained from AS13/ENFTC: DSJN 78 S-5 730.
Commercial (513) 255-5730. Any information obtained relating to Government concracta musI be
obmined through compacting officers.

6.9 Changes from previous Issue. Marginal notations are not used in chk revision to identify changes with
respecl to IJse previous issue due to the ●xtensiveness of the changes.

Custodian: Preparing activiiy: Alr Force - 11
Air Force - 11

0

0 Project No. 6610-F353
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o FLIGHT CONTROL SYSTEM

HANDBOOK FOR

10. SCOPE

10.1 Scope. This appsndix provides rsciomle,
guidance, lesscms learned, and instructions to assist
She procurbs g acakity fn tsfforing ssccions 3 and 4
of AFGS-87242A for Ilight control systems to a
specific pifoted air vehicle.

o

.10.2 Format

10.2.1 Requirement/verification identity.
Seccion 30 of thii appendix parallefa sections 3 and
4 of tfse basic specification; paragraph chfes and
numbering are iss the same sequence. Section 30
provides each requirement (ssccSon 3) and
associated verification (asction 4) as stated in the
basic spacificacion. Both she requirement and
verification have sections for rationale, guidance,
and lessons learned.

10.2.2 Requirement/verification package.
Seccion 30 of thii rqspand~ has bsen arranged so
that the requirement and associated verification is
a complete package to permit addition to or
deterion from the criteria as a single requirement.
A requirement is not specified without an
associated verification.

10.3 Raa~nsib]e engineering office. me
rsapoarsiile engineetig office (REO) for this
appenti is ASDEN~C, Wright-Patterson AFB
OH 45433-6S03, DSN 785-3433, Commercial
(S13) 2SS-3433.

10.4 Classification

10.4.1 Ffight control system classifications

10.4.1.1 Manual flight control systems
(MFCS). Manual ffigfn conuol s~ems consiss of
electrical, electronic, mechanical, hydraufic,
optical, and pneumatic elements which transmit
pffot control commands or generate and convey

o

commands which augment pilot control commands
and thereby accomplish flight control functions.

10.4.1.2 Automatic flight control systems
(AFCS). Automatic ffight control systems corsaisi
of electrical, elecssonic, mechanical. hycfraufic,
optical, and pneumatic ●lemcms which generate
and transmit cont$ol commands to provide
automatic or semiautomatic control of the flight
pads, attitude, or airframe responses so
dmurbances by references internal or external so
she air vehicle. This classification bscfudes
automatic pifora, tick or wheel sseering, automatic
coupled pifotage, SSSUCNd mode consrol. and
aimifar concrol mechanisations.

10.4.2 FCS operational state classifications

10.4.2. I Operational State I (normal
operation). Operational Ssate I is she normal state
of flgtst conwol system performance, safety, and
reliability. This state satisfies level 1 flying quafities
requirements w+shii the operational flight ●nvelope
and level 2 wishin she service envelops and she
sssted requirements om”de of these envelopes.

10.4.2.2 Operational State II (restricted
operation). operational State 1I is she acme of 1sss
than normal equipment opsrasion or fscrfomsance
which involves degradation or failure of onfy a
,portion of the overall f3ighI consrol synem. A
moderate increase in crew workload and
degradation in mission effectiveness resay resuh
from a limited selection or normally operasicag FCS
modes available for use; hotr%ver, the intended
mission may be accompfiihed. Thii acste satisfies
al least level 2 Ilyfng quafities requirement wftim
the sqsarsciocisl flight envelope and level 3 widsin
the service envelope.

10.4.2.3 Oparatiosral State III (minimum safe
operation). operational Srste 111 is the state of
degraded Slight control synem pssfomsaasce,
safety, or refiibility which pemsfta safe {emcdnation
of precision cracking or maneuvering tasks. and
safe cruise, descent, and fsnding at the destination
of original intent or alternate: but icsState 111pifot
wmrkfoad is esccessive or m~]on effectiveness is
inadequate. Phases of Lhe intended mission
involving precision aracking or maneuvering cannm
be completed satisfactorily.. This state saciafies at
least level 3 flying quafisies requirements.
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10.4.2.4 Operational Slate IV (controllable to
an immediate emergency landing). Operational
State IV is the scste of degraded FCS operation at
which continued ssfe flight is not possible;
however, sufficient control remains to allow engine
rescarc attempt(s), a concroUed descent, and
immediate emergency fsnding.

10.4~2. S Operational State V (controllable 10an
evacuable flight condition). Operational State V
is the state of degraded FCS operation at which the
FCS capability is limited to maneuvers required to
reach a flight condition at which crew evacuation
may be ssfely accomplished.

10.4.3 FCS criticality classification

10.4.3.1 Essential. A function is essential if loss
Of the tinCUOn reSuh.5 in an unsafe condition or
inability to maintain FCS Operational State 111,

10.4.3.2 Flight phase essential. A function is
ffight phase essential if loss of the function resuhs in
an unsafe condition or inability to maintsin FCS
operational State 111 only during specific flight
phases.

10.4.3.3 Noncritical. A function is noncritical if
loss of the function does not affect flight safety or
result in control capability below chat required for
FCS Operational State III,

20. APPLICABLE DOCUMENTS

20.1 References. The documents referenced in
this appendix are not intended to be applied
conwactually. Their primary purpose is to provide
background information for the Govemmem
engineers responsible for developing the most
appropriate performance values (filling in che
blanks) for the requirements contained in the
specification proper.

20.2 Avoidance of tiering. Should it be
determined that che references conrairted in tiis
amnd~ are necesssry in writing a“ RFP or
building a concract, excessive tiering shall be
avoided by calling out only chose portions of the
reference which have dkect applicability. h is a
goal of the Depancnent of Defense that the practice

of referencing documents in their entirety bs
eliminated in order to reduce the tiering effect,

o
20.3 Government documents

SPECIFfCATIONS

Milirary

MIL-U-3963

MIL-B-5087

MIL-W-5088

MIL-E-5400

MIL-H-5440

MIL-A-5503

MIL-P-5518

MIL-C-6021

MIL-E-605 I

MIL-J-6193

MIL-G-6641

MIL-I-7064

MIL-E-7080

MIL-F-7190

Universal Joint, Antifriction
Bearings

Bonding, Electrical, and Light-
ning Protection, for Aerospace
Systems

Wiring, Aerospace Vehicle

Electronic Equipment, Aero-
space, General Specification for

Hydraulic Systems, Aircraft
Types I and II, Design and in-
stallation Requirements for

Actuators; Aeronautical, Linear
Utility, Hydraulic, General
Specification for

@
Pneumatic Systems, Aircraft; —
Design. Installation, and Dats
Requirements for

Castings, Classification and In-
spection of

Electromagnetic Compatibility
Requirements, Systems

Joints, Universal, Plain, Light
and Heavy Duty

Gearbox, Aircraft Accessory
Drive, General Specification for

Indicator, Position, Elevstor
Trim Tab

Eleccric Equipment, Aircrafc,
Selection and InscsUation of

Forgings, Steel, for AircraW
Aerospace Equipment and Spe-
cial Ordnance Applications

o
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MIL-D-7602

MIL-C-79S8

MIL-M-7969

MI L-M-7997

MIL-P-8564

MIL-M-8609

o

MIL-S-8698

MIL-H-8775

MIL-F-8785

MIL-A-8860

MIL-A-8861

MIL-A-8865

MIL-A-8866

o
MI L-A-8867

Drive, Turbine, Air, Aircrafr
Accessory, General Specifica-
tion for

Concrofs, Push-pull. Ffcdble
and Rigid

Mosora, Altematbsg Current,
400-Cycle, 11S/200 Volt SyS-
tem, Aircr’ah, General Specifica-
sfon for

Motors, Afrcrah Hydraulic,
Ccmacam Dkfsfacemem General
Specification for

Pneumatic Syssem timponenu,
Aeronautical, General Specifica-
tion for

Motors, Direct Cument, 28-VOlt
System, Aircraft, General Spec-
ification for

Srcuctural Design Requirements.
Helicopters

Hydraulic System Csrmponencs.
Aircraft and Missiles, General
Specifications for

Ffying Qualities of piloted Air-
planes

Airplane Suength and Rigidity.
General Specification for

Airplane Strengsh and Rigidity,
Flight Loads

Airplane Suengsh and Rigidity,
Mi.ueUaneous Loads

Airplane Scren@h and Rigidily
Refinability Requirements, Re-
peated Loads, Farigue and Dam-
age Tolerance

Airpfane Strength and Rigidity
Ground Teats

MIL-A-8870

MIL-A-8.S71

MIL-P-8.S75

MIL-S-8879

MIL-H-8890

MIL-H-8i91

MfL-A-8892

MIL-A-8893

MIL-S-9419

MIL-F-9490

MIL-A-21180

MI L-A-22771

MI L-C-27500

Airplane Srrengch and R@idity
vibration, Flutter and Dker-
gence

Airplane Strength and Rigfdity
Flight and Ground Operations
Tests

Pump, Rosary, Power-Driven.
Fuel, Aircrafr, 400 GPH (Taper
Threaded Porr.s)

Screw llueads. ControUed Ra-
dius Root with Increased Minor
Diameter; General Specification
for

Hydraufic Components. Type
111, (-650 to +45@F), General
Specification for

Hydraulic Sysmrs.s, Marused
Ffight Vehicles. Type Ifl Design,
installation and Dam Require-
ments for. General Specification
lor

Airplane Screngtfr and Rigidity.
vibration

Airplane Screngrh and R@di!y.
Sonic Fatigue

Switch, Toggfe, Momensacy.
Fmcr-Posision On, Center Off.
General Specification for

Flight COnsrol Syscecrss-fkfgm
Installation and Tess of, Piloted
Aircrah, General Specification
for

Aluminum-Alloy Cas@a, H@
Srrengch

Aluminum Affoy Forgings, Heat
Treated

Cable, Power, Electrical and
Cable Special Purpose. Ele*-
cal Shielded and Unshielded.
General Specification fOr
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MIL-V-27162

MIL-E-38453

MIL-M-38510

MIL-S-52779

MIL-F-83142

MIL-F-83300

MIL-A-83444

AFGS-87221

MIL-H-87227

MIL-A-87244

AFGS-87249

STANDARDS

Military

MIL-STD-130

MIL-STD-203

MIL-STD-250

Valves, Servo Control, Electro-
hydraulic, General Specification
[or

Environmental Control, Enti-
rcmtstencal Protection, and En-
gine Bleed Air Systems, Aircrah,
General Specification for

Microcircuit, General Specifica-
tion for

Software Quality Assurance Pro-
gram Requirements

Forging, Tkanium Alloys, Pre-
mium Qualily

Flying Qualities of Piloted V/
STOL Aircrafi

Airplane Damage Tolerance Re-
quirements

Aircraft Structures, General
Specification for

Hydraulic Power Systems

AvioniclElectronic Integrity Pro-
gram Requirements (AVIP)

Mechanical Equipment & Sub-
systems Integrity Program
(MECSIP)

Identification Marking of U.S.
Mihtary Propeny

Aircrew Station Controls and
Displays: Assignment, Location,
and Actuation of, for Fixed
WMg Aircraft

AkCrew Station Controls and
D~plays for Rotary Wing Air-
cra h

MI L-STD-454

MfL-STD-461

MI L-STD-462

MIL-STD-81 o

MIL-STD-882

MI L-STD-883

MIL-STD-1472

MIL-STD-1521

Standard General Requirement
for Electronic Equipment

Electromagnetic Emission and e

Susceptibility Requirements for
the Control of Electromagnetic
Interference

Electromagnetic Interference
Characteristics, Measurement
of

Environmental Test Methods
and Engineering Guidelines

System Safety Program Require-
ment

Test Methods and Procedures
for Microelectronics

Human Engineering Design Cti-
teria for Military Systems,
Equipment and Facilities

Technical Reviews and Audits
for Systems, Equipments, and -.
Computer Sohware

MI L-STD- 1530 Aircraft Structural Integrity Pro- —
gram, Airplane Requirements

MI L-STD- 1553 Digital Time Division Command/
Response Multiplex Data Bus

MIL-STD- 1599 Bearinga, Control System Com-
ponents, and Associated Hard-
ware Used in the Design and
Construction of Aerospace Me-
chanical Systems and Subsys-
tems

MIL-STD- 1797 Flying Qualities of Piloted Ak-
craft

MIL-STD- 1798 Mechanical Equipment & Sub-
systems IntegriIy Program
(MECSfP)

MI L-STD- 1803 Software Development Integrity
Program (SDIP)

DOD-STD-2 167 Defense System Software Devel-
opment

e

42

Downloaded from http://www.everyspec.com



DGD-STD-2 168 Defense System Sohware Ouali-

V
MS-15981

MS-24665

MS-33S40

MS-33588

MS-33602

HANDBOOKS

Mificary

0
MIL-HDBK-S

MIL-HDBK-17

0

ty program

Fasteners, Esaerraally Threaded.
Self-Locking, Design and Usage
Limitations for

Pin, Coccer (split)

Safety Wting and Cotter Pin-
ning, General Practices for

Nw.% Self-Locking. AircrafI Re-
Iiabifhy and Maintainability
Usage Requirements for

Bolts. Self-Retaining. Aircraft
Reliability and Maintainability
Desigss and Usage, Require-
ments for

Metallic Materials and Elemema
for Aerospace Vehicle Struc-
tures

Plastics for Aerospace Vehicles
Transparent Glazing Materials

(Copies “of federal and military specifications.
standards. and handbooks are available from the
Standardization Documents Order Desk, Bldg 4D,
700 Robbins Ave. Philadelphia PA 191 11-S094.)

* Force Systems Command

AFSC DH 1-2 General Design Factors

AFSC DH 1-4 Electromagnetic Compatibility

AFSC DH 1-5 Environmental Engineedng

AFSC DH 1-6 System Safety

AFSC DH 2-1 Airframe

AFSC DH 2-2 Crew Smtions and Passenger Ac-
commodations

(Copies of AFSC DHs are avaifable from
ASDIENES, WrighI-Pauer30n AFB OH
4S433-6S03.)

20.4 Other documents

AFFDL-TR-70-121 L:quid Metal Actuator
Package Design Study for a Fly-
by-wise FCS, February 1971

AFFDL-TR-7 1-78 Design Criteria for High Au-
IJsority Closed-Loop PsimarY
Flight Control System. Augcsst
1972

AFFDL-TR-73-83 Control Configured Vehicle
Ride Control Syssem (CCV-
RCS), July 1973

AFFDL-TR-73- 105 Sutivable Flight Control
System Final Reps. December
1973

AFFDL-TR-74-116 Background Information
and User Guide for MIL-
F-9490D

AFFTC-TR-76- 15 Ffight Test and Evaluation
of a Multi-Mode D@al Flight
Cmscrol System Implemented in
an A-7D (Digitac) Vol 1, June
1976

AFFDL-TR-76-116 The Development and Solu-
tion of Boundary Integral Equa-
tions for Crack Problems in
Fracture Mechanics

AFFDL-TR-77-7 Validation of MfL-
F-9490 D-Oeneral Specifica-
tion for Fl@ Conml Systems
for Piloted Milicmy Aircrafs Val-
idation. Vol ff: YF- 17 Light-
weight Fighter; Vol III: C-5A
Heavy Logistics Transport Vali-
dation, April 1977

AFWAL-TR-81-3113 Digicac II - Digital FJight
Control Sysiem Advanced
Techniques Evaluation, Septem-
ber 1981

AFWAL-TR-82-3081 Frying ouafi~es of Air Ve-
hicles (proposed Mil Standard)
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ASD-TR-88-5034 Ground Collision Warning

AFSCR 800-37

FAA-SS-73-1

System Performance Criteria for
High Maneuverability Aircraft,
December 1988

Joint AFLCIAFSC Lessons
Learned Program

SST Longitudinal Control Sys-
tem Design and Design Pro-
cesses--Hardened Ssability
Augmentation System, June
1973

FAA Adv Cir 120-29 Criteria for Approving CAT
1 and 11 Landing Minima for
FAR 121 Operators, September
1970

FAA Adv Cir 20-57A Automatic Landing Sys-
tems (ALS), January 1971

FAA Adv Cir 120-28A Criteria for Approval
Category 111 Landing Weaber
Minima, March 1984

NASA TN-D-6867 Ground and Flight Test
Methods for Determining Limit
Cycles and Structural Resonance
Characteristics of Akcraft Stabil-

ity Augmentation Systems, June
1972 ●)

NASA CR-124834 A Proposed Crit&ion for

TO 1-1A-14

ANSI B29. I-75

ARP 988

ARP 1281

Draper Lab

STANAG 3221

Akcraft Flight in Turbulence,
1971

Installation Practices, Aircraft
Electrical and Electronic Wting

Precision Power Transmission
Roller Chains, Anachments and
Sprockets, Connecting Link, .
Cotter Pin Type

Electrohydraulic Mechanical
Feedback Servoactuators

Servoactuators: Aircrah FfigfII
Controls, Power Operated, Hy-
draulic, General Specification
for

DigiLal Fly-by-Wire Flight Con-
srol Validation R-1164 Experi-
ence, June 1978

Automatic Flight Control System a
(AFCS) - De~ign Standards and
Location of Controls
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30. REQUIREMENrS AND VERIFICATIONS

3.1 System requirements. The flight control sys-
tem (FCS), a subsystem of she ,~. vehicle.
shall provide manual and automatic contsol of dse
vehicle. The ayaaem shalf provide fb) to en-
hance operational tni!ity and Ilu”bility for mission
accomplishment.

REf3UIREMEi%7 RATfONALE (3.1)

A system approach is an overriding principle in the
synthesis of new control systems. This requirement
forces identification of, and tailoring 10, a set of ba-
sic parameters needed to fulfill she function of, and
operational needs which have been identified {or
the vehicle and its mission.

REQUIREMENT GUIDANCE

Blank (a) woufd be the name/numtm of the ve-
hicle: (b) wcmfd be phases such as automatic con-
trol of path following, concml of ground roll and
maneuvering, automatic missile evasion maneu-

0
ven, integration of vehicle management and mis-
sion management functions. Limiting functions
implemented through skae FCS should be consid-
●red.

REQLflREMEhT LESSONS LEARNED

MIL-F-9490 (4 February 1955) and revisions
chmugh MIL-F-9490B (7 August 1957) con-
tained only system requirement. As flight control
systems became more complex, she need was real-
ized for icscmporacion of lessons learned in the
specification. consequently, MI L-F-9490C (13
March 1964) included lessons learned. It placed
constraints on she choice of design solutions to al-
low msfy those whfch had proven feasible during
service use. The apscification consained require-
menca for system performance as well m for system
icsscaflation and component design. MIL-
F-9490D (6 June 1975) expanded tJse coverage of
lessons feamed; it concaina. as general require-
ments, SIUlessons learned to date. Unless other-
* specified. all references to MfL-F-9490 in
she following Ouidance paragraphs are m she D re-

0
vision. The background guide for the requirement
of MIL-F-9490D is in AFFDL-TR-74-1 16.

4.1 System verification. Verification of she sys-
tem requirements shall be performed by analyses
(icludes simulation), inspection, demonstration,
gmcsnd test and night test.

The approach used for quality aasumnce shall ~
tide a planned and systematic paltem of afl ac-
tions, saswtured and sime phased thmughouc she
program, to provide adequate confidence that she
FCS, its efements, and software conform to the ea-
ssbliied technical requirements. Compliance with
each applicable requirement ics section 3 ahafl be
verified as required by its dedicated seccion 4 para-
graph. The lack of a specific verification require
ment for any portion of a design requirement M
section 3 does not relieve she contractor of respocs-
sibility for fulf compliance with she requirement.
The verification processes shall be dsormsghly doc-
umented and shafl cfearly show that methods used
are suitable and proper, that the procedures fof-
Iowed are comprehensive and thorough, that re-
quirements have been met, and chat high quafisy is
a built-in attribute.

U%en requirements are verified by analyses and
flight tesl. tie night ●nvelope shall be amlyzed so
determine woras case combinations of airspeed, al-
titude. gross weight, center of gravity. and maneu-
ver. Flight tests shall be conducted at. os
aufficiencfy near, these cases to validate she ade-
quacy of analytical results. Amlytical resulu ahao
not be accepted untif such validation is accorcs-
plkhed. Teat insmmentation shall include appr-
opriate measurement of aacitudes, rams.
occeleraaions, controller position and force levefs.
surface position. t.hnssa. altitudes. altitude rSCC.d
internal flglu control system signals and acates as
required to verify hardware and, if uaad, aofswarc
performance.

Requirement verifications which muss be cocn-
pleted to auppon the release of tJse air vehicle fsu
fii ffight Shall be

The prtxeases incident to verification of each re-
quirement shall be documented in engineering de
sail to the exIenl necessary to show the quality and
flight-wonhiieaa status which is exhibited for each
unit of product.
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VERIFICATION RAITONALE (4.1)

It has long been recognized that good quality is not
inspected into a product at the end of the develop-
mentlprodttccicm processes. Tfrk verification re-
quirement provides the means for assuring that
quafity is an attribute which is built into the FCS, its
elements and its sotiware. h also establishes she
need for verifying conformance with each technical
requirement, and for providing documentation for
this conformance and the processes used in arciv-
ing at that end.

Flight-wocsbiness certification of the air vehicle is
required before it can be released for fust flight.
This verification requirement provides the means
for listing in advance those verifications, either
complete or panial, which must be completed to
show chat the FCS is airworrhy and that the air ve-
hicle may be released for first flight.

The final paragraph of the verification requirement
o establishes the need for setting down in record

form the significant points of the verification prO-
cess srcch chat an engineering assessment can be
made of the quality and flight-worthiness of the
unit of product afrer che process has been com-
pleted.

VER1FICATION GUIDANCE

Methods of verification’ are tsilored m require-
mema as indicated in the dedicated verification
paragraph for each requirement paragraph in sec-
tion 3. The mecbods which may be used include
analysis, inspection, test, and others as discussed
below.

Softwarelcomputer programs. MIL-S-52779 and
MIL-STD-1521 are DoD documents approved for
use by all depancnencs and agencies of the Air
Force, and may therefore, be used with this specifi-
cation. The atandardizstion of software proce-
dures and documentation, and the goal of a
common DoD sofrware language, provide great op-
portunity for icrcreased efficiency in system acquisi-
tion.

Analysis. Compliance with requirements in cases
where tesdng or inspection would be hazardous, or
otherwise impractical, may be verified through

analyses. These analyses may be finear or nonlin-
ear, deterministic or probabilistic in nature, and
may include piloted and nonpiloted simulations, as a
best suited and adequate for the application.
Where test verification is limited by test sample
considerations, or u clearly inadequate, tom.
pliance should be verified by che appropriate ana-
lytical techniques. Analyses required for design of
FCS today go beyond the methods normally asso-
ciated with linear and nonlinear analyses.

In order to imply the wider range of anal@cal tech-
niques chat may be required, the words determicds- .
tic and probabilistic have been used. The intent is
to encompass not only the usual Iiiear and nonlht-
ear analflical control techniques, which may or
may not be stochastic in nature, but also to include
areas of analysis which may fall partially or com-
pletely outside the realm of mathematics, such as
failure mode effect analysis and software verifica-
tion and validation.

It is the intent to point out that dre anal~cal meth-
ods to be used should be appropriate for the prob-
lems to which they are to be applied.

Several of the requirements included in section 3
can only be verified by analysis. Preliminary com- ●
pliance demonstration for many more of the re-
quirements of section 3 may also be provided
through analysis.

Requirements which will likely be demonstrated
through analysis include:

- Reliability and failure immunity

- Invulnerability

- Maintainability

- Operation in turbulence

- Gain margins at high frequencies and phase
margins al all frequencies.

Technical areas whit’h interface wish that of flight
concrcds often require analyses which include the
FCS. Some of these analyses which maybe useful
in FCS vslidacion are:

- ReliabWy and maintainability analysis

- Failure mode effects and criticality analysis ●
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- Vufnerabflity analysis

- System hasard analysis

- Subsystem hasard analysis

- Operating and auppon hazard analysis

Where corrqsfiance wish apacification requiremensa
rfsscnrgh amlytical predictions is used, che docu-
mencasion shmcfd define she major assumptions
and appmximarioru used and verify that the mod-
efing and analysis procedures used are conserva-
tive. Verfficarfon ahoufd nosrrrally require prior use
and vafidacion through comparison tich flight.
wind rsmrrel, or ground teasing data. In cases of dig-
ital flight control applications, vafidacion should re-
quire comparison to sinsulacion or emu farion results
obtained through the use of a general puspose ma-
chine. Where digfcal mechanisation is involved in
she flight control system, pre-analysis 0( the simu-
farion mechanfs.mien is required to assess its validi-
tY. The artifacts introduced by the simulation
mechanisation used should be investigated to as-
acs and minimize sheir effects on she simulation
resulca. in aU cases che tolerances should be estats-
fished cm analytical predictions used to demon-
acrate compliance with specification requirements.
llrese tolerances shou!d reflect anticipated varia-
tions in ayssem or component characteristics. such
as:

a. Parameters that change with temperature,
atmospheric pressure and other environmental fac-
tors.

b. Parameters chat change with failures or
manufacturing tolerances.

c. Parameters rfrat critically affect sy~em per-
formance or nability.

d. parameters that are not accusatdy knows
(i they are afgnificant).

e. parameters that change as a result of aging
or wear.

In an operational flight program for a digfcal ffight

o

concsol system, simulation will be required to evalu-
ate such areas as integration techniques. filter im-
pfemencarions. iteration inxervafs, and failure

isolation and switching. Emufacion can serve in the
●arly stages of desigrr to evaluate the effecc of irrter-
mpts and the implementation of background sasks.

Piloted sicsrufatiorss should be performed during
FCS development to define and verify required
fimcsionaf char-acserisdca and to evahcate degraded
mode effecca. Aa a minimum, che foffowfng ainrufa-
aions ahoufd be accompfiied:

a. Pifmed ainrufmiona using computer simula-
tion of the FCS prior to hardware avaffabtity.

b. Piloted aicsrulations using actual FCS hard-
ware prior to Iii flight.

c. Pilo\ed simulations for digital FCS prior to
each ffight shat is preceded by major aofsw’aremod-
ifications.

lle requirement for piloted aimufmions foffcdng
major software modifications places she same em-
phasis cm major software modifications as on FCS
hardware before ics firsr in ffight operation.

Software moclfications in general will inrroduce
some unknowns into the computer structure.
Modules of code which are modified and the ffow-
through to other modules should be reverified.
Rather than proceed through a complete reverifica-
tion of she complete fIight following so fcwnre modi-
fications, piloted simulations can be performed .to
find any major or critical problems before begin-
ning Ilight tests.

In the application of piloted simulation to the eval-
umion of the FCS development, it is paramount,
panicularly for fighter aircraft. that she sicsrularion
go beyond 1 g ilight. ‘Ylreaicsrufarion must address
crisical areas such as high angfe of attack, P1O, and
fanding casks. Sensitivity acudies shoufd be per-
formed to detemsirre she range of rcncenaimy frr
aerodynamic characteristics, sensed parameters, or
other chamc{eristfca for wh]ch the flight concsol
system can compensate, and provide fevef 3 flying
quafities.

In view of the frotentiaf importance of mmion cues
in evahsatfng handling cftaracterisrics and faffure
effecra in these critical areas. a portion of she pi-
loted simulation for highly maneuverable aircrafr
may need to be conducted cm a motion-based ains-
ufator.
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Inspection. Compliance with requirement by
measuring, examining, testing or otherwise cOm-
paring a unit of product with the specific require-
ments may be verified by inspection of
documentation or inspection of the physical unit.

Compliance with requirements associated with the
physical arrangement of pans, or the physical rela-

. . . tionahlp of pans should be verified by inspection of
documentation and inspection of she physical in-
stallation. Documentation may include documents
showing tfse qualification status of components
which have been qualified to the requirements
specifications, or drawings showing clearances or
ocher physical relationships. Where applicable,
flight control system software specifications, docu-
mentation, and analyses should be inspected or re-
viewed as part of the verification process. Unless
otherwise specified, the supplier may use his own
or any other facilities suitable for the performance
Of the inspection requirements specified herein.
The government reserves the right to perform any
of the inspections set forth in specifications where
such inspections are deemed necessary to ensure
~PPlie5 and services conform m prescribed W-
quirementa.

Many of the paragraphs in section 3 cover elements
or subsystems, etc., which require compliance with
military specifications or contractor prepared spec-
ifications. Requirements may be stated in terms of
physical arrangement of physical clearances.

In .Me case of demonstration of compliance with
tmch specifications, tests may be conducted on the
element or subsystem specifically for this purpose.
However, these tests are requirements of the com-
ponent or subsystem specification but compliance
with section 3 requirements can often be verified
by istspection of the qualification status of the ele-
ment or subsystem which is maintained incident to
more specification requirements.

In the case of requirements involting physical rela-
tionships, physical inspection will provide the de-
sired proof of hardware and software.

Where digital implementation is employed, visual
istspecticms and walk-throughs need to be per-
formed at appropriate points during the develop-
ment cycle. Various types of documentation, in

addition to the actual flight code of tie operational
program, can benefit from these walk-throughs,
which are usually done by multidisciplinary teams @
which can bring varied perspectives to assess the
emerging software. Such inspections have proven
to be effective in the timely elimination of many
types of software problems.

Test. To the extent feasible, compliance with
quantitative requirement should be verified by
tesss. Teats should include hardware teats and soft-
ware tests and may be conducted in the laboratory,
on the ground, or during flight.

Verification by test is the preferred method for
demonstrating compliance with requirement. Due
to safety or cost considerations, many requirements
cannot be demonstrated during flight testing. In
some cases analydcally predicted trends are vali-
dated during flight at a critical or representative set
of flight conditions and analysis trends are used to
extrapolate these validated analysis trends to show
compliance at all flight conditions not specifically
tested.

Verification by ground or operational mockup test-
ing is generally preferred where flight testing is not
feasible. e

Instrumentation used in conducting verification
tests should:

a. Conform to laboratory standards whose
calibration is traceable m she prime standards at
the U.S. Bureau of Standards.

b. Be accurate to within one-third the toler-
ance for the variable to be measured.

c. Be suitable for measuring the test parame-
ter(s).

d. Be verified no less frequently than every 12
months.

Test conditions should be established for operation
which accurately represent in-service usage during
both ground and in-flight operations. Flight
phases and flight envelopes are usually defiied in-
cident to flying qualities requirements. Load. and
load cycle spectra for use in wear fife tests are uau-
afly developed incident LOstructural atialyses and
tests. Environmental test methods and procedures

*
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should be based on MIL-STD-461 or MIL-
STD-8 10. Among the tests usualfy performed are:

a. Pufse tessa for lightning. Flight control
efecsronics should bs teased for indirect effeccs of
lightning. The criteria used to harden electronics
in prior air vehicles was to apply a SOO-vOlt square
wave puke or a damped sinusoid. The duration of
the @se was S microseconds with a frequency of 1
MHz for tie damped afmcsoid.

.

0

b. Dielecuic strength tests. Each CUCUiIof
electrical and electsonfc components should be
&bjected to a test equivalent to the appffcacion of a
root mean square teas voltage of three times the
maximum (but not less than 500 volts) surge DC or
rhree rimes the maximum surge peak AC voltage 10
which tfse circuit till be subjected under service
conditions. The test voltage should be of commer-
cial frequency and should be applied between un-
grounded terminals and ground, and between
tcrminafs insufated from each other, for a period of
one minute. Teats should be accomplished at nor-
mal ground barometric pressure and no breakdowm
of insufasfon or air gap should occur. Ckcccit-$con-
ssining capacitors or other similar electronic pana
which may be subjecc to damage by application of
above voltages should be subjected to twice the
surge peak operating voltage for the specified peri-
od. If the maximum peak operating voltage is
greater ti.an 700 V. the ma value Ofme test vO@e
shmcld bt 1.S times greater than che maximum
peak operating voltage. Electrical and elestsonic
sompsmencs should afsa be tested for resistance to
air gap breakdown at rhe maximum akhude speci-
fied ics the altisude test.

c. Electromagnetic interference Iissshs. llse
Ilight comsol Wem and compxsents should be as-
sembled and arranged iss a manner as specified in
she system or component specification, with inter-
comsecaitsg cables and supporting brackets repre-
scntdve of an acsual inscallasion. Provisions
should also be made for iccversing all components
wish respect to the ground pfsne, or positioning in
such a reamer as to permit measurement from the
bottom of aU components. Measurement of m-
diated and conducsed interference Umhs should be
made in accordance with MIL-STD-461 with the

system switches. controls and components oper-
med as in actual service.

d. Sand and dust. Each component with sim-
ulated external connections attached should be
subjected to individual tests before and aher expo.
sure. Any dust fiim or dust penetration shmdd not
result in a deterioration of else per fomsance of the
component.

e. Fungus. Equipment which has parts of or-
ganic material or ocher materiafs which may grow
fungus should be subjected to a fungus resistance
test. The component should be subjected so fmfi-
vfdual ICSLSbsfore and aher exposure. Any fungus
present should not result in a deterioration of the
psrfomsance or service fife of tie component.

f. Extreme temperature tesu. Dynamic op
eration using expected high and low temperature
and temperature shock should be verified on aU
componenu subject to binding or malhmction re-
sulting from:

(1) Differential expansion or comracsion
of mating pans

(2) Dctcriorauon of lubricant.

(3) Deterioration of hydraulic tluid.

(4) Deterioration of any type seal device.

(5) Deterioration of electrical part.

(6) Altered hydraulic or ●lecssissl char-
acteristics.

‘f’he component should be subjecced to fndiidual
tasssbefore, during, and after expxaare. From
these wsss and a visual examination there shmcfd
be no es’fdence of damage or deterioration which
would prevent tie component from meering irs v
erational requirement.

Individual component h@I and low temperature
anremes selected for each test should be dewr-
mined by carehsf analysis of tfse environmental
conditions to which che component W be exposed
during dynamic operation. For these tampcrsture
extremes, the items above, shmafd be checked
against their specifications to see if they wifl deteri-
orate under the same conditions. If they do. a ~f-
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ferent lubricant, fluid, seal, or electrical part
should be ~ecified.

g. Humidity and corrosion and icing. Com-
ponents subject to failure due to corrosion, en-
trance of moisture, or formation of ice should be
given humidity tests and salt spray tests. In addi-
tion, if ice fortnation might be decsintental to the
equipment, an icing test should be conducted as
fouows:

(1) Cool test items to -120C (10.4OF) or
lower.

(2) Reduce ambient air pressure to simu-
late 40,000 feet pressure altitude and maintain for
at least 15 minutes.

(3) Increase ambient air pressure to
ground level by introducing warm moist air at a
temperature of at least 490C (120°F) and a relative
humidity of 95 ~ 5 percent. Continue circulating
warm moist air until the test item temperature is at
least 50C (410F). hems 1, 2, and 3 constitute one
cycle of testing.

Twenty-five cycles should be performed to deter-
mine acceptability. Following each five cycles, the
test item should be functionally checked while at a
-12CIC (10. 40F) temperature. At the COnChISiOnOf
the 25 cycles, and following the functional check,
the equipment should be examined for evidence of
internal moisture, corrosion, or other defects.

h. Altitude. Electrical equipment and other
flight control system items which may be adversely
affected by high-altitude operation ahmtld be
tested. A percentage of the total life test cycles,
consistent with service requirements of the cOmpo-
nent, but not less than 25 percent, should be con-
ducted at the hfgh-akhtcde condition.

i. Vibration, shock and acceleration. AU
equipment subject to failure or malfunction due to
vibration, shock, or high accelerations should be
tested.

j. Combined temperature-altitude tests.
Components and systems subject to leakage, or
which may experience cooling problems, should be
subjected to combined temperature-altitude tests.

k. Component fife testing. Components
which are subject to wear, fatigue, or other deterio-
ration due to usage, should be life tested under ●
realistic environmental conditions for a number of
cycles repreaentasive of the desired life expectancy
of the component. In most cases, fife test require-
ments are de fried in government specifications.
but should be revised to reflect actual expected
usage. Hydraulic components should be tested
while using hydraulic fluid at a typical fleet environ-
ment fluid cleanliness level.

1. System life testing. The mechanical per- “
sions of the complete FCS, such as pulleys, cable
rods, torque tubes, control sticks or wheels, etc..
should be tested as a complete system mockup in .
which loads, relative distances and locations, and
other characteristics are realistic.

m. Miscellaneous tests. Equipment which is
located so that it is subjected to rain, aurtshhte,
sand, and dust should be tested accordingly. Com-
ponents failing a service condition test should not
be resubmitted for test without furnishing complete
information on the corrective action taken subse-
quent to the failure. Thk information should be
furnished to the procuring activity or in the test re- e
pen, depending upon location of testing. Depend-
ittg upon the nature of the failure encountered and
corrective action required and at the option of the
procuring activity, the rework or modifications ac-
complished should also be incorporated into the
other test samples. Where rework or modifications
may be considered as sufficient to affect per fonsy
ante under the other service condition tests already
completed, at the option of the procuring activity,
these tests should be repeated in the specified or-
der.

Components to be used under a particular category
of service application, which have previously baen
subjected to and accepted under the reqtdraments
of a lower, or less severe category appficstion, ei-
ther as an individual component or as a component
of the same or a different system, should be sub-
jected to a rerun of those service condition tests
which vary with category of service application.

n. Functional mockup and simulator tests.
Where one of the first air vehicles in a new series of
aircrah will not be available for extensive testing of *
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sfse FCS prior to flight of chat model, an operation-
al mockup which functionally, statically, and dy-
namicaffy duplicates she flight conuol system
should be constnccted. For essential and flight
phase easencial flight controls. an accurate elecwi-
cal representation should be provided. Production
configuration components should be used for all
flight concrol syacem part.% and she hydraufic sys-
tem should be compatible with air vehicle hydraufic
ayscem requiremenca. primary aircraft structure
need not be duplicated: however, production con-
figuration mmcncing brackecs should be used and
should be attached to she structure which simulates
actual mounting compfiince. Mechanical compcw
nencs of the FCS should be duplicated dimension-
auy. Inertia and compliance of flight control
surfaces should be duplicated or accurately simu-
fated. The operational mockup should be coupled
asich a computer simulation of aircraft characteris-
tics and external inpurs to the flight control system.
llse following minimum teasing should be con-
ducted cm she operational mockup. or other appro-
psixe less facility:

(1) Power supply variation tesca to dem-

0
onstrate aasisfactory operation over the range of al-
lowable variations specified in the applicable
control power specifications.

(2) System fatigue tests (where system in-
acalfasion geometry or dynamic characteristics are
critical to fatigue fife) to demonstrate compliance
tich the requirements. The duty cycle required
shall be established as representmive of flight and
ground usage.

(3) Stability margin tests to verify chose
requiremen~ which can be verified by test using an
aircrafc simulation or the operational mockup. but
which cannot be economically or aafcly demon-
strated in flight.

(4) Tests to deierrrsine the effeccs of
singfe and multiple failure on perforccaance, safety.
and mission completion reliability: and the devel-
opment of emergency procedures to counteract the
effecss of faifures.

(5) Miscellaneous tests to demonstrate

o

FCS performance. and compatibility among FCS
and with interfacing systems.

(6) System wear life where component
wear fife is interactive.

(7) Temperature variation tesca duplicat-
ing normal operation or failure of temperature reg-
ulating elements shall be performed on
components whose performance is detecsnined co
be sensitive to variations in temperature.

The operacioml mockup is a tool used for valida-
tion of the Ilight control system design prior to fii
flight and is afso a useful tool in flight concrol deveb
opmem. Tlse more nearly this tool tisnctionaffy re-
sembles the flight vehicle installation, the greater
tie confidence level in dse test results. Ideally, an
airframe with a flight concrol system iscscafled and
wkh aircrafi Wlghtdynamics simulated would be the
mockup. Use of an airframe for she operational
mockup is becoming more popular-especially
where she FCS airframe interaction is expected to
be complex.

Inclusion or exclusion of means for simulation of
control surface aerodynamic hinge momenta is de-
pendent upon speciffc usage and should be justi-
fied. Where aircraft scrucnsral compliance is
simulated in fieu of airframe pans. verification
should be escabfiied through a desailed analysis of
compliance.

The specified Lescsmay be performed individually
or, where feasible, a single test may satisfy multiple
requirements. For example, scc’uccural Wen@
and rigidity may be verified during performance
(response) test, and fatigue requiremenca may be
verified os a pan of endurance testing. Note that
the specified minimum tests may be performed on
alternate test facifisies. Separate component fife/
loading testing, for example, may be jusdfiible in
some cases.

When performing power supply variation teats.
each component should be tested icsdividua)ly or
assembled, or bosh. into a system in a reamer as
specified In the component or system specification.
Rated electrical. hydmufics and Ocher reqfied
power sources should be appfied and aUcafibrasion
aeuings placed at maximum rated positions. After
completion of she warmup period. she fso~”er
sources should be varied and modulated, chmu@s-
out their specified and possible fimirs. No steady
state or transient mcdulacion changes in the power
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source, within possible limits, should cause a varia-
tion or modulation in the system’s performance
which may result in undesirable or unsatisfactory
operation. With rated power applied, the system’s
switches, controls and components should be oper.
ated as in actual service, Observation of the rated
power source should note no variation or modula-
tion of the power source beyond permissible opera-
tional fimits when the system is operated against
load conditions varying from no load to full load
conditions.

Fatigue tests may be accomplished by cycling loads
on components f~ed in one or both hardover posi-
tions or in an intermediate position such as by hy-
draulic pressure impulse testing. It should also be
noted that for fatigue testing, the “appropriate al-
ternate test facility” could be the aircraft fatigue
test rig. See MIL-A-8866 for discussion of fatigue
scatter factors and MIL-A-8867 for fatigue test re-
quirements. Note that required fatigue tests in-
clude all finkages, controls, etc.

Subsystem math models used to analytically predict
stability margins for feedback systems should be
verified on the operational mockup to the extent
practical. T& practice is encouraged since the
FCS hardware such as sensors, electronics and ac-
tuators included on the operational mockup elimi-
nate error included in the analytical predictions
due to nonlinearities and other math modeling
problems associated with these components.
Where significant differences between the analfli-
cal predictions and the operational mockup mar-
gins are observed, further frequency response or
other tests should be performed to identify the
components which are improperly modeled. Once
these components are identified, the correspond-
ing math models can be corrected and anal@cal
margin predictions refined.

One of the major uses of an operational mockup is
evaluation of failure effects within she FCS. The
program should also include performance oriented
tests or simulations to verify predicted performance
and to evaluate system compatibility.

For essential and flight phase essential controls, the
following mockup tests of AFCS BIT ar!d failure re-
version capability should be considered:

a. Overtemperature test of AFCS computers,
panels, and sensors to evaluate the BIT capability
of detecting failures induced by progressive over- 0
heating.

b. Wke hardness failures (shorts between
wires and ground and open circuits) to evaluate
BIT capabihty to detect wiring damage/faihsres.

The main objective of these tests is not necessarily
to make individual components less vulnerable to
hazards or enemy action. Rather. the primary ob-
jective is to ensure that true redundancy exists by
verifying that individual failures in each channel .

(1) are detected, (2) are remedied, and (3) are not
the cause of multichannel failures.

While the application of the temperature variation
test is relevant to the overall flight control system, it
is a consequence of the potential thermal effects on
electrical signal computation.

As the aircraft designs continue to place more ca-
pability, power, and performance into smaller inte-
grated packages wiLh space at a premium, the
thermal environments within these packages be-
come ever more hostile for electrical fligh[ control
components, It is essential that the effect of these v
environments on the flight control system be
known, particularly as they affect the reliability and
performance of digital flight control systems, and
redundant systems in general,

For the flight worthiness cenification, each ele-
ment, subsystem, etc. of the FCS should demon-
strale conformance with its approved and released
engineering control documentation.

Testing which should be completed before first
flight and support flight worthiness certification in-
cludes:

a. Gain margin tests to demonstrate the zero
airspeed stability margin requirements for feed-
back systems depending on aerodynamics for loop
closure and to demonstrate stability margins for
nonaemdynamic loops. Primary and secondary
structure should be excited, with special attention
given to areas where feedback sensors are located
with loop gains increased to verify the zero airspeed
requirement. For redundant and multiple-loop
systems, the stability requirement in degraded con-

a
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figurations should also be demonstrated. (These
tesia are performed in conjuncdon wfth structural
testing. They are designed to determine if suucuw-
al mode frequencies are propagating into the FCS
and. if SO, if there ia proper compensation.)

b. Funcaiona!, dynamic. and smfc teats to
democrssrate shat all FCS equipment items are
properly fnsaafled and chat steady state responses
meet FCS specification requirements. These tests
ahcndd incfude integrated FCS and teat inacrumen-
aation as installed on she promcype air vehicle.
Compliance wish the applicable residual oscillation
requisementa should be demonstrated.

c. Elecuomagnetic interference (Ehil) tests
so demonstrate compliance with requiremenca.
Measurement of interference limits should be
made in accordance witi MIL-STD-461 and
MIL-E-6051.

d. An integrity test to ensure stren~h and
soundness of componenu and connections, ade-
quate clearances, and proper operation.

e. Ground vibration cesra wish active controls
US@ soft suspension system to simulate free-free
condition. Flight control sensor outpuca and open
loop frequency response dam should be recorded
for correlation with anal fiical results used in pre-
dicting aervoefascic and aeroservoelastic srabifity.

(. Tascf tests with increasing speed and all
feedback loops closed to exnmine sewoelascic sta-
btity above zero airspeed. Flight control sensor
outpuca and control surface deflections should be
recorded.

g. Tesdng to verify chat installed flight control
fighming hardenen confomr to the developed cri-
teria.

Tfse ccussplete FCS should pass all of she operation-
al mockup tears prior to Iirst flight except tit only
20 percent of the required fatigue life demonscra-
tfon need be completed.

certification chat a component is safe for flight ba-
causc of prior qualification and use on ocher air-
craft may be allowed provided that the component
design is identical to dse previously quafified part in

all significant respec!s and chat i!a capabifky to OF-
crate under all condhions specified for ira new
application has been proven.

The documentation process should include a writ-
ten summary, describing the work done to aasiafy
requirement verification. the results obtained and
pectinent supporting facu. Significant points
should include:

a. Reference co the requirement bciig vafi-
dated.

b. Identification of she documents used for
engineering contsol of the unit of product.

c. Identification of Lhe method, equipment,
inscmmecuation, and procedures used.

d. Identification of the unit of product used.

e. Results obtained.

f. Criteria which applies to she results.

The method, format, arrangement, etc. used for
presenting the information should be chosen such
that it offers an organized, complete. clear, and
concise wrhten record of the facts relevant to she
verification.

VERIFICATION LESSONS LEARNED :

In specifying testing as the means by which require-
ments are to be verified the following lessons
learned should be considered.

a. There is a need 10 consider program abjec-
cives in deciding she level of testing required. Be-
cause of the (Inferences in protolypa development,
full-scale development. and pilot production pr-
grants. she extent of testing feaaibilky may be be-
yond she scope of teasing required.

b. Following some sysem mocWk.aciom. he
retesting required can be significancfy leas shan the
releadng feasible.

c. A test maybe feasible. but noa necesamffy
desirable when taken to the maximum axsem. For
esosmpte, the practical limi~Iions Of COSIand dme
on she realizability of thorough or exhaustive test-
ing of software must be taken into account when
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deciding on the extent of testing required, When
such a case arises, an effective application of analy-
sis is required for the interpretation of test results so
that a required confidence level of performance is
achieved.

d. Software verification and validation is a
test, and a requirement is needed to address the is-
sues of sohware.

e. Appropriate FCS acceptance tests should
be defined by the detailed specification. Where in-
terfacing components of the FCS are procured
from various sources, sufficient acceptance testing
should be performed to ensure overall system per-
formance repeatability.

Wish the advent of comprehensive built-in test and
fntlight monitoring in modem aircrah, the potential
for interface problems between FCS components
exists as a result of the levels of sensitivity within
the components, This lesson serves to ensure prop.
er integration during the development phase and to
establish the allowable tolerances of interfacing
components.

This interface problem is typified for fly-by-wire
flight control systems by the need of the flight con-
uol computer vendor to have integrated sewoac-
NatOr packages or sensors on the premises during
development to verify that acceptable interfacing is
achieved.

Verification testing ohen leads to anomalies which
are explained by statements such as those shown
below. The verification documentation recording
the facts should contain statements which address
the factors which underlie each of these scate-
mencs, thus leaving the recorded results free from
doubt thst any such factors influenced those re-
Usft.s.

a. Manufacturing de fecclerror--quality con-
SIOIoversight.

b. Contaminated during assemblylmanufac-
turinglitandling.

c. Power source not per design ccmditionsl
power cables faulty.

d. Test fixture improperly designed. Breaks/
damagesloverloads unit. ●

e. Test fiiturelrig not properly calibrated--
loads too high.

f. Test instrumentation out of calibration--
unit operated out of envelope.

g. Materials/heat treatment/finish not per
specification.

h, Operator error--procedures not followed,

3.1.1 MFCS performance requirements. The
MFCS shall interface with and supplement, as re-
quired, the characteristics of both the pilot and the .
air vehicle to allow the flying qualities, special per-
formance and mission requirement to be met.

REQUIREMENT RATIONALE (3. 1.1)

In those air vehicles covered by Lhis specification
the pilot is responsible for mission accttmplish-
ment. The MFCS provides the means by which the
pilot controls the air vehicle for that purpose since
one of the primary characteristics of the MFCS is
that it is mechanized so that the pilot is a highly ac-
tive element in the control loop. It is not intended @
that the FCS alone insure that the ewablished ffying
qualities and performance requirement are met;
however, the FCS shall not prevent those require-
ment from being met. The flying qualities, special
performance and mission requirement are the per-
formance parameters which insure that the capabil-
ity exists to accomplish the mission.

REQUIREMEfVr GUIDANCE

When using she MFCS, the pilot must be able to
consistently maneuver and control the air vehicle
with accuracy, ease, and safety to meet mission re-
quirement under all required flight conditions, op-
erating environment, and vehicle configurations.
As an active element in the MFCS, pilot action, in
the general case, may range from direct manual
control of surfaces to a supervisory or voting role in
the generation of controlling momenu. Mechani-
zations used range from direct mechanical manual
systems through boosted and fully powered me- :
chanical systems to the fully fly-by-wire systems.
The MFCS includes those systems which enhance
fift and drag, and provide stsbility and control aug- e
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mentaaion system (SCAS), comma ndlcontrol aug-

0
mencation syacem (CAS), stability augmentation
sy~em (SAS), etc.

REQUIREMEhlT LESSOh’S LEARNED

Experience has shown that deafgn pracsfces may
have a sarong Influence on MFCS performance. A
few of the Ieaamss learned with respect to design
practices are msdined below.

a. Selectable command modes. Pilora will se-
lect and adapt to special augmentation modes dur-
ing weapona delivery and other special flgfst phases
where apccial mission sask requirements confkct
with normal ffyfng quafities. Consider selectable
command modes. where petinent: but incOnsis-
tencim in d~play indications or the reads of cock-
pit control motions can be confusing to afse pilot.
For example, reversals of sense must be avoided.

b. Stabilization axis. In concrol system de-
@S in w~ch the pilot’s lateral concrol]er operates
bmh ailerons and rudder or their equivalent, con-
sideration should be given IO the resultant effecti~<e

o
axis of msacion. The optimum resultant effective
asds of rotation is a function of che rask, e.g., air to
air gunnery, air to ground gunnery, and weapon
de fivery.

c. Gust and ●xternal disturbance response.
Oe.s@.c where specific measures are taken to im-
pmve ahe gust and exlemal disturbance respmase of
the aircrafI are recommended.

d. Lfcnit cycles durfng weapmss delivery. FCS
should be designed paying particular attention to
the avoidance of the limit cycle during flight condi-
tiom at which weapons will be defivered. The fimii
cycfe should be undetectable LOthe pilot. Similar-
ly, if system gain changing takes place during weap
on de fivesy, wh]le che aewos are moving. no
thumping sensations should be experienced by che
pffm and flying quafhies must remain amisfactory
throughout. despite the gain changes.

e. Trim changes. Apparent rrfm changes
originating in the augmentation or control systems
should be avoided whether due co extended low

o
frequency response in the systems or to a normal
accelerometer sensing leas than 1 g in a climb or

dive. An automatic uim system reducing these ap-
parent trim changes to below pilot threshold wiff
normally be acceptable. Where there are direc-
tional arim changes with speed change during a
weapon defivery run, systems designed to minimii
the trim change are desirable.

f. Constant nick forces. Syasems fncorpmat-
ing washout filters on sensor outputs or efsewhere
in the system shoufd be designed to avoid changes
in tick force w“th time during sustained wnstant
normal acceleration turns.

g. Symmetrical stick forces. Ccmarol syscema
incorporating modefa should be designed so P*
tide idemical aenaftivity for nose-down and nase-
up commands. Whatever tie system design, rhe
stick forces for a given magnitude response should
be the same irrespective of the sign of the com-
mand. Thii applies beds laterally and longfwlinal-
Iy.

h. Aircraft flexibility. Tfsere can be effecaa
beyond the impact of aeroelasticity on aircrah han-
dling and ffight control system. For example. tie
design of a control-augmentation syaem to be used
in pan for weapon delivery muss address ir-self to
the effecra of aircraft flexibility on weapon defivew
accuracy. A reducsion in ampfitude of flexible
body oscillation may be necessary to reduce osciffa-
tory boresight errors. Static boresight errors due to
loading in high-g maneuvers should also be consid-
ered in estimating de fivmy accuracy degradation
due to Ilexibifity.

i. Hysteresis. Hysteresis or backfash at any
point in the control-augmen:a:ion system should
be controlled ●ither by antibackfash springs or by
other means. at leas 10 Che Poin: chat ~~t ~cles
existing anywhere are imperceptible to the pilot at
any llighI condition at which weapons may lx defiv-
ered.

j. Gun momenrs. The effecr of fiwiasghigh
repetition rate small cafiber weapcms or farge pro-
jecciles from the aircraft may cause perturbations of
the vehicle. These should be evaluated and com-
pensated for in the control syssem design.

k. Growls capability. A candidate sYmem
concept should be carefully examined for growls
capability before selection for design and develop-
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ment. The complexity of a system can escalate as
knowledge of aircrafc dynamic characteristics are
refined and the detail problems of designing flight-
cricical controls become known.

4.1.1 MFCS performance verification. MFCS
performance shall be verified by inspection, analy-
sis, and ground and flight test, Test conditions. fix-

.’.. cures, and methods are as follows:

VERIFICATfON RATfONALE (4,1.1)

Flight test is the only means for including all the
variables which influence assessment of MFCS per-
formance. Factors such asaffordability, feasibility,
risk, etc., maylimitthe scope of flight testing. For
such programs, the use of analysis or simulation or
both may provide the means for the necessary veri-
fication.

VERIF1CATION GUIDANCE

Determine the feasibility and cost effectiveness of
using analysis and simulation in the process of ve<i-
fying MFCS performance, Select the method or
methods which provide an acceptable assessment,
If a mix is chosen, consider the scope of the data
base required from the flight test to make the anal.
ysis, simulation or both, credible and sufficient.

VERIFICATION LESSONS LEARNED

Care must be taken when procuring an ‘olf-the-
shelf’ aircrafc to ensure that cenif ication require-
ments match the mission for which it will be
procured. fn this case methods of verification must
be carefully reviewed,

3.1.2 AFCS performance requirements. lle
AFCS shall imerface with and supplement the
characteristics of the air vehicle to provide, as se-
lected, flight path and attitude control, airframe re-
sponse and functional performance as specified in
the numbered subparagraphs of this section. A pi-
lot interface shall be provided through an AFCS
controller. The controller shall be implemented
through the fa) and shall, forche AFCS mode
selected, provide functions, responses, and control
as showm below:

Attitude Hold (Pitch) lb)
Attitude Hold (Roll) (c)
Heading Hold (d) ●
Heading Select (e)
Altitude Hold m

(.) (h)

The authority of the uilot to maneuver che air ve-
hicle through the AF”CS shall be (i) .

A damping ratio for non-dominant responses of at
least fi) critical shall be provided for non-
structural AFCS controlled responses. The AFCS -
shall be functionally compatible with any automatic
AFCS limiter and its associated warning system and
not overpower such limiters at the extremes of the
flight envelope resulting in unsafe conditions chat
would require immediate pilot action.

REQUIREMENT RATIONALE (3. 1.2)

The AFCS flies the aircraft and thus relieves the
pilot of the burden of the routine cockpit control
manipulation which is required to perform selected
functions during various flight phases incident to
mission accomplishment, To provide this relief in a
manner which is satisfactory to che pilot, the AFCS ●
must duplicate to a great extent the characteristics
of the pilot and provide performance within limits
satisfactory to the applicable flight phases, A con-
troller should be provided to allow the pilot to ad-
just the selected references and perform
maneuvering which increases the utility of the
AFCS and enhances mission accomplishment.
The damping ratio is common m all uses of the
AFCS; other performance characteristics and lim-
its are specified in the subparagraphs of thk sec-
tion.

REQUIREMENT GUIDANCE

The performance specified in. this section is in-
tended to include “not to exceed” values which are
felt necessaV to satisfy operational requirements.
Performance is usually specified witi respect to
sensor indicated values. Sensor accuracy may be
based on the needs of some other function smch as
display for use in manual control. Where perform-
ance is not specified with respect to a ,FCS sensor
reference, sensor error must be included in meet-
ing the required one. ●
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Air Force Manual 11-1 defines AFCS (Automatic
Ffight Control Syssem as used for she Air Smndard-
izacion Cmmdimting Committee) as: -A system
which includes all equipment IOautomatically con-
uol che flight of an aircraft or missile to a path or
accitrcde detiribed by references internal or exter-
nal to she aiscrafr or mtiile. - The term
‘autopifot- is an outdated term not now defined
bur in antiquity was defined in AFM 11-1 as:
‘That pan of an automatic flight control system
which provides automatic srabflication with respect
so fmemal references .- The requirements eon-
caissed in she subparagraphs of rhii section address
~e moss common AFCS functions. The intent of
Uris Appendix. and the corresponding specifice.-
rims, is not m ficsskthe AFCS functions but to pro-
vide a guide for the most common and generic
functions. The subparagraphs of this section
should be exrended to provide for configuration
peculiar automatic functions, and where feasible.
integration of syacems to provide functions such as:
automatic conrrol of engine thrust, NAV speed,
ten-sin foffowing, terrain avoidance, automatic ma-
neuvering, auack, takeoff. landing, e[c.

The performance requirements of the AFCS as-
sume that che pilot will not be in the active conrrol
loop. However. during use of the AFCS Cmrtrol-
Ier, che pifot provides supervisory inputs to accom.
pfiah tie cask at hand, ●stabfish a new flight phase.
provide track guidance commands for which infor-
mation is. not available or is unsuitable for use by
the AFCS. ‘f%e pilot monitors AFCS operational
per fomrance and usually makes selection of func-
ciocssneeded to accomplish the desired rask. Aut&
macic titchmg for sequential casks
accompfiahment maybe included in dre AFCS. In
any event. she reference easabfished by these ac-
dona may require adjusrmem or change as cfsemis-
sion pmgresacs. STOL _ and possibly other
aircre.fc may have unique requirements for cmrcml
(airspeed, heading, attitude, etc) while using pilot
fnprna for path concrol or precision maneuvering
(ais rcfuefing, approach, hovering. etc.) where
navfgasfon m guidance commands are not available
for AFCS USe.

o
The AFCS Controller functions should be used 10
provide that facifhy.

Blank (a) should be filled by the words ‘control
stick- or ‘conuol wheel-. whichever is appropfite
in the tailoring process. If a separate controller is
provided as an assembled item of the AFCS, chat
item should be fiited in blank (a).

Blank (b) might be fried by one or more of the
following

(1)

(2)
Iizacion.

(3)

Changing to a new pitch attitude.

Maneuvering with pitch MtiNde asabi-

Chanae pitch attitude reference by
use of ~e”pitch ~m eomml located on the stick
wheel.

(4) Controlling rate of sink wirh corrstacsc
seek angfe during VTOL/STOL operations. ”

Blank (c) might be combined with (b) or filled by
one or more of the follouina

(1) Changing to a new roll attitude.

(2) Maneuvering with roll attiusde mabifi.
zatiion.

(3) Change roll attitude reference by use
of ihe roll trim control located on the tick or
wheel,

Blank (d) might be filled by rfse followicrs

(1) Break and reesrabfish heading refer-
●nce Iockon through use of roll attitude cmrsrofler.

(2) Change to roll auiucde hold mode
through use of roll attitude cmsrmller.

Blank (e) might be combined tirh bfank (d) or
filled by :

(1) Slew heading reference at a rare pro-
ponional m mll attitude contmfler forceAfispface-
mem.

(2) Slew heading re!erence at a conswu
rate using the roll trim control located on the stick
or wheel.

(3) Change to roli attitude hdd mode
through use of roll altitude controller.
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Blank (f) might be filled by:

(1) Change to pitch attitude hold mode
through use of the pitch attitude controller.

(2) Change altitude reference through
use of the pitch uim control located on the stick or
wheel.

Blanks (g) and (h) might be filled by any other
ftcnction and response which might be required
such as:

(1) Mach hold.

Mach number reference change by
use of pitch trim control located on the stick or
wheel.

(2) Akspeed hold.

Airspeed reference change by use of
pitch trim control located on the stick or wheel.

(3) Altitude select.

Altitude reference selected by pilot,

(4) Terrain following

Pilot selectable set clearance and ride
setting.

Blank (i) should be filled by showing the pitch and
bank attitude limits which will be allowed through
the controller. For AFCS which used the generic
vertical displacement type gyro, these limits have
usually been +25 in roll and +50 in pitch: however.
these Iiii!s may not be adequate for the planned
system. The pilot shall always have full capability
to maneuver the Air Vehicle within the applicable
force and maneuver limits established by che han-
dlktg qualities requirements. Reversion to some
other FCS mode may be required m fulfill that re-
quirement.

Blank (j)

Some aircraft have had autopilot modes, such as
altitude hold, that could overpower the authority of
automatic angle of attack limiter or stall inhibitor @
systems to position the pitch control surfaces and
result in unsafe flight conditions, especially at low
apeed extremes of the flight envelope. If this in-
compatibility does exist, the crew should be alerted
to the fact that they are entering the regions
through appropriate cockpit display annunciation.

REQUIREMENT LESSONS LEARNED

Specifying performance to include sensor error .
may lead to deviation requests where sensors are
government furnished and can be showm to not
provide consistent or adequate performance as
needed to meet the requirement.

4.1.2 AFCS performance verification. AFCS
performance requirements shall be verified as indi-
ca[ed in the subparagraphs of this section. The
specified damping ratio for nonstructural AFCS
controlled response shall be verified by

VERIFICATION RATIONALE (4. 1,2)

Each requirement in this section till be individually @
verified by a means specified in its verification sub-
paragraph. The means of verifying the specified
damping ratio is left blank m allow the most feasi-
ble method to be used.

VERIFICATION GUIDANCE

Analysis, simulation, and bench and flight tests are
methods used for verifying AFCS damping ratios.
Unless otherwise specified, AFCS performance re-
quirements apply in smooth air and include sensor
error. Specified damping requirements apply only
to the response characteristics for perturbations an
order of magnitude greater than the allowable re-
sidual oscillation.

VERIFICATION LESSONS LEAfLNED

A damping ratio of 0.3 critical has proven satisfac-
tory as a minimum value in previous AFCSS. Thk
ratio is the equivalent second order viscous damp.
ing ratio where the critical ratio is defined as unity.
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3.1.2.1 AtI1tude hold (pitch and roll). Attitudes

o
afsaffbe maintained in smooth air with a SLSCiCaccu-
ISCYOf_6zI_ degrees in pitch attitude with wings
level and (7Y} degree in rofl attitude. Y%encas
mcimde deviations ahaU not exceed ~. de-
grees lcspitch or (dl degrees in roll smkude
and ahafl provide at least operational State ~
in surbufence at the rcm gust intensities corre-
sfmndicsg to (I) probability of ascceedance
(cable I). Accuracy requirements ahafl be achieved
and maintained within ft?l seconds of mode
~8Wemenl for a 5 degree alCiNde dmurbance.
Accincde hold engage fimha ehafl be ~ de-
grees icr pitch and (i) degrees icr roff.

REQUIREMENT RATIONALE (3. 1.2.1)

When accitude hold is desired, this requirement es-
cabfiahca performance criteria based on experience
and acme-of-the-an capabilhy. Emablishing pitch
and bank am.ncde deviation Iimirs in turbulence is
icuended to provide the pilot with a reasonably
stable pfatfoms during flight.

REQUIREMENT GUIDANCE

o Vahccs previously required were: (a) 10.5. (b)
~1.0, (c) 5, (d) 10, (e) Il. (f) 10-2. (g) 3.5, (h)
~ 15, (i) ~60.

The accuracy requirement of $0.5 degrees for atti-
tude hold modes represents a typical air uanspon
requirement. and state-of-the-arc capability. The
accuracy requirement in turbulence appfies only up
to the turbulence amplitude fimirs specified for the
chosen probability of exceedance. Attitude hold
and ocher pilot assist functions still normally be
cfasaifled as noncritical functions and, as such, the
turbulence requirement aaated till normally apply
onfy kn fight curbufence. It is important to avoid au-
tomatic mode diacngsgemem in Iighl turbulence.
Noncritical hcncsicms shall provide at least Opera-
tional State 11in mrbrslence up to 10-2 turbulence
intensity axceedance probabifky and shall not de-
grade fffght safety or mission effectiveness below
tie level that would exisr with chc mode inactive.

The S-degree pitch angfe and che 10-degree roll
angfe fimit in turbulence is intended to provide the

o
pilot with a reasonably stable platform during flight
icsche turbulence environment to which the attitude

hold loops will be designed. A system which is eaai-
Iy saturated in turbulence will have trouble meeting
these requirements and shoufd be avoided.

For high maneuverabifhy. aircrafa accuracY re-
quirements shall be achieved and maintained with-
in 3 seconds of mode engagement. For fight. -ff
aircrafc and those with low to medium raaaneuver-
ablfity, a value of 5 seconds is recommended.

For rotary wing air vehicles, the accuracy require-
ments should apply only under conditions of fixed.
collective pitch.

Attimde hold engage Iimiu should be determined
based on the aircraft mission and performance ca-
pabilities. The values auggeaced above are general-
ly accepted for farge air vehicles.

REQUfREMEhT LESSONS LEARNED

Attitude hold maneuver ficnits are not included in
SMSgeneral. requirement due to the fack of agree-
ment on maneuver fimirs. MIL-F-9490C set nsa-
neuver limits for rhe attitude hold funcsion L60
degrees in rolL 21 S degrees in pitch, and ?7 de-
grees yaw nngfe for control stick steering .appfica-
tions. Maneuver limirs will normally be established
for ●ach procurement based on the requirements
of chat procurement.

4.1.2.1 Attitude hold (pitch and roll). Atimde
hold shall be verified by inspection, analyses, and
flight test. Tesr condition, fiiures and methods
are as follows:

VERIFICATION RATIONALE (4.1.2. 1)

Although a flight test of all potions of the envelops
would be desirable, a combination Of ~ght te@n8
inspection, aimufacion, and analyses is used for ver-
ification because of economic consideration.

VERIFICATION GUIDANCE

In che past, it has been auggemed ~at ff@t t~s
be perfomsed at tie comers of che design ●nvelope
and in che center. Analysis then fried in the mher
points of Useenvelope. h maybe more meacsingfuf
if the flight testing is afso perfomaed icsthe Pofion
of the ●nvelope where the aircrah pricnrary cniaaion
is performed. Transpona could be checked at
cruise, aircrah designed for weapon delivew
checked at low altitude along ics hiach range, ●tc.
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Fifoted simulation iron bird or interpretation of
FCS computer generated strip charts are examples
of acceptable analysk”.

VERIFICATfON LESSONS LEARNED

3.1.2.1 Heading hold. In smooth air, heading
shall be maintained within a static accuracy of _
~ degrees. Deviations shall not exceed 4
. degrees in heading and shall provide at least OP
erational State (c) in turbulence at the rtns
gust intensities corresponding m (d) probabili-
ty of exceedance (table I). When heading hold is
engaged. the aircraft shall roll towards wings level
at a rate not to exceed (e) degreeslsec and a
mu acceleration not to exceed ~ degrees/
aeclsec. The reference heading shall be that head-
ing which exists when the mode is engaged wihin a
mlerance Of ~ degrees

REQUIREMENT RATIONALE (3. 1.2.2)

When heading hold is desired, this requirement es-
tablishes performance criteria based on experience
and state-of-the-art capability. Establishing head-
ing hold limits in turbulence is intended to provide
the pilot with a reasonable navigation accuracy dur-
ing flight

REQUIREMENT GUIDANCE

Values previously required: (a) fO.5, (b) 5.0, (c)
U, (d) 10-2.

The heading hold static accuracy requirement of
0.5 degree reflects the current state-of-the-art.
Typical air transport heading hold requirements,
which may be considered in peninent applications
are as fofhvs: when selection of this mode iamade
whife the aircraft is turning, the airplane should re-
turn to wings level at a roll rate not to exceed 6.0
degfsec, a roU acceleration not to exceed 3.0 degl
sac2, and should hold the headhg that exist5 at the
time the airplane is within approximately 3 degrees
of wings level. Desirable rates and acceleration vary
with air vehicle mission and should be determined
in design.

For rotary wing air vehicles, the values used for
blank (a) should be:

o
1.0 for airapeeds less than 50 knots, and
0.5 for airspeeds greater than 50 knota,

with all other values remaining near those previous-
ly used in MIL-F-9490 and in typical air trans-
ports.

Selection of the reference heading depends on the
dual criteria having been satisfied, e.g., (a) heading :
hold is selected, (b) the roll attitude is approxi-
mately wings level. These criteria ensure that the
aircraft will not be forced to make an appreciable
turn in the opposite direction in order to capttsre a
headtng that existed wh]le the aircraft was in a turn -
and heading hold was engaged. h is impmtant m
avoid automatic mode disengagement in light tur-
bulence. Heading hold is normally classified as a
noncritical function which shall provide at least Op-
erational State If capability in atmospheric distur-
bance designated for 10-2 turbulence exceedance
probability and shall not degrade flight safety or
mission effectiveness below the level that would ex-
ist with the mode inactive.

REQUIREMENT LESSONS LEARNED 0

A 5-degree rms deviation requirement for opera.
tion in light turbulence is desirable. Thk prevents
design of an easily saturable mode while not re-
stricting the functional design of the overall AFCS.

4.1.2.2 Heading hold. Heading hold perform-
ance parameters shall be verified by a combination
of ffight tests and Flight testing shall
be performed

VERIFICATION RATIONALE (4. 1.2.2)

Although a flight test of all design points would be
desirable, a combination of flight testing and analy-
sea is used for verification because of economic
considerations.

VERIF1CAT20N GUIDANCE

In the past it haa been auggeated that flight tesring
be performed in the center and at the comers of “.
the design envelope. Analysis then filled in the
other points of the envelope. It may be more
meaningful if the flight testing is performed in the @
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0

portion of the ●nvelope where the aircraft primary
mission is performed. Transports could be
checked aI cruise, aircrafs designed for weapcm de-
fivecy checked at low altitude along its Mach range,
etc.

Pifrated simufstion or imerprerasion of FCS com-
puter generated strip charts are examples of ac-
ceptable analysfs.

ff slight teas& the onfy verification required, delete
‘and —. “ from the first sentence of 4.1.2.2,
and do not include information on analysis.

VERfFfCATfON LESSONS LEARNED

3.1.2.3 Heading select. The akcrah shall auto-
matically umr through the smallest angfe to any
heading selected or preselected by the pilot and
maintain that heading. In smomh air, heading
ahafl be maincnined within a static accuracy of _
~degrees. Deviations shall not exceed ~
. degrees in heading and shall provide at least Op-
erational State (cl in turbulence at the rms
guss intensities corresponding to fd~ probabili-
ty of axceedance (table f). The contractor shall
determine a bank angle fimit which provides n satis-
factory turn rate and precludes impending stall.
The heading selector shall have 360 degrees csrn-
rml. The aircrafr shall not overshom the selected
heading by more than _fc.l_ degrees. or J
degrees in fanding configuration. Entry into and
exit from the turn shall ba smooth and rapid. The
roU rate shall not exceed fcl deglsec and roll
acceleration shall not exceed (h) degkecz.

REQUf REMEfWT RATfOh’ALE (3. 1.2.3)

The mfl rate and acceleration upper limits are SP
cified to prechsde an overly rapid response. The
requirement for aassooth and rapid roll-in and rcdl-
swa of she tams is ssated to ensure that the response
is nm unduly afuggisfs.

REQUIREMEhT GUfDAf4CE

‘fire imposition of fimita on roll rate and roll accel-
eration when maneuvering to dre new heading esta-
blishes an upper fimit for she rates and
accelerations but does not address an acceptable
minimum. The requirement for smooth and rapid
response asmres that minimum rates. as ~ell as
maximum rates, will be acceptable. Tire lower acsg-
gested values for mff rate and roll accefermicm are
for fight aircraft and low to medium maneuverabili-
ty air vehicles. Higher values are suggeased for high
maneuverability aircrah.

Care must be taken to make sure tfre overshoot and
ratetacceterarion requirements are compatible.

REQUIREMENT LESSONS LEARNED

4.1.2.3 Heading select. Heading select fscrforrcs-
ance parameters (heading accuracy, overshoot.
roll rate and acceleration, bank angfe fimirs, and
smallest arrgfe to select heading) shall bs verified by
flight tesl and Fl@ teasing shafl be
performed

vERIFICATION RATfONALE (4. 1.2.3)

Although a flight lest of all design points would be
desirable, a combination of flight testing and analy-
ses is used for verification because of economic
considerations.

VERfFfCATION GUfDANCE

In the pas: ithas been auggessed that ffight seating
be perfomred with delta heading of 30 degrees. 90
degrees, 1SO degrees. and 190 dewees at ea~ of
four represerrrasive fn fligfu conditions and rw
fanding conditions. Analysis then filed in the otfs-
er poim.c of the ●nvelope. The flight teasing should
ba performed in the porsion of she ●nvelope where
the aircrah primary mission is performed.

Piloled simulation or interpresasion of FCS com-
puter generated time histories are examples of ac-
ceptable analysis.

o
Values previously required: (a) +0.S, (b) 5.0, (c) If the option of using analysis k not desfred, then
11, (d) 10, (e) 1.S, (~ 2.S. (g) 10/20. and (h) 5/10. delete “and .-

61

Downloaded from http://www.everyspec.com



AFGS-87242A
APPENDIX

VER3FICAT20N LESSONS LEARNED

3.1.2.4 Lateral acceleration and sideslip limits.
Except when side force control or directed sideslip
is deliberately induced, the performance specified
in table H shall be provided whenever any lateral-
direcdonal AFCS fttnction is engaged. Lateral ac-
celeration refers to apparent (measured, sensed)
body axia acceleration at rhe aircrafc center of grav-
ity, unless othenviae noted.

REQUIREMENT RATfONALE (3. 1.2.4)

This requirement is necessary to maintain accept-
able flight path concrol, good flying qualities and, in
certain applications, to restrict lateral acceleration
limirs m an acceptable level because of structural
Iimirs. The lateral acceleration Iimirs, rolling, are
specified to maintain acceptable crew or passenger
comfon.

REQUIREMENT GUIDANCE

The mission of the air vehicle will determine the
lateral acceleration limits. Transpon aircrafc may

have limits based on passenger comfort. Effects of
angle of attack and e.g. position should be eva-
luated. ,!)

AFCS performance requirements include “not to
exceed” parameters associated with accurate con-
trol of the flight path and are specified at the c.g,
These values should not conflict with flying quali-
ties Iimiu which are generally specified at the crew
station and are designated for crew comfon andlor
fatigue reasons.

The requirement has been changed from absolute
to incremental values of sideslip angle and lateral
acceleration m account for aceady-mme trimmed
sidedip angles which are required to suppon the
vehicle and the store asymmetries.

Vehicle asymmetries, especially those caused by
asymmetric stores, will require a steady-state side-
slip angle to balance the unsymmetrical aerody-
namic forces. Non-zero bank angles may also be
required to support steady-state trim. Under these
conditions it is necessary to replace the absolute
Sideslic. angle restriction with incremental sides]in.-
from unaccelerated flight reference sideslip values. ●
Values previously required are listed in table Vf I: —

TABLE Vfl. AFCS lateral acceleration and sideslip limit values.

Flight Condition Incremental Lateral
Sideslip Acceleration

Coordination in Steady 2 0.03 g
Banked Turns

Lateral Accelerations
Rolling at

30%ec + 0.1 g
9oo/sec + 0.2 g

over 9fPlaec + 0.5 g

Coordination in “Steady 1 + 0.02 g
“Straight Level” Flight
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Requirement LESSONS LEARNED

o An aimrafc’s roll rate capabffhy udfl vary W2sin the
aircraft’s ffight envelope and, as roll rate capability
varies. so will the required fsteral acceleration fim-
its. For example, if an aircrah with a 90 degkec
rmudcrrucrr mff rate cspabfliiy can only roU at 30
deglaec in some Pom.on of the envelope. then at
that condhion the tolerance should be +0.1 & not
+0.5 g.

4.1.2.4 Lateral ●cceleration Iimlts and sideslip
llmks. Lateral acceleration shall be verified by
flight tesca and . Ffight testing of
fstersl acceleration ficnftsshsfl be performed _

VERfF1CAT20N RATIONALE (4. 1.2.4)

Latersf acceleration firrdts are imposed because of
asfety and irsvufnerabtity to failure requirements.
A combination of flight testing and analyses is used
for verification because of economic consider-
ations.

VERIFICATION GUI DANCE

o In che psst, it hss been suggested that ffight tearing
be perforarsed at the comers of the envelope and in
che center. Analyses ckren filled in the ocher poinrs
of dse envelope. 1; may be more meaningful if the
ffight teaaing is performed in che portion of the en-
velope where the aircrsh’s mission is perfomsed.
Trarrsposts could be checked at cruise, aircrsh de-
signed for weapon delivery checked at low altitude
along its Mach range, etc.

Latersl acceleration is usually verified in flight test
at zero, 60 deghec, and maximum roll rates in
smooth air. In the PSW it was recommended thst
chess macteccvers be Wrfonwed at the comers of
she design envelops and in the center.

In the psat it hss been required dcst fatera! acceler-
ation, rudder pedal, and acick force would be veri-
fied in flight teat at +45 degrees of bank in
cmrdinstion NI’IU perfomred in ssnooth air in at
Iesac fmrr comers and center of che flight envelope.

Siiufstor work or interpretation of FCS computer

o

model generated rime histories are examples of ac-
ceptable analyses.

If analysis is not desired for veriticstion, defetc
- and .“

VERIFICATION LESSONS LEARNED

3.1.2. S Altitude hold. Engsgemem of the efcf-
tude hold function at rates of cfiib m descent less
Oaan (a) fpm shall select che existing indicsted
ahimde and control the aircrah to thii altimde as
reference. llse resulting normal acceleration ahsfl
not exceed Ih) g incrememsl. For ●ngage-
mem at rmes of climb or descent above fa~
fpm, resulting normal acceferarion shall not exceed

(c) g incremental maneuvers. WMrin the
aircrah thrm-drrsg and performance capability
and at steady bsnk angfes, che mode drafl pmvisfe
concrol accuracies specified in csble fI1. These ac-
curacy requirement apply for an airspeed range _
L. For other airspeeds che accuracy require-
ments shall be (e) . Following engagement or
perturbation of chii mode at 2000 fpm m less, the
specified accuracy shall be achieved wi~in a
seconds. Any periodic residual oscillation titi
these fimits shsll have a period of at least (~~
seconds.

REQfJIREMEhT RATIONALE (3. 1.2.5) .

The intent of the altitude hold requirements is to
define che normal performance expected for ac-
cepasble fffght path concrol, flying qusfhies and. m
some cases. crew/paasenger comfon.

REQUIREMENT GUIDANCE

llse vsfues previously used for airpfanet are: (a)
2000, (b) 0.2/.S, (d) up to MACH 1.0, (e) double
the tnble Vfll vafues above MACH 2.0. (I_)30, and
(g) 20.

The vslue for blank (c) is a compromise between
minimum aIlowsble overshoot and ramxicnum desir-
able g excursion and should bs determined by anal-
yses and simufsrion.
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TABLE VIII. Control accuracy for altitude hold AFCS function in airplanes.

55,000 +0.17’ at 55,000
varying linearly

80$’00 to +0.2% at 80,000 t60 ft. *9O h.

or or

Litiwde 30,000 *O. 170
io.3%

f~et 5:000
*0.470

whichever whichever
is larger is larger

o *3O fc

3:000

0-1 1-30 30-60

Bank angle in degrees

Altitude hold requirements include acceleration changes. Altitude hold deviations during normal
amplitude fimits, For reference, commercial trans-
ports normally limit normal acceleration for alti-
tcsde hold engagement of 0.15 g incremenksl.
Residual oscillations are permitted wihin the am.
plimde limits specified herein. Response require-
ments are specified similar to those used in a recent
commercial transport AFCS development and in a
recent USAF fighter AFCS development.

Altitude hold is usually engaged in some condition
other than steady state flight; for example, when
climbing to a predetermined cruise altitude or de-
scending to a holding altitude, either straight ahead
*KS level or in a turn. In a passenger carrying air
vehicie engageldisengage transients should not
cause undue concern to the passenger or require
that seat belts be fastened during autopilot opera-
tions. In a non-passenger-carrying air vehicle
where the pilot(s) are required to be restrained by
seat belts at afl dines while airborne. a larger tran-
sient normai acceieracion may be acceptable.

In addition to the altitude hold accuracies specified
for steady bank angles, performance in maneuver-
ing flight shouid also be considered by the designer.
.Ak.o, the designer should not overlook the need to
control altitude excursions during airspeed

configuration changes should also be considered.

REQUIREMENT LESSONS LEARNED

Provisions should normally be included to disen- Q
gage altitude hold at a given angle of attack. Expe-
rience has shown that an air vehicle can get in a
situation where more thrust is required than is
available at she chosen power setting. In this case
the altitude hold feature will continue to increase
angle of attack until scali. Under terrain conditions
the stall may be unrecoverable,

Disengagement of altitude hold by momentary
application of stick or yoke force wfti regression to
a lower mode, e.g., attitude hold, should be
avoided to preclude the possibility of an accidents]
disengagement and a subsequent undetected loss of
altitude. Such an incident for a commercial air-
craft, while the crew was preoccupied, rendted in a
loss of aircraft. Disengagement of altitude hold
should be effected only by deliberate pilot action.

Afticude hold and airapeed hold tolerances in-
crease with airspeed. Experience has shown that
tolerances may need to be reiaxed for flight near
Mach 3.0. Otherwise, the sight loops needed to
hold Mach may result in large altitude variations
and degraded ride qualities.

e
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c) 4.1.2. S Altitude hold. Resulting normal accelera-
cion, accuracy, andtime toachieve accuracy shall
be verified in smooth air by flight test and
—. ~~ttestigshall be~rfomed .
Abifity to engage or not engage shall be verified by
auempcing co engage during a climb or descent of -
~m at all fight test poima.

VERIFICATION SUW70NALE (4. 1.2.5)

Afthough a flight ma of all design poims would be
desirable, a combination of ffight testing and analy-
ak k used for verification because of economic
ccmsideraticms.

VERIFICATION GUIDANCE

In the pass it has been suggested that flight testing
be performed at the comers of she design ●nvelope
and in she center. Analysis then filled in the other
points of the ●nveiope. his more meaningful if Lhe
flight teasing is afso performed in the portion of the
envelope where the aircraft primary mission is per-
formed.

0

Pifoted simulation or interpretation of FCS com-
puter generated time histories are examples of ac-
ceptable analyses.

If analysis is not desired for verification, then de-
lete ‘and .

VERIFICATION LESSONS LEAFNED .

3.1.2.6 Altitude select. Engagement of the alti-
tude aelecr funcsion at rates of climb or descent iess
than fa) fpm shall result in tie aircraft
autonraricafiy climbing or descending to any alti-
tude preselected by she pilot or withhs an automatic
navigation or guidance program. .The resulting nOr-
MSI acceleration shall not exceed .~ g
incremental, and the reaufting climb or descent
drafl not exceed fa~ fpm. For engagement at
rates of cfinrb or descent above .~. fpm.
resulting normal acceleration shall not exceed _

o
& g incremental maneuven. Wirhin the air-
crah thrust-drag and performance envelope, and

at steady bank angfes, the mode shall provide con-
trol accuracies specified in cable 11i. These accura-
cy requirements apply for an airspeed range ~

For ocher airspeeds, she accuracy requiremenra
Sill be ~. Following engagement of dsis
mode. the specified accuracy shall be achieved
whhin {0 seconds after tilcial crossing of
selected altitude. Any periodic osciiladon titfritr
these Iimiis shall have a period of at leasJ 4
seconds.

REQUIREMENT RATIONALE (3.1.2.6)

This requirement is similar to 3.1.2.5, AfciNde
hold. except chat it allows for she attainment of an
altitude preselected by she pilot, or auurnraticaffy ..
selected by a guidance or navigation program.

REOUIREMEAT GUf DAA’CE

The values used by this requiremem are identical to
shcrse given in the guidance for 3.1.2.5, Altitude
hold. Refer to chat section for additional guidance.
Requirements for altitude atcainmem and capture
are based on reasonable g mad cfimb and descent
rates. An additional restriction may be necessary
to limit aircraft pitch attitude during approach to
selected altitude.

REQUIREhiENT LESSONS LEARNED

4.1.2.6 Aftitude select. Resulting normal acceler-
ation, accuracy, and time to achieve accuracy ahaff
be verified in smooch air by flight tear and ~..
Flight testing shall be performed fb~ . AbtiIy
to engage or not engage ahaff be verified by at-
tempting to engage during a ciimb descent of Jsl
_ fpm at ail Ifight test poinrs. AbifiIy 10 maintain
sustained load factor or climb or descent rate ahafi
be verified by engaging (d) feet above and
below selected altitude.
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VER1F1CATION RATIONALE (4. 1.2.6)

Consult the rationale provided for 3.2.1. S, AIu-
tude hold, for blanks (a), (b), and (c). Blank (d)
provides for r.he verification of the approach to and
capture of the selected altitude.

VER1F1CATION GUIDANCE

Verification of 4.1.2.5 provides guidance for this
requirement witi the exception of (d) The
Wlue Of ~ should be selected with the
maximum spread between engagement altitude and
selected altitude to assure that load factor or rate of
climb or descent is not exceeded.

VER1F1CATION LESSONS LEARNED

3.1.2.7 Automatic hovering. Position shall be
maintained relative to the point of reference to an
accuracy of (a) feet. This accuracy require-
ment applies during gust intensities of [b)
feeclsec, and wind, or point of reference, velocities
UP tO ~ knO[s.

REQUIREMENT RATIONALE (3. 1.2.7)

This requirement provides the means to satisfy, in
air vehicles capable of hovering, the need to con-
trol, with respect to a reference point external to
the air vehicle, both position and velocity along tbe
longitudinal, lateral, and vertical axes. The gust
intensities, and wind and reference point velocity
requirements allow the operational capability to be
tailored for the environmental conditions and sen-
sor systems performance which till be found dur-
irrg field operations.

REQUIREMENT OUIDANCE

Previously used values: (a) *4 to 10, (b) 5, and (c)
45.

Accuracy requirements should be based on rhe
mission specified for the air vehicle and the capa-
bility which it is feasible to provide during the hover
mode of operation. Values in the range of +4 to
+10 feet may be used for longitudinal, lateral, and

verrical positional accuracy, These accuracies
should be maintained in gust intensities up to 5 feet
per second ncrs and wind or reference point veloci- 9
ties up m 45 knots.

REQUIREMENT LESSONS LEARNED

4.1.2.7 Automatic hovering. Automatic hover- :
ing requiremenra shall be verified by
—.

VERIFICATION RATIONALE (4. 1.2.7)

Automatic hovering requirements should provide
the capability needed in che air vehicle to accom-
plish a part of the specified mission. The processes
used during verification document the extent to
which tbe required capability has been provided
and form the basis for planning operational usage
of the air vehicle.

VERIFICATION GUIDANCE

Automatic hover requirements may be verified by
esimulation and ffight tests. The most feasible meth-

od or combination of methods should be used.

The most feasible method of verification is to use
simulation to cover the entire range of required op-
eration, then choose points to be covered by a Iim.
ited flight test, then use the flight test data to refine
the simulation, and then complete the verification.

VERIFICATION LESSONS LEARNED

3.1.2.8 Mach hold. The Mach number existing at
the engagement of Mach hold shall be the refer-
ence. After engagement and stabilization on Mach
hold, che AFCS shall mainrain indicated Mach
number and the error shall not exceed (a)
Mach or fbl percent of indicated Mach,
whichever is larger, with respect to the reference.
Any periodic oscillation within rhese limits shall
have a period of at least [c) seconds. A mode
response or maximum time to capture reference 9
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suitable for she mission phase shall be ~
seconds. Adjustment capability of at least ~
Mach sfrslf be available to allow she pilot LOvary
the reference Mach number around she engaged
Mach number.

REQUIREMENT RATIONALE (3. 1.2.8)

The Mach hold mode provides the Mach hold ca-
pabtity in cruise Ilight where optimum range or
dsrre till result, or in climb out where the best rate
or angle of cfimb Mach will be maintained.

REQUIREMENT GUIDAh’CE

Vahses previcnrsfy required: (a) *0.01, (b) ~2.0,
(c) 20, (d) 20, and (e) ~0.01.

Tire requirement is applicable to a Mach hold
mode using either the autopilot pitch axis or an au-
romacic throttle system. This makes possible Iwo-
degrees-of-freedom control simultaneously
aekcisrg two comrol modes. e.g.. nliitude COnUOl
through pitch and Mach rhrough aumshrottie. Thk
enables Mach hold to be engaged during maneu-

0

verirrg flight where che system is unable to control
Mach wiclin she requirements, or under conditions
where she ~lem is able to control Mach but at the
expense of altitude. For example, for a system
which concrols Mach by pitch. if a Mach upset re-
quires a descent in order to maintain Mach. an
ever irrcreasing rate of descent will occur as the air-
crsh descends to lower altiiude. The pilot is re-
sponsible for maintaining safe flight under these or
similar conditions.

Minimum damping is specified in 3.1.2 for tran-
sient response following a disturbance: however,
there is no damping requirement for small osciUa-
cions within she performance tolerance bands. Es-
rabfiih a maximum time for recapture of the
cocrmranded Mach following a disturbance which is
auicsble for she mission phase. Thii value will be
based on she control charscrmiasics of che individu-
al aircrafr lacing developed and should be included
in she FCS specification.

REQUIREMENT LESSONS LEARNED

Mach hold tolerance increases whh airspeed. Lim-

0
ited experience has shown tolerances need to be
relaxed for flight near Mach 3.0. Otherwise. the

right loops needed to hold Mach may result in fargc
altitude variations and degraded ride qualities.

ft is very difficult to ●ngage she mode at she corrcrol
airspeed required in adverse weasfrer. ARINC
Characteristic No. S58 (Air Transpon Automatic
Throule Sysem) indicates a full range of adjust-
ment for their symem.

This requirement is applicable to a Mach hold
mode tssin8 either she autopilot pitch axis or arr au-
tomatic throttle syarem. The RFP and she FCS
specification should define which is so be used.
Experience on installing autorrrasic shronfe systems
has shown that some adjustment capability mrsccbe
made available for the pifot.

4.1.2.8 Mnch hold. The Mach hold requirements
shall be met during maneuvering flgfst incident KS
cruise and in sieady flight including climb and de-
scent. Verification shall be made by flight tcsc arrd

. Flight tearing shall be performed

VERIFICATION RATfONALE (4.1.2.8)

A combination of f3ighI test and analysis is wd so
verify Mach hold for ●conomic reasons.

VER1FICATION GUIDANCE

It is recommended chat flight tests be performed at
the extremes of the design envelope and in she cen-
ter. h may be more meaningful if she flight tearing
were ccmcenrrated in she posisicrn of the envelope
where she aircraft primary tilon is performed.

Piloted simulation and interpretation of FCS csrm-
puter generated asrip charts are examplca of ac-
ceptable analyses.

If analysis is not desired for verification, shen dr
Iete ‘and .

VERfFICATfON LESSONS LEARNED
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3.1.2.9 Airspeed hold. Theairspeed esdstingat
the engagement of airspeed hold shall be the refer-
ence. Indicated airspeed shaUbemaintained wiLh-
iII ~ knO= Or [b) percent of the
reference apeed, whichever is greater, up to ~
degrees bank angle. Anyperfodic oscillationwith-
in these limits shall have a period of at least ~
seconds. The mode response or maximum time m

.’.. .. capture reference shall be (e) seconds in the
moat demanding mission phase. Adjustment capa-
bility of at least ff) knots shall be available to
aUow the pilot to vary the reference around the en-
gaged airspeed.

REQUIREMENT RATIONALE (3, 1.2,9)

Airspeed hold mode provides the capability to
maintain airspeed in cruise flight where optimum
range or time will result,

REQUIREMEhT GUfDANCE

Values previously required: (a) i5, (b) *2. (c)
~60, (d) t20, and (f) *1O.

The value inserted in blank (e) should reflect the
maximum time to capture reference based on the
most demanding mission requirement.

Airspeed hold requirements are specified which
are similar to those used in commercial applica-
tions. Minimum damping follow-s the general re-
quirements in this specification for the transient
response following a disturbance; however, there is
no damping requirement for small oscillations with-
in the performance tolerance bands.

This requirement is applicable to an airspeed hold
mode using either the autopilot pitch axis or an au-
tomatic chrottfe system. The RFP and the FCS
specification should define which is to be used.

REQUIREMENT LESSONS LEARNED

Airspeed hold tolerance increases with airspeed.
Experience has shown tolerances may need to be
relaxed for flight near Mach 3.0. Otherwise, the
tight loops needed to hold airspeed may result in
large altitude variations and degraded ride quali-
ties.

Experience in installing automatic throttle systems
has shown that some adjustment capability must be
made available for the pilot. It is very difficult to ●
engage the mode at the control airspeed “required
in adverse weather.

4.1.2.9 Airspeed hold. Time to stabilization and
accuracy of airspeed hold shall be verified by a
combination of flight test and Operation
during landing approach shall also be verified.
Flight testing shall be performed

VERIFfCATfON RATIONALE (4. 1.2.9)

Although an extensive flight test would be desir-
able, a combination of flight test and analyses is
used to verify airspeed hold for economic reasons,

VERIFfCATION GUfDANCE

In the past it was recommended that flight tens be
performed at the comers of the design envelope
and in the center. his more meaningful if the flight
testing were concentrated in the portion of the en-
velope where the aircraft primary mission is per-
formed.

Piloted simulation and interpretation of FCS com- ●
puter generated time histories are examples of ac.
ceptable analyses.

ff analysis is not desired for verification, delete

VERIFICATION LESSONS LEARNED

3.1.2.10 Automatic navigation and guidance.
The AFCS shall provide automatic control m inter-
cept and maintain the crack defined by the foUow-
ing equipmenclsubsystems:

Maneuvers commanded by the AFCS””during any
phase of such operation shall not place the air ve- ●
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hicle in hazardous attitudes or result in flight limita-
tions t-dig exceeded. Switching and sequencing,
and air vehicle body axis rates and accelerations
ahaU result in smooth, nonoscillatory air vehicle
control and rapid reduction of error. There shall
be no residual oscillations greater than those al-
lowed in the flying qualities requiremema for this
air vehicle. Requiremems [or specific equipmecrt/
subsystems are as follows:

REQUIREMENT RATfONALE (3.1.2. 10)

o

Dymmic progress in the avfonics field and changes
now taccum”ng in the available navigation and guid-
ance ●quipment and systems, togerher whfs the in-
creasing use of digiml computational capability,
provide great and varying choices in che use of the
AFCS to provide high quality automatic navigation
and guidance during various phases of flight for pi-
lot relief and mission accomplishment. The dy-
nam.c progress made in AFCS mechanization and
performance allows great latitude in maneuvering
the air vehicle while maintaining a high level of pi-
Im confidence and flight safety.

REQUIREMEAT GUIDANCE

The avionics suite which is installed in the air ve-
hicle drives displays for the operaling crew and can
provide commands to the AFCS which may be
used to implement automatic navigation and guid-
ance. Some of dse choices which may be available
are fisted below

- VQR
- TACAN
- lLS
- MLS
- Grcamd Positioning
- Surface Foflowing
- Obstacle Avoidance
- Weapon Delivery
- Fwe Control

o
Detailed requirements have been developed for
VQR, TACAN. and 1LS. These performance re-

quirements established for VOFUTACAA’ opeca-
rion were baaed on the aviation industry practices
of the early 1970s and are now considered inter-
national standards, thus much of che detail maybe
~perfruou. However, for MLS, ground position-
ing and ocher navigation and guidance syssema
which may be used in the near future, there is as
yet no detailed generalized requiremenca. In lieu of
detailed generalized requirements, it is suggested
that accuracy in terms of percemage of neady scwe
path error be required until the detail procurement
specification is developed.

The following detailed requiremems were pub
Iished in AFFDL-TR-74- I I 6

a. VOfWACAN. When preconditions for ra-
dial capture are satisfied. the AFCS shall cause the
aircraft to maneuver to acquire the radml beam
center. hiaximum roll rate and attitude commands
shall be limited to provfde a smooth capture and
subsequem tracking of the radial. The following
performance requiremems for a VOR are stated in
terms of crosstrack error (feet) and radial emor
(expressed in micmamps; 1 degree = 15 micro-
amps) to provide for systems using eirher ARINC
547 or S79 VOR receivers. For ARINC S47 receiv-
ers only the radial error applies. Croastrack essor
applied 10 the ARIN’C S79 receiver operating in LISe
primary mode (collocated VOIUDME). and radml
error applies in the reversionary mode (DME inop-
erative or not available).

b. VOR capture and tracking. Overshoot shall
no: exceed S,800 fc (20 microamps) beyond che
desired VOR radial beam center in a no-wind cms-
dkion for captures SOnautical miles or more fmm
the acarion with intercept angles up to 4S degrees.
Following capture at SOnautical miles or more, she
aircraft shall remain witiln a mot-mean-square
(rms) average of S,800 feel (20 microampa) fmm
che VOR radial beam center. Average cracking er-
ror shall be measured over a 5-minute period be-
tween SOand 10 nautical miles from the ScatSonor
averaged over che nominal aircrah Ilight sime be-
tween the same d~cance Iimica, whichever time is
shoner.

c. TACAN capcure and tracking. overshoot
shall nol exceed 6,300 fi beyond the desired
ground track line in a no-wind condition for csP-
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ture 120 miles or more from the scation with inter-
cept angles up m 30 degrees. The required 0.3
damping ratio shall be exhibited for continuous
tracking between 120miles and20milesfromsta-
tion.

d. Overacasion. The VOIVTACAN modeshall
include automatic means for maintaining the air-
craft within *1 degree of aircraft heading or ground
track exiting at the inbound edge of the VOR
ZOC. During overflight of the ZOC, adjustment of
tie present course heading or its equivalent shall
cause the roll AFCS to maneuver the aircraft to
ccpcure the appropriate outbound radial upon ex-
isting from the ZOC, The VO~ACAN capture
maneuvering limits may be reinstated during over-
Station operation in a no-wind condition.

e. Automatic instrument low approach system.
The approach mode of the AFCS shall respond to
localizer signals for lateral guidance and glide slope
signals for vertical guidance. The system shall be
designed to automatically steer the aircraft to a
minimum decision height of 100 ft during lCAO
CategoV 11weather minimums. The system shall
provide timely warning to permit the pilot to com-
plete the landing if runway visual contact is estab-
lished or to safely execute a go-around following
any Singfe failure combination of failures not shown
to be exsremely remote. The system shall comply
wfch the cracking requirements for probable combi-
nations of headwinds to 25 knots, tailwinds to 10
knots, and crosswinds to 15 knots, with the proba-
bility of occurrence of such winds as shown in table
1.

(1) Localizer mode. The AFCS shall
csuse the aircraft to maneuver to acquire the local-
icer beam. Heading or roll rate andlor attitude
commands shall be limited to provide a smooth
capture and subsequent tracking of the Iocalizer
beam. Overshoot shall not exceed 0.5 (37.5 mi-
croamps) radial error from Iocalizer beam center
for captures with initial intercept angles of 45 de-
grees at 8 miles from mnway threshold and increas-
ing linearly to 60 degrees at 18 miles from runway
threshold in a no wind condition. During Iocalizer
capture che system shall exhibit a damping ratio of
at least 0.1 within the noted capture ranges, includ-
ing the effecrs of system nonlinearities. The system
shall be considered to be tracking whenever the fol-

lowing conditions are satisfied; localizer beam error
is 1 degree (75 microamps) or less, localizer beam
rate is 0.025 degreeslsecond (2 microamps 1 sec- @
trod) or less, and roll attitude is 5 degrees or less.
During beam cracking che system shall exhibit a
damping ratio of 0.2 or greater at a distance of
40,000 feet from the Iocalizer wansmitter. The
AFCS shall maintain the aircraft 2-sigma position
within 0,33 degree (25 microamps) of Iocalizer
beam center whenever the aircraft is between (1)
40.000 feet horizontal distance from the Iocalizer
transmitter, and (2) the point where 100 feet above
the ground is reached; these criteria shall be based .
on a Category 11 Iocalizer ground installation and
10,000 foot runway is defined by lCAO Annex 10.

(2) Glide slope mode. The pitch AFCS .
shall cause the aircraft m maneuver to acquire the
glide slope beam. Neither the position of the air-
craft above or below the glide slope nor vertical
speed of the aircraft at time of mode selection shall
be incorporated as a precondition for mode en-
gagement. When preconditions are satisfied, over-
shoot shall not exceed 0.16 degree (35 microamps)
of radial error from glide slope beam center when
capturing from below the beam in level flight at an
altitude greater than .S00 ft above the glide slope
transmitter datum altitude in a no-wind condition. #

The system shall exhibit a damping raLio of 0.085
or greater subsequent to the firs! overshoot for the
conditions defined. On a Category II lLS ground
facility (including 10,000 foot runway) as defined
in lCAO Annex 10, the pitch AFCS shall maintain
the aircraft glide slope antenna 2-sigma opposition
within 0.16 degree (35 microamps) of beam center
or within 12 ft of beam center, whichever is great-
er, between the altitudes of 700 feet and 100 h
above the glide dope transmitter datum.

(3) Go-around mode. The automatic go-
around mode shall be manually engaged only. The
AFCS shall be designed such that no single failure
or combination of failures not extremely remote
till cause the aircraft to maneuver to increase the
rate of descent upon engaging the go-around
mode. If the go-around mode is designed for con.
current operation with other automatic control sys-
tems, a single switch location or pilot action shall
engage all systems into the appropriate mode for
go-around. Should one or any combination of
concurrently operating automatic control systems 9
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be inoperative at she time of AFCS go-around
mode engagement, the AFCS shall comply with the
performance requirements based on normal go-
aroucrd procedures including manual management
of thrust, flaps, and landing gear.

(4) Pitch AFCS go-around. The pitch
AFCS shafl cause the aircraft to smcahly rotate
aufficiensfy 10 establish a positive rate of climb such
dsat the aircraft will not intersect the obstacle clear-
ance pfanes defined isr FAA Adviso~ Circular
120-29 more ofscn than 1 in 106 evenra for the
wind condttiona defined under Automatic lnstm-
ment Low-Approach System, and including high
altitude, hot day conditions as defined by the prcr-
curing acciw”ty. In dre event of inadvenem loss of
an engisre just prior to or during automatic go-
around, she system shali not cause the aircraft to
approach stall within 30 seconds of mode engage-
ment, based on desigrr approach speed. If operat-
hg procedures require the mode to be disengaged
upcm inadvenem loss of an engine, a timely warn-
ing shall be provided lor the pilot to initiate the dis-
engage procedure. Disengagement under this
condition shall be accomplished manually.

(5) Lateral-heading AFCS go-around
performance scmrdards. The lateral-heading
AFCS shall maintain the aircraft 4-sigma position
within the lateral boundaries of the obstacle clear-
ance planes during wind conditions as specified
above. This capability shall be maintained in the
event of she moss critical engine failure just prior to
or during automatic go-around. If normal proce-
dure is to disengage the go-around mode after in-
advertent loss of one engine, under the wind
conditions cited a pilot of normal skill shall be able
so recover airplane heading such chat intersection
wftfr dre obstacle clearance planes will occur no
more than 1 in 106 events during recovery.

(6) Minimum go-around altitude. A
mlnirnum altiwde for engaging autommic go
around shall be established such that tie probabili-
ty of incurring aructural damage to Ihe landing
gear. wing sips. or control surface u extremely re-
mote. The minimum altitude shall include normal
performance under cfre wind conditions specified
above and che probability of inadvertent loss of an
engine at any time wkfrin 12 seconds preceding
mode engagement.

f. All weather landing system. The foUowing
all weather landing system requirements persain so
tie latter stages of the approach: i.e.. that potion
of the approach below the decision height or the
alerr height. All weather landing system shaff coscs-
pfy witi che following fanding accuracies:

(1) Longitudinal d~raion of the main
landing gear touchdown poiru ahafl no: ercceed
1S00 feet with a 2-aigrrra probabifhy, ticfr a mean
touchdown point beyond the glideakrpe fmemcc-
rion with she runway. The 1S00 h dispersion need
not be symmetrically located above the nominal
touchdown point. lle aircrafr sink rate at wnscfr-
dows shail not exceed che acructural fimit of the
landing gear except as an extremely remote occur-
rence.

(2) The lateral dispersion of the aircrafr
cemerfine at the main landing gear at touchdrswm
shall not exceed 27 feet on either aide of cfre run-
way cemerfine with a 2-sigma probability. The rofl
out guidance system (normally used durirsg ICAO
Category IIlb or IIIc visibility conditions) shall
cause the aircraft to track parallel to or convergent
with tie centerline of the runway.

(3) The systems shall meet these require-
ments considering reasonable combinations of
head winds to 2S knors, sail winds to 10 knots. and
crosswinds to 1S knots, according to she probability
of encountering these winds and their aasociased
turbulence, along with expected variations in air-
craft configurations and expected variations in
ground facility performance.

(a) All weather landing performance
standards-+ ariatiorrs of aircrafr and airborne
equipment configurations. AU weather fandii
performance requiremensa shall be met while in-
cfuding che effecra on performance of the fsrflowing
aircraft and airborne ●quipment variacioru erc-
pected to occur in normal service.

- Landing weight and cencer of
gravity variations.

- Landing flap sewing variations.

- Aircraft approach apeed varia-
tions.

- Glide afope and Iocafizer afr-
borne receiver centering errors.
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- AFCS all weather landing system
sensor, computer and sewoactuamr tolerances.

- Performance tolerances of auto-
matic control systems operating concurrently with
the AFCS all weather landing syslem: e.g., stability
augmentation systems, load alleviation systems.

(b) Performance standards--ground
based equipment variations. Proof of compliance
with performance requirements for all weather
landing systems shall include the effects of ex-
pected variation in type and quality of the ground
based equipment. ILS beam structure, associaicd
tolerances and alignment errors, monitoring,
touchdown zone lighting, terrain clearances, and
controlled or critical taxi zones shall be considered
to meet the requirements for Categories 11 or 111
operations as defined by lCAO Annex 10.

REQUIREMENT LESSONS LEARNED

One of the more common complaints from military
and commercial pilots relates to limited capture
performance for the outbound radial. Generally
these complaints have occurred because the AFCS
remains in a tracking mode during station over-
flight. Consequemly,o utboundc apturesareh am-
pered by extremely limited bank angles, etc.,
designed to ensure good tracking performance. Fu-
tttreconfigttrations should provide for more favor-
able outbound capture performance by
development of more comprehensive control laws
or providing capture logic reset as a function of sta-
tion overflight. Because of the limitations of pilot
perception and aircraft maneuverability under the
combined influence of limited visibility and opera-
tions at extremely low altfmdes, the primary em-
phasis of design for all weather landing systems is in
terms of assuring safety of operation of the system.
Although all weather landing state-of-the-art has
been generally established through government
and mificary progzams, codification of all weather
fanding requirements has occurred to a greater de-
gree in civil programs because of their relationship
with and obligations to various regulatory agencies
around the world. Thus, it was rational for MlL-
F-9490 to draw upon the civil codifying experience

for not only that which ispresently e.xisting, but to
include trends which are obvious to the industry as
additional experience with various all weather ●
Iandingsystems’ con figurations isacct-ued. Forthis
reason, the requirements given herein are based on
the performance accuracies, reliability require-
ments, and methods of showing compliance with
the requirements as defined in FAA advisory circu-
lars 20-S7A, 120-28A, and 120-29.

4.1.2.10 Automatic navigation and guidance. ,
Verification of navigation and guidance require-
ments shall be through qualitative assessment by -
the pilot during and
by

VERIFICATION RATIONALE (4. 1.2, 10)

The qualitative requirements are best verified by
pilot opinion since the basis for providing automat-
ic navigation and guidance is to perform the se-
lected flight phase function to the satisfaction of
the pilot while accomplishing, under any condition,
the mission for which he is responsible. Optional
methods are available for obtaining piloL opinion
and for verification of the quantitative require-
ments on path error. ●

VERfFICATION GUIDANCE

Pilot opinion should be obtained during flight test-
ing when feasible. Pilot opinion obtained during
flight simulation may be a more cost effective and
an equally satisfactory method when a flight simula-
tion. based on flight test performance. is available.
The quantitative requirements may be verified by
flight test, analysis, simulation, or combinations of
these methods.

VER1F1CATION LESSONS LEARNED
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3.1.2.11 Control stick (or wheel) steering. llre

o
comsol tick (or wheel) aceering hsnccimr, as a ae-
Ieccable -racing mode. shall ,~.. The
maneuver licasicsof the AFCS and tie concrol force
iimira escabliafsed by the flyfng qualities require-
menca ahafl apply during concml sdck (or wheel)
aseericsg opasariona. The pilot shall retain full su-
Sfmrky to maneuver she air vehicle wichii the appli-
cable force and maneuver timita of she flying quali-
ties by reversion to she,~ function of she
FCS. Any reversion or chsnge of mode shall be
adequately annunciated to she pilot.

REQUIREMENT’ RAT30NALE (3.1 .2.11)

Ckmtrral adck (or wheel) aseering (CSS or CWS) is a
aapamte operadtag mode isr some auto pilots snd
allow she pilot to ●nter she AFCS concrol loop to
provide an attitude hohflrate command or attitude
holcllauitude command concml function. Re.
apmsacs and forces unnatural to Ore pilot, and unin-
tcncfonal imecrupsion or disengagement of she
AFCS during chia operating mode, is undesirable
due to safety-of-flight and flying qualities consid-
erations. llse capability to revert to FCS operation

o
which afknva full capability to maneuver the air ve.
hicle is a hmdamenca! requirement for any AFCS
operation.

REQUIREMEhV GUIDANCE (3. 1.2.11)

Blank (a) should specify me required operacfon of
the CSS (CWS) mode such as rate command/aui-
sssde hold or actiwde commandlatdtude hold. It
MSYbs possible 10 maneuver mccaide she attitude
hold Iimira while in rhis mode and rhen the new
animde held when force is released widdn the lim-
its. A violation of she fimir.sshould be annunciated
so she pilot. However, if she force is released out-
side she aoimde Iimirs, she pilot should bc warned
shat the ayasem is not holding she atchude or she
aircrah should be aromatically remmed to she
limft asdsude. The uicn controls located on she
tick (or wheel) may be used to change she primary
AFCS reference in shii mode (arcch as attitude or
heading) or perform some type of integration in or-
der to eliminate ausnd-off or ocher ●mora which
may persist during Irackhrg or pmhioning. In chose
vehicles having an automatic hover mode of opma-

0
tion, adck steering should provide che capability for
vernier conrrol needed during hovering. Blank (b)

dmcsld indicste a syacem or function of rhe FCS
provides dse required maneuverability and force
levels, arcch as MFCS, CAS. AFCS concmfler hmc-
cion, etc. Positive, conspicuous. unmistakable, iJS-
dicasion should be given to the pilot shaI a rever-
sion has acsually raken place at she opsradcrg level
of she FCS. The pilot display requiremenca of this
specification should cover chii facet of she CSS/
CWS isnplemencacion as railored for she air vehicfe.

REQUfREMEfW LESSONS 3JIARNED

4.1.2.11 Control stick (or wheel) steering. Cmr-
uol stick (or wheel) steering flying qualities, accu-
racy, stick force, and maneuvering Iimics shall be
verified by a combination of fight test and _.
Flight teasing shall

VERIFICATION RAT30NALE (4.1.2.11)

The perfomcance of she conrrol acick (wheel) aseer-
ing impacra flight aafeiy. A combination of flight
teasing and analyses is used for verification because
of economic considerations.

VERIFICATION GUIDANCE

The ability to maneuver she air vehicle rhmugh
concrol adck aseerirrg shall be verified by tear during
other autopilot tessa. Verify also she foUOwing tly-
ing qualities: rates. stick forces, etc. Demonstrate
rhe compatibility of concrol aceering w“th she nor-
mal and single channel performance of she flight
director in at least four comers and center of tie
flight ●nvelope. The asymmetric roll gradient
ahocdd be evaluated as a result of pilot commems
and amhropomercic con.sideracforcs. Due to the lo-
cation of dre concmller. right roU forces are harder
and more awkward to apply than Iefs rofl forces.
For example, windup rum maneuvers so she sight
are considered by some pilora to be much harder to
accomplish as precisely as windup SUMSso rhe Ieh.
Thus, she right roll force gradient may bc reduced
fmm she 80 percent force level.

VERIFICATION LESSONS LEARNED

Four variations of she command4eflecdon rela-
tionships of the side-sdck controller were eva-
luated.
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3.1.2.12 G loss of consciousness (GLOC) sys-
tems. When a GLOC signal is received, the air-
craft shall rcdf through the shortest route possible to
wings level and then execute a dive recovery using
the msximum g’s available up to (a) g’s. Once
the recove~ is accomplished, which will be deter-
mined by ~. the aircraft shall hold level
altitude flight until (c) . If the throttle setting is
not tncfficient to maincairs akimde, (d) .
Warning of autorecovery shall be annunciated to
the pilot. The pilot shall have concrol authority-to
override any autorecovery. There shall be auto-
matic logic to prevent activation of the GLOC re-
covery system during the following critical flight
Ph=s: ~.

REQUIREMENT RATfONALE (3. 1.2. 12)

Some class A mishaps have been attributed to
GLOC. In order to improve flight safety, GLOC
systems have been proposed. GLOC systems pro-
vide automatic dive recovery and maintain level al-
titude flight through automatic inputs into cbe air-
craft’s fUght conrrol system.

REQUIREMENT GUIDANCE :

It is suggested that the blanks be filled in as foUowS:

a. Blank (a). This value is determined by the
aircraft’s structural limitations. Stores loading
should be taken into consideration.

b. Elank (b). This may be clearance of a set
altitude, accomplishment of level flight, etc.

c. Blsnk (c). Thk value may be a specific time
or until the pilot regains control of the aircraft.

d. Blank (d). The system shall maintain con-
stant akfmde unfl the AOA limit ia reached. the”
descend on that limit or maintain constant altitude
until a minimum Mach limit is reached, then de-
scend on that Mach numbsr.

e. Blank (e). These may be takeoff, landing,
automatic terrain fOUOting, etc.

REQUIREMENT LESSONS LEARNED

4.1.2.12 G loss of consciousness (GLOC) sys-
tems. The GLOC recovery system shall be tested
to verify that nuisance activations will not occur e
and chat she recovery minimum altitude loss or oc-
curs within of the set altitude.

VER1FICAT20N RATfONALE (4. 1.2. 12)

The performance of the GLOC system impacts
flight safety. A combination of Oight testing and
analysis is used for verification because of econom-
ic considerations.

VERIFICATfON GUIDANCE

It is suggested that the blank may be a TBD per-
centage of the set altitude.

VERIFfCATfON LESSONS LEARNED

3.1.2.13 Ground collision warning system(s)
(GCWS). The minimum accetnsble ~erformance
of the GCWS shall be as follows:

REQUIREMEhT RATIONALE (3. 1.2. 13) m

Some class A mishaps have been attributed to con-
trolled flight into terrain (CFIT). In order to pre-
vent CFIT mishaps, GCWS have been devised
which use radar altitude and aircraft trajectory to
wam of impending CFIT. The algorithms used in
the GCWS must take into consideration the air.
craft’a concrol system and flight characteristics.
The GCWS may display warnings via a Head Up
Display or Electronic Attitude Dkeccion Indicator,
similarly to an autopifot flight director mode. Fu-
ture systems may initiate an automatic dive recov-
ery, making the OCWS an AFCS mode. There-
fore, GCWS, have bsen included as an additional
AFCS mode.

REQUIREMENT GUIDANCE

It is suggeared that. the blank be fiffled in with re-
quirements from ASD-TR-88-5034.

REQUIREMENT LESSONS LEARNED

●
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4.1.2.13 Ground colllslorr warning system. The
OCWS perionrrance requirements shall be verified

VERfFJCATfOJV RAT30NALE (4. 1.2.13)

llse performance of she GCWS impacts flight safe-
ty. A combmtion of flight teasing and analysis is
used for verification kcause of safety and econom-
ic considerations.

VERfFICATfON GUIDANCE

It is suggested drm she bfank bs filled in wid’Iverifl-
.cacims procedures from ASD-TR-88-5034.

VERIFICATION LESSONS LEARNED

3.1.3 General FCS design. The design of the
FCS ahafl be entirely suitable for the purpose, mis-
sion, and general requirement of the air vehicle.
The FCS shaff be as simple, direct. and foolprcaf
as possible widr respect tn design, installation, OP
eration, inspection. and maintenance. The design
ahaff not incfude features nr derails which experi-
ence has shown to be hazardous or unreliable.
Each control and ●ach control lonp shall be de-
signed to operate widr the ease, smondsness and
pnaitiveneas appropriate to ita function.

REQUIREMENT fWT20NALE (3. 1.3)

The opening statement for tisk section introduces
the need for suicabifity. minimum complexity.
avoiding past craiatakes, and accommodating she pi-
10Iirr the FCS desigrr. The qualitative performance
asatemen= a!en the designer to h~ obligation tn un-
derstand t3se needs which the air vehicle is to satis-
fy, she mechanisacions which have had majnr defi-
aencies in rhe pass. and the importance of prcrsid-
irrg a satisfactory icrterface with she pifot.

REQUIREMENT GUfDAf4CE

Odrer requirements such as flight safety, mission
refinability, flying qrcafities etc., as well as antici-
pated future usage have led to more complex
mechanisations of the FCS tian was required to
meet rhe purpose and stated needs. Great effort is

required to get such designs simplified since ●ach
design specialty is usually unm”lfing IO affow trades
downward in their assigned area.

REQUIREME~ LESSONS LEARNED

4.1.3 General FCS design. The FCS design re-
quiremecm contained in subparagraphs of 3.1.3
shall be verffied by and

VERIFICATION RATfONALE (4.1.3)

Requirements in this paragraph maybe verified by
inspection, analyses, simulation or 51@rt teas, or
cnmbinatinns of these merfsnds. The biacdca are
provided 10 allow the most feasible methods to bs
specified.

wftlFICATiON GUIDANCE

The pitot”s opininn from piioted aimufacicm and
flight test should be used 10 verily aacitabtity and
operating characteristics of tie design. Use engi-
neering analyses and inspection to verify aimpiicity.
directness fnolpronfnes-s, and har.ardnus or uruefi-
able features and design details.

VERIFfCAllON LESSONS LEARNED

3.1.3.1 System wrangemecrt. Assembled ●le-
menca. twbsyscema, and separate cfrancrcfs and con-
trol loops of the FCS afsafibs arranged and focmed
icr the air vehicle

REQUIREMENT RATIONALE (3.1.3.1)

The arrangement of che FCS muss enhance per-
formance and promote safety, maim.ainabti:y, reli-
abifity, inwclnerability. failure immunity and ockser
general requirements of tie specification caiiored
per dsis guide. Integration tmd common usage of
functional hardware. and dre asnsitivfty of FCS

.“
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hardwsre to locations and environments within the
Air Vehicle, makes it necessary to specify the ar-
rangement which will be used for at least the major,
critical, ponions of the FCS. The blank allows the
arrangement to be specified, thus providing a fwed
basefine configuration arrangement for desigst and
amlysis of the FCS.

REQUIREMENT GUIDANCE

System arrmrgement should be determined by the
general requirements of the FCS specification such
as refiabifity, flight ssfety, maimsimbdity, etc. In-
vulsrerabifit y requirements ntcy require dktribution
of system elements. Requirements for locating
componesms of the FCS are contained itt 3.2.9 of
this Gttide Specification and has an influence on
how the subsystems, control loops and major as-
semblies of the FCS will be arranged. One factor
which is not specifically called out in the require-
ments statement references is that of FIRE in the
air vehicle. The arrangement chosen should show
that fire zones have been considered as serious
threat areas and that requirements for containing
fires in fighter aircraft may not satisfy the require-
ments for invulnerability of the FCS. AFSC DH
1-6, DN3J 1 and DN3N 1 contsin some guidance
for use in establishing configurations and arrange-
ments which consider FIRE as one of the ircrponant
design factors.

In addition to tradic.fonal FCS hardware ai-range-
ment and an arrangement to satisfy specified re-
quirements, sensors and electronic assemblies for
the FCS are items which also need to be considered
under this thfe since arrangement and rearrange-

ment of these items can have far reaching effects
on FCS per fomtance in the operational entiron-
tnents. Integrated sensor assemblies, remotely lo- w
cated from center of gratity positions, are plar’ttred
for future aircraft and multi-channel electronics
for redundant control are ohen packaged as one
assembly. The blank sftoufd be filled to reflect the
FCS needs for arrangement of these, and other,
items to meet the various requirements for FCS
and to help identify and keep constant some of the
parameters which influence. and are used to pre-
dict, FCS performance.

REQUIREMENT LESSONS LEARNED

Auto ignition temperature, in stsndard atsno-
sphere, can occur at 4685F for JP-4 jet fuel and
8245F for 100/130 grade aviation gasoline.

Flame temperatures in such fires run from 16500F
to over 2000’3F.

pilots in Sourheast Asia, 1970 rime frame, found
that:

a. Fires in flight bum as long as fluid is avail-
able. a

b. Thirty seconds is available after wing fire
flame becomes visible before an explosion may oc-
cur.

Selected compcmentslassemblies used in FCS fail
after the elaosed time, in seconds and in the mode
shown below:

Hydrsufic Hoses
Hytfraufic Swivel units
Hydrsuffc Tubes (Return)
Push Pufl Tubes -2024 AL -

l. OO-OD - .035” wall
Setwsctumors
Brsckers - cranks
Feel Springs
Transducers
Trim Actustors
IElectric Wtig

2000 F f%m0 Moo F flare0
15-20 sec 90 sec Melts
90 sec

90 sec if actuator is hardover -300 sec otherwise
10 sec 600 sec Meks

30 sec 420 sec Seals fail
60 sec 300 sec Melts
100 sec 300 sec Binds
100 sec 300 sec Binds
300 Sec
11 sec 11 sec
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4.1.3.1 System arrangement. System arrsnge-

0
ment shafl be verified by
—.

vSRI~CATfON RATfONALE (4. 1.3.1)

The sutcd requfremems for arrangement accom-
mcrdate the operational needs and miasfms require-
ments of the air vehicle. Verification IIsat the de-
sign does accomcraodate chose needs and require-
ment is e fundamental seep in determining chat the
vahicfe can fdri iu operational role.

V)HUFICATION GUIDANCE

Inspccsion is a feasible mechocf of verification of
cfaiurequirement. During the design and assembly
process she system arrangement should be verified.
Inspection of drawings covering the general ar-
rangement of the air vehicle and tie fayoms in the
airframe could be one verification nep. The final
event in this process could be the physical configu-
ration audit (pCA) for the air vehicle configuration
item.

VEFUFfCAflON LESSONS LEARNED

o

0

3.1.3.2 Trim ccmtrola. The FCS shall provide
trim control conforming to tie following require-
ments

REQUIREMENT RATIONALE (3.1.3.2)

Trfm affowa the pilot to adjusr the force levels
which he must apply at the cockpit cmnda to cmr-
UOI the air vehicle. The trim force Ievefs, range
and rate capsbfities, which must be protided are
established by che flying qcmfities requirements for
the air vehicle. The range of bmh the forces and
rates are such that hacards may develop as a result
of improper design, inoperative or malfunctioning
trim. The requirements in thii paragraph must
control trim associated hazards to an acceptable
level while accommodating the needs of the pilot.
The bfsnk allow tailoring the requirements for the
FCS mechanization.

REOUIREMEhT GUIDANCE

Flying qua fities for the air vehicle contain reqraire-
menrs for uim force Ievefs, ranges and rates of op-
eration, chamcceriscics. etc., in terms applicable W
tie pilot and aerodynamic perfomsance of she air
vehicle. The requirements provide vafuea which
must bc trarsafased into deafgn requirements for tfae
trim comrofs for the FCS. AI vehicle configura-
tion and ita aerodynamic charactetics, FCS
mechanization and hmcclon. ●tc.. may lead tO re-

quirements for ufm comrofs. These may fncfude:

a. Series rrim - When series csimisused, no
worse than operational State 111shmcld reaach fmm
the control becoming inoperative In any pasftion.
except for cases where such nonoperation can be
shmm to be extremely remote.

b. AFCS operated trim - Engagement of che
pitch channel of tie AFCS should automacicafly
initiate needed pitch trim. Manually operated trim
ahmcld be inhibited or cause AFCS disengsgemem.
Methods for detection or prevention of runaway
trim while in an AFCS mode ahmcfd be incorfso-
rmed.

c. Automatically commanded trim - Automat-
ically controlled trim should incorporate positive
means to avoid hazardous adverse trim near sufl
angfe of smack.

d. Automatic interconnect or augmentation -
Designs which use chii feature ahmcfd have prm’i-
sions which hold or return trim to an appropfite
position when the interconnect or augmentation
command u removed.

e. Multicrew air veh!cle using ●lectric trim-
fmerlocks in the circuitry should be provided LO
prevent aimukaneous trim commands for operation
in opfaosile dkecsions.

f. Automatic takeoff position - Means shmcld
be provided to set dl uicrs to the takeoff IS&tins
by a afcagfecommand from she pifot.

g. FCS with reversion modes of operation -
Trim capability should be protided as necessary to
meet the flying qualities requirements whife rspcrst-
ing in FCS reversion modes.

In addition to unique requiremenca. above, these
are some general requirements which shoufd be

n
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comddered for every FCS. These include: Each of
the principal axes of the FCS should have the capa-
bility which alfowa the operating crew to change any
steady same forces required at the cockpit to uim
the air vehicle. The selected trim position should
be maintained indeftitely unless changed by a tcim
command. Whenever a condition worse than Op-
erational State 111would read from a power oper-
ated trim faifure, that ia not extremely remote, the
pifot shoufd be protided with a means to easily and
quickly disconnect the primary trim function and
an alternate capability for trimming the force lev-
efa. Each cockpit conrrol for trim should operate in
the plane and sense of she forces affected. Design
of the trim controls should preclude inadvertent or
abrupt operation. Stalling of trimming devices due
to actuator loading should not result in a hazard.

REQUIREMENT LESSONS LEARNED

When hydraulic power is used to drive the uim ac-
tuator, the concrol valves must open and close rap-
idly to achieve high reapmtse and small oim incre.
menta. Such valve action can produce very large
pressure surges in the hydraulic system, leading to
component failures. Design should prevent such
effecrs in interfacing systems,

Caution must be used in establishing the maximum
total trim position fimics such that the available au-
thority of the pilot’s direct longitudinal control or
the pilot’s longitudinal force (strength) capability is
not exceeded for any flight condition.

tie design should consider the need to trim longi-
mdinal forces to zero for all conditions expected
for takeoff and initial climb in order to enhance
aurvivabifity when ejection is required during that
period of flight operation.

4.1.3.2 Trim controls. Trim concrol require-
ments ahafl be verified by

VERIFICATION RATIONALE (4. 1.3.2)

Trim control requirements are basically a means of
enhancing flight safety by specifying design ap-
proaches which control the hazards associated with
misuse, failure, malhcnction, etc., of such controls,
Verification of the requirements specified esta-
blishes the auitabfity of the control and the extent
and level of the hazard which remains. Analysis,

78

simulation, inspection, and ground and flight tesca
may be used in the verification process. The blank
allows tailoring for each program. @

VERIF1CATION GUIDANCE

Ground teata and inspection should be u.%d to
verify most of the mated requirements. When
those requirement have additiona from the identi-
fied listings, analysis and simulation may be re-
qfied for some of the verifications. In every in- ..
stance flight testing should be conducted incident
to the flying qualitiea testing to verify that aUdesign
requiremenca are met.

VERIFICATION LESSONS LEARNED

The effects of trim operation on interfacing systems
should be considered during verification testing cm
the air vehicle. Measurements should be made on
interfacing power systems to ensure that surges.
noise, spikes, etc., which may be generated by trim
operations do not exceed authorized limits,

Flight tests should be conducted m verify that, un-
der the most adverse conditions, positioning trim to
its limits of travel does not create a hazard in con-
trol of the flight path. @

Flight tesca should verify chat control forces can be
reduced to zero at the most adverae takeoff condi-
tions in those air vebicies hating pilot ejection es-
cape systems.

3.1.3.3 System operation and interface. Sepa-
ration and “iaoiation shall be provided between _
~ to make the probability of propagated or
common mode failure extremely remote. Opera-
tional performance shall be met by the FCS ~
seconds aher power is applied. Positive means of
diaengagemem shall be provided for (c)
Mode selection logic shall enhance operational and
mission capability and shall provide (d)
Tranaienrs due to failures, disengagements and
changes in operating modes shall not exceed A
—.

REQUIREMENT RATIONALE (3. 1.3.3)

Flight safety and mission accomplishment refiabil- :
ity are the basis for this requirement. Air vehicie
elements which interface with essential flight con-
crols, and which suffer malfunction or failure, must e
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not be allowed to cause failure in these flight con-
crols.

The sine required to bring she FCS from irs shut
down mate to operational status should be a design
consfderacion and under engineering control. Qp-
esacing efficiency and crew effectiveness are lnr-
proved by short, concmlfed. WSMSUPtie wfi~s
wfsetier it be incident to fliglu or maintenance ac-
tivity. Assy hasarcf associated with an unknown
FCS status due to warmup can be controlled with
confidence when the time required is known to be
cocssrolled by design.

Safety ccm.dderationa require chat provisions be
made to free essential flight controfs from malfunc-
hcsfng, faffed or otherwise distressed elements
which are not essential and which might degrade
FCS performance or otherwise create a fsaaard.
Disengagement provides one means by which the
pilot or safety dctice may cake effective action fol-
lowing single failure or failures combinations, a
condition brought out in she requirement for failure
icnmuniIy and safety.

o
When a choice of FCS mode selections is made
available, h is necessary to spscify a mode hiersr-
chy and to ensure that she mode selection logic can
handle all possible combinatiocss of desirable and
inadvertent aelecsion. Logic is needed to prevent
the selection of incompatible modes.

Gtablishing limits on ssansients due to failures in
she FCS is fundamental to flighi safety and accep.
tance of she air vehicle. !%tablishing those Iisssissin
terms of aerodynamic performance of the air ve-
hicle pmvidea a means for correlating she require-
ments for ll@sB qualities. human engineering. and
ffight concrol. Expressing the limits in terms of
aerodynamic performance also allows direct mea-
surement duricsgflight using available flight ten in-
acsurnensarion.

REQUIREMENT GUIDANCE

These rcqcdremencs apply to FCS desfgn. l?se FCS.“
design muss Incfude features which implement
these requisemenu. Tlse FCS specification should

o
noc attempt to levy requirements on other Ah Ve-
hicfe SubayscemsilcmpsAem.ces.

Blank (a) ahoufd be used to identify she concrolsl
m~tefl=fices which will be interfaced tith ●s.
sential or flight phass essential flight concmla and to
which the tailored requirements apply. Two classes
of interfacing should be considered:

lntra-FCS Interfaces: These are noncritical
FCS subsyscema/foops which fmerface dh FCS
aubsystemshopa which are classified as essential or
Ilight phase essential. An example might be she
autopilot loop in a fully fly-by-wire FCS or she
AFCS in a fuffy capable mechanical FCS.

Imer-FCS Interfaces: llsese are mbayasems,
services, etc., such as acsucsures. power. naviga-
tion, guidance, fwe control, propulsion which imer-
face with essential or flight phase essential flight
consrol eubsystenWloops. An example might b
the electric power generation and dmftion ascb-
system. compass headh’sg semice of the navigacioti
guidance subsystem, she terrain following subsys-
tem. hydraulic subsystem, ●tc.

Blank (b) should be filled by a number represent-
ing the clock dme allowed for she FCS to warm-up
after power is applied.

The requirement applies to ●lectronic, ●lecrcical.
mechanical, hydraulic, pneumatic and other pmv-
ered system elemems. Specified system perform-
ance must be achievable following the warm-up pa-
riod. Typical values are 90 seconds for ais vehicles
requiring quick reaction (from alen status to take-
off readiness) and 3 minutes for those having no
special requirement for quickly reaching readiness
for takeo[f. Class IV air vehicles (fighter types) are
usuaUy placed in the quick reaction category and
large cargo air vehicles icrthe category which has no
special requirement for quick reaction. llse user’s
requirements and temperature ranges encountered
in operational use shmcfd be reviewed as pan of she
tailoring process. The word ‘wanrs-up- Ames to
a period of nonopcracion between the rime power is
applied and she time that full functional capab~ty
is reached. This should not be confused with she
vulnerability requirement for witfrscanding qseci-
fled conditions. Wichsaanding requfremecsts apply
to time periods prior to she application of power as
well as sime periods esnending afser warm-tqs and
aher reachhsg operational status. llre two require-
ments are not related and should be armed and ver-
ified as separate requfremencs.
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Blank (c) should be filled by identifying (listing)
the aubsyatents/foops/services which shall have a
positive means of disengagement,

For this requirement, disengagement means dis-
ablement andlor disconnection of selected or
otherwise operadng functional elements from the
operating FCS. provisions for disengagement of

.,. electric controls from the essential concrofa should
ba required in those systems which have tiny capa-
ble backup mechanical controls or which have
electric COntrOls with functions ad elHCIWKSj-ret
cfaaaed as essential. Dfiengagements must be posi-
tive under all loads and conditions. Disengage
Smnsienta are on the order of h.5g normal or lateral
acceleration at pilots station, or t3deg/sec rate,
The pilot must be informed of each disengagement.
Thii requirement is separate and distinct from any
requirement for a means of selecting, changing or
otherwise choosing functions and operating modes
for the FCS. Disengagement shall not preclude re-
engagement of the controls except in those cases
where interlocks within the system are not satisfied
due to maltisnction andlor inaction on the pan of
the crew.

Blank (d) should be filed by requirements which
insure flexibility of FCS operation, ease of mode
selection and a design of mode selection logic
which :

a. Makes correct mode selection by the crew
highly probable.

b. Prevents the engagement of incompatible
modes (cable 1X) that could create an immediate
undesirable situation or hazard.

c. Discocmecta appropriate previously engaged
modes upon selection of higher priority modes.

d. Protides arming of appropriate modes while
certain modes are engaged.

e. Provides for the engagement of a more basic
FCS mode in the event of a failure of a higher
priority mode.

Blank (e) should show the limits on incremental g,
roll rate, bank angle, and spatial excursion of the
air vehicle. These limits should be such that pilot

action can prevent a hazard following transients of
this magnitude.

One pan of the flying qualities document for pi-
—

Ioted aicplanes contains requirements limiting air-
plane motions following system or component fail-
ure. Another pan of that document comaiu re.
quiremencs covering characteristics of flight control
systems under failure conditions. These require-
ments are established primarily to prevent danger-
ous or intolerable conditions from developing in
flight path, body axis attitudes or rates, load factor,
etc., after failures develop and before the pilot can
begin corrective action with the cockpit ctmcrofs.
The aerodynamic response of the air vehicle to
changes in FCS output after failure is evaluated in
terms of flying qualities and hazard levels to estab-
lish the limits. These limits. as specified in the fly.
ing qualities requirements for the air vehtcle. are
those quantitative values which should be used for
completing the blank in this FCS requirement.

In general, the transients associated with one pan
of the flying qualities document for piloted air-
planes contains requirements limiting airplane mO-
tions following system or component failure.
Another pan of that document contains require- @
ments covering characteristics of flight control sys-
tems under failure conditions. These requirements
are established primarily to prevent dangerous or
intolerable conditions from developing in flight
path, body axis attitudes or rates, load factor, etc.,
after failures develop and before the pilot can begin
corrective action with the cockpit controls. The
aerodynamic response of the air vehicle to changes
in FCS output afser failure is evaluated in terms of
flying qualities and hazard levels to establish the
Iimics.

FCS design must then limit FCS outputs after fail-
ures such that these aerodynamic bounds and flight
path deviations are not exceede,d due m any failure
which can be shown not to be extremely remote.

REQUIREMENT LESSONS LEARNED

No attempt should be made to include in this para-
graph of the tailored FCS specification require-
ments for design performance, or features, of inter-
facing subsystems or sesvices which are not dedi-
cated to the FCS. ●

so

Downloaded from http://www.everyspec.com



0

0

0

APGS-87242A
APPENDIX

TABLE IX. FCS engage and disengage selection logic.

~

~NCY ~L
PITCH AITITU DE HOLD
ROLL AllTfWDE HOLD

D
HEADING SE Cr
~

AIRSPEED HOLD---
~

~

~

NG
STRU_URAL LOAD CONTROI
AUTOMATIC THROITLES

1

~

I

:
R
M
A
L

M
A
h’
u
A
L

E
—
—
—
—
—
—
—
—
—

—
—
—
—

x
—

:

—

M
A
h’
u
A
L

w
E
A
P
o
h’

D
E
L
I
v
E
R
Y
—

K
—
—
—
—
—
—
—
—
—
—
—
—
—

~
—
Y
T

—

llte effecra of FCS failure transients seem best spe- maY reauh from FCS output changea due to such
cilied as requirements which relate to man-ma-
chine responses to sudden changes in FCS ourpuca.
The burden of uanafatkrg these requirements is
placed on the FCS designer who mus determine
what failures may occur and what changes in sur-
face (or other moment producer) position, etc..

fail~res.

4.1.3.3 System operation and Interlace. System
operation and interface requirements shall ix veri-
fied by

81
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4.1.3.3.1 Warm-up. Thetime requirements for
warm-up shaU be verified by

4.1.3.3.2 Disengagement. Dkengagement re-
quirements shall be verified by

4.1.3.3.3 Modecompatibllity. Themodecom-
pacibUityrequirements shall be verified by

4.1.3.3.4 Fallure transients. Compliance with
faifure transient requiremems shall be verified by _

VEFUFICATION R4TfONALE
(4.1.3.3 - 4.1.3.3.4)

Verification of these requirements ensures that the
FCS does include the identified design features
which enhance safety and operational utility of the
air vehicle. Verification allows accurate planning
for use of the system in the field and the proper
training of sAe operating crew.

VERfFICATION GUIDANCE

Verify through ground test that each of these re-
quirements has been met. In addition, verify
through flight tests that the requirements for disen-
gagelreengage, mode selection logic, and transient
effects have been met. An operating mockup may
offer a feasible method of ground testing for verifi-
cation of several of these requirement, provided it
reflects the true con figurationlperf ormance of the
installed FCS. In many cases, propagation effecu
verification is only feasible at the assembly level by
use of a specially designed engineering test stand,
Ground testing for verification of these require-
ments should be completed as pan of the fhght
worthiness testing for the air vehicle.

VERfFICATfON LESSONS LEARNED

Verification of most of these requirements has
been ahowm to be bear accomplished through ex-
haustive ground testing; however, a few of the re-
quirements, selected for criticality, should also be
verified ducing flight teats. In conducting verifica-
tion tests for transient effecu during ‘flight, it has
been found hat a time delay of about two seconds
shuufd be aUowed between a failure annunciation
in the cockpit and she initiation of pilot corrective

action tu realistically evaluate the hazard potential
produced by the cransiem,

3.1.3.4 Failure Immunity and safety. Within
the permissible tlight envelope, no single faihcre in
the FCS, which is not extremely remote, shaU re-
sult in any of the following effects before a pifot or
safety device can take effective corrective action.

a.

b.

c.

REQUIREMENT RATIONALE (3. 1.3.4)

The intent of this requirement is to control infl@
hazards which may result from single failures in the
FCS. For noncritical controls the pilot maybe re-
quired to detect and compensate for failures.

REQUIREMENT GUIDANCE

The blank should be filled by listing failure effects
which may create significam inflight hazards.
These include:

a. Fluner, divergence, or other aeroelascic in-
stabilities within the permissible flight envelope of
the aircraft, or a structural damping coefficient for
any critical tlucter mode below the fail-safe stability
limit specified for structural design of the air ve-
hicle.

b. Uncontrollable motions of the aircraft or
maneuvers which exceed limit airframe loads or
cause severe physical stress on the aircrew.

c. Inability to land the aircraft safely.

d. Any asymmetric, unsynchronized, unusual
operation or lack of operation of flight concmfs chat
results in worse than FCS Gperatioml State 111.

e. Exceedance of she permissible fUght enve-
lope or inability to return to the service flight enve-
lope.

For this requirement, extremely remote is defined
as numerically equal to the maximum aircraft 10ss
rate due to relevant FCS materiel failures shown icr
3.1.7 of the tailored FCS specification.
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When the pifm is required to detect and compen- VERIFfCATfON LESSONS fJ2AfWED
sate for a failure, neither extreme alemess nor ex-
ceptional skifl nor strength sfraff be required on the
pm-c of the pilot.

REQUfREMEfW LESSONS LEARNED

4.1.3.4 Failure Immunity ●ad safety. Com-
pliance with dre failure immunity and salety re-
qcciremecrcsshall be demonstrated by

VERfFICATfON RATfONALE (4. 1,3.4)

[n complex ~ems, verification of the require-
ments in tfds paragraph should follow a well scncc-
tured and comprehecrsk’e srusfine and cover she en-
dre accqse of she FCS. Analyses, simulation, in-

0

specdon, and ground and flight testing may be re-
quired. The blank may require a Ming or matrix
of methods, by item, based on she design SIP-
preach, implemencasion and mechanization meth-
ods chosen and configurations available in she FCS
for she specific air vehicle. A structured, time
phased effort distributed over the design and devel-
opment time schedule may be required.

VERIFICATfON OUIDANCE

Verifications for faifure immunity and salety ex-
tend beyond the fhicrgs of chk requirement. The
process can begin svidr the failure modes, effects
and criticality analysis for Ore FCS. emend through
the hazard analysis [or the air vehfcle. and comin-
ue so fault sree and any other such analyses. These
analyses should idenrily rhose failures and failure
combinations ss’hlch are not classed as extremely
remose. Arralyaes, slmulasion, and ground and
flight tears shoufd then be used, as appropriate. 10
show chat none of *e laifures. not extremely re-
mote, can result in any of the conditions listed.
Software development and the verification and vaJ-

0

Marion merfrcds used should be responsive to these
requirements and shcnrfd icrsure that each is ad-
&eased in sufficient detail to show compliance.

3. 1.3. S Redundancy. The reducsdacrcy require- ‘”
mecrts ahalf be aa shown in cable IV. Escceprions to
this requirement should be identified on a cow
nent level (n cases where cosUcomplexity/sa fety
wade-offs may indicate less redundancy is re-
quired. Specific approval to implement less redcm-
dancy must be received from she Goverrussent prw
curing activity. . .

REQU1REMEh7 RATfOh’ALE (3. 1.3.5)

Redundancy may be needed to saciafy tfse reliabil-
ity. invulnerability, failure immunity or ocher re-
quirements [or the air vehicle. The redundancy
required may nm be the same for MFCS arrd she
AFCS or for rfse various control loops or conoul
functions. Table IV, W’(LISblanks, provides she
flexibility needed to sailor the requirements to she
specific air vehicle.

REQUIREMEhT GUIDANCE

Redundancy has beeri defined as a design 4P
preach such that two or more independent failures,
rather than a single failure. are required to pc’educe
a given undesirable condition. More specifically
for FCS it means a mechanization which will retain
functional integrity after faifures, and provide S(SC
same or simflar performance capability. In prac-
tice, ii takes the form of providing duplicate or al-
tesrrate compawns, channels. or subsystems. each
capable of performing the gfven function. llre
scnccsural configuration, aerodynamic characseti-
cJcsand mfasion Iligfstphase requirements of the air
vehicle have a strong influence on the redundancy
required co meet the refiabtity, inmrfrrerabtily. fsil-
ure immunity and other requirements of Use au v-e-
Ncle. Analyses, sfmufation and trade studies W
be needed to determine the redundancy for the ae-
Iected approach for FCS mechanisation to hdfllf
overall system requirements. The blanks shmcld be
filled by using terms such as those shown below or
combinations of dreae terms.
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Redundancy terms

a. None - No redundancy is required.

b. Fail-Safe - A condition or requirement
wherein the control device or system ceases to
furtctimrbut tfseconditions or consequences resrclt-
isrgfrom dre failure are not hazardous and do not
preclude continued safe flight. The condition fol-
lowing failure may be completely passive, or irmay
involve driving to a predetermined nonactive con-
dition. In FCS it is the capabtity in a single chan-
nel mode of operation to reven to a safe state fol-
lowing an automatic disconnect irr the event of a
failure or pifot iaritiated disconnect. Safe state may
be achieved by authority fimiting and positive re-
moval of actrcation motive power. The allowable
authority limits need to be established to provide
the desired performance objectives and in consid-
eration of srnrctural design limits and safe recovery
characteristics.

c. Fail-Passive - A condition or requirement
wherein the failed device or system ceases to create
any active output. In the purest sense a device lhat
fails passively would simply remove its presence
from the control system. However, a device is still
considered a fail-passive type if it remains in tie
system but acts only as an additional load. Some-
times referred to as Fail-Soft. In FCS it is the ca-
pability to automatically disconnect and m reven to
a passive state following a failure. Allowable failure
transient or out of trim condition is to be within the
firnItS as established for the particular air vehicle.

d. Fail-Functional - The capability of the FCS
for continued operation with degradation following
noncritical faifure (s).

●. Faif-Operational - The capability of the
FCS for continued operation without degradation
foUowing faifure (s). T1’dsgeneral term describes a
condition or system whereirr operation continues
after a failure. A more expficit description is given
by Sicrgfe Faif-Operational and Dual Fail-Qpera-
cional. In a true faif-operative SiNatiOn, a failure
wifl carase no nominal 10ss of performance.

f. !%Wfe Fail-Operational (SFO) - A condi-
tion or requirement wherein an active control de-
tice or system can auatain any single failure and re-

main operative. Unless specifically stated, it ia un-
derstood rhat no nominal loss of performance oc-
curs after the failure. ●

g. Dual Fail-Operational (DFO) - A condition
or requirement wherein an active control device or
system can sustain any two failures within the sys-
tem and remain operative. h is implicit with DFO
that the system be able to accept identical failures
in two of its channels. Unless specificaffy mated, it
is understood drat no nominal loss of performance .’
occrcrs after one or two failures.

REQUIREMENT LESSONS LEARNED

Fleet histories have shown that single thread me. -
chanical FCS can provide adequate reliability, fail-
ure immunity, etc., such that redundancy in mech-
anization is not required. In elecrric flight controls,
redundancy is easily obrained and is commonly
used irr singfe and dual fail-operate sysrems. Elec-
trical FCS using the fully control-by-tire mechani-
zation approach for an aerodynamically unsrable
fighter has used quadmple redundancy to provide
two-fail operational, fail-safe redundancy. In
practice, the minimum redundancy replication is
usually exceeded by one level for flight phase es- 0
sential and critical controls.

The need for greater redundancy in the flight con-
trol function is currently reflected in the effon to
develop reconfigurable, self-healing systems. In
these systems, redundant control surfaces with re-
dundant control loops are among rhe approaches
being investigated.

4.1.3.5 Redundancy. Redundancy shall be veri-
fied by and

VERfFICATfON RAT30NALE (4.1.3.5)

Verification of the redundancy which has been
provided is essential if confidence is to be had in
she functional reliability, irnnclnerabifhy, faifure im-
munity, etc., of the FCS for operational missions
and general flight safety. The functional levels
wfdch have been provided in the design may be
verified by merhods such as inspection, analysis,
simulation and test. The blanks are provided to
allow flexibility in choosing the most feasible meth-
ods ●
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VERIFICATION GUIDANCE

Select the most feasible method for verifying the
redundancy Ievefs specified. In most cases, analysis
and aimufacion wiff be the moss feasible. An Iron
Bird type teat atand can provide one of the beat sim-
sdacions for verification, ●speciaffy for redundant
mechanical loops and combmrhas of mechanical
and elecarfc Ioopa. Choussd tesas using an aircraft
~Y PrOve feasible but nol to the same extent as art
fmn Bird teas atand. Ffight tem”ng maybe used to
some ament if necessary but safety is an overriding
consideration as rhe hazard level increases with re-
shscakor in hmcsional redundancy below the design
level.

Vf3UFfCMfON LESSONS LEARNED

3.1.3.5.1 Redundancy management. In FCS
which ucifise redundant channefa,

-
redundancy management shall provide .

w REQUIREMENT RATIONALE (3.1 .3.S. 1)

Redundancy management has become a major de-
sign area in the implementation of electric and con-
trol-by-tire FCS. Thus. a requirement is needed
to defuse the capability and services which are to be
pmtided through mamgement of rhe various fea-
tures redundant wicfaii a control channel or control
aysem.

REQUIREMEhT GUIDANCE

llre blank should be fiiled in using inner loop (ba-
SICconml of the aircraft) as the primary consider-
ation. For example: “fault detection, fault iaofa-
tion within cfsemanual FCS to prevent and protect
the air vehicle fmm unacceptable transients or 10ss
of concrol. Table X outlines the redundancy man-
agement techrdque(s) used:-

The radrmdancy management approach should be:

a. Based on meeting rhe flight aafet y and rnis-
aion reliabdity requirements of this specification;

b. Consistent w’th the use of the system test
and monitoring provisions of thii apccificacion;

c. Addressed in the software requirements
defiition when applicable;

d. Fuffy responsive to rhe need for rfse pre-
Ilight BfT to insure alcat the designed redundancy is
present bafore flight.

The design afmufd address not onfy what is re-
quired in L)SeFCS itself, but also what is requised in
SUPPOfig and interfacing systems which are COCI.
sidered flight safety crftical or Ilight phase ●ssential.

Voting planes and in-line moni!oricrg (aclf-trm)
may be used to isolate cenain Iii failures and a
majority of the accmcd fike- failures. Hardware
self-test features (e.g., the watchdog rinser, word
count, parity checks on MUX bus receipts.
memory parity, and wmparounds) maybe used for
failure isolation. Software driven self-tests include
memory sum checks. which are accomplished in
background, and event driven tests which are acd-
vmed when faifures are discovered. Two incpmum
roles for redundancy management are:

a. For electrical signal computation, no com-
puter shall interfere with the operation of anorher.

b. Pilot intervention shall not be required for
system reconfiguration in the ●vent of a faifure.

One important factor in the implemencarkon of re-
dundancy management is the coverage it provides.
Coverage has been defined as tfse conditional prob-
abtity that, given a faifure, the system continues to
perform its function. Coverage as high as 1.0 can
be obtained for a Iii failure and a probabfity of
0.94 or batter for the aacond failure. Flight safety
and mfaalon refiabifity requirements ictspacs she
probabtit y vafues (redundancy management cov-
erage) which ahoufd ba specified. Atsempta afroufd
be made to achieve the required flight safety goafa,
etc., whfle ucifizisagthe lowest failure coverage.

o
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TABLE X. Outline of redundancy management techniques (example only). .

Lam

rate gyros, input voting - select average value
angfe of attack, - select middle value
e.g. - aalect smallest value

Processing chamelized
cross channel data links output commands only
command aeleccion OUtpUtVOtillE - select average value

- select middle value
- select smallest value
- only channel whkh uses
information can select
value.

Horizontal tails single sewolcommand hydraulic average
Aileron
Rudder
Ffaps
Speedbrakes
e.g.

redundancy management should provide protectiortlauppression of failure transients, and efficient
:ffeccive system operation for maximum mission reliability and safety. Redundancy management
hould be employed at various levels tithh she sysaem or channel to perform such tasks as:

- Signal selection
- Fauft isolation
- Reconfiguration
- Recovery from fault
- Cross channel dats transmission
- Cross channel synchronization
- AcNator management

REQUIREMENT LESSONS LEARNED methods must be studied carefully during develop
ment m prevent such things as in~eractions between

h has been ahowm chat for long missions, a redun- self-test routines, tsnforeseen timing situations in
dancy management method wfdch uses inter-unit self-test of cross-computer data finks, generation

selection at the LRU level can provide a more reli- ef sneak circuits which defeat the basic redundancy
able system than one employing a one hfgher level provided in the design, etc.

of redundancy and using mid-value signal voting as
she only means of redundancy management, fault
detection, and isofm.ion. System architectural ans-
rfies have indicated that optimum failure mswivabil-
ity and failure isolation, to the LRU level, requires
that systems have three votingfmonittrring planes.
Two of these planes should be iss sohware. One
should be at the sensorlconuoller interface and the
other at she output surface command interface.
Interactions due to redundancy management

4. 1.3.S. 1 Redundancy mariagement. Redun-
dancy management requiremensa shall be verified
by

VERIFICATfON RATfONALE (4. 1.3.5.1)

The coverage provided by the methods selected for
redundancy management need to be verified.
Since coverage is usually defined as a;conditiona!
probability that, given a failure, the system will con-
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sinus to perform itsrk-rcsion: analysfa. simufacion.
and Ilight tese may be used in rhe verification pro-
cess. llse blank provides the mearss by which the
verification methods which are moss feasible can be
used, shrss taiforfsrg the requirement to rhe specific
aic vehicle and the conditions under which it is de-
veloped.

VERfFICAllON GUIDANCE

o

0

One pan of she ccftesia for detennlssfng acceptable
pmbabfity of coverage values for first and second
faifures is the mission reliability and Ilight safety re-
quirements stated in this specification. A second
jaws of Ore crfterla fs the redundancy snanagemem
generated transients which should ram exceed the
failure uacrsiem values nated in thii specification,
and in she ffyfng quaficfes requiremenra, for all en-
vironments specified for the air vehfcle. In gener-
al, analysis and simufarion are the most flexfble and
coat effective merhods of verification. Where an
Imn Bird type fUght concrol syssem test facility k
not available, sicssufation may not prove to be a suit-
able method. FUght testing is always a desirable
method and should be used when possible to verify
cmalyses and simulations. Pilot evaluation during
flight in various intensities of atmospheric distur-
bance is esaencial if redundancy management C.spa.
bility and scshabilhy is to bc hsl)y verified.

VERfFfCiUION LESSONS fJ?ARNED

3.1.3.6 StabUity. For all closed loop FCS, she
required gales and phase margins about nominal
ahafl be as shows in sable V. For gain or Phase
variations within the Indicated frequency bounds.
no oscillatory inarabffhies shall erri.n wish ampli-
tude.! greater than those alfowed for resfdual oscif-
Iations fn 3.1.3.8, and any non-oscillatory diver-
gence of the aircrah shaU remain within the appli-
cable limits of the flying qualities requirement.

During she gain and phase variations. she AFCS
loops shaU be stable for any amplitudes greater
than chose aUowed for residual oscillations in
3.1.3.8. In multiple loop systems, variations shall

bc considered with all gain and phase values in she
feedback paths held at nominal values erccepc for
the path under investigation.

A psrh is defused to include chose elements con-
necting a sensor to a force or moment producers.
For both aerodynamic and non-aerodynamic
closed loops, at least 6 db gain margin shaU exist at
cero airspeed. The margins specified ahaff apply
regardless of system fnrplememation, and afrafl be
mainuined under Ilight conditions of moss advcraa
center-of-gmviiy. mass dtibution. and external
score configuration throughout she operscional en-
velope and during ground operations.

REQUIREMENT RATfOf4ALE (3. 1.3.6)

Stabiliiy margins are required for FCSS to affow for
variations in system dynamics. Three basic types of
variations a%ias:

a. Mach modeling and data errors in cfefii
the nominal system and plant.

b. Variations in dynamic characterisdc caused
by changes in environmental conditions. manufac-
turing tolerances, aging, wear, noncritical materiel
failures, and off-nominal power supplies.

c. Maintenance induced errors its calibration,
installation, and adjustment.

REQUIREMEhT GUIDANCE

The blanks in sable V should be filled by require-
ments as shown in table XI or by requirements .
which have been determined lhrsrugh serssicivhy
analysis, in which case they should not be ICSStin
SOpercent of those in cable Xl. If the fatter is cho-
sen, tfren requfremem 3.1.3.6.1 must be included
in the specification, otherwise 3.t.3.6. 1 Sfrmifd be
omitted.

The gabs and phase margin definitions fisted are
commonly rrsed within ffight control technology.
and are nca the classical definitions fmmd in mcm
taccclscds. These margins are both fmsicive and
negative. A negative gain variation (reduction) can
lead to instability on a basically unstable airframe
which relies on she feedback system for dynamic
scabdity. Positive and negative phase margins de-
note rhe amount of lag and lead chat rrray be added.
respectively, before inatab]lity occurs.

0
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The math models to be used for these stability anal- in the range of values used in previous successful
yses will vary with each procurement. The concrac- procurements, and are considered she micimums
tor will determine what math model complexity is which will provide largely trouble-free service dur- @
required for each procurement and should include ing fleet usage. NASA TN-D-6867 recommends
this mrsdel description in the FCS Development the 6 db zero airspeed requirement and provides a
Plan. discussion of NASA ground and flight testing of

swsbility augmentation systems. AFFDL-TR-73-
The gain and phase margins shown in table X1 are 105 recommends a 12 db requirement.

TABLE XI. Recommended gain and phase margin requirements (db, degrees).

Akspeed
Below ‘OMIN At At

Mode ‘WIN to Limit Airspeed 1.15 “L
Frequency Hz VOMAY ( V l)

Where: “l = Limit airspeed
v ~ M , N = Minimum operational airspeed
VIJMAX = Maximum operational aimpeed
Mode = A characteristic aeroelastic response of she aircrah as

described by an aeroelastic characteristic root of the
coupled aircrafUFCS dynamic equations-of-motion

GM = Gain Margin .

PM = Phase Margin =

fm .
Nominal Phase .
and Gain

The minimum chanae in looP aain, at nominal phase, which
resuhs in an instability beyond that allowed as a residual osciffation
The minimum change in phase, at nominal loop gain which
results in an instability
Mode frequency in Hz (FCS engaged)
The conr.ractor’s beat estimate or mea.mrement of FCS and
aircrafr phase and gain characteristics available at the time
of requirement veri~ication

Margins are specified for aerodynamically closed
loops and nomerodynamic loops. An aerodynam-
ic loop ia one which relies on aerodynamics for loop
closure such as a atabifity augmentation or AFCS
loop. Nonaerodynarrsic loops do not rely cm aero-

dynamics for loop closure. An example is a servo-
actuator loop.

A recommended practice for higher frequency
modes is to gain stabilize all modes &l 80° phase 9
88
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margin). A feedback signal attenuation of at least
20 dbfdecade beyond the actuator cutoff frequen-
cy is afso comrnonfy used. AFFDL-TR-73-83, for
example used a 1S@ phase margin criterion be-
yond S Hz.

Tfscaa margins can be determined using classical
finear analysis techniques. adjusted fOr fUImVTInOn-
fincarities. Noncsaffy in teat, a lower frequency
mode will set the tes margins and gain margins at
higher frequencies W be unobservable. Cmsse-
quencfy, compliance with dseae gain and phase
MS.* requiremema wifl fikely be demonstrated
through analysis of open loop frequency response
Charactcrissica.

The atsrbifity margins specified vary in size with
mode frequency and airspeed. The reduction in
SIISr@I at VL, reffe~ a WiUinWe~ tO accept re-
duced stabifity andlor performance while flying
outside the operational envelope. Tlse increased
margiN at higher frequencies reflect needs based
upms cfre decreasing accuracy of nate-of-the-’wt
modefing and testing techniques at higher frequen-
cies.

Tlse mtiification to the *bifity requirement para-
graphs reflects the experience gained in recent air-
crafs development programs in she areas of flight
conwol amuctural dynamics interaction and digital
ffight control inaplementmion. This experience
highlighted the need for a comprehensive analyti.
cd approach, complementing the ICSIverification
process, to provide the required stability margins.

Inherent to the success of the analytical approach
k the comprehensiveness of the model used in che
analysis. Overly ainspfistic modefa, akhougfs valu-
able in viauafizbsg wends, may lead to opcimfscic
predictions as pofnted out in the related discussion
in AFFDL-TR-77-7. lle analysis model muss
provide a did rcpreaencation of tie airframe
atsuctural dynasniex and control sysxem characteris-
tics. To this end, it muss account for all anticipated
Cumfintaritiea. predicdon uncenaimies and, in the
u of digftal flight conrrofa, sampling effecca.

Aeroservuefasdc hssabtity la one manifeatacion of
flight conwl-asauctural dynamics interaction that
defies detection by uaditional ground tests.

Working rhk area has shown chat a fully integrated
analydcal approach, involving cfw disciplines of
aercdynanria, atsuctural dynamics and fl@ht con-
trols, is required to insure the required aaabifity.

Tlse analytical model of the aircrafc aerodynamic
characteciasics used to ●vafuate limit cycle martins
anay use rf$d body repreaemationa, adjusted for
flexibility effecrs, wfth sufficient allowance for rsn-
cenaincies in predicting aerodynamic damping and
ffcdble-to-sfgfd ratios. To evaluate nabifhy mar-
gins relative to zero airspeed secvoelaadc inssabfiiy
and fn-flight aeroaervoalastic instability. dae ana-
lytical model muss accoum for the effects of aero-
dynamic and inertial coupling between axes, air-
frame mwctural modes, and tkse frequency depen-
dent nature of r.he aerodynamic derivatives.

When digital fhgfst control computers are used.
characwiacics pecufiar to digital insplemencarion
need to be eonaidered and appropriately modeled.
For example, sampling ●ffecra may introduce aig-
nificam phase shift in the fight control loop cfoaura
with an attendant reduction in stablfity margins. as
described in AFf7C-TR-76- 15. Aa the stabifky
margins need LObc satisfied regardless of syacem
implementation, sJw analysis model or a digital sys-
tem must be sufficiently representative of the real
time characierisdca.

Figure 1 illustrates a ~~ical FCS block diagram.
Several feedlmck loops are shown; however, msfy
one feedback path is shown, since only one sensor
and one moment producer are involved. l%us.
only one control pati exima and only one atabifity
requirement appfies.

REQUIREMENT LESSONS LEARNED

An example of problems encountered in the paat
widr nonaerodynamic loop mbifity is the B-52
aifck steering AFCS. During ground tasting of the
AIA 42G11 AFCS, a 4.2 Hz inatabdity was en-
countered in the pitch control system. This prob-
lem recurred the fii rime the equipment was in-
n.a.lled In B-52 60-002 and resulted in a 4.2 Hz
unstable oaciffation of the conml column which
woufd fauifd up until an automatic disconnect oc-
curred through the overpower c~It. lliia prob-
lem was efinsinated by attenuating the loop gain
near 4.2 Hz through filter modification and refaca.-
tion of the pitch force u?msducer. To avoid smch
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problems, a stabflity amlysis of the nonaerodynam- ysis. The full range of excursions expected in ser-
ic loops should be accomplished with column iner- vice should be simulated or otherwise analyzed, es-
cia, feel system characteristics, and other MFCS pecially where breakout dead zones. hysteresis, e
parameters properly modeled. In some applica- and rate limiting result in significant nonlinear sys-
tiona the pilot may couple with the system and pilot tern characteristics.
mass or inertia may have to be included ict the anal-

Actuator Airplane
Dynamics Dynamics

Sensor

FIGURE 1. Typical FCS block diagram.

Aa pointed out in AFFDL-TR-77-7, the varia-
tions in gsin and phase margins as a function of
relative mode frequencies (see cable X11) are
somewhat cumbersome to apply. However, exist-
ing data do not provide sufficient basis to revise
these requirements. It is generally agreed chat 6 db
gain and 45 degrees phase margin are adequate,
and may even be conservative, once all aerody-
namic and aeroelastic characteristics are well
known and ocher concerns, such as residual oscil-
fadons and hardware wear effects are satisfied. For
inkial flights of an aircraft type, larger margins are
desfrable. This recommendation is largely based
on actual test experience reveafing lower than pre-
dicted acabifity margins due to prediction inaccura-
cies in aerodynamic or aeroelascic characteristics,
ssmpfing effects in digital implementation, and
jutrtp resonance type non-linearity attributed m ac-
tuator rate saturation.

4.1.3.6 Stability. Verification of air vehicle sts-
bifity shaff be pcrforccted by analyses, simulation,
ground and fUght test. Prior to firac flight, ground
testing shall

VERIFICATION RATIONALE (4. 1.3.6) 9
A combination of ground testing, in flight meaatcre-
ment. and analysis is used for verification m most
efficiently verify scsbllity margins. Inclusion of ma-
jor nonhnearicies in analyses used to demonsuate
compliance is to ensure that adequate margins are
retained with the systems operating both in the lin-
ear and nonlinear range.

VER1FICATION GUIDANCE

Frior to first flight, aircraft ground testing shall in-
clude gain margin tests to demonstrate the zero air-
speed sssbility margin for feedback systems de-
pending on aerodynamics for loop closure and to
demonstrate stability margins for nonaemdynamic
Imps. Ftimaty and secondary atmcture shall be
excited with special attention given to areas where
feedback sensors are located vrirh gains increased
to verify the zero airspeed requirement. Residual
oscillations shaU be measured and evaluated in-
ffight at critical flight conditions.

Aerodynamic and advesae condition margins shaU
be verified by analyses. These analyses shall in- *
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tide tke effects of major system nonlinearities.
Stabifity requirements during gain and phase varia-
tions shall be vsrified by analyses. In multiple loop
systems stabUty shall be verified by varying gain
and phase values in she path under inveatigacion
while holding gafn and phase value at nominal in all
oahes feedback paths.

Demonscratlms of asabllky nsargfcss for nonaerod~
namic 100pa ahmcfd include frequency re~nse,
the effects of vfbration and, if practical. doubling
she feedback gains in electronic systems. Moat
FCS, e.xhiih rate ficnfting nonlinearicfes with large
control wrface amplitudes at higher frequencies.
Deadband or hysteresis is also usually present.
Where Unear analysis techniques amch as root locus
are used, phase and gain characteristics for the
feedback efecncnr-$opsrating at small perturbations
ahssufd b-a considered to evahcaIe nonlinearities
such as breakout deadzones or hysteresis, and sep-
arately, phase and gain characteristics for feedback
●lements operating at medium and large control
srcrface ampficudes ahouId k considered 10 evalu-
ate she near linear case and che rate limiting case.
Where aimufation is used, these norsfinearities can
bs inchtded directfy and evaluated by measuring
frequency responses ac different concrol surface
acssplimdes.

VERIFICATfOh’ LESSONS LEARNED

3.1.3.6.1 SensltJvity analyses. Tolerances on
feedback gain and phase shall be established at rfse
system level based on the anticipated range of gain
and phaas errors which wUIsxist Lssween nominal
mat v-afues or prcdia”ons and in-service opsrasion
due to such factors as poorly defiied nonlinear and
hfgher order dynamics, anticipated manufacturing
tolerances, aging, wear, maintenance and noncrici-
caf materiel faifures. In addition, these tolerances
shall also fncfude normally anticipated uncertain-
sisa in predicted aerodynamic characterktks
aeroelsdc ●ffects, and atsuctural modes. For sUgi-
sal flfgln control systems, she tolerances eacablished
shall spcaficalfy incfude the effects of sampliig
rates, digird system delay, input and OUCPUIfiltem.
digital falter icnplementrction, and integration tech-
nique. Gain and phase margins shall be defined,

based on these tolerances, which shall assure aaris-
factory operation in fleet use. These gain and
phase tolerances shaU bs established based MSvari.
ationa in system characterisrka either anticipated
or aUowed by component or subsystem specifics.
tfon. The range of variation to be considered shall
be based on a selected probability of ercceedsnce
for each type of variation. llae exceedance pmba.
btity shaU be baaed on she criticality of the flight
concrol funcsion being provided. The stability re-
quirement csmblished throu@ this aenairivfty anaf-
yafs shaU be entered in table V.

REQUIREMENT RATfONALE (3.1.3.6.1)

l%i.e requirement fs included so assure that a auffi.
cient number of factors which cause variations in
system dynamics are adequately quantified and irs-
cluded in the system analyses when analysis is used,
h fJeu of the table XI vafucs, to establish che ssabU-
ity requirements for the air vehicles under ccmaid-
eracion.

Requirement GUIDANCE

‘fhii requirement is not included when phase and
gain cnargins arc those defined by sable Xl. AF-
FDL-TR-7 1-78 documents a sensitivity analysis
performed to establish gain and phase margin crite-
ria required to accommodate tolerances in the
atructurrd frequencies, Similar analyses can be
used to determine atabUity margins at aU frequen-
cies for a given procurement baaed on the irsaccu-
racies anticipated in the parameten and modeling
techniques usad and based on the depcfs of ansly-
ses plamed to investigate off-nominal condb
and the effects of wear and aging.

REQUIREMEAT LESSONS LEARNED

4.1.3.6.1 Sensitivity ●nalysis. Strcbtity margins
eatabUshed under this paragraph ahaU be verified
by analysla. This analysis shall incfude variations
due to tolerances affecting ayasem charscser’iaka
and uncertainties in modeling.

VERIFICATfON RATfONALE (4.1.3.6.1)

Inspection of the asnaititity analyses is used to
verify the assumptions made in eacabliahfng she *
sired stabUity margins.
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VERfFICATION GUIDANCE

Prediction of aerodynamic characteristics,
aeroelastk effects and structural modes are type of
uncertainties found in modeling the air vehicle and
its characterisdca. In a sensitivity analysis these
valuea are typically varied by a percentage around
she nominal value. The percentage may vary for
different parameters based cm experience [i.e.,
C% maybe more accurately defined than CI ~ .

Therefore, parcem variation of C% wOdd be

leas t3san C, ~ .

VERIFICATION LESSONS LEARNED

3.1.3.7 Operation in atmospheric disturbances.
During normal operation the FCS shall provide a
safe level of operation and maimain mission ac-
complishment capability while flying in atmospher-
ic disturbances. For essential and flight phase es-
sential FCS hmctions, at leasr Operational State _
L shalf be provided for gust intensities corre-
sponding to exceedance probabilities fb) and
k. respectively (table I). Noncritical controls
shall provide at least Operational State (d) in
atmospheric disturbances at the intensities corre-
sponding to (e) probability of exceedance
(table 1) ,. Noncritical controls operating in distur-
bances dth gust intensities above chose specified
shall not degrade flight safety or mission effective-
ness below the level that would exist with she con-
trol inactive. fn means to inactivate Ute
noncritical conrrol for flight in heavy disturbances
shall be used when required. The dynamic analysis
or other means used to satisfy this requirement
shall include the effects of rigid body motion, ~
_, and the flight control system. Significant ncmlin-
ear effects ahaff be represented by conservative
nonfinear or equivalent linear representations.
The analytical form of the atmospheric dmrbance
models specified in the flying qualities require-
ments, with the exception of the dscrete gust, shall
b used for flight control analyses at the intensity
levels specified hereics. The discrete gust to be
used shall be defined as a single full wave of a

(1-cos) function with a peak amplitude of 40 fclsec
which may be encountered anywhere within the
operational flight envelope. Varying ~St ampli- ●
tudes up to 40 ft/sec shall produce near “linear air
vehicle response. The gust wave length shall be
tuned to produce maximum excitation. ‘flte gust
intensity levels apply at the curbufence penersation
a~ed, VG. At the maximum level flight air-
speed, VH, these intensity levels are reduced to _
L of the specified levels for atmospheric distur-
bances.

REQUIREMENT RAT20NALE (3. 1.3.7)
-.

The vertical rms gust intensity requirements apaci-
fied herein for essential and flight phase essential -
systems are based on safety considerations wirh a
prime objective to retain at leasr minimum safe op-
eration in any environment the air vehicle structure
may be expected to penetrate.

REQUIREMENT GUIDANCE

Values previously required: (a) III, (b) 10-6~,
10-~iT” where T = longest time in essential flight
phase segment in any missirmltotal flight rime per
mission, (c) 10-6, 10-5”, (d) 11, (e) 10-2. (f) auto- ●
matic or manual, (g) significant flexible degrees of
freedom, and (h) 38 percent.

“ first value is used for large, heavy, low to medium
maneuverability aircraft

The rms vertical gust amplitudes are specified in
terms of exceedance probabilities and FCS func-
tion criticality. Table I defines nrrs verdcal gust
amplitude versus altitude for selected exceedance
probabilities. The relationship among vertical, lat-
eral and longitudinal rms intensities and scales de-
fined in the flyicsg qualities requirements shall be
used to establish intensities for lateral and longitu-
dinal gusts. For essential controls, the aircraft dis-
Nrbance penetration capability may be set by the
structural strength of the airframe, she augmenta-
tion capability of the control sytiem or a combha-
tion of rfte two. Moat noncritical conrrols do not
affect disturbance penetration capability and the
noncritical controls designer is primarily concerned
with maintaining acceptable performance of pilot
relief or ride quality during atmospheric distur-
bances. ●
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Nocscrfcical systems such as rfde smoothing systems
snaY LSSdesigned to permit saturation in moderate
disturbances while maintaining a reduced level of
ride icnprow?mecst. Many pffot refief AFCS modes
are cmnmonfy disengaged when n dmurbance is
erccmmcered. J: is important to avoid inadvertent
automatic made disengagement Icrffgfstaussospher-
ic dimsrbarsces.

llse specification of nns gust Intensities for essen-
tial and fligfsiphase eaaencfal concsofa is intended to
result in control systems capable of operating at
Ieasc mfniccsum safe (Operational State 111)condi-
tion in she nsaxicnum acmoapheric diacusbance in-
tensity whfch the structure can penetrate without
exceeding fimit load. The intensities specified for
noncrfcical conmfs are much lower than chose de-
fined for ●ssential controfs and are correlated with
the mfssion accompfishmem probability specified
for the pacdcufar air vehicle.

Control system rate fimidng must be empfsasfzed
for FCS concrsrfling an unssable airframe. since rate
fimicing as weU as displacement can cause loss of
sMbtiIy. The procedure used for the American
SST design (see FAA-SS-73-I ) was to rely on
dsnulacion studies to ●scabfish the allowable actua-
tor rniniium rate requirements. l%e design cmsdi-
tfms was piloted flight in heavy turbulence at !and-
ing approach. The minimum rate requirements
were less tfsatr she common csfterion of providing
stop-to%top surface travel in one second. After
the minimum rate requirements were established, h
was verified that the syaem could provide these
mfrsfmum rates under any combination of failures
which would adff aflow at Ieaac minimum safe con-
ml.

The analytical form for atmospheric dmurbance
models specified in the flying qualities require.
mems fs used for fligfu control analyass. The major
differences between the atmospheric dtirbance
requiremenaa for the FCS and flying quafities are
she intensity Ievefa and discrete components. The
flying quafitias rsquirementa for intensity levels are
generafJy more lenient than those required in sfsk
specification. Dxrete impufae gusts produce larg-
er aircsaft modon and are felt to be more repreaen-
sacive of real world turbulence than the step hsnc-

1
I

I

tion usually specified in the flying qualities require-
mcnta.

fhe specified gust intensity levels are reduced in
magnitude as airspeed is increased beyond she at-
mospheric dtiance penetration airspeed. This
procedure is baaed on the precedent of the MIL-
A-886 1 gust load requirement and similar FAA re-
qufremems which allow simifar reductions at
apeds above the gun pcnecrstion airspeed.

REQUIREMENT LESSONS LEARNED

NASA CR- 124834 includes an escceffent discus-
sion of the current state of the an in understanding
the problem of flight safety in turbulence. ‘flae au-
thor points out that control has been an impmsam,
and perhaps critical, factor in recent turtrufence re-
fated aircrsfa losses. h was noted chat commercial
tSSISSPO~ have been ●stimated to spend between
0.01 and 0.1 percent of their Ilight time in thunder-
storms, despite the high PriOfiIY Siven 10 ~0~
avoidance. Mountain waves are also a serious
flight safety problem and have resulted in aircsah
loss. Clear air turbulence, although quite common,
is not generally considered a flight safety problem.

The NASA study. above. ●mphasized CJUM~-
Ience normally occurs in patches and recommends
a five-mile tide patch for simulation. Other stu-
dies indicate an average patch duration of approxi-
mately one minute for moderate to ssvere ucrbu-
Ience for world-wide civil aircraft operation. The
turbulence requirements of this specification
should be evahaated using the turbulence patch ap-
proach, although the Iengsh of the patch may be
selected as ●ither less or greater sfsan five mifes.
depending on the mission requirements for dse air
uehfcle.

4.1.3.7 Operation in atmospheric disturbances.
Opesscion in atmospheric dmurbance ahafl & ver-
ified by

VERIFICATION RATIONALE (4.1.3.7)

The ability of the FCS to provide a safe level of
opsrstion in atnso~heric diasukbances can onfy be
vsrified by flight tear andlor analysis.

VERIFICATfOh’ GUIDANCE

FCS operation in atmospheric disturbance shmdd
bs teased am%r analyzed in conjunction with veci-
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ficarion of handfing qualities during atmospheric
disturbance. See the flying qualities handbook for
a discussion of atmospheric disturbance models
used for analysis.

VERIF1CAT30N LESSONS LEARNED

3.1.3.8 Residual oscllhttions. For normal opera-
tion and during steady flight, FCS induced aircraft
residual oscillations at all crew and passenger sta-
tiocra shaU not exceed& g’s vertical or Q
g’s lateral peak to peak acceleration. Residual os-
cillations in pitch attitude nngle shall satisfy the lon-
gitudinal maneuvering characteristic requirements
of the flying qualities specification. Residual oscil-
lations icrroll and yaw attitude at the pilot’s station
shall not exceed (c) degrees peak to peak for
flight phases requiring precision control of attitude.

REQUIREMENT RATfONALE (3. 1.3.8)

Thii requirement is imposed to prevent limit cycles
icsthe control system or acrtcctural oscillations that
m%ht cOmprOtie tactical effectiveness, or cause
crew or pasenger discomfort.

REQUIREMENT GUIDANCE

Values previously required: (a) 0.04, (b) 0.02, and
(C) 0.6.

These residual oscillation requirements apply to
both manual and automatic FCSS under normal
conditions, and do not apply below FCS Opera-
tional State I. The ampfitude specified corresponds
roughly to the perceptible level.

Residual oscillations of 1 degree peak-to-peak for
roU and O.S degree peak-to-peak for pitch attitude
and headicrg have been suggested as limits for com-
mercial crampons. These higher values may be ac-
ceptable for flight phases not requiring precision
control of attitudes. In procurements hating strin-
gent cracking accuracy requirements, residual oscil-
lations below those previously required may be nec-
essaty to obtain desired performance.

REQUIREMENTS LESSONS LEARNED

Roll residual oscillations of 0.7 degree have been ●
reported for large low to medium maneuverability
aircraft without complaint from either Ilight crew or
crew members engaged in monitoring equipment ict
areas without outside visual reference.

4.1.3.8 Residual oscillation. Compliance with
the requirements for residual oscillation ahaU be
verified by . Residual oaciflatiorta
shall be meaarcred at

VEfUFICATfON RATIONALE (4. 1.3.8)

Ground teats and inflight tests of the actual air ve-
hicles are the only reliable means of verifying the -
actual residual oscillations.

VERIFICATfON GUIDANCE

The flying qualities specification requires the mea-
suring of residual pitch oscillation at pilot’s station.
Depending on the air vehicle’s mission, additional
measurement locations may be required dependhg
on crew tasks, passenger comfort, sensitive equip-
ment, locations, etc.

VERIFICATfON LESSONS LEARNED
a

AFWAL-TR-82-3081, Vol 11, references an air
vehicle design where .049 g peak-to-peak normal
acceleration oscillations were undesirable.

3.1.3.9 SYatem Test, Display, Reporting. and
Monitoring Provisions (TDRM). Test display,
reponicrg, and monitoring incorporated into the
critical and fhght phase essential FCS should ir’t-
chcde:

Table Vf defines the applicable tests and the air
vehicle functions to the Oight phase:

REQUIREMENT RAT30NALE (3. 1.3.9)

System test d~lay and monitoring are necessary in
order to moat effectively and efficiently integrate
FCS requiremectu including flight safety, mission
re liabilh y, fault isolation, failure irtmtttnit y, auc’viv-
ability, invuhterabilhy, operational utility. and a

94

Downloaded from http://www.everyspec.com



AFGS-87242A
APPENDIX

maimainability wish orfser systemakmbsyatems and

o
the aircraft.

REQUIREMENT GUIDANCE

l%e bfanks aflow tailoring of the requirements.
The sassingdisplay and monftorfcrg provided under
this requirement should deal only wfth system test-
ing and monitoring alfocatcd to influence aynem
design and pasfomr.srsce. l%e total teas. dkpfay re-
portfcsg, and monftorirsg capabllhy necessary for
critical and fJight phaas essential FCS should be de-
fined for systems phases of flight (preflight, inffiglm
and poatfUghI) according to the foUotig tables
and de flnftiocrs:

a. D@isimW

(1) Phases of Flight:

Psd181u: Tiie from identification of
an aircrah for a sniasion to sums of takeoff on run-
-Y.

- Tme from atan of runway to

o

end of fandircg roll.

~ Time from ●nd of landing
roll to certification of aircrah operational utility for
another mission.

(2) BuUt-hr-Teat (BIT): fntegral testing
which enables rapid iaolarion of faulty system com-
ponerrta. A BfT may be initiated either aummati-
caUy or manually to meet a system’s peculiar
needs.

(a) Coordinated Syacem BfT
(CSBfT): A BfT automatically instituted on
ground power rcp chat checks she FCS and all ime-
gcadng sub.syszems. llris BfT is made of several
other types of BfTs phrs unique features.

(b) power Up BfT (PUBfT): A BfT
acnorccaticaffy infcimed on power on to test a de-
fined functional system or piece of equlpmem. A
Urtle less axrenafve sfran CSBfT. but more extensive
Usan other BfTs.

o

(c) Shorr Power Up BIT (SPUBIT):
A BfT automatically Misted when power is

95

appfied=!ected by external conditions known
apriori. A faar response PUBfT.

(d) Initiated BfT (lBfT): A BfT inftJ-
ated by personnel action designed to te~ a defined
functional s~em. Less extensive than PUBfT. but
more esuenafve than other BfTs.

(e) continuous BfT (CBfT): A BfT ,
char automatically runs in background to check a
limited number of critical parameters during each
defined computer frame (major or minor).

(fj Periodic BfT (PBIT): A BIT that
automatically runs evecy so many computer framea
to check parameters which need to be teased lass
frequently and may or may not be critical.

(g) Off-Line BfT (OLBfT): A Bfl ~
automatically or manually initiated so determine
which pass or pans of a computing entity, function.
or components are capable to continue operation
once the function. component. or compodng ●ntity
has been removed from acdve panicipation.

(h) Performance Moni:orfsrg BfT
(PMBIT): A BfT automatically monimcfrcg heahh
of a function capable of detecting and isolating a
fault shrough mosrly passive detection techniques
and active isolation.

@ %e~sht BfT (PFBfT): A Brr ~u.
somatically or manually engaged to perform a firn-
ited CSBfT of flight cricical hcrccsiosrslparaccreteca
under time critical conditions.

(j) Pre-Engage BIT (PEBfT): A BfT
selected automatically or manua)ly icrhimed to
check a mode or function prior to ira engagemen~
coupling with a flight crirical hmction such as FCS.

(k) Maimerrance BfT (MBfT): The
moat exftausrive of all BfTs. It is manuaUy engaged
to flmd a fauh down to she component level.

The above is nm aU fnchrsive. but covers moar types
of BfT associated with an end item. function. ●nd
system.

(3) Other Ten Mcrhods:

(a) ViI Inspections ~): f-f~d co
determine proper movements, aarviceabifity, fluid
levels, and gencrrd appearance.
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(b) Physical Parameter Measurement
(PPM): Uacd to determine proper alignments,
clearcncea, deflections, strains, and elongations.

(c) Special (SPCL): Tesca which may
require specialized tools, ground support equip-
ment, diagnostic hook-ups, or ncmdeacntctive in-
spections (dye, x-ray, etc.).

(4) “A NATO Standardization Agree-
ment exists in the form of STANAG 3221, which
implies that aircraft with AFCS shall be provided
with a means by which the pilot can check semice-
ability prior to takeoff and a meana to detect and
display intlight malticnctiona. The term ‘Self Test’
and ‘Built-in-Test (BfT)’ are terms used frequent-
ly in the past to describe a means of T&M. The
following ia a list of specific teats which may be
app~~ble tO a BfT. The list is not exhaustive, and
teHa muse be chosen for applicability to the func-
tion and level of coverage desired. ”

(a) Instruction Test Sequence: Test
for endless loops, time deadline to exercise all in.
structions.

(b) Scratch-Pad Read-Write Test:
A number of locations in the scratch pad are dedi-
cated to self-testing. On successive test iterations,
random patterna are written into these dedicated
Iocatfona and then checked. This tests tie memory
integrity and addressing StcucNre of the scratch
pad.

(c) Wrap Around Loop Tests: To
verify the computer f/O and communication sec-
tions for both analog and discrete data.

(d) Use of hardware circuitry to moni-
tor the computer power supplies. Power supply sta-
tus aignafa will be exchanged between computers.

(e) Incorporation of a high-priority
power failure interrupt to effect an orderly comput-
er shut-down in the event of a power drop-out. ●
Power-off and power-on status signals will be ex-
changed between computers.

(f) hscocporation of a deadman tier
(redundant if necessary to achieve required reli-
abtit y) to detect computer stoppages. Failure of
the software to reset the timer indicates a computer
failure.

(g) Use of an internal timer to monitor -
the tittte required to complete vscious portions of
the self-test program.

(h) Use of parity to continuously men- -
itor the memory storage locations.

(i) Check data, address, and control
lines by readhg out of memory data patterns of zer-
os and ones, stored in predetermined locations.

f-i) Memory-sum checks for those
portions of memory containing constants and in-
structions. The sum check requires more execu-
tion time than can be used immediately following
computer start-up. *

(k) Sample Problems to Check the
CPU: Designed to exercise the instructions used to
solve the “control laws.

(1) An arithmetic fauka interrupt to
sense overflows.

(m) Parity: To monitor continuously
the transmission of data over the 1/0 channels.
When bad parity is detected, an interrupt till be
initiated.

Tlcis list (tcble XII) ia supplied for information
only; it is not intended for the FCS engineer to
specify the design techctiques used to provide BIT.

“. %
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TABLE XII. Suggested uses of BIT ●nd other tests.

b.

PHASE
TEST PREFLIGHT INFLIGHT FOSTFLIGHT

CSBIT x x
PUBIT x
SPUBIT

x
x x

CBIT x x x
PBIT x x x
OLBfT x x x
PMBIT x x x
PFBIT x
PEBIT x
MBIT x
Vf x x

x
[$L

x
x x

IBIT x. x

c.

PHASE
Tf3r PREFLIGHT lNFLIGHT POSTFLIGHT

FCS x x
Ih’S : x x
AIR DATA x x x
ELEC POWER x x x
HYDRAULICS x
SfTfUf3T.fRE : x :
AUTOPILOT x x
DISPLAYS x x x

AUTO TERRAIN x x x
FOLLOWING AVOIDANCE

AUTO BAITLE MANAGEMENT x
THREAT AVOIDANCE x
COLLIS1ON AVOIDANCE x x
LOSS OF CONSCIOUSNESS x x
ACIWAITON x x x
UNIQUE SENSORS x x x
PILOT COMMAND SENSORS x
AUTO NAV

x
x :

AUTO RECOVERY x x
AUTO WEAPOh’ DELlVERY x
FUEL MGMT x x x
LANDING GEAR SY5fZM x x x
ENVIRONMENTAL CONTROL SYSTEM X x x
MISSION AVIONICS PLANNlh’G x x x

d. RidaYs: DnlaYs for critical and ffight axed to critical and ffisfctphase essencisl inforcns-

0 phase eascridal will have readable, readily idcntifi- cion.
able aymbology. At Ieaaa two displays shall be dedi-
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e. ~: Information for critical and
flight phase essential systems taken from any test
and displayed to the pilot or crew shall be clear,
unambiguous, and result in a single, if any, correc-
tive action.

REQUIREMENT LESSONS LEARNED

The effect of detected and undetected failures tak-
en with the probability of occurrence of atcch fail-
ures must comply with the system reliability and
safety requiremems, This requirement must ad-
dress afl failures, including but not limited to soft-
ware, electronic, mechanical, electrical, hydraulic,
power amcrces, acmators, sensors, StNCNre, and
diapla ys.

4.1.3.9 System Test, Display, Reporting, and
Monitoring Previsions (’TDRM). The test and
monitoring methods incorporated in the FCS shall
be verified by

VERfFICATfON RATfONALE (4. 1.3.9)

The methods used for system test, display, repm-t-
ing, and monitoring can best be assessed by inter-
face tith the contractor, either formal or in fonmil,
through btiefingslreviewa or documentation. This
requirement documents the t~es of tests and mon-
itoring to be done inter and intra FCS.

VERIFICATION GUIDANCE

The following are suggested entries for tailoring this
requiremecw during PDR, during CDR. and/or in-
fom”al documentation (list CDRL number).

Verification. should be a sequential, time-phased
series of events which begin in the design phase and
extend through development to provide proof that
Ihe TDRM requirements have been met. The
bfmck should be Filed by words such as:

Review of documentation incident to design, devel-
opment and teat d~lay reporting and monitoring
(TIM/M) by:

a. Analysis - (types of analysis)

b. Laboratory tests - (types of teats)

c. Ground tests on the aircrafi - (types of
tests)

d. Flight test - (certification tests)

The detail design features and performance, which ●is to be provided, should be established in an engi-
neering document. That document should cover
each feature which is necessary to fill the needs of
the system. Test procedures should be developed
from that document and should include not only
the tests for parameters, which ensure proper per-
formance, but also tests which show that features
provided for control of hazards, and for ensuring
safety of operation, do function properly.

When digital FCS are used, it is essentiai that an “
Engineering Test Stand (ETS) be used to verify the
TDRM function in both software and hardware.
The ETS should include hardware elements of the “
FCS which have been modified to allow simulation
of malfunction and failure in the T&M and FCS.
The ETS should include all elements necessa~ for
TDRM to be evaluated, especially elements which
are not Flight Control such as those for communi.
cation, fault storage, etc. When TDRM is part of
an integrated diagnostic system, the TDRM teats
should be specifically tailored to cover all the para-
meteralfeartcres necessary for the TDRM functions
to be completely verified. In these tests, the failure
modes and propagation results of the integrated d
system should be shown to not degrade FCS per-
formance.

VER1FICATION LESSONS LEARNED

Poorly integrated testing, display, and reporting
have led man enormous cost in lost aircraft, pilotal
crew, maintenance troubleshooting, and logistics.
Features of TDRM which are most critical and
should receive an extremely chorcmgh verification
are those which provide:

- Detection of all active and passive failures.,

- Comparator limits and trip times (great
enough to prevent nuisance annunciation).

- Switching transients (low enough not to
create hazard).

- Reliabdity levels (high enough to make the
probability of two similar passive failures victually
nil in one Ilight).

- Redundancy management (signal selection,
fault detection, fault isolation, reconfiguration). a
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The effeca of detected and undetected failures,
combined with the probabdity of occurrence of
such failures. should be a factor in TDRM analyti-
cal verification.

A chorougfs verificacionfvalidation of BIT, prior to
aircraft &cacaUatimr, has resulted in considerable
time savings during aircrah debccggfny,procedures.
Verification of TDRM software must be in accor-
dance with procedures mccfined in che computer
Program Configuration Item Test Plan.

3.1.3.9.1 Preflight. Reflight WTahall be ~
and incfude any test sequence (see in cable VI)
prior to takeoff. Preflight teats shall not rely on
ground te~ equipment for their successful comple-
tion. fmer!ocks shall be provided to prevent in-
Uight engagement and to terminate preffigfn BIT
when rhe conditions for engagement no longer ex-
iss. h ahafl be possible to perform preflight tesrs by
maccipcalacion of che fOllowing ●quipmem:

/

o

Tess provisions shall include the capability for de-
te-ng the integrity of the follon<ng by chc corre-
sponding tesI:

o

The functional capability of the following in their
faif operational modes shall also be detemrined by
rhe com$spondirrg test

The overaff teats performed (BITS, Vf, PPM,
SPCL) concafn rkse following specific refated tens:

REQUIREMEfW RATIONALE (3.1.3.9.1)

preflight scsts are reqtied to provide assurance of
subsequent system safety and operabifit y.

Requirement GUIDANCE

Preffight is a means of determining the status of the
FCS and integrated ayszerns prior to fli@. This
can only be determined if each and every critical
path is checked.

Additional teat capability for checking the com-
mand ficccfcingand aarccctural protection systems
may be provided. Tlce tear pro%lons should be
mechanized to emble the pilot to complete all pre-
flight tests in less rfsan five minutes aher warm-up
rime. PFBfT should complete all teaca in leas than
two mfrcutes. If preflight is not completed prior to
takeoff, provision musr be protided to safely termi-
nate BIT (e.g. terminates with weigh gff wlreefs).
Tess equipment ahmdd not have the capability of
inserting aignafs which exceed operating fimira on
any pars of the system or which reduces irs wear
capabtity or facigccelife.

preflight tests for essential and flight phase essential
FCS should be provided to enable the pifot to de-
termine whether or noi the FCS is functioning
P*rlY. It ahmcld be demonstrated chat redun.
dam MFCS electronic channefs are opcradng nor-
mally titiout any safety-critical latent faifures
prior to takeoff. Depending on the operating rules.
the pifot may need to know the operacionalffailure
state channel-by< fcannel and axis-by-axis. l%is
includes all backup or norrrrafly disengaged chan-
nefs. pilot-operated preflight check requirements
should be integrated into chc FCS and should nca
require use of ground tear equipment.

The requirement is desigrred to allow the ffight con-
trol ●ngineer co determine (blank a) if the prellight
should be automatically initiated, fmssibly as pan
of other preflight procedures or if the pilot ahmcfd
be required to initiate she BIT(a). h ma y be desir-
able to allow the combination of automatic and pi-
10: initiated preflight BITs. In either case. tie sub
sequent process should be automatic. and I)@
ahmcld be stated in the tailoring if pilot icdt@ated
BITs are allowed.

Bfank (b) is provided to tailor the fist of equipment
tirh which i: ahoufd be possible to perform pre-
flight tests.Suggested equipment which may be
manfpufated for preflight tens are:

FCS preflight tear means of acckvacion

Aircrah conuul stick or wheel

ASrcrah control pedals

Conr.rofs on the FCS control console

Flaps and apeedbrake concrofs, etc.
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Results of the preflight tests should indicate m the
pilot the proper functioning of the FCS and inte-
grated systems/aubsyatems. The test provisions
(blank c) shoufd include the capability for deter-
mining the integrity of the following:

a. Control paths between pilot’s control input
and she aircraft power control units. (CSBfT,
CBIT, PBfT, PMBfT)

b. MFCS and AFCS sensors and control
paths. (CSBfT, PFBfT, PUBIT).

c. MFCS and AFCS fault monitoring and fail-
ure isolation syacems for sensors, electronics, and
servo-systems. (CBfT, PBIT, PMBIT, lBIT,
MBfT)

Manual and automatic trim systems.
(CBfT, PBIT, PMBfT, IBIT, MBIT, Vf, PPM,
SPCL)

Pretlight should also be able to determine the func-
tional capability of the following in their fail opera-
tional modes (blank d):

a. Electronic computation and control paths to
FCS secondary actuator, excluding sensors.
(CBfT, PBIT, PMBfT, MBIT, lBIT)

b. Fault monitoring and failure isolation sys-
tem for sensors, electronics, and servo-systems,
(PMBIT, MBIT, IBIT, W. PPM, SPCL)

The overall teat element with the specific tests con-
tained in the element should be defined in blank
(e). Suggested tests from 3.1.3.9 maybe used. It
u expected that the more complicated the overall
teat element ia, the more lengthy and specific the
teats will be. For example, CSBIT may pinpoint it
to a faulty system or major item such as a fine re-
placeable unit, module, or area within. Each spe-
cific tast should be identified against what it is test-
ing for. The exact decaifs of how the test accom-
plishes its purpose may bs specified in another doc-
ument.

REQUIREMENT LESSONS LEARNED

Experience indicates that the drive tests of the ac-
tuators are she most time consuming so that the test
times are determined by hardware action times, not

software computation. Fault isolation can usually
be accomplished while waiting for hardware re-
sponses. At low temperatures it may bc necessary e
to integrate warm-up and preflight BIT to achieve
desired operational performance.

Elecmical signals injected by TDRM should not ex-
ceed the operating limits on any part and should
not reduce the endurance capabdity or fatigue fife
of she elements.

Ground test signals for TDRM should not drive ac-
tuators into hard stops; however, they should en-
sure maximum deflection of cables, hoses, tubing,
etc., that comect to the actuators.

The time required to complete the preflight test -
should be the time required to show a GCVNO-GO
condkion and should not include the time for fault
isolation, system management, etc.

4.1.3.9.1 Preflight. The proper operation of pre-
flight BIT shall be verified by ground test and _
L. Ground test shall demonstrate lb)
Prevention of in flight engagement shall be verified
~.

VERIFfCATION RATIONALE (4. 1.3.9.1)
a

In the past ground on-aircraft tests, analysis, and
laboratory tests have been used successfully to
demonstrate compliance.

VERIF1CATION GUIDANCE

Blank (a) is provided so that other methods besides
ground test may be included for verification. The
methods usually chosen are laborato~ tests andlor
analysis. Blank (b) is provided to tailor the re-
quirements of the verification procedure to include
specific demonstrations. A suggested input for
blank (b) is: “detection of simulated safety critical
latent failures and verify annunciation require-
ments”.

Prevention of in flight engagement (blank c) should ;
State that the test not be done in flight and should
be verified by on-aircrah ground demonstration
that the itilbit logic does prevent unwanted inflight
BIT engagement. Additionally, analysis should be
used to substantiate the number of interlocks to
prevent in fight engagement and acceptable levels
for ground test signals.

@
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c)

0

Laboratory tears and analysis shall be used for veri-
fication of BfT sohware. If BfTs are used, she pre-
cading aamence should be appended to the
4.1.3.9.1 requirement.

VERfFfCATfON LESSONS LEARNED

Verification ahoufd show that single and unde-
tected Iaifasresin TORM ground tesa interhxk csm-
not result in irradvenem engagement of r.frk mode
in night.

3.1.3.9.2 hsffight. Infligfu TDRM of equipment
performance and critical flight conditions shall op-
emte *g ~ and afsafJ be ~pabk Of
demsing

Inffight TDRM shall be passive and not propagate
any faffures to she fc) flight controfs.

In fUght TDRM shaff include, but not be fimited to,
she foUowing capabilities:

REQUIREMEhT RATfON’ALE (3. 1.3.9.2)

As flight control systems become more complex
and aircrah more integrated, intlight test monitor-
ing becomes necessary to meet she reliability, sur-
vivabifky, faUure immunity, inw.ilnerability, and
flight safety requirements, and provide assurance
of subsequent system operabifky for mission com-
pletion.

REQUIREMENT GUIDANCE

Inflight TDRM shall operate, as a minimum, during
csitical and ffight phase essential funccions (blank
a). Ml@ TDRM is made up of teru from sable
X11 co perform condmmua evaluation of critical
functions, smch as supplying arability to an unacable
airframe. In flight TDRM, as a minimum, should
be capable of deteccing (bfank b):

a. Any aingfe and/or multiple failure which de-
grades performance below the syssem specification
requirements.

b. Monitoring circuitry failures which could
mask faifures of functional circuitry.

c. Single faUures which could cause loss of air-
crah control.

Failures occurring in the in flight TDRM ahoufd nm
be aflcrwed to dissurb she normal operation of the
FCS. Bfank (c) is provided to fist she ~cific FCS
chases. Whereas in this document onfy two classi-
fications are defined, MFCS and AFCS, modifica-
tions to previnuafy produced air vehicles, for which
tie apccification may be used, may incfude such
classifications as primary, accondary, and mission
flight concrof systems.

Inflight monitoring that conmfa redundancy and
integration management logic should be designed
to minimize nuisance faUure indications. This is
parskufarly imponam for Sly-by-wire andlor un-
stable vehicle control Watenss where excessive
noise susceptibUiIy and sight monitoring chreshokfa
could erroneously shut down she fasr charnel of a
redundant FCS and causa loss of concrol due co a
transient signal.

Blank (d) is provided so that specific capabfities of
she monitoring sy~em may ba specified (reference
cable XII). These desired capabilities will probably
be generated by lessons learned in the design of a
specific air vehicle or cfass of air vehicles.

Some techniques which might be used in inflight
TDRM are:

a. Continuous fn-Line Monitoring-Concerns
monitoring techniques incorporated in digisal com-
puter aohware to verify rfse integrity of shat cons-
puter.

b. Watch-Dog Timer - A check on the system
clock atwflar system control (for runaway cmrcrcrf).

c. Tracer Monitor - Uaad in analog computers
to verify shat an ampfifier or simifar circuit aviflpass
a parsfcufar se.sa. II can afso be used so verify she
presence of an AC excitation volsage.

d. Sign Posa Counter - A check on software
mnaway, a sequence check on aofsware.

e. Status Monitor - Moniiora the suass si~
from another charnel or other source.
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f. Memory check sum - Checks the integrity
of memory.

g. Comparison Monitor - Commonly called a
comparator. Can compare across channels or sub-
system to a model.

h. Standard Comparator - A stimulus of
known value insened into a unit under test and the
response compared against a standard.

i. Wrap-Around - Signals feedback into the
system for a vslidity check of the command,

j. Logic Test - ,%s interrogation or comparison
of logic devices to determine the accual state,

k. Signal Management - Signal selection tech.
niques for a redundant system.

1. Preengage BIT - PEBfT tests any automatic
performance or mode using arty test sequence re-
quired prior to engagement of a control or mode.
Any test sequence which could disturb the normal
activity of the air vehicle in a given mode should be
inhibited when that mode is engaged.

This list is not intended to be exlsauative, nor is it to
be implied that a properly designed TDRM system
needs to include all techniques. Rather, different
techniques should be chosen and used in combina-
tions which provide the optimum coverage neces-
sary to meet che various requirements of mission
reliability, survivability of safety, etc.

REQUIREMENT LESSONS LEARNED

Several in flight monitoring capabilities which have
been specifically required in the past are monitor-
ing of hydraulic power, overfunded voltage and cur-
rent levels supplied to the FCS.

The tolerances on command limiting and switching
thresholds in high gain/full authority electronic
ffight controls are critical parameters when TDRM
is used for Might.

fluence the TDRM chosen and the method of initi-
ation. However, each of these factors must be
viewed in light of the reasons for the preengage a
test.

4.1,3.9.2 Inflight. The proper operation of the
inflight TDRM shall be verified by (a)
Ground test shall demonstrate fb) Preven-
tion of imligbt TDRM failure propagation where
the normal activity of the air vehicle may be dis-
Nrbed shall be verified (c)

VERIFICATfON RATIONALE (4. 1.3,9.2)

Ground cm-aircraft tests, analysis, and laboratoV
teats have been used successfully to demonstrate
compliance.

VERIFICATION GUIDANCE

The methods usually chosen for blank (a) are labo-
ratory tests, ground test. flight test, inspection, andl
or analyses. Blank (b) is provided to tailor the re-
quirements of the verification procedure to include
specific demonstrations. A suggested input for
blank (b) is: “detection of simulation safety critical
latent failures and verify annunciation require-
ments.”; for PEBIT words such as “detection of ●
simulated mission critical latent failures and verify
annunciation requirements. ” Prevention of in-
tlight TDRM failure propagation in the FCS should
be verified (blank c) by laboratory test andlor on-
aircraft ground demonstration of simulated fail-
ures. prevention of preengage BfT initiation dur-
ing a mode where disturbance to the operation of
the air vehicle could occur should also be verified.
An iron birdlpiloted simulation might be used to
verify the FCS immunity to inflight monitor fail-
ures. Analysis should be used to verify levels of
laboratoV and ground test signals.

Laboratoq’ testa and analysis shall be used for veri-
fication of monitoring sohware. If digits] TDRM is
used, the preceding sentence should be appended
to the 4.1.3 .9.2 requirement.

VERIFICATfON LESSONS LEARNED
Nuisance annunciations should be evaluated in
terms of maximum number per operating hour and
not as a ratio of nuisance to actual failure annunci-
ations. Factors such as equipment design, cockpit
design, mission, pilot workloadlopinion may all in-
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3.1.3.9.3 Post flight. Poss flight shall (a)
and include the test sequences shown in cable VII.
Pos-llight test, display, and reporting shall be ca-
pable of fh~ . Post flight maintenance tears
shall have interlocks to prevent issfligfu engagement
and to terminate these tens when conditions suit-
able for maicrlenance testing no longer exist.

REQUIREMENT RATfONALE (3.1 .3.9.3)

Post Ilight tesu, if appropriately designed. till re-
nclt in more efficient and effecsive csmcbleshtmting
of she FCS; however, care must be taken so chat
syssem refiabihy and safety are not adversely af-
fected. Poac flight provides the rime when exhaus-
tive testing for maintenance is available and is she
moss likely time to perfomr MBIT.

REQUfRSMENT GUIDANCE

Maintenance diagnossica may include hfBfT, cor-
refarion of ocher BfTs, other tests such as VI. PM,
and SPCL to perform activities such as complete
ayssem checks on she ground and fault isolation to a
specified hardware level. MBIT is incorporated as

o

a maintenance aid and comprises IWOmajor accivi-
cies:

a. Maintenance post flight - A ground crew-
acsivated test directed to dececcimr of faults uidsou:
regard to location, and mn on internal APU or bat-
tery power to avoid engine operation.

b. Maintenance Fault Isolation - a makite-
nance activated test directed specifically to mainte-
nance croubleshoming.

The following capabilities are mggeaced for inclu.
sion in she requirement:

a, Detection of failures and isolation of the
failures to a card and preferably component level.

b. Teasing comprehensive enmsgh to assure
safe mission completion.

c. lniciarion by maintenance crew.

d. Ccwrecc operation of other tests, BfTs, and
routine maintenance checks without Aerospace

o
Ground Equipment (AGE) not normally found on
she flight line.

e. OPemtion by assigned ground crew persms-
nel tithout additional personnel.

f. Safe operation wichotn danger to personnel
or equipment.

Blank (a) is provided to specify particular perform-
ance features of post flight testing such as ‘use och-
er tests and afrcraft BITs, corselate rhe asored data.
and provide fauft isolation 10 the casdfcompcrnem
level .-

Blank (b) is provided to specify the display and re-
porting performance such as “displaying maime-
nance information on a cockpit ground ●quipment
display, download all or aelecsed information, and
provide alpha-numeric to designate faulu. ”

REQUIREMENT LESSONS LEARNED

Special consideration should be given to maime-
nance BIT requirements since aircraft down time
can be drastically reduced if BfT is designed cor-
rectly to detect she majority of she failures in the
system.

4.1.3.9.3 Post flight. The proper operation of
pots flight tests maintenance BfT shall be verified
by ground teas and ~. Verification test shall
demonsmte ~. ~evention of ~ff@
engagement shall be verified fc\ .

VERIFICATION RATIONALE (4. 1.3.9.3)

Ground on-aircraft tests, analysis, and laboratory
tests have been used successfully to demonmraie
compliance.

VER1FICATION GUIDANCE (4.1.3.9.3)

Blank (a) is provided to specify she type of ceac/a-
rralysis used to verify the same. Suggested wording
is analysis using hazard and failure mode and ef-
fect to derive a * tear cases.”

Blank b) follows with wording such as .pos flight
and maimecssnce test to isolate to the card (cnmpo-
nem) level (through the usc of acsual fnsecsed w
simulated single and multiple faulra) to _.
percent accuracy.”

Blank (c) provides for specification of the test
methods to verify the interlocks suggested worcfii.
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“sequential evaluation of the interlocks through
voltage, current, or continuity checks. ”

The guidance given in 4.1.3.9.1 is also applicable
to thk requirement.

VIHUFICATION LESSONS LEARNED

A thorough verificationh’alidation of BfT prior to.,.
.,. aircraft installation has resulted in considerable

time savings during aircraft debugging procedures.

3.1.3.9.4 In ffight monitoring. Continuous in-
flfght monitoring of equipment performance and
critical flightconditions shall operate during _.@_
and shall be capable of detecting: fb)

In flight monitoring shall be passive and not propa-
gate any failures to the (c) flight controls.

lnflight monitoring shall include, but not be limited
to, the following capabilities: fd)

REQUIREMENT R,4TIONALE (3, 1.3,9.4)

As flight control systems become more complex,
inflight monitoring becomes necessary to meet the
reliability, survivability, failure immunity, invulner-
ability, and flight safety requirements.

REQUIREMENT GUIDANCE

In flight monitoring shall operate, as a minimum,
duririg essential and flight phase essential functions
(blank a). In flight monitoring maybe a continuous
operation, either specified or implied, by the na-
ccsreof the flight control functions, such as supply-
ing Stab\iity to an unstable airframe. An infhgin
monimring system, at a minimum, should be capa-
ble of detecting (blank b):

a. -y failure which degrades perfosnrance
below the system Specification requirements.

b. Monitoring circuitry failures which could
mask failures of functional circuitry.

C. Sinde failures which could cause 10SS of air-
crafs control if combined with another subsequent
failure,

Failures occurring in the monitoring system should
not be allowed to disturb the normal operating of
the FCS. Blank (c) is provided to list the specific ●
FCS classes. Whereas in this document’ only two
ClaSSifiCatiO~ are defined, MFCS and AFCS,
modifications to previously produced air vehicles,
for which the specification may be used, may in-
clude such classifications as primary, secondary,
and mission flight control systems.

In flight monitoring that controls redundancy man.
agemem logic should be designed to minimize nui-
sance failure indications. This is particularly im-
porsant for fly-by-wire andlor unstable vehicle
control systems where excessive noise susceptibility
and tight monitoring thresholds could erroneously
shut down the last channel of a redundant FCS and
cause loss of control due to a transient signal.

Blank (d) is provided so that specific capabilities of
the monitoring system may be specified. These de-
sired capabilities will probably be generated by les-
sons Ieamed in the design of a specific air vehicle
or class of air vehicles. Therefore, in an initial
specification of a new air vehicle the last paragraph
may be deleted.

Some techniques which might be used in in ffight 9monitoring are:

a. Continuous in-line monitoring - concerns
monitoring techniques incorporated in digital com-
puter software m verify the integrity of chat com-
puter.

b. Watch-dog timer - a check on the system
clock andlor system control (for mnaway control).

c. Tracer monitor - used in analog computers
to verify that an amplifier or similar circuit will pass
a particular test. h can also be used to verify the
presence of an AC excitation voltage.

d. Sign post counter - a check on sohware
runaway, a sequence check o? software.

e. Status monitor - monitors the ssatus aigrtal
from another channel or other source.

f. Memoty check sum - checks the integIitY Of
memory.

g. Comparison monitor - commonly called a
comparator. Can compare across chanriels, or sub-
system to a model. ●
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0

h. Standard comparator - a stimulus of known
vafue insened into a unit under tear and she re-
apmsse compared against a acandard.

i. Wrap-around - signals feedback into the
system for a vafidity check of the command.

j. Logic tesa - an interrogation or comparfsmr
of Iogfc devices to determine the actual scatc.

k. signal management - signal selection tech-
~Wes for a redundant system.

This finsu nos intended to be csdsausrive. nor ia it to
be implied rhat a properly designed monitoring sys-
tem needs to fncfude aU techniques. Rather, dlffer-
em techniques should be chosen and used in com-
binations which provide the optimum coverage
necessary to meet the various requirements of mis-
sion relLabiIily, survivability of safety, etc.

REQUIREMENT LESSONS LEARJNED

Several isrflight monitoring capabilities which have
been specifically required fsr the past arc monitor-
ing of hydraufic power, overlunder voltage and cur-
rent levels supplied to cfse FCS.

4.1.3.9.4 Infflght monitoring. The proper opcr-
mion of she FCS inffight monitoring shall be veri-
fied by (a) . Ground test shall demonsar.me
fb) . prevention of in ffight monitor failure

propagator where tie normal activity of the air ve-
hicle may be dissurbed shall be verified fc) .

VERIFICATfON RATfONALE (4.1.3.9.4)

In she pasa ground on-aircrafr tests, analyses, and
laboratory tesis have been used successfully to
demmsasrate compliance.

VERfFICATfON GUIDANCE

The methods usually chosen for bfank (a) are labo-
ratory teas-s,ground test, flight tesr, inspection, and/
or analyses. Blank (b) is protided to sailor rhe re-
quiremenca of r3severification procedure m include
specific demonstrations. A auggeaced input for
bfarrk (b) is: ‘deuxtfon of simrsfated safety critical
fatent faifures and verify annunciation require-
merits. - Prevention of in ffight monitor faifure
propagation in the FCS should be verified (blank

c) by laboratory test andlor on-aircraft ground
demon.ssrmion of simulated failures. AI iron bird/
piloted aimulacion might be used to verify the FCS
immunity to inflight monitor failures. Analysis
should be used to verify levels of laboratory and
ground teg afgnafs.

Laboratory teats and analyses shafl be used for veri-
fication of monitoring sohware. If digital monitor-
ing fs used, che precedin8 sentence should be ap-
pended to tkre 4.1.3 .9.4 requirement.

VERIFICATfON LESSONS LEARNED

3.1.4 MFCS design. This section of the specifica-
tion deafs with overall design philosophy of the
flight control syasem. Tlis section is norrnafly cOm-
pleted by the contractor after conducting a series of
trade studies to satisfy that system’s safety, mission
completion, and system refiabifity requirements.
Care must be taken when completing thk section to
assure that it is in compliance with the overafl ac-
quisition strategy of weaprm system being procured
(For example, same acquisition strategies may in-
sist that no design guidance be included in any
specification). Where requiremema in mher acc-
tions of rhff specification are performance refated
requirements, the intent of this section is to provide
protection to both the contractor and the procuring
activity to assure that tfrc syaaem design is tithisr
safety and refiibifity requirements, and to further
assure the procuring accitity that major mOdifica-
timra to that design cannot be accompfiied wir3r-
orn government concurrence. From the procuring
agency aaandpoim. care must ba exercised to a.s-
aure that over specification does nm result in Engf-
neerissg Change Roposafs (ECPS) for minor
changes or for rmssine changes ducisrg normal aya-
tem development.

Tire MFCS shall bc mechanized as a ~.
rssfng ~. for pilot concrol of piceh. roll, and
yaw. The sysem shall provide [c) to ●nhance
operational utility and flexibilhy for misdon accom-
pfiiment. It shall be designed to provide a aatis-
facto~ physical interface between the pilot and the
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air vehicle such chat every pilot action required to FCS design. When the blanka have been filled,
monitor and concrol tie FCS to accomplish every some of the important precepts which influence
phase of any assigned mission shall be consistent FCS design will have been established, @
with established flying qualities requirement and pi-
lot training practices. REQUIREMENT GUIDANCE

REQUIREMENT RATIONALE (3. 1.4)
Blank (a) should be filled by one or several nate-

The use of hydraulicleleccric actuation high author. menta which identify the general type of FCS which
ity controllability augmenwtion tly-by-wireilight till be used for implementing the controls for
command loops and other innovations has made it pitch, roll, yaw, etc. Words should be used such as
necessary to eacablish, and make a matter of re- those shown in figure 2 to describe che mechaniza-
cord. che features which are fundamental in she tion scheme to be used:

For example, words filling the blank might be:

Dual mechanical, direct for pitch using cable assemblies,

Single mechanical, aerodynamic booaced for roll using rod assemblies.

Single mechanical, cable operated, triple redundant, analog SCAS, fully eleccric
powered in pitch,

Quad redundant, digital fly-by-light, hydraulic powered for pitch, roll and yaw.

FIGURE 2. Mechanization scheme.

Blank (b) should be filled by identifying the type of make inputs for pitch, roll, yaw, etc. The words
concrols which will be provided for che pilot to used might be: ●
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- Force and displacement right side-stick for

o
pitch, roll, and yaw (side-arm controller, right
side).

- Force and displacement center stick with
redder pedafs.

- Force and dispfacemem cofunsss-moumed
wheel and floor-mourned rudder pedals.

- Force from Iefs aide-arm controller for pitch,
roll, yaw with center force and d~placement adck
and nsdder pedafs for the right side, copilot.

Bfank (c) mfght bc Fdled by words such as:

- Automatic control of pitch, roll, yaw, mode
sequencing, etc.

- Automatic control of high [ifs devices.

- Aucomatfc control of wing sweep.

o

- Automatic concrol of ground spoilers.

- hocas (Hands on throttle and sdck) concepts.

The advent of fly-by-wire FCS has opened the way
for use of several types of comrols 10 be used, and
specified in requirement blank (b) is not clear cut
and cuts across dse engineering dkcipline bound-
aries of Ilight concrols, cockpit design, human fac-
tors, flying qualities and possibly others. For pro.
grams where several types are feasible. an effort
shmdd be made during the conceptual and vafida-
tion/demcmstraticm phases of acquisition to identify
che type of ccmcrol which should be specified.

REQUIREMEhT LESSOaNS LEARNED

o

Flying qualities teais on a fighter airplane led to rec-
mendarlon with respecr to the aide-stick con-
troller as follow ‘The full scale development con-
trol nick ahmdd be a sidearm force controller. h
should aflow a very finsited displacement in bmh
the longitudinal and fmeral axes. The displace-
ment should be in the form of a rotation about a
base pivot point, and the movement equivalent to
maximum aircrah response should be approxi-

mately one-quaner inch from neutral when mea-
sured at she top of the controller. The design
should incorporate obvious physical stops in bmh
axes which would provide the pilot umsdatakable
indications Uun he has commanded rfre maximum
possible aircraft response. ~e haxitssum-g
command” light was unsatisfactory for this prrr-
pose.) Some fonvard and inboard dft of the nick
should be considered, and ira rotation osiencaticm .,
should be optimized. Funher development of dse
pilot controller should make maxfsnum use of a fbc-
ed-based flight simulator mated with a detaifed
cockpit mockup. -

Four variations of the command-deflection rtla-
rionships of the side-stick controller. as shown in
figure 3, were evaluated.

The first variation evaluated involved increased
sidestick controller displacement. This configura-
tion was referred to as che moveable tick. The
objectives of thf.r evafumion were co determine if
the moveable stick improved aircrafr handlii
qualities during pilot high gain tasks and if rhe sdck
sop cues, provided by the moveable tick, reduced
pilot fatigue and improved handling qualities dur-
ing various tasks when maneuvering near nraxi-
mum command. llre maximum command-deflec-
tion relationship for this configuration is Shows.in
figure 3b. Comparing this figure with figure 3a indi-
cates dse relative change with respect to the FSD
“flied” adck. This evafuacion determined thm the
handling qualities with a moveable tick were fm-
proved over chose wish the - fried- saick.

The variations to ckreaide-stick controller mecha-
nisation chat followed dse moveable adck evrJua-
tion were:

(1) moveable acfck wfth reduced stick forces
(80 percent of the FSD force levels).

(2) item (1) plus electrically skewed (rotated)
axes.

(3) item (2) plus asymmetric roll force versus
command gradient.
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A. FIXED STICK
INITIAL FSD EVALUATION

-+-

0.017 INCH FORWARD
@ 18.4 LBS

0.045 INCH LATElL4L
@ 17.0 LBS

0.032 INCH AIT
31.2 LBS

C. MOVEABLE STICK - 80% FORCES
TON

0.017 INCH FORWARD
I @ 18,4 LBS

& 0.124 INCH LATERAL
@ 17.0 LBS

0.178 INCH AIT
31.2 LBS

D. MOVEABLE STICK - 80% FORCES
SKEWED AXES

I! 0.017 INCH FORWARD
@ 16.0 LBS

‘m -..1
0.127 INCH LATERAL

I
+ @ 13.6 LBS

0.198 INCH AFT

/1

FIGURE 3.

@ 24.8 LBS

0.017 INCH FORWARD

I
@ 16.0 LBS

+

0.127 INCH LATERAL
@ 13.6 LBS

L

I
J

0.198 INCH AFT
@ 24.8 LBS

E. MOVEABLE STICK - 80%
FORCES SKEWED AXES
ASYMMETRIC ROLL G3WD1ENT

‘*I1-/
0.017 INCH FORWARD
@ 16.0 LBS

0.127 INCH LEIT
@ 13.6 LBS

0.090 INCH RIGHT
@ 10.2 LBS

0.198 INCH Am
“@ 24.8 LBS

Command-deflection relationships of the side-stick controller.
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Ylre evafuacion in which the FSD force gradients
were reduced by 20 percent resulted from the cmr-
aideracion that the FSD force grad!enta had been
aelecsed for the - freed. stick controffer. h was felt
chat since the moveable stick provided a motion
cue m she pffoc as a control input - feedback .- the
force gmcfienta on the moveable aideadck control-
ler coufd be reduced without increasing the poasi-
bfity of pifot over control.

‘f%e electricaffy skewed, or mated, controller axes
ewafuacfon was based on previous work accom-
plished dcccing research fn cMi area. This evafua-
cion involved ●lecuically rotating the fongitudmal-
fmeral axes of she commller 12 degrees clmkwise
in an attempt to reduce the pitch-roll cmsssalk.
‘flse level of cmastalk encountered cm this airplane
varied from pifm to pilot based on flight experience
and anthmpomeuic factors. The 12 degrees of m.
cation was an average value derived from scSck
force cross plots and aimufator studies.

The asymmetric mff gradient was evafuated as a re.
ad of pilot comments and amhropomecric consid.
eracions. Due to she location of che controller,

o
right roll forces were harder and more awkward 10
apply than fefa roU forces. For example, windup
cum maneuvers to she right were considered by
some pifma to be much harder to accomplish as
precisely as windup ucms 10 the left. Thus. the
right rofl force gradient was reduced from the 80
percent force level.

The moveable stick tith reduced stick forces was
comfonable in takeoff, landing, and formation ma-
neuvers. There was no tendency to over comml
the aimrafa. A noticeable reduction in pilot fatigue
whife flying with reduced forces was indicated.

The moveable atfck ti!fr reduced forces and elec-
oicaffy skewed axes afgnificamfy improved the
overe.fl aim-ah handling qualities. Takeoff and
fanding were considered much more comfortable;
an imprnvemem which was acufbuted specifically
to the skewed axes. Cmsssafk durfng takeoff, land-
ing. and formation flyfng was greatfy reduced. This

.’ resulted in decreased pilot workfoad and reduced
fatigue.

o
The resulting comments of she pilots who evaluated
the moveable adck with reduced forces, skewed

axes, and asymmetric mll gradient indicated chat
the asymmewic mll gmdiem degraded che handing
quaficies of she airplane. There was an objection-
able lack of harmony and an unnatural concml re-
afmnse. This problem was very evident in she high
speed-low altitude regfme where intense pifm com-
pensation was required. The asymmetric mff gradi-
ent, as tested. was fr@IIY und~rable.

The conchcafons of these evaluations were chat the
moveable aide-atkck controller provided significant
fmpmvementa over dse original - freed- arick. Re-
duced forces corstibtned positively to the handfing
quafities of the airpfane by reducing pilot wrfcfoad.
thereby, reducing pilot fatigue. Skewed axes aignif-
icamfy reduced or eliminated pitch-roll crosstalk,
improving the handling qualisies, and further re-
ducing pilot workload and fatigue. The asymmetric
roll gradient, as teaced. was highly objeccicmable
and required intense pilot compensation.

llse variation chosen conforms to figure 3d.

The firstmodem use of a tick on a rmaspon air-
craft may have been she Brequet 941, a prototype
STOL tmn.spon in the 1962 timeframe. llsm tick
received ready acceptance, however that aircrah
had left hand rfsroufes for the pilot. llre original
prototype =01 crampon was proposed as a Ieh
hand scfck w“ch right hand afrrottfes configuration;
however, there was ●nmagh uncertainty abour the
stick to warrant replacing il with she wheellyoke
configuration. A comml arick development P*
gram was fater conducted on che Pmtmype STOL
airplane. Seven tear pilors flew tit configuration
and unanimously stated that die control stick was
the mm suitable control for the AMSf aircrah.
Benefiu which are said to SIccme fmm use of adck
w wheel in farge aircrah are: improved instrument
tibifity, Issrpmved turn coordination, improved
control of a highly maneuverable farge aircrah. and
beat concsol for an aircmh that does LAPES, ahorc
field fandings, ●tc.

4.1.4 MFCS design. MFCS design requirements
of 3.1.4 for aarisfactory physical interface shall be
verified by , those for breakout force and
free play by_. and chose for mechanical
element characteriacics by
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VHUFICATION RATIONALE (4. 1.4)

Several methods can be used to verify the different
requirements for MFCS design. Blanks are pro-
vided to allow flexibility in chosing the verification
method for the different requirements,

VERIFICATfON GUIDANCE

. . . Choose the most feasible methods for verification
of the requirements from analysis, simulation, in-
spection, ground test, and flight test. Pilot’s opin-
ion obtained during piloted simulation or flight test
is the best method for verifyiig a satisfactory physi-
cal interface. Ground test is the best method for
verification breakout forces and free play, Analy-
sis and flight test are the best methods for verifica-
tion of mechanical element characteristics.

VERIFICATfON LESSON LEARNED

Manual flight controls provide the means by which
the pilot-operator controls the air vehicle to ac-
complish the assigned mission. These controls
must be designed and mechanized such that they
do not increase the hazard levels for the aircra~,
do not have annoying characteristics and do not
require excessive skill, alertness, strength, or uti-
due workload on the pat-t of the pilot,

Breakout forces for the controls used for pitch,
rolf, and yaw should be consistent with the flying
qualities requirements for the air vehicle. The hu-
man engineering design requirements should con-
tain the values to be used for the breakout forces
for controls for flaps, apeedbrakes, side force, wing
sweep, etc. The values for free play may not be
contained in the flying qua fities and human engi-
neering requirements. They may only be available
aher estpetimentacion, usually piloted simulation,
using the characteristic of the air vehicle.

Free play, mechanical vibration, and other extra-
neous movements in the pilot’s controls can mask
important feel cues and induce physical discomfon
when present during long duration missions.
Mechanizations which prevent such undesirable
characteristics should be chosen for final design.
Motions and forces reflected at the pilot’s controls
have been considered not evident and therefore
acceptable if magctitttdes are less than half the

breakout force of the control (with the lowest
breakout force). Stability augmentation service
should never prevent full freedom of operation of e
the pilot’s controls.

3.1.4.1 Mechanical MFCS design. Mechanical
components shall be designed wirh paramount con-
sideration given to reliability, maintainabifity, aup-
pcwtability, strength, and simplicity. The mechani-
cal signal transmission paths between the pilot, aen-
aot’a,or cmntnand generator to the surfaces shaU be
redundant to the extent required to meet the sys-
tem safety requirement of

REQUIREMENT RATfONALE (3. 1.4.1)

The mechanical system may be the entire or begin-
ning and ending links of the pilotkommand gener.
ator to tie control surfaces. ft is essential for the
mechanical components to be designed for safety,
reliability, maintainabifhy, and supportability to ac-
commodate their safety-of-flight classification.
Simplicity of design is always an objective that leads
to good reliability. maintainability, and supporrabil-
ity.

REQUIREMEhT GUfDANCE

The system safety classification of the control sur- *
facelaxis will determine the redundancy required
of the connecting mechanical components. Proper
consideration must be given to the safety classifica-
tion. Understating the safety requirement can lead
to the use of improper mechanical component se-
lection. Additional design characteristics attch as
rate required, load carrying capacity, temperature,
selection of compatible materials, clearances. ht-
brication, joint fastenin@etentiOn, stability,
strength, stress, current fabrication methods, and
accepted standard design practices must be cmtsid-
ered and tempered to arrive at a chosen design that
meets the requirements of this paragraph. The
blank should be fdled with tie appropriate redun-
dancy level (e.g., fail Op/fail safe).

REQUIREMENT LESSONS LEARNED

Improper analysis and consideration of this re-
quirement has resulted in costfy changes to Air
Force aircraft to eliminate corrosion, widen clear-
ances, and perform additional inspections, lubrica-
tions, and material changes to accommodate fa-
tigtte failures. ●
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4.1.4. I Mechanical MFCS design. Compliance
wish chii requirement shall be verified by:

a. Essgfsseedng tests chat show adequate
strengsh to a safety factor of 1.5 for the ratio of
fimit to uhimste load. Tesrs shall afso show the sys-
tem’s abtity to clear a jam.

b. Environmental tests chat show the system’s
abdity to resist corrosion, withstand acceleration
and viira.tion, compensate for thermal propeties.
and function under required load.

c. Endurance tests performed under load for a
number of cycfes chat show rhe syssem”s abtlity to
fast for the service life of she aircraft or she speci-
fied MTBF.

d. Maintenance demonstration that shows the
system adjuasmenssfcalibrasicms are accessible and
can be done on the aircraft.

e. Funccfonafloperacimsal tears chat cenify she
ayssem is operational after maintenance actions or
initial assembly and that the redundancy provided

o
is achienabfe under all faifure conditions.

VERfFICATfON RATfONALE (4. 1.4.1)

Due to the safety-of-flight classification of flight
concrol syacems, tie mechanical system muss bs rig-
orously tested to demonstrate its integrily. The
above tears will demonstrate the mechanical sys-
tems ability to perform for she specified fife (usual-
ly the service fife of the aircrafl).

VSRIFICATfON OUIDANCE

Use of militacy qualified or nsndard paras may re-
duce the amount of teasing required by using quali-
fication by aimifarily. Where tessing is required,
the test should be as reafistic for the application as
possible. For example. an endurance test should
consider and analyze the relation between the
number of cycfes to the number of aircrafc flight
hours by defiig percentages of flights and ex-
pecced maneuvers in chose flighu. The test should
apply loads to she concrof system that simulate she
airloads as essimated by wind tunnel data or mea-

0

aured from flight tess. The test should be con-
ducted to allow evaluation of highly messed. peri-
odically asressed. and cycled pans for fatigue dam-

age. TIIe test should [ollow (he damage tolerance
criteria of MIL-A-83444.

VERIFICATION’ LESSOA’S LEA~ED

Improper testing to she above requirement has re-
sulted in:

a. Corroded pans chat require frequent irs-
apectfon and cleaning.

b. Less Usan aa[e ckarsmces for cables.
crank.% pulleys. push-pull tubes. and bobweighs
causing flighl control jams.

c. Underrfesigned and undetected compo-
nents for predicted loads and service causing stress
corrosion fatigue, fatigue, and breaking of compo-
nents causing loss of surfaces and aircrah.

d. Underrfesigned hydraulic power compo-
nems inducing hydraulic and control surface SCEJfs.

e. Early wear out of splined joima causing loss
of surfaces and aircrsfs.

f. Under allotted redundancy resuhing in km
of surfaces controlling an aircraft axis and loss of
aircraft.

3.1.4.1.1 Reversion-boosted systems. The
mechanical FCS shall provide operational State
_ capabifit y when boost is unavailable. Means
shall be provided to re-engage lscmmforlouing re-
vemion to the mechanical system. Boosted. me-
chanical FCS shall protide operational State _
capabifhy.

REQUIREMENT RATIONALE (3.1.4. 1.1)

Milissw aircrah with mechanical boosted syasems
are still being developed and in the inventory.
With no reversion mode, the mrface consrolfed
andlor ocher interlocked surfaces would be hefd at
she fast position or atreamfined. llsii would render
rhe surface usefess and possibly cassse loss of air-
crsh ancflor life. The requirement fulfills ocher re-
qufremence of [ai[ure immunity and issvuhserabtity.

REQUIREhiENf’ GUIDANCE

his recommended the reversion mode be required
to meet Opermional State 1[I capability. The nor-
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ma] mode should be Operational State I. This re-
quirement is applicable to mechanical systems or
mechanical portions of an overall system.

REQUIREMENT LESSONS LEARNED

4.1.4. L 1 Reversion--boosted systems. The re-
quirement shafl be verified in a system tesI. The
test shall simulate realistic surface Ioadin& and
provide a realistic representation of, if not the ac-
mal, mechanical-boosted system. The test shall
demonstrate the ability of the mechanical system m
perform in the boosted and reversion modes and
the engageldisengagement of the modes from the
cockpit. Limitations, if any, shall be noted for in-
clusion in the simulation effon.

VERIFICATION RATIONALE (4. 1,4. 1,1)

The test must fully describe the system and its oper-
ations. Limitations, such as force and lag, must be
noted to provide a more accurate simulation capa-
bility and information for development of the train-
er simulator.

VERIFICATfON GUIDANCE

The test should be run as a system to include sur-
face loads and positions as estimated by wind tun.
nel or flight test data. Stick forces, loads, lags, sur-
face positions, limitations, approximations, as-
sumptions, and analyses should be performed prior
to, during, and after the test. Modifications to any
perdnent issues should be done folfowed by loads,
lags, and stick force information, as a minimum,
transferred to the simulator effon for verification
of the handling qualityksbllity characteristics.
Tlsis test should be redone using the data from the
simulator, as required.

VER1F1CATION LESSONS LEARNED

3.1.4.1.2 Use of mechanical linkages. Mechani-
cal linkages and artificial feel devices/systems used
for signal conversion shall not have friccion/free ●
play chat results in operation below Operational
Scste —. Linkages and feel devices shall be
balanced appropriately for the desired axis to meet
the atcuctural mode and force requirements for this
air vehicle. Residual imbalances shall be consistent
with feel requirements.

REQUIREMENT RATIONALE (3. 1.4.1.2)

Mechanical linkages used for signal conversion and
artificial feel devices are critical to the stablfity and
handling characteristics of an aircraft. Improper
analysis and implemencstion can lead to regenera-
tive feedback in the structure or PIO situations with
the pilot.

REQUIREMENT GUIDANCE

Operational State 1 is recommended. The use and
length of linkages should be minimized to keep
friction and free play at a minimum. Proper selec-
tion of parts and material is essential to provide
minimum friction and free play. Use of pre-load
springs, precision bearings, etc. to reduce free play
will increase friction and reflect higher feel forces, ●
This should be accounted for in the analysis of the
feel system, The increased lag may result in small
amplitude limit cycling which can be corrected for
in the electronics.

REQUIREMENT LESSOh’S LEARNED

Use of mechanical linkages and consideration for
their maintainability are critical design parameters.
Improper consideration of the aircraft, its flight en-
velope, and maintenance, produces systems that
induce P1O or are damaging 10 the structure. Och-
er results are the deterioration and eventual dis-
connection of linkages at fastening points. Aircraft
loss has resulted.

4.1.4.1.2 Use of mechanical linkage. Mechani-
cal linkages and artificial feel devices shall be
tested as described in 4.1.4.1.1. In addition, a
maintenance demonstration and an endurance test
shall be accomplished.

VERIFICATION RATIONALE (4. 1.4. 1.2)

Introduction of mechanical linkages in<o the flight
control system introduces free play and friction re- ●
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sdicrg in objectionable control system operation
and degradation of cracking performance. The re-
sultant degradation in performance, and corrective
design accions incorporated into the system must be
verified by demonscraion and tests.

VERfFICATfOS GUIDANCE

Verification of all artificial feel syswm performance
usuaffy con.dsca of accurate simulation of the ayatem
and testing tie system first on a flight simulator,
then during flight tesca. Testing should verify that
the closed loop opsration does not result in in-
creased syacem phase lag or produce small ampfi-
cude fimit cycfiig. A maintenance demonstration
should be combined with the endurance portion to
demoruarate the degradation aaaociaied with use
and maintenance. Tlse endurance Iest should fol-
low that described in 4.1.4.1. These tests may be
incorporatesflcombined into an overall test of the
syasem and ocher testing as applicable.

VERIFICATfOX LESSONS LEARIIED

o Imdequate teasing of this requirement has led to
aircraft loss and costly aircrah changes. Small am-
plitude oscillations can lead to PIO and regenera-
tive feedback to the structure can cause aircraft
flutter and has caused Iinkageldevice disconnec-
tion from mouncinglfastening poima.

o

3.1.4.2 Electrical/electronic M FCS design.
Elecuicaflelectronic fly-by-wire flight conuol sys-
tems ahaff be designed to u+thstand all induced and
natural environmems such as lightning, Eh41. etc.
Redundancy ahafl be employed to achieve the safe-
ty requirements of che air vehicle. Refinability,
maincainabilhy. supportability, aimpficily. and aur-
tivability shall be major design parameters. The
design is required to have operational State I capa-
bilit y.

REOUIREMEh7’ RATfONALE (3. 1.4.2)

Elecsricalfelecwonica provide dse augmentation re-
quired to obtaics the aircrah acabflity and good han-
dhng characteristics. Failure of this ponion of the
system can cause objectionable transients and in
some cases, deparsure from controlled ffight.

REQUIREMENT GUIDANCE

The redundancy of the augmencmion Wem
should be cfse same as the mechanical syacem, at a
minimum. Analog and digital systems have their
own unique aeta of concerns. Analog sysserns may
use standard chips. Ffoating pins ahmsld not be
allowed for unused inputs or circuits. The desigrs
should be approached as a synthesis of ●xperience
and analysis. Addiional consideration to nuclear,
chemical, biological, and TEMPEST csiteria
should influence the desigrr as necessary and
should bc incfuded in the requirement. The com-
plesdy of the circuicry will depend on tie mission
and aircraft configuration. For complex designs,
an independent design review. such as sneak and
first failure sneak analyses, is highly recom-
mended. Isolation of redundant channefs, both
physical and ●lectrical, w411aid in achieving a aur-
tivable system. Digital ●quipmem is subject to she
same guidance as above with extra consideration
given to aampfing times and increased lags. For
bah cases. elimination of aingfe-~int failures is of
primary concern. operational State 1 is recom-
mended for thk requirement. Current mifitary re-
quirements., standards, specifications, handbooks.
and drawings are recommended for consideration
for lightning and EM I.

REQUfREh4EhT LESSONS LEARN’ED

The use of floating pints. inadequate EMf consid-
eration. singfe point failures, lack of independent
design ●valuation, improper phasing, and account-
ing for lags has resulted in various problems from
annoyance IO loss of aircrafl and life.

4.1.4.2 Electrical/electronic MFCS design. l?se
electricallelecuonic portion of the mechanical
flight control system shall be tested by aff the tesm
descrfbed in 4.1.4.1 and 4.1.4.1.1, integration
teaca, and flight teass.

VERfFICATfOX RATIONALE (4.1.4.2)

Vulnerability of the electrical/elecuonic MFCS de-
aigrr is important for survival. Therefore. thii re-
quirement needs to be tested under conditions auf-
ficientfy representative of the har.ard to determine
the adequacy of che design.
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VERIFICATION GUIDANCE

Although the electticalleleccronic portion of these
systems may not be tight essential, flight safety is
directly dependent upon the design of these sys-
tems. The slight safety aspects of the system distin-
guish it from other mission related ationics in the
sense that it must be operative through all phases of
flight. Depending on the amount of augmentation,
the amount of testing may be reduced. For com-
plex augmencstion systems, all the testing should be
performed to insure an adequate safe production
design. Testing can usually be combined with ocher
planned tests.

VERIFICATION LESSONS LEARNED

Inadequate testing usually leads to objectionable
transients, uncommanded motions, and, in com-
plex augmentation, depanures from controlled
flighrlloss of aircraft. Changes m the system are
expensive and limitations to the aircraft are usually
imposed until the change is in the aircraft, Integra-
tion tests, where required, are vital to assure integ-
rity of the flight control system.

3.1.5 AFCS design. AFCS design shall provide
those functions and services which fulfill not only
the stated needs for the air vehicle but also the
needs for a satisfactory interface with the pilot op-
erator. AFCS design shall be integrated with and
complement the MFCS design such that switching
between these systems produces no noticeable air
vehicle responses. AFCS design shall have no ad-
verse effect on MFCS operational integrity.

REQUIREMENT RATSONALE (3. 1.5)

AFCS design must accommodate the needs of the
air vehicle and the pilot operator. Design efficien-
cy is improved by integration of the AFCS and
MFCS. Stitching between AFCS and MFCS
should be included in the AFCS design, The de-
sign Of that stitching must not result in air vehicle
responses which increase the pilot’s workload or
stress his skill or alertness.

REQUIREMENT GUIDANCE

Using agencies show undue reluctance in stating
their needs for AFCS. II is therefore essential that

this area become a subject of discmsion with the
user in order to fully develop that statement of
need. Unless this is done, there is risk that the @

design will be either deficient or excessive with re-
spect to operational need.

REQUIREMENT LESSONS LEARNED

4.1. S AFCS design. AFCS design requirements .
shall be verified by and

VERIFICATION RATIONALE (4. 1.5)

AFCS design requirements maybe verified by anal-
ysis, inspection, piloted simulation, ground test,
and/or flight Iest. The blanks allow flexibility in
choosing the methods which are most feasible.

VERIFICATION GUIDANCE

Functions and services may be verified by analysis,
inspection, simulation, ground test, andlor flight
test; interfacing by analysis and flighi test; integra-
tion and effects on MFCS by analysis, ”and switch-

0ing effects by piloted simulation or flight test.

VERIFICATION LESSONS LEARNED

3.1.5.1 System management. The fa)
management hm’rccionshall be responsible for en-
suring that the automatic flight control system does
not permit failures to place the aircraft in an unre-
coverable situation. Transients for normal engage-
mentf disengagement and failures shall not exceed -
&and JLL, revec~vely. Failures of the.
fd) management function shaU [e)

Appropriate &to the crew with (e) to
re-en~ge ~ shall be pro~ded.

REQUIREMEW RATIONALE (3.1.5.1)

AS aircraft subsystems are integrated, a redundant
means for monitoring the integrating subsystems to
prevent departures, uncommanded maneuvers,
and loss of aircraft is required. a
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o REQUIREMENT GUIDANCE

The flight control system is recommended to per-
form the mamgement function. Blank (a) should
be fiiled in with ‘flight control system integrity .-
Blanks (b) and (c) should concsin 0.1 g, *3 deghc
coff rate and 0.S g, i] Odeglsec roll rate, res+sective-
Iy (see 3. 1.3.3). Blanks (d) and (e) should require
the managing function to be limited to the previous
[aihcre urcrrsients not propagate to the normal
(manual) concsol system, and remove. wm. or
limit uajectory command controls provfded to the
flight concrol syssem. The followfng is appropriate
wording for UIe blanks (d) through (h): (d) ‘integ-
rity-: (e) ‘neither cause transients which exceed
the specified fevels, nor propagate into che manual
(normal) Iligfu control system. The failures shall
cause the removal of che automatic crajecto~ guid-
ance commands from the flight control system-: (f)
“warnings”; (g) ‘an override capability-: (h) “any
of the trajectov guidance command modes .-

REQUIREMENT LESSONS LEARNED

o

Fleet aircrsfl have experienced a number of un-
commanded maneuvers, depanures, and losses
when in an automatic mode. Data on any aircraft
and corrective acsion. if any. maybe obcsined from
che safety center at Norton AFB, Cafifomia. A
great percentage of the cases have unknowm
causes.

4. 1.S.1 System management. TMs requirement
ahaff bc verified by

VERIFICATION RATIONALE (4. 1.S. 1)

The verification of chii requirement is essential to
she integrfty and safety of the flight control system
and the air vehicle. As the complexity level of inte-
gration of aircrafc subsystems increases, the need
for this requirement increases.

VERIFICATION GUIDANCE

Chooss the most feasible methods for verification
of she requirements from analyses. simulation, in-
spection, ground test. and flight teas. The level of
testing wiff have to be determined by the level of

o
complexity. The best preliminmy testing of this
hmccicar can be achieved in the system integration

laboratory tests. The finaf tests required should be
aircrsh ground tests and flight tens. Documenta-
tion must be complete in order to trace problems
discovered. A major factor will be software and hs
validationlveri fication.

VERIFICATION LESSONS LEARNED

Poorly tested, integrated, singfe shread aubsyscenss
have led to several thousand incidencs where the
uncommanded motion of the airccsfc has recnsined
unsolved. As a minimum, synem integration fsbo- “
rstory teas and iron bird testing of the integrated
system should be done. All parameters hat rfse
management funcsion is using to assess the saficfhy
of the integr-atfng subsystem muss bc inserted. and
parameter failure combinations actually perfomned
to verify rAe management functions per fomsance.
One must not forget che actual commands pro-
vided, their failure effects, and the failure monhor-
ing system and what it provides. Teasing of thii
function is as critical as Iesting and verifying she
concrol lawslhandling qualities.

3.1.5.2 Mission fflght controls. Mission fligfu
controfs are che modes of the automatic Ifighl con-
trol system that provide trajectory guidance or ua-
jectory stabilization automatically without pilot in-
put. Mission Ilight control guidance commands
(e.g., flight director. bomb Xav, terrain following,
integrated fire and flight controls, autopilot, etc.)
shall be managed by .~. The guidance
signafs shall allow<neither transients greater than
specified in 3.1. S. 1 nor erroneous commands. ln-
mrface requirements shall be Ihl . Failures of
the mission flight control system shall not .~.
Appropriate methods of interlocks for engsge-
mentidisengagemem of mission flight concrofs shafl
be provided with fdl for ffight safely.

REC?UIREMEh’T RATIONALE (3. 1.5.2)

Pan of she automatic flight control system is she
outer foop trsjeccory guidance commands. ~e au-
tomatic modes are generally used for cenain
phases of Ilight andlor phases of the mission. To
assure safety of Il@ct, these modes and sysseccss
muse bs prcqssrly integrated.

REQUIREME~ GUIDANCE

his suggested that the blanks be filled in as foffcms:
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a. Blank (a) - “the flight control system, ”
This allows the most redundant air vehicle subsys-
tem to be the integrating subsystemlsystem integrity
manager.

b. Blank (b) - “determined by the flight con-
trol system implementation requirements. ” This is
baaed on the selection of the FCS to fill the pre-
vious blank. To be consistent the FCS implemen-
tation requirements should be the major factor in
the selection of the interfaces.

c. Blank (c) - “propagate or induce failures in
the manual controls which produce transients in
excess of those specified in 3.1.3.3. ”

Unless appropriate rationale is available to indicate
otherwise, failure transients should be held equal to
or less than those specified in 3.1.3.3,

d. Blank (d) - “override capability, ” Appro-
priate override capability is a necessity to assure
that the FCS does not get locked into a mission
ffight cOntIOl or other automatic command situa-
tion from which it cannot exit.

REQUIREMENT LESSONS LEARNED

Proper integration and interface with the flight con-
trol system will preclude uncommanded motions,
departures, or unsafe aircraft conditions.

4. 1.S.2 Mission flight controls. This requirement
shall be verified by

VERIFICATfON RATIONALE (4. 1.5 ,2)

This requirement must be verified to ensure the
system performs as expected both during normal
operation and failure conditions.

VERIFICATfON GUIDANCE

Choose the most feasible methods for verification
of the requirements from analyses, simulation, in-
spection, ground test, and flight test. The level and
detail of the testing will have to be determined by
the complexity of the integrations and by the num-
ber of integrations.

VERfFICATION LESSONS LEARNED

Poorly tested, integrated, sink?lethread subsystems e
have led to several thousand incidents where the
uncommanded motion of the aircraft has remained
unsolved. As a minimum, system integration labo-
ratory test and iron bird testing of the integrated
system should be done. All parameters the man-
agement function is using to assess the validity of
the integrating subsystem must be inserted and pa.
rameter failure combinations actually performed to
verify the management functions performance.
One must not forget the actual commands pro- .
tided, their failure effects, and the failure monitor-
ing system and what it provides. Testing of this
function is as critical as the testing and verifying of -
the control Iawslhandling qualities.

3.1.6 Mission accomplishment reliability. The
probability of mission failure per flight due to
relevant materiel failures in the FCS shall not ex-
ceed

REQUIREMENT RATIONALE (3. 1.6)

Quantitative reliability requirements were devel-
oped because of the technological revolution which
began early in the twentieth century. In turn, this 9
revolution was significantly accelerated by WW If,
the Korean War, and the stress on military pre-
paredness since that time. The wars tividly empha-
sized the consequences of unreliability, military
set-backs and high support costs. The need for re-
liability requirements was re-enforced by failures
in rocket testing. This requirement ensures that
the FCS design is responsive to a defined mission
accomplishment reliability quantity. Overall sys-
tem requirements may vary from pro~am to prO-
gram. Allocation may vary from subsystem to sub-
system in tie air vehicle. The numerical probabili-
ty applicable to the FCS is thus a tailorable quanti-
ty. The blank fOrces the requirement to be tailored
to each program.

REQUIREMENT GUIDANCE

In this requirement, materiel means assemblies,
equipment, parts, etc., used in the FCS. Relevant
failures are random or normal wearout failures OC-
curring in service prior to the end of the specified
service life when the materiel is properly main-
tained and operated within the design load and en- @
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vironnsencal fimiss. The reliability requirement in
this paragraph is a function of mission elapse time.
Each mission to which this requirement applies
should be defined. When such a mission is not de-
fined efsewhere, a representative m~lon to which
shis requirement applies shall be established and
defiied in the FCS specification. The probabilities
specified in shii requirement shaff not exceed she
hits obtained from she followfn&

a. Wlsere overall aircrafi mission accomplish-
ment refiabifiiy is specified by she procurement ac-
Citity, QM(FCS) <11 - ~.

b. Where overall aircraft mission accomplish-
ment reliability is not specified,

f2M(FCS) s LLLL?.

where: Q M(FCS) s hlaximum acceptable mission
unreliability due to relevam FCS maleriel failures.

RM = Specified overall aircraft mis-
sion accompfiimem reliability.

A M(FCS) = Mission accomplishmem allo-
cation factor [or flight conuol.

These requirements are cfse same as those found in
MIL-F-9490 where reliability and safety require-
ments for the materiel ffighl control system (hard-
ware reliability without consideration of pilot er-
rors) are specified on a probabilistic basis for the
two operational levels most significant to she air-
craft and its weapm system or other function; i.e.,
flight safety and mission accomplishment. A simi-
far reliabtity requirement is included in MIL-
F-878S.

A singfe analysis should satisfy bosh requiremems,
although different analysis results will apply to each
requirement. Basic differences between she two re-
fiabifity requirements are:

a. MIL-F-S78S sakes a wrm$ case approach
by assuming a masdmum mission length and tiat all
failures occur a: the critical point in tie flight enve-
lope (with regard to flying qualities). Limits are
placed on encountering Level 2 and Level 3 flying

quafisies. No direct requirement is placed on mis-
sion accomplishment.

b. MIL-F-9490 places a requirement on cnis-
sion accompfiihmem probability dkecsly. The
probabifily of experiencing a failure is to be consid-
ered wfth the associated probabUity of being in a
flight condition where such a failure is critical.

Gue to these basfc differences in approach to speci-
fying refiabifity, the numbered values cited by
MfL-F-9490 are at least an order of cnagniNde
more stringent Lhan Shose found in MIL-F-87K5 if
one compares nsissfon accomplishment to Led 2
and Ilig!u safety to Level 3. How<ever, tfse intent of
both specifications appears to be similar. and the
implementations needed to satisfy she flying quality
requirement should be similar to chose needed to
satisfy che ffight controls requirements.

17se Ilfght safety analysis should consider afl faifure
modes chat threaten flight safety. whether single
failures or combinations of failures, and whether
extremely remote or not. Likewise che mission ac-
complishment reliability analysis should consider
all failure modes that threaten mission accomplish-
ment. whether singfc failures or combhations and
whether esscremely remote or not. [t should not be
inferred tint the probability of aircraft loss due to
relevant materiel failures in the FCS is identical to
she probability of experiencing one or more failure
modes chat degrade performance below Operation-
al State fII. Many of the failure modes chat de-
grade performance below Gperssional Ssste 111will
be critical only under cenain unfavorable combim-
cions of variables such as:

- Vkibifity conditions

- Turbulence Levels

- Airspeed or Mach number

- Altitude

- Pilot warning and reaction rime

- Gross weight

- Center of gravity location

o
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Thus, if a given failure mode will result in aircraft
loss only under combinations of the above variables
which can reasonably be e~ected 10 percent of
the time, a failure probabilityy of 10-7 per mission
will contribute an increment of only 10-s to aircraft
loss probabfity. The designer, however, must be-
ware of over reliance on this philosophy. He still
has the responsibility to strive m eliminate as many
hazards as practicable, regardless of probability.

Where criticality varies with mission phase, it is
generally necessary to construct a suicsble mathe-
matical model for each critical failure mode. fn
some cases it may be necessaV to distinguish be-
tween failure modes that are hazardous chiefly at
the time of occurrence because they introduce an
element of surprise and require immediate pilot
reaction, and failure modes that are hazardous
chiefly because they leave the system in a degraded
condition that makes unusual demands on the pi-
lot’s skill in some subsequent mission phase.

REQUIREMENT LESSONS LEARNED

To reduce the probability of materiel failures in the
flight system, the reliability can be enhanced by
careful attention to the following general guide-
lines:

a. Design” the component elements such that
they cannot be incorrectly installed. i.e., bell
cranks cannot be installed backwards or in the
wrong support and connectors cannot be switched.

b. Simplify adjustments. Keep adjustments
and adjustment locations to a minimum. Make
adjustments positive single action procedures rath-
er than interactive processes. Carefully review the
design, especially the nonredundant elements.

c. Identify the weak link. Perform a thorough
failure modes and effects analysis on the design.
Make certain that the weak link failure symptoms
are recognizable, that che failure process is gradual,
and that the weak links are installed where they can
be easily inspected daily.

d. Isolate as much as possible flight control
system elements from other system elements to
avoid maintenance induced damage,

e. Assure that the installation areas of flight
control elements are unsuitable for storage and
transportation of other equipment or materials to m

prevent control system interference and degrada-
tion.

4.1.6 Mission accomplishment reliability. Mis-
sion accomplishment reliability shall be verified by

VERIFICATION RATIONALE (4.1.6)

Mission accomplishment reliability is a factor in -
planning for fleet size and operational deployment
of the air vehicle. Requirements must be verified if
the operational planning is to be based on demon- .
strated capability. The blank provides the means
for tailoring the verification process and use of the
most feasible method or combination of methods.

VERfFICATION GUfDANCE

Analysis should be used for verification of the mis-
sion accomplishment reliability requirements.
There are three stages of verification:

a. During design: to assure compliance wits
good reliability design practice. a

b. During analysis: failure mode, effects and
criticality analyses, fault tree analyses, and multiple
failure analyses.

c. During aircraft fabrication and test: to as-
sure that the FCS airframe interface provides the
desirable reliability characteristics.

The analysis must cake into account the failure
modes of monitoring and self-test subsystems to
whatever extent these modes can impact mission
accomplishment reliability. Also to be accounted
for are latent failure modes that might go unde-
tected and so uncorrected, even with operative
monitoring and test systems.

Probabilities of component failures should include
allowances for normal wearout as well as random
failure, unless it is assured the assembly involved
will be subject to scheduled overhauls at intervsls
sufficiently shon to preclude significant wearout.
This consideration applies particularly to hydraulic
seals, bearings, and other parts that ire typically
replaced in scheduled overhaul, and to cooling a
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o blowem for ●lectronic equipment, panicularly if
they contain bcushes.

.

0

0

Wlsiie flight test activity should be closely moni-
tored wish a failure data colfecsion. analysis. and
corrective acsion process, the nsisaion and flight
safety reliability requiremesm are tm high to be
verified in this rcranner. Certainly any problem ob-
ssrved during the shon Ilight test programs should
be corrected, but the mission and night Safety reli-
ability of the FCS can only be verified by Osorough
analysis using estimated, historical, development
and tear data, and special supplemental testing.
where data is not available.

Sccicrgsof components which make up redundant
Ilight consrol parhs will often ●xhibit high failure
rates even though she redundant configuration will
satisfy the reliability requirement. These w“ngs
should be subjected to reliability development test-
ing using combhsed environments. The models
used to verify meeting the requirement should con-
tain event rates traceable to the dcvelopmem test
faihrre rates through tfse failure modes and effects
analyw”s.

VERIFICATfON LESSONS LEAR77ED

All failures observed during brief flight tests should
have rfseir cause identified, verified, and corrected.
Critical, single elements shall be designed whh suf-
ficient margin of safety to preclude a flight safety
failure. Any FCS element which has an installation
that makes it susceptible to maintenance induced
failures shall be designed to withstand maintenance
induced stresses. FCS designs are revised frequent.
Iy during flight test. his imporcam chat the analyses
and evaluations stay cus?em with the design
changes.

3.1.7 Quantitative flight safety. The probability
of air vehicle loss per flight. defined as extremely
remote, due to relevant materiel failures in the FCS
shall not exceed

REQUfREMEhT RATfONALE (3. 1.7)

Flight safety is of paramount impmcance in the de-
S@I. development, manufacture, maintenance,
and operation of air vehicles. TM paragraph in-
sures chat every aspect of FCS acquisition is re-

apcmsive to a defined. quamitaiive flight safety re-
quirement. The quancisative value used for this re-
quirement may WY between air vehicle designs
and is thus a cailorable quantiiy. The blank pro-
vides the means for tailoring the requirement to she
specific air vehicle.

REQUIREMEAT GUfDAh’CE

The FCS is a flight-safely critical sdssyscem of the
air vehicle. In aeronautical syscenss an air vehicle is
umcally one Orshe sysem”s major iterna. During ac-
quisition of an aeronautical system, many technical
groups will be working the safely area. l%e FCS
will receive much auention from each of these
groups which till include those for system safety.
reliability and maintainability, computer resources,
and possibly others. The FCS quanciracive flight
safety requirements should reflect inputs from each
of chess technical groups.

To provide a means for determining compliance
whh the requirement, a numerical value must be
established. in many cases. a flight safety require-
ment for the overall air vehicle or weapon syssem,
Rs . will be specified and the maximum allowable
probability of air vehicle 1ssssdue to materiel fail-
ures in the flight control system. OS (FCS). can be
established based upcm the propcmion of the msxi-
mum allowable probability of air vehicle loss, due
[o all materiel failures, which is allocated to tfre
flight control system.

A typical division or budgeting of the overall allow-
able loss rate uses a typical value of AS (FCS) = .

0.10. Assuming a specified Ilighi safety reqccire-
ment for the overall air vehicle. RS = 0.9999.
then:

QS (FCS) = (1-0.9999) 0.10= .00001 los-
sesfflight or no more than one air vehicle
loss in 100,000 flights due to materiel faif-
ures in t3se flight control syssem.

In budgeting the overall allowable loss rate into SYS- .
tern allocations. the interdependency of veins
muss be recognized. For instance, powered tligln
control systems cannot be separated from the hy-
draulic and electrical power systems. Where dedi-
cated power syssems are used, reliability interfaces
must be established and such failures inchsded in
the FCS flight Safety ●valuation.
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The extremely remote probability of air vehicle loss Rs = Overall air vehicle flight
per flight when caused by relevant materiel failures safety requirement as specified in the system re- ein the FCS should not exceed: quirements.

QS (FCS) = (1-Rs)As (FCS)
If overall air vehicle flight safety in terms of RS is

Where: Qs (FCS) . Maximum acceptable air not specified ict any document, the numerical val-
vehicle loss not due to relevant materiel failures in ues in tsble Xfll should be used. Extremely re-
the FCS. mote is defined as numerically equal to Q5 (FCS),

the specified quantitative FCS flight safety loss
As (FCS) = Ffight safety allocation rate.

factor for FCS
TABLE X111. Qs (FSC).

MIL-F-8785 Maximum Aircraft Loss Rate Per
Air Vehicle Description Aircrah Class Flight From FCS Failures

Small. light, medium weight I, If, Q5(FCS) - 1X10-7
Low to high maneuverability Iv

Large, heavy weight 111 Q5(FCS) - 1X10-7
Low to medium maneuverability

Rotary wing -- Q5(FCS) - 25X10-7

Failure in power supplies and other interfacing sub-
systems that do not otherwise cause air vehicle loss
shall be considered. A representative flight to
which this requirement applies shall be defined (es-
tablished) in a contract document.

REQUIREMENT LESSONS LEARNED

For Class III aircrah, field safety experience data
for one B-type and two C-type aircraft were ex-
amined, and their major Class A accidents in the
1969-1980 time period were reported to occur at
rates of 7.628/100,000, 0,249/100,000, and
1.625/1 00,000 flights, respectively. Of these acci-
dents, 6.103 B-type aircrah were destroyed per
100,000 flights, and 1.870 of one C-type model
were destroyed per 100,000 flights, and 0.578 of
the ocher C-type model were destroyed per
100,000 flights. There were two aircrafs lost due to
materiel failures in the fight control system.

aircrah were lost at the rate of 8.210/100,000
flights. Of these, 0.471 and 0.265 were lost per
100,000 flights due to flight controls and hydraulic
systems, respectively, for a combined rate of
0.736/100,000 flights which was rounded off and
adopted as representative of this class aircrah.

The need for a higher degree of safety for Class 111
aircraft is’self-evident inasmuch as there are ohen
no provisions for evacuating personnel in Slight
andlor because they are designed to carry nuclear
weapons or other stores or equipment which must
be recovered if at all possible. At the same time, a
higher degree of safety is usually easier to accom-
plish because such aircraft are generally larger and
can more easily accommodate the additional re-
dundancy required. In addition, the desigct penal-
ties, weighs, and cost for ejection seats or escape
capsules, usually provided in Class IV aircraft, are
not usually required for Class 111aircraft.

For rotary-wing air vehicles, field ssfety experi-
For Classes 1, II, and IV aircrah, field safety expe- ence data for these H-models was exsmined. A
tience for an F-type was examined, and its class A combined major Class A accident rate was found to
accidents in the same 10-year period were found be 8.773/100,000 flights. Of these accidents, air
to be 9. 152/100,000 flights. Of these accidents, vehicles were destroyed at the rate of 6.334 per *
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o 100,000 ffights, wish losses due to flight control SYS.
tem and hydraufic power system occurring at rates
of 1.402 and 0.00 per 100,000 flights, respectively.
These combine for a rate of 1.402 per 100.000
flighu.

In calcdatig the predicted OS (FCS) of any given
ffigfct concml system. it must be recognized chat il
wifl nm ahvays be possible to determine (on the ac-
tual afr vehicle) that all subsystems and comfse
necms are faUure-free and operable at the end of
pre-flight check. In mme designs. it maybe feasi-
ble to check for complete freedom fmm faifure
only at longer maintenance intends. In rhose
csscs it sviffbe necessary to design 10 a higher reli-
ability to compensate for the fact chat daily takeoffs
may be made uich some componema or subsystems
already in a failure state.

llse refiibifity of software is presumed to reach 100
percent whenever the system mawres to rhe opera-
tional deployment stage. This is attained through
trfals and tests during development which will en-
sure shat all of she programming errom (coding,

o logic. hardware interface, and system requirements
deficiencies) are eliminated. To attain the near-
perfect refiabiliIy necessary, requires a very com-
prehensive technical development procedure,
management control, and configuration concrol.

Air Force publications are available which contain
extensive formats of procedures and controls that
aid rhe design, development. and verification Of
software programs in a manner chm enhances the
reliabilhy of the sohware by minimizing the proba-
btity of sofiware errors. These documents con-
SCNCI●ach aspect of she software development pro-
gram in irs mon fundamemal form and provfde for
detailed de fiicion of s.ohware documencaticm and
development, as WCUas dse organizational auuc-
ntre, assignsssents. and responslbicies. The aoh-
ware docrsmencation and development definition
includes she nansre of dse schedule. critical mile-
nones. design reviews, and she means of develop
merm

The documentation and verification procedures re-
quire rhorough documentation of program modifi-0 cation and problems and she implementation of
family rrees which simplify she methods for soh-

ware changes by providing an understandable pr-
ogramflow chart. The establishment of prefimhsmy
and critical design reviews ensures chat the design
crkeria are being properly implemented.

In li~erature pertaining to flight concml system de-
sign and aircraft flight safety and refiabifity, rice
term ‘extsemely remote” has been used iss refer-
ence to the possibility that a sysre.m faifure, isr par-
ticular a night conrrol system failure, could lead to
10ss of aircraft. The ability of a Iligfct control aya-
tem to achieve an extremely low probability of cat-
awophic failure has a significant frnpacc on rfse lev-
els of redundancy required to meet the FCS qraanti-
srdve fhgfrt safety requiremems, i.e., chat she prOb-
abifky of loss of aircraft pcr flight be esnremely re-
mote. The following dscussion mken from a
Charles Draper Laboratory report. R-11 64, pres-
ents an interpretation and application of rfse terns
“extremely improbable. -

The co’mmonly accepted numerical value
for - extremely improbable” is 10-9.
There is considerable controversy on she
role numerical analysis should play in dem-
onstrating this requirement is met. In
some situations, it appears that numerical
analysis can have real significance and
make a did contribution. For ●xample,
numerical analysis can be used to compute
she probability of system failure in a redun-
dant system due to random-component
failure. Random component failure rates
are large enough to be demonstrated in
practice. The mathematical techniques for
combining these failure rates are also well
escabfiihcd. Numerical anafysis showing a
system failure rate of 10-9 per hour can
then be believable. The actual value of the
number can be significant in Uris circum-
stance. A change on this number can
change she number of redundant channefs
required.

4.1.7 Quantitative flight safety. The
quanticarive flight safety requirement shaff be
verified by

VERIFICATfON RATIONALE (4.1.7)

Verification of tits requirement offers the oppclnu-
nity for a critical review of each dcsail which was
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considered in establishhtg the specified numerical
value. Verification gives some confidence that
safety has been properly emphasized in the pro-
gram. Analysis and simulation may be used to
verify this requirement. The blank provides the
means for tailoring the verification method.

VERIFICATION GUIDANCE

The FCS must be a safe subsystem. Safe is defined
as freedom from those conditions that can cause
injury or death to personnel, damage to or loss of
equipment or propeny. To deliver a safe subsys-
tem, every facet of the design, fabrication, installa-
tion and operation of the subsystem must be ex-
amined and quantified, including the human ele-
ment. Analysia is the means by which all these fac-
tors can be evaluated.

The flight safety analysis should consider all failure
modes that threaten flight safety, whether single
failures Or combinations of failures, and whether
extremely remote or not. It should not be inferred
that the probability of aircraft loss due to relevant
material failures in the FCS is identical to the prob-
ability of experiencing one or more failure modes
that degrade performance below Operational State
III. Many of the failure modes that degrade per-
formance below Operational State III will be criti-
cal only under cenain unfavorable combinations of
variables such as:

a.

b.

c.

d.

e.

Visibility conditions

Turbulence levels

Aimpeed or Mach number

Afritude

Pilot warning and reaction time

f. Gross weight

g. Center of gravity location

‘flus if a given failure mode will result i“ aircraft
loss only under combinations of the above variables
which can reasonably be expected 10 percent of
the time, a failure probability of 10-7 per mission
will contribute an increment of only 10-8 to aircraft
loss probability.

122

Where criticality varies with mission phase, it is
generally necessary to consttuct a suitable mathe-
matical model for each critical failure mode. In e

some cases it may be necessary to distinguish be-
tween failure modes that are hazardous chieffy at
the time of occurrence because they introduce an
element of autprise and require immediate pilot
reaction, and failure modes that are hazardous
chiefly because they leave (he system in a degraded
condition that makes unusual demands on the pi-
lot’s skill in some subsequent mission phase. The
fact that a given function is not classed as essential ,
does not necessarily assure that all the failure
modes of the associated hardware are non-critical.
Such hardware, even if its basic function is not es-
sential, may have dangerous failure modes (hard- -
over, oscillatory, divergent, etc, ) that can threaten
loss of aircraft, The flight safety analysis must in-
clude any such modes, in addition to the various
failure modes of hardware performance essential
or mission-phase-essential functions.

VERIFICATION LESSONS LEARNED

Not all predicted probability-of-failure statistics
can be verified in the laboratory in an absolute
sense. However, all verification methods that are e
reasonable and obtainable within cost restrictions
should be considered to detect design errors, com-
mon mode errors, generic software errors, and a
host of other safety related failures, which affect
the reliability of the system.

Critical failure paths, handling qualities, equipment
used, failure modes, known and predicted reliabil-
ity, aircraft environments. and mission require-
ments should be used to analyze the probability of
aircraft 10ss.

3.1.8 Survivability. The FCS shall be designed to
withstand and operate in unnatural, induced, hos-
tile environment-s, which would not otherwise cause
loss of the air vehicle, without suffering abortive
impaimnent of its ability to maintain at least Opera-
tional State —.

REQUIREMENT RATIONALE (3. 1.8)

The FCS provides a function critical to mission ac-
complishment and flight safety. The exposure of
the air vehicle to unnatural, induced, hostile envi-
ronment can vary with planned operational usage *
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and unplanned air vehicle dksresses. Tfsus. tie
degradation which can be tolerated in FCS opera-
tional state due to such an environment can be a
tailorable auribute. The blank provides the means
for tsfforisrg she requirement to she specific air ve-
hicle.

REQUIREMENT GUIDANCE

The ais velrkle specification or the system specifi-
cation should incfude requirements for withstand.
ing ancf/or operacicsg in some unmwal (induced)
hsmife envismsmenta. In addition, other unnasrmal
(induced) hossile environments result from un-
pfanned discreases withhr the air vehicle. In any
event. shese unnatural (induced) hostile environ-
ments should ba defined as the firn acep in tailoring
she requirement for survivability. Survivability re-
quirements should afso consider she following fat.
[0sS

a. Aircraft performance requiremems fOr
sange, payload, speed, ●tc., ohen dictaie the need
for such fightweigh, compact airframes that it is
difficult to provide the necessasy redundancy and/
or spadal separation to provide she required surviv.
abifity.

b. Supersonic speeds, size, or other factors in-
tsodssce aerodynamic surface htnge momenta of
such magnitude chat fully powered syssems, wishout
provisions for reversion to mechanical control. are
required.

c. F“or some advanced aircrafc, the perform-
ance requiremenra are so sssingem tha! sate-of-
che-an adva.ncemenra requiring several years of re-
fmemem are needed after introduction of she air-
crah into sccvice.

d. Principles of FCS design for survivability are
ohen in conflict with principles for good mainte-
nance because good maintenance design would lo-
cate redundant elements close togcrher for ease of
service, checkout. and rep fscemem.

A design objecslve for sur’vivsbifity in afre AFSC
Design Handbook is to ‘design a system to scids-
ssand unnatural (induced) hostile ●nvironments
vidsout suffering abortive impairment of its abilily
to accomplish ira designated mission.. his objec-
tive equates to FCS Operational State 111or better.

However, dre Ml L-F-9490 survivability require-
ment was for a FCS Operational State fV or V.
meaning continued safe flight is not possible. How-
ever, dre lessons learned sated below implies that
at least FCS Operational State 111should be she
stated requirement and that a short clarifying de-
scription of she expecsed capability should be add-
ed to preclude miainterpretssion of she FCS opem-
ciorral state cfsssifications as used in she SCOPE
seccion of thii document. Thus, the taiforing pr-
ocessrequires not only a consideration of dse above
facsors but afso a careful evaluation of she needs of
she user and she mechmsizstion schemes which are
feasible for fuffilfing those needs.

REOUIREMEhT LESSOXS LEARNED

Dksrsaions in the backup information for MIL-
F-9490D, and other dc.cumems, simply sta!e she
real requirement for survivability is for a FCS which
will allow continued safe flight m an escabfished
base suisable for recovery of the air vehicle. A rea-
sonable probability of a mishap free fsnding is afsa
expected. Tfsk has been the design goal in modifi-
cations made in operational fighters in rhe pass
even rhough moss such modifications protided ca-
pabifi!y for only conditiosrsl/marginal safe condn-
ued flight and high risk for landing.

4.1.8 Survivability. The survivability require-
ment shall be verified by

VERIFICATION’ RATIONALE (4. 1.S)

Verification of the survivsbfliiy requirement docrc-
mem (he existence of a FCS capability. That capa-
bility can rhen be she basis for training air crews
and for planning operational exercises whtch srse
Ore air vehfcle. Verification meshed must be cai-
Iored to the means used to provfde the FCS func-
tion in the wcific environment. The blank allows
options in choosing verification method to fit she
specific cases.

VERIFICATION GUIDANCE

Analysis, simulation, inspection, and ground and
ffight tests may be used in the verification of tfds
requirement. The verification should cover she
withstanding condition as well as the operating con-
dition for the unnatusal (induced) ho~e envirms-
menrs. Verification should show that for each
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applicable environment the required FCS function-
al capability does exist, meaning that the capability
produces FCS output which provides the flying
qualities level corresponding to the FCS Operation-
al State specified in she requirement.

VERIFICATION LESSONS LEARNED

3.1.8.1 All engines out control. The FCS and its
power sources shall be designed such that loss or
reduction of rotational speed of all power generat-
ing engines below power generation speed shall not
result in less than FCS Operational State _.
Transients due to change in operational state shall
conform to 3.1.3.3 requirements of this specifics.
rion. Provisions shall be made for reversions to
normal operation when sufficient engine generated
power is restored.

REQUIREMENT RATIONALE (3. 1.8. 1)

The flight control function is critical to flight safety.
Loss of engine generated power can often lead to a
change or degradation in FCS hmctional capabili-
ty. The inIent of this requirement is to limit the
degradation in FCS capability due to the loss of en-
gine generated power such that she hazard level is
minimized by retaining sufficient control capability
during that period of air vehicle distress. The
blank allows the limit imposed to be tailored to the
requirement of the specific air vehicle.

REQUIREMENT GUIDANCE

When engine generated power is required for FCS
operation, loss of such power may lead to a change
isr FCS Operational State andlor FCS functional
capability. ft is intended shat a suitable minimum
control capability be resained afser such power loss,
that shis capability be provided for a period of time
sufficient to restore engine rotational speed or ar-
rive at ground level at glide apeed, and that rever-
sion to normal FCS Operational Ssate occur when
sufficient engine generated power is restored. The
operational mission, class, number of power
sources, crew evacuation provisions, aerodynamic

characteristics and flying qualities of the air ve-
hicle, and the user view of his air operations should abe considered in choosing the FCS operational >
srate classification to be specified for this require-
ment. FCS Operational State IV was she general
requirement used in MIL-F-9490.

REQUIREMENT LESSONS LEARNED

fn addition to the more common circumstances
which result in reductionlloss of engine rotasimral
apeed, shose associated with very high altitude op-
eration and engine rotor lockup and seizure should “
be considered.

4.1.8.1 All engines out control. The all engines .
out control requirements shall be verified by _

VER1FICATION RATIONALE (4, 1.8.1)

Verification of the requirement documenra the
minimum capability which the FCS will provide un-
der she all engines out flight condition. This capa-
bility would be the basis for training air crews and
planning flight operations for the air vehicle. The
blank is provided to allow she melhod of verifica-
tion to be tailored for the specific air vehicle. a

VERIFICATION GUIDANCE

Analysis and simulation should be used in the veri-
fication of this requirement. Ground test should be
used to substantiate the analysis and simulation.
Flight test should be used for verification at se-
lected points in the flight envelope when the risk
can be justified.

VERIFICATfON LESSONS LEARNED

3.1.9 Invulnerability. Degradation in flight con-
trol system operation due to shall be within
the limits specified in the following subparagraphs.

REQUIREMENT RATIONALE (3. 1.9)

Certain events and conditioris can adversely affect
the functional and operational integrity of the flight e
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control syacem. This requirement enumerates
dcose hazards and sets the stage for the limitation
of theis effecca.

REQUIREMEhT GUIDANCE

MIL-F-9490 consained requirements to provide
Wufcrerabtity to the foUowing: natural envirOn-
menca: adverse even~ of nature, apcifically lighl-
ning strikes and swic atmospheric electricity; irl-
duced entiomnents; onboard failures of other
(non FCS) ayarems and equipment; maintenance
erron Il@st crew ●rroz or ●nemy action. In addi-
tion to dsese hacards, a pardcular air vehicle mis-
afonloperadng environment may require she inclu-
sion of unique hasards which will require special
protection for the FCS. If this is she case, the haz-
ard should be included in the list and appropriate
aubpamwaph.r added to cover che specific invul-
nerability requirements.

REQUI REMEhT LESSONS LEARNED

These inwclnerabifiiy requirements are specified
because exfserfence has shown that failure to en-
sure that the fl@s! control syasem be protected
from mch hasards resulted in loss of life and the air
vehicle.

4.1.9 Invulnerability. Verification m invulner-
ability reguiremenss shall be made by _..

VERIFICATION fL4TfONALE (4. 1.9)

A variety of methods could be used to verify that
the inmclnerabtity requirements have been met.
hspecrion, environmental tests. and FMEAs are
several methods of vesifying certain requirements
have been met. Other requirements isr she sub-
paragraphs, such as direct encounter with enemy
accion. may onfy be verifiable by analysis.

VERIFICATION GUIDANCE

his suggested that the flight conml engineer tailor
the subparagraphs prior to fiiishing 4.1.9. In dsis
my all the meshods of verification used for the var-
ious invicbserabUity requirements can be included
in dse introduction of 4.1.9.

VERfFICATION LESSOSS LEARNED

3.1.9.1 Invulnerability to natural ●nvirmr-
menta. The flight control system ahaU be deaigcsed
to withstand the full range of natural environment
esctcemes established for this air vehicle without
permanent degradation of performance below FCS
Operational State ~.1 or temporary degrada-
tion below FCS Operational State .~..
Reductions below Operational State [a) ahaU
be ●xperienced only at adverse ●nvimnccsecml elC-
uemes not normally encountered and shafl be tmn-
aient in nature only, and the function shall be re-
covered as aomr as she aircrafr has passed through
the adverse ●nvironment. Syasem components and
clearances with structure and ocher components
shall be adequate to preclude binding or jamming,
instabilky, or out of specification operation of any
pordon of the syssem due to possible combinations
of temperature effecca, ice formations. loads, de-
flections, incfuding structural deflections, ~
and build up of manufacturing tolerances.

Specifically, the FCS shall be able to t@cstand the
following natural ●nvi’rrnmemal conditions:_
~.

REQUIREMENT RATIONALE (3. 1.9.1)

Thii requirement is an attempt to preclude adverse
effects of the natural environment cm the FCS,
which directly affect the mission performance and
flight safely of the air vehicle.

REQUIREMEAT GUfDANCE

Thii requirement encompasses an extremely broad
range of adverse em’imnmental possiiUic@. ‘f%e
requirement is tailorable so chat unique operating
envfronmenss and mission requirements maY be
taken into account.

Normally, the aircraft specification or contcacc Ml
define the natural envimnmema or gfobal safrcca-
tional areas in which the aircrafc must perform.
AFSC DH 1-S DiN IC 1 described methods for ●a-
sabfiihhg environmental criteria for specific sys-
tems and vehicles.
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Blank (a) will normally be Operational State 1 and
blank (b) Qperacional State 11, the values precious-
ly required in MIL-F-9490.

Blank (c) may be used or omitted. It is included so
that ocher environmental conditions might be con-
sidered, such as dust (free sand), condensate, etc.

Blank (d) is provided so that specific conditions
and limits may be enumerated. The following are
~me~iOns Of environmental conditions which
should be considered,

a. Sudden changes in temperature of the sur-
rounding atmosphere, and temperatures encoun-
tered during service life either in storage or under
service conditions. In the past, “DFCS have been
designed to operate in the following temperatures:
(The ambient temperature within the specified
ranges may remain constant for long periods and
may vary at a rate as high as 1.70C per second),

(1) Operating - -540C m +71OC

(2) Non-operating - -650C to +710C

b. Exposure to warm, highly humid atmo-
sphere. The FCS shall wihstand the effects of rel-
ative humidity up to 100 percent, including condi-
tions wherein condensation takes place in or on the
FCS. The FCS shall withstand the above condi-
tions during continuous operation, intermittent op-
erations, and exposure in a non-operating condi-
tion.

c. Varying altitude conditions from sea level to
75.000 ft. for both continuous operation and expo-
sure in a non-operating condition. The altitude
may remain constant for long periods of time and
may vary at a rate as high as 1.0 psi per second.

d. Effects of fungi under conditions favorable
for their development; namely high humidity,
warm atmosphere, and presence of inorganic salts.
The FCS shall also be designed to resist fungi.

e. Effects of a salt atmosphere in both operat-
icsg and non-operating conditions,

f. Effects of a dry dust (fine sand) laden atmo-
sphere in both operating and non-operating condi-
tions.

Requirement LESSONS LEARNED

The environmental conditions Dreviouslv listed e
have caused operational problems in the past,

4.1.9.1 Invulnerability to natural environ-
ments. Flight control inwlnerability to natural re-
quirements shall be demonstrated by

VERIFICATION RATIONALE (4. 1.9. 1)

The invulnerability to the natural environment is ,
usually verified by test and analysis.

VERIFICATION GUIDANCE

Qualification and safety-of-ffight testing shall dem-
onstrate equipment performance under environ.
mental extremes. Analysis shall combine these test
results and any other design data to demonstrate
acceptable design. MIL-STD-810 can provide
guidance for specific environmental test.

VERIFICATION LESSONS LEARNED

If tests outlined in M1L-STD-81O had been per-
formed during procurement, environment related 9
problems which developed in the field could have
been identified and corrective action taken.

3.1.9.2 Invulnerability to lightning strikes and
static atmospheric electricity. Flight control sys-
tem shall maintain Operational State fa)
capability or better when subjected to electric field
and lightning discharges except that a temporary,
recoverable, or extensive loss of performance to
Operational State fb) is allowable in the event
of a direct lightning strike.

REQUIREMEhT RATIONALE (3. 1.9.2)

Special consideration must be given to lightning
protection due to the susceptibility of electronic
systems to this type of interference.

This requirement takes on added significance as
more reliance is placed on electrical means of con-
trol in the flight control systems (such as essential
use of fly-by-wire, stability augmentation, load al-
leviation, andlor ride smoothing features), and the
possibility of lightning strikes cannot be ignored. @
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Values previously required: (a) 11 and (b) 111.

The problem of providing adequate protection may
be compounded by the use of new composite mate-
rials and advanced acnsctural concepts in the air-
frame srnscture and aerodynamic surfaces which
are being developed to save weight and improve
life. The use of titanium, stainless sseel, bonded
structure, and borocdgraphite sssucture introduces
new problems in she elecsrodynamic design areas.
Changes icselecssical conductivity of she ssmcture
can have adverss eleccsical effects including loss of
effectiveness of the sxructure as a shield against
~~etic and eleaOstatic fields. The ticture
may no longer be available to provide suitable an-
tenna ground planes, lightning protection, electri-
cal power ground return, and shielding from in-
duced voltages into critical avionics, flight control
systems and interior aircrafi components. Electri-
cal compatibility may require additional ground re-
turn wire, shielding, conductive coatings. and spe-
cial joining techniques novel m compesite and ad-

0

vance stcuccure. h’ew materials and structural con-
cepra should be thoroughly evaluated to determine
she mos: effeccive method of providing electrical
compatibility with a minimum weight penalty.

REQUIREMENTLESSONS LEAIWED

previous ground, on-air vehicle testing of a fly-by-
svireair vehicle demonsusted she need fortwo de.
sign effocsa to provide adequate lightning strike
protection:

a. Keep lightning strike current flowing
through she skin.

b. Rotecs circuiuy and components from in-
duced voltage damage.

Potential ways to harden she air vehicle 10 ade-
quately resist lightning attachment are discussed
below.

a. Pmtecdon should be provided from light-
firr-~duced usmsienss on electronic night CMWOI
imercocmea wiring. Large cusrents resulting fromo a lighting mike flowing shrough the aircrah skin
can induce significant voltages on adjacent inter-

comect wiring. To minimize thess transient ef-
fecss, balanced circuits using twisted. shielded
wires should be used where possible and the wiring
should be physically separated from likely lightning
current pashs. Redundant channels should &
physically separated from each otfser.

b. Certain air data and aircrafr parameters are
required as inputs for electrical flight control sys-
term. This Information ia obtained from probes
mounted esccensally on the aircrah. Tlssae probes
can be damaged by lightning ssrikes. To prevent
damage, lightning diverters can be used to protect
the electrical circuits.

c. Imegdty of she electrical power system is
required for electrical flight comml system opera-
tion. Points of entsy into she electrical system such
as external light wiring and pitot tube heater wiring
should be assessed for vulnerability. The wiring
can be protected by lightning arrestors located near
she point of lightning current ●ntsy, if required.
Power generation and distribution should af.sa bs
examined [or potential susceptibility to rransienss.
If such susceptibility exissa, atrestrsra should be ics-
stalled.

Statistics cm lightning stsikes on various aircrafa
iypes indicate substantial differences between she
number of lightning suikes reponed per flight hmsr
for various aircraft types. These nati.ssics icsdicsite
shat some aircrah configurations are inherently 1.ss
vulnerable co lightning strikes or the airc?afc config-
uration is less prone to initiate lightning suikes.
Results of future amdies of chk phenomenon may
identify aircra fl design features wrhich reduce vul-
nerability to Iighcning.

4.1.9.2 Invulnerabllhy to lightning strikes and
static ●tmospheric electricity. Ff@st control sys-
tem invulnerability to lightning mike and arasic at-
mospheric electricity shall be verified by demon-
acrasing she ability so maintain at least the required
operational scam capability or better when sub
jetted to

VERIFICATION RATIONALE (4.1.9.2)

A current level or specified test is needed to dem-
onstrate she FCS invulnerability to lightning and
electric field.
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VERIFICATION GUIDANCE

The verification sentence should be completed by
specifying a specific current level or by referencing
another source. To be consistent with MIL-
F-9490 the sentence should end thk way: “elec-
tric field and fightning discharges as specified in
MIL-B-5087 and in AFSC DH 1-5.”

Bocb individual components and the complete sys-
tem may be tested.

VERIFICATION LESSONS LEARNED

A very auccesstil method to achieve hardness to
the indirect effects of lightning was achieved during
the development of a fly-by-wire flight control sys-
tem. The method consisted of testing at an aircraft
level to achieve a design criteria of an induced wa-
veform. The design criteria waveform was then
used to test each ffight control line replacement
unit (LRU) and detetmine what hardening tech-
nique was plausible.

The aircraft level test consisted of applying a light-
ening pulse (at a lower level than real lightning) to
attachment points on the aircrafc and measuring
the induced voltage and current at LRU interfaces.
These induced waveforms were then extrapolated
to a level of real lightning. The design criteria was
developed by adding a GDL safety margin to the
extrapolated results.

The design criteria waveform was then used to test
each interface device or component of each flight
control LRU. The waveform was applied to each
input and each output of the device under test for
both negative and positive polarity. If the device
operated properly after the test, it was deemed
figbcning hard. If the device failed, a fix was in-
serted (i.e., parallel resistor or bypass capacitor)
and she test repeated until a ncmfailed [eSCwas
achieved.

This aircraft has been struck by figbming many
times since production and no flight control faihcres
have been reputed.

3.1.9.3 Invulnerability to induced envircm-
ments. Ffight control systems shall withstand the
full range of worst-case-induced temperamres and

temperature shock, acceleration, vibration, noise
and shock, induced pressures, explosive and corro-
sive atmospheres, electromagnetic interferences 9

(EMI), and nuclear radiation including electro-
magnetic pulse, projected in missions for the air ve-
hicle, wfthout permanent degradation or loss of ca-
pability to maintain FCS Operational State ~.
These induced environments withh structural and
crew mrvival limits shall not result in temporary
degradation during the exposure to the environ-
ment below FCS Operational State Q capabil-
ity. Specifically, but not exclusively, the FCS shall .
be designed to withstand the following:

REQUIREMENT RATIONALE (3. 1.9.3)

Induced environments depend highly upon the de-
sign of the particular air vehicle, engines and sub-
systems. Operation under normal and failure con-
ditions must also be considered. Induced vibra-
tions from aerodynamic and engine acoustic energy
and from mechanical vibrations of the engine and
other equipment, if at sufficiently severe levels, can
induce malfunctions and fatigue failures in flight
control components.

REQUIREMENT GUIDANCE

MIL-F-9490 required the FCS to maintain at least
Operational State fl (blank (a)) with allowable
temporary degradation to Operational State IV
(blank (b)), however recent procurements have re-
quired temporary degradation to Operational State
111. Blank (c) is included to allow the ffight control
engineer the capability to enumerate specific con.
ditions. The following is an example of require-
ments called out in previous procurements. The
FCS shall be designed to withstand:

a. The effecu of fluctuating pressure fields as-
sociated with turbulent aerodynamic flow and
acoustic noise that are characteristic of high pcr-
fossnance aircraft.

b. Expected dynamic vibrational stresses and
to insure that the performance degradations or
malfunctions will not be produced by the service
vibration environment. The contractor shall pre.
pare a document for procuring activity approval
which specifies induced environments for different
zones throughout the air vehicle. *

KM
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c. Expected dynamic shock stresses produced
by the service shock environment anticipated in
handling, cransponation, and service use. The
FCS LRUS shall meet specification requirements
afser being subjected to 18 impact shocks of 15 g
consksing of three shocks in opposite dkeccions
along each of shree mutually perpendicular axes.
Each shock having a time duration of 11 ~1 milli-
seconds. The ‘g” value shall be within 10 percent
when measured with a 0.2 to 2S0 Hz filter and
maximum ‘g- ahaff occur at approximately S.5 mil-
liseconds.

MIL-F-9490 stated chat the structural require-
ments of MI L-A-SS92 and MI L-A-8893 and the
applicable EM I requirements of M IL-E-60S I and
MIL-STD-461 must be fulfilled. These require-
ments may or may not be applicable to the air ve-
hicle under consideration but should be invesri-
gsted.

AFSC DH 1-5, DA’- IB1, Natural and Induced
Environments, and DN- IC 1 Environmental Re-
quirements, give considerable background infor-
mation.

REQUIREMENT LESSONS LEARNED

With the advem of high speed digital microproces-
sors in flight control system. standard EM I design
techniques no longer prevent spurious ●missions
from interfering with other on board ●lectronics
and RF equipment. The only method knoum to
date to prevent these emissions are Iilter pins at she
cmsnecsor interface. The problem lies in the fact
t3sat shese emit.siona may not be known until after
she design of the hardware is complete and an air-
craft EMC teas is performed. The design of filter
pins should be ssarred along wish the other hard-
ware and thus prevent the EMI problem from crc-
-s.

An aircsafc used fiber opdc cables as a Cross Chan-
nel Data Lti between computers for redundancy
management. This was done to isofate the chan-
nels from EMI, shon circuits, etc. However, the
added auscepsibility to EM] of the detices used to
conven ●lectrical signals to light and back to ●lee-
crical at the other end negated the benefira of she
fiber optic link.

4.1.9.3 Invulnerability to induced envimn-
mens.s. Flight control system invulnerability to in-
duced ●nvironment requiremems shall be verified
by

VERlFlCATiO14 RATfONALE (4.1.9.3)

Environmental tests as pan of the equipment for-
mal qualification tesdng andlor approval based on
‘similarity- justification are means of demonstrat-
ing invulnerability to she induced ●ntimem.

VERIFiCATfON OUIDANCE

MfL-STD-810 provides methods of testing for
most nacurat and induced environments EMI and
nuclear radiation are not covered in MIL-
STD-81O. EMl testing is covered in MIL-
STD-462. In addition, the FCS should be covered
under the Ehfl and nuclear radiation require-
menrskesrs required for rhe towl air vehicle.

To tailor the verification one might cite compliance
with MIL-STD-810 testing or, and preferably. she
engineer should choose the applicable paragraphs
from MfL-STD-810 and include them ics rhii
specification.

VERIFICATfON LESSONS LEAIW’ED

Recent wdies have shown that cycling random vi-
bration and temperature testing rather than per-
forming one, shen the ocher. maybe more useful in
finding failures in electronic components.

3.1.9.4 Invulnerability to onbraard failures of
other systems and equipment. The FCS shall
meet ira failure statefrefiabifity budget, as allocated
within the weapon system, for self-generated faif-
ure (within the FCS) and for shose FCS failures
induced by failures of other interfacing syacems
within the weapons systems. In addition, the FCS
design shall comply with the following

a. Essenciai and flight phase essential flight
concsol systems shall retain FCS capability of f3p
eraticmai State,~ or better afrer sustaining
the foIlO~ing failures: ~.

b. Flight control systems, including she a=
ciated nmcsure hydraulic. pneumatic and electri-
cal systems shall be desfgned so chat r3reprobability
of losing tie capability of maintaining FCS opcra-
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tion to no less than Operational State (c) as a
result of an engine or other rotor burst is extremely
remote.

c. ~

REQUIREMENT SL4TIONALE (3, 1.9,4)

The requirement is included to ensure that hazards
due to failure of ocher systems and equipment are
recognized and tit adequate measures are taken
in the design to ensure the flight control system is
protected.

REQUIREMENT GUIDANCE

Most air vehicles can survive engine failures, in-
cluding rotor burst, landing gear tire burst, and fail-
ure of other systems such as radio-radar transmit-
ter transmission line failures. However, with the
use of full-powered flight control system, addition-
al care must be taken to ensure that the air vehicle
will not be lost due to failures it could otherwise
survive. Protection from the failure of high-energy
system components, such as pneumatic cylinders,
hydraulic accumulators, and high-force spring cap
tridges, must be given special attention.

Electrical flight controls are more vulnerable than
conventional flight controls to certain hazards; spe-
cial emphasis should be placed on the design and
tests of EFCS equipment. Examples are:

a. Local fires must not be allowed to propagate
through areas of more than one channel of AFCS
computation or sensor capability. Both separation
and measures m prevent flame propagation are
needed.

b. Modest temperature increases which would
not affect a conventional flight control system can
cause electronic components to overheat and mal-
function; accordingly, coding air supply failures
must either not affect more than one channel of an
AFCS computation or sensor capability, or the
flight control system equipment must be able to
withstand the loss of cooling air without degrada-
tion of performance for a minimum of two hours,

MIL-F-9490 required the FCS retain Operational
State IIf (blank (a)) or better after the following
failures (blank (b)):

a. Failure of Lhe critical engine in a two-engine
air vehicle.

e

b. Failure of the two most critical engines in an
air vehicle with three or more propulsive engines.

C. Failure of any single equipment item or
structural member which in itself, does not cause
degradation below Operational State IIf. This in-
cludes any plausible single failure of any onboard
electrical or electronic equipment in any subsystem
of she aircraft.

In addition MIL-F-9490 required that the proba-
bility of crampon aircraft losing Operational State .
fV capability due to engine or other rotor burst be
extremely remote. Aircraft in all other classes
(i.e., those with crew ejection capability) are al-
lowed to degrade to Operational State V. This
should be considered for blank (c),

Blank (d) is provided to allow the FCS engineer to
add o:her requirements which may be unique to
the panicular configuration under consideration.
One area of concern in advanced air vehicle design
may be computation of command inputs of the o
FCS, such as fire control commands which actually
steer the air vehicle rather than meting a steering
pipper on a display,

REQUIREMENT LESSONS LEARNED

4.1.9.4 Invulnerability to onboard failures of
other systems and equipment. Compliance with
the invulnerability requirements to onboard failure
of other systems and equipment shall be demon-
strated by

VERIFfCATION RATIONALE (4. 1.9.4)

Analysis, test, and simulation can be used to dem-
onswate compliance. Analyses will be the most
practical method of verifying most failure effects. e

130

Downloaded from http://www.everyspec.com



APGS-87242A
APPENDIX

o

0

0

VERIFICATION GUIDANCE

FCS engineers should specify appropriate verifica-
tion for ●ach faifure listed in 3.1.9.4. In the past,
procuring activities usually requested a Vufrrerabil-
icy Analysis Plan (VAP) as pan of tfse FCS Devel-
opment Pfan. The VAP defies the analytical pro-
cedures to be used for the vulnerability analyses.
Syssem Safety Program Plan, if required by chc pr-
-g acdti:y, and hazard analysis will normally
demonstrate, by amlysfs, chat tie requirement is
satisfied.

VERIFICATION LESSONS LEARNED

3.1.9.5 Invsrlnerablllty to maintenance ●rror.
Ffight control systems shall be designed so chat it is
physically impossible 10 install or connect any com-
ponent item improperly without one or more oven
modifications of rhe equipment or tie aircraft.
Provisions for adjusting the flight control system on
dre aircraft, except during initial buildup, major
overhaul, sohware modification, or rigging during
major maintenance activities. shall be minimized.
AU line replaceable units (LRUS) shall be designed
to permii making internal adjusamencs only on she
bench. The system shall require only a minimum
of rerigging following replacement of LRUS. All
concrol linkages and other flighl control mecha-
nisms shall be designed to resist jamming from in-
advecsent entry of maintenance tools or mher ma-
teriel. In addition

Requirement RATIONALE (3. 1.9.S)

This requirement fs especially imfrorrant with the
frccreasing complexity of flight control systems and
components which tend to increase the potential
for serious ma fadjussmem through maintenance ●r-
ror. In general, tfse ha cost due to increased engi-
neerisrg effon and imling will be somewhat higher
dsan normal to meet this requirement, but she
overall costs of maintenance and the probability of
failure or loss of performance will be much Iow<er.

REQUIREMENT GUIDANCE

l?te requirement as swed is rhe same as was re-
quired in Ml L-F-9490. It is not required that she
blank be filled. The requirement as written will be
sufficient in moss cases. The bfsnk is included to
allow ~e FCS ●ngineer to call for specific design
assurance related to maintenance. Suggestions for
inclusion in thii requirement are:

a. Irreversible pans shall be used for cciricaf
application where reverse assembly or irmallstion
would result in change in function or possible imer-
ference or jamming.

b. There shall be physical differences in adja-
cent electricalllrydraulic connections so chat imer-
changing is not possible.

c. Full protection for critical elemenrs u<hich
are swbject to damage during entry, exits, handling.
or other contact incident to maintenance acsivity,
shall be provided.

d. Technical orders and manuals shall contain
adequate warning and caution notes when dimen-
sions or procedures are critical or where malprac-
tice can result in damage to ●quipment or injury to
personnel.

REQUIREMENT LESSONS LEARNED

4. 1.9. S Invulnerability 10 mahctenance ●rror.
Flight control system im.ulnerabilky to mainte-
nance error requirements shall be verified by _

VERIFICATfON RATfONALE (4.1.9.S)

Hacsrd analysis should identify areas of pocentiaf
maintenance ●rror. Inspection of ●ngineering
drawings will verify design. Ouafity assumnce Pro-
gram during production and installation should
provide verification chat the “as purchased’ air ve-
hicles have she designed features incorporated.
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VERIFICATfON GUIDANCE

It is suggested that the hazard analyses conducted
under MIL-STD-882 will identify areas of defi-
ciencies where inspection should be concentrated,
Lessons Learned can also prove valuable in deter-
mining what should be inspected. Of course it is up
to the procuring FCS engineer to make sure that
areas of particular concern are addressed.

VERfFfCATfON LESSONS LEARNED

It ia important to inspect design clearances, fasten-
ers, etc., during production to assure that the air
vehicle construction has not been modified “on-
She- fine.”

3.1.9.5.1 Invulnerability to software mainte-
nance error. The folloting provisions shall be im-
plemented for systems using digital computations to
prohibit the implementation of the incorrect ver-
sion of software:

REQUIREMENT RATIONALE (3. 1,9.5, 1)

For systems which utilize digital computation, par-
ticular care must be given m software maintenance
because of its complexity and importance for pro-
per FCS operation. Means for identification and
procedures for implementation need to be manda-
tory to protide invulnerability to software error.

REQUIREMENT GUIDANCE

Production digital flight control elements should be
Criterion 11 firmware per the AFLC Firmware
Policy, Feb 85. Criterion 11firmware is chat which
the government has legal or engineering capability
to reproducelalterlreprogram at the depot or a con-
tractor’s facility. For comparison, Criterion 1 firr-n-
ware cannot be altered by the government and Cri-
terion fll fiivmre can be altered at che user level.
The AFLC Firmware Policy outfhses procedures
for the control of the software resident is each inte-
grated circuit and provisions for the identification
of loaded configurations are contained in this
policy.

It is suggested that the flight control engineer be-
come familiar with the AFLC Firmware Policy and
che desireslrequirements of the program office so

that the control system requirements do not con-
flict wih higher level requirements.

9
h flight test programs, including pre-pmduction
programs, it may be desirable to use erasable, pro-
grammable, read only memory (EPROM) so that it
can be changed easily. This can create a problem
in identifying and tracking the software version
programmed into a particular computer. In this
case, the first step of the preflight tesI should iden-
tify the version which is programmed in the com-
puter.

REQUIREMENT LESSONS LEARNED

The careless reprogramming of the flight computer -
was the cause of a commercial jet crash in Novem-
ber 1979. The computerized flight route, which
was fed into the aircrah’s automatic pilot, had been
altered shortly before takeoff because of an error
in the original data. The pilot, however, was not
informed of the change, which sent the aircraft on
a direct path over a volcano. When the pilot ob.
tained clearance to descend below the clouds so
the passengers could get a better new, he had no
idea he was flying straight into rhe mountain, Al-
though this incident penains to the reprogramming 9
of a flight (mission) computer, it illustrates the re-
liance flight crews have on proper programming.
The use of firmware is strongly suggested m avoid
similar incidents in the ffight control system.

4.1,9 .5.1 Invulnerability to software mainte-
Isa”ce error. Flight control system invulnerability
to software maintenance error requirements shall
be verified by

VERIF1CATION RATIONALE (4. 1.9.5.1)

Provisions for the establishment of procedures to
prohibit the implementation of unintended ver-
sions of sohware in the FCS are necessary to insure
f3ight safety.

VERIFfCATfON GUfDANCE

The establishment of proper procedures and, if
EPROMs are used, inspection of code are methods
of assuring the correct installation of software. The
operational fright program (OFP) is not intended to
be modified in the field like mission computer soft-
ware. Therefore, installation of the OFP will be a e
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fimnre installation, caking place only in the shop
where the LRU has been removed [or mainte-
nance. Care must bc taken and proper procedures
established to assure the correct pan has been in-
staled. AFLC Fmware Policy should be reviewed
prior to completing the verification paragraph.

VER2F1CATIOS LESSONS LEAKNED

3.1.9.6 Invulnerability 10 pilot and flight crew
inaction and error. Ff@fsIcontrol sysiems shall be
designed co minimize the possibility of any ffight
crew member cammlfing or adjusting system equip
mem to a condition or state wh!ch could degrade
FCS operation. Included shall be:

REOUfREMEAT RATIONALE (3. 1.9.6)

with increasing crew workload and system com-
plexity, measures must be taken to design a crew
scacion and controls which are not easily improperly
operated.

REQUfREMEST GUIDAA’CE

MIL-F-9490 required the followin~

a. Protection against improper position and se-
quencing of controls. Wherever practical, cockpit
controls. other shan asick or wheel and redder ped-
afs. shall be equipped wish positive action gales to
prevent inadvenem positioning which can compm.
mfsc safe operation of the aircraft. Positive imer-
focks to prevent hasardous operation or sequenc-
ing of switches shali be pmtided.

b. Pmrection against in ffight engagement of
control surface locks.

c. Pifot reacrion to failure. Ffight concml sys-
tems ahaU be designed so chat the normal pilot
reaction to cues prodded by probable failure cms-
ditiorrs is insdcrcsively correct.

d. Warning requirements

(1) Warning information shall LXprotided
to alen she crew to unsafe system operating condi-
tions. Systems, controls, and associated mcmitor-
ing and warning means shall ‘M designed to pre-
clude crew ●rrors that create additional hasarcfs.

(2) A d~cinguishable warning shall be pro-
vided to the pilot under all expected flight concmfs
for any faifure in a redundant or monitored Right
control system wh!ch could result in an unsafe con-
dition ir the pilot were not aware of the faifure.

In addition AFFDL-TR-74-116 incfuded CICeSC
recommendations baaed on Iessnn.s learned.

a. Require chat a loss-of-control prevention
device be incorporated in aircrafi chat is not highly
resistant to depanure from controlled flight.

b. Ensure Ihat the flight test program ade-
quately identifies near Staillstalilpm-stall charac-
teristics.

c. Require positive ssick centering as outlined
in MiL-F-8785 after modification as well as dur-
ing initial design.

d. Require shat cockpit inscsumem iihsmina-
tion level compasibiIity be demonsaraled in a simu-
lator or by other means.

REQUiREMEh7’ LESSOXS LEARNED

When selec(ing switches, the invulnerability ;O
flight crew error requirements must be considered,
such as recognizing that the selected posi!ions of
pushbutton switches are not apparem.

One ●xampfe where interlocks may be needed to
prevent hazardous operation involves variable ge-
ometry controls. Redundant imerfocfss should be
used to prevent inadvenem actuation of control
systems that would produce stmccurai damage. if
acruated. For instance. flap actuation with dsgs
swept must be prevented.

4.1.9.6 Invulnerability to pilot and crew inac-
tlors and error. Compliance with the invdnerabll-
ity to pilot and flight crew inacsion and error re-
quirements shall be demonstrated by

VERiFICATION lWTIONALE (4.1.9.6)

Consideration of system inwlnerability to pilot and
crew inaction and ●rror should begin ●ariy in t3se
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design review atages. The final verification will,
however, require pilot interaction.

VERIFICATION GUIDANCE

Compliance with thk requirement will begin with
analyaes documented in such CDRLS as the Hazard
Analysis Repon, Vulnerability Analysis Plan and
System Safety Plan, which identify areas of con-
cern and recommend actions, Continued analysis
and simulation should verify the acceptability and
safety of cockpit controls, interlocks, and war-
n@. Accep~bifity Of desi~ protection techniques
should be demonstrated during the flight test pro-
gram and, if possible, piloted simulation.

VER1FICATION LESSONS LEARNED

3.1.9.7 Invulnerability to enemy action. Essen-
tial and flight phase essential FCS on combat air-
craft, including associated structure and power s“p-
plies, shall not be degraded below Operational
State because of damages due

REQUIREMENT RATIONALE (3. 1.9,7)

This requirement establishes the minimum per-
formance required by an air vehicle damaged by
direct threat encounter. The intent of the require-
ment is to enhance the survival of air vehicle and
crew.

REQUIREMENT GUIDANCE

MIL-F-9490 required that degradation below Op-
erational StMe l]] would not occur d“e to CI”e di-
rect encounter with a threat defined by tie procur-
ing activity. If a threat environment has not been
specifically defined, it should be one implied by the
intended mission(s) of the system. Adequate re-
dundancy, ahemate controls, separation, shroud-
~g, an~Or amsor Protection should be used to pre-
vent degradation below the specified performance
level.

REQUIREMEfW LESSONS LEARNED

FCS damage caused unacceptably high losses of o
aircraft in combat during the 1960s. This experi-
ence has led to the inclusion of this req”iremem.

4.1,9.7 Invulnerability to enemy action. Flight
control system invulnerability to enemy action shall
be verified by

VER1F1CATION RATIONALE (4. 1.9.7)

The analysis of critical ffight control functions WI- .
nerability to specified threat damage can verify the
resulting operational state of the air vehicle,

VERIFICATION GUIDANCE

Invulnerability to enemy action should be part of
the preliminary design considerations since this re-
quirement will dictate the minimum protection re-
quired for the air vehicle. The methods of protec-
tion should be reviewed for appropriateness early
in the design and through continuing survivability
vulnerability analyses.

VERIFICATfON LESSONS LEARNED
m

3.1.9.8 Invulnerability to bird strikes. Flight
control system shall maintain operational State _
capability or better when subjected to one or more
bird strikes on a leading edge of the aircrah. This
shall be accomplished by:

REQUIREMENT RATIONALE (3. 1.9.8)

Bird strikes are inevitable and measures must be
taken to insure ffight controls are not damaged or
severed in such an accident that may lead to air-
craft 10ss.

REQUIREMENT GUIDANCE

protection against aircraft losses due to one IJT :
more bird sttikes can be accomplished by avoiding
the grouping of critical lines, such as hydraulic,
fuel. and electrical in any one place. Adequate
separation, shrouding, andlor armor protection
should be used to prevent degradation below the
specified per fomnance level. o
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REQUIREMENT LESSONS LEARNED

FCS damage due to bird strikes has caused aircraft
losses. Tfrii experience has led to the inclusion of
this requirement.

4. 1.9.S Invulnerability to bird strike. Flight
control system inwirrerabtity to bird atsikes shall
be verified by

VERIFICATION RATIONALE (4. 1.9.8)

See verification rationale for 4.1.9.7, hswlnerabil-
ity to enemy action.

VERfFICATfON GUIDANCE

See verification guidance for 4.1.9.7. Invulnerabil-
ity to enemy action. Strength strike tess.s, real or
simufated, and analysis of vulnerable areas is need-
ed for verification.

VERIFICATfON LESSONS LEAIWED

Improper verification can lead 10 loss of airesaft M

o
some point. In 1987, a B-l B crashed in La Junta.
Coforado due to a bird strike, where the nacelje
and fuselage came togesher. While this strike did
not immediately affect the FCS, it did sccfke some
fuel fines which caused a fire. TMs accident
promped thought as to she probability of she same
icrcident impacting f3ight controls directfy. Proper
verification must be done in order to lower the
probabfity of future losses.

3.1.10 Maintenance provisions. Design and in-
stallation of the FCS shall permit srained FCS
maintenance personnel to safely and easily per-
fosm required maimemmce under afl anticipated
●nvbonrnenral conditions. Means shaU be pro-
vided to facilitate Ore accomplishment of all re-
quired maintenance funccions including

REQUIREMENT RATIONALE (3.1. 10)

Successful operation of an air vehicle and its flight
concsol system is hfghfy dependent upon she abifity
of tfre assigned personnel to effectively maintain it

o

in the 1uII%operational condition. The blank al-
fom emphasis to be placed on some of the mainte-
nance funcsiorrs which are to receive special atten-

tion, Orus tailoring the requirement to the needs of
she specific air vehicle.

REQUfREMEhT GUIDANCE

Adequate redundancy, alternate ccmcrofa, sePara-
cims, shrouding, andlor armor protection should be
used to prevem degradation below dre specified
performance level. The features which alfow effec-
tive maintenance must be designed into she system
to provide aavice personnel the means for safe and
speedy detection, location. and correction of
faulra, and for she accessibility necessary for ilS-
apecsion, preventative and corrective maintenance.
and pans removal and replacement. This require-
ment should consider operational checkoura, aya-
tem malfunction detection. fault isolation to the re-
placeable unit ievel. replaceable unit removal and
replacement. inspection, setvicing, and testing.
Structured acquisition programs have maintaimbii-
iIy apeciafists assigned to insure hat the maintain-
ability area is fully managed and controlled
rhroughom tie acquisition cycle. The speciafiits.
in an air vehicle program, essabfiih maintenance
budgets for down time. manhour expenditures. etc.
down to at least she major subsystem let,els of the
FCS. Those budgets are based on the overall air
vehicle maintainabifhy reqtsiremenrs. The require-
ments earablished under this section of the FCS
specification should consider drff interface, and
she tailored requirements for FCS should SUPPOIS.
and conform to the overall maintenance concep
whjch has been established for the air vehicle.

REQUIREMENT LESSONS LEARN’ED

To facilitate she maintenance function it has been
Ieamed chat:

a. Designing for bctilt-in-teat requirements
must be concurrent with she FCS design.

b. A remove and replace requirement affeccs
she inssalfasion design and design of rhe accesses.

c. All built-in-tesr readmtca should be read-
able tithotm removal of *e element or assembly.

d. Desigsss which permit adjustment of comrol
elemenca, should provide such adjustment at an
easily accessible Iosation.

e. The inspection process should be a hands-
of( process whenever possible.
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f. The concept of rhrow-away modules is not
well accepted icr the field because the cost appears
to be excessively high,

g. The work involved in replacing a module
ohen exceeds that required to replace a compo-
nent.

h. Isolation of failure to a component ohen
takes onfy sfightfy longer than to a module.

i. Large stock levels of modules are required
because ordering modules often requires weeka for
delivery to be made; however, normal delivery of
electronic piece-pans takes only a few days.

j. Throw-away concept is ofien not used for all
avionics; hence, shops for component replacement
capability must be established and maintained with
the organization.

4.1.10 Maintenance provisions. The mainte-
nance provision requirements shall be verified by

VERIFICATION RATIONALE (4. 1, 10)

Verification of these requirements documents the
facility wkfr which trained personnel perform desig-
nated maintenance on the installed FCS under se-
lected environmental conditions. Analysis and
ground test may be used for this verification. The
blank provides the means for tailoring she method
m the specific air vehicle.

VER1F1CATION GUIDANCE

The verification process should demonstrate chat
Air Force technicians, trained in FCS maime-
nance, can safely and easily perform all required
maintenance on the FCS. This should be demon-
smated on an air vehicle for the full range of main-
tenance actions under a normal ambient type envi-
ronment. Selected maintenance actions should
also be demonstrated under adverse environment
and conditions such as high heat and humidity, and
very low temperatures when winter clothing is
worn. In most major system acquisitions, a group
of exercises under the Development, Test and
Evaluation (DT&E) program usually include a

close look at the maintainability of the air vehicle
and ir.ssubsystems. These efforts should be used as

mpart of the verification for shis requirement.

VER1F1CATION LESSONS LEARNED

Maintainability analyses should be part of the de-
sign process since designs which fail to meet she
maintainability requirements are seldom brought
into compliance due to che high cost involved in a
redesign.

3.1.10.1 Operational checkout provisions. The
design and installation of she FCS shall provide for -
ground operation as required to verify FCS tinc-
tional performance, airwonhiness, and freedom
from failures. Operation of the main propulsion
engines shall not be required for this checkout.
Power for the checkout shall be supplied by _

REQUIREMENT RATIONALE (3. 1. 10.1)

Flight safety, mission, and maintenance require-
ments establish the need for provisions to checkout ●
the FCS while the air vehicle is on the ground.
Ground safety, environmental standards and oper-
ating efficiency establish the need for no: using the
main propulsion engines for this checkout. The
blank allows the means for supplying power for the
checkout to be tailored to the specific air vehicle,
and the operational and maintenance suppon con-
cepts developed for its use.

REQUIREMENT GUIDANCE

Ground power cans and on-board power are two
options for supplying power for these checkouts.
The full range of FCS performance may not be
necessary during the checkout process. An in-
depth look at the parameters to be verified during
checkout should be made to determine what actual
FCS performance will be required during this pro-
cess. Consideration should be given to the possibil-
ity that engine driven hydraulic pumps, generators,
and other interfacing air vehicle circuitry and ele-
ments are not easily checked’ without operating the
main propulsion engines. o
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REQUIREMENT LESSONS LEAfWED

4.1.10.1 Operational checkout provisions. l%e
operational checkout provisions shall be verified by

VERfFICATfON RATIONALE (4.1. 10.1)

The ground checkout provisions are one means by
“which the inffight hazard Ievef due to failures,
anomalies, fack of capacity in she FCS can be cmc-
cmlled. The verification process documems she ca-
pabtily which exiacs in she ground checkout provi-
sions and shua allom evaluation of ita role in deter-
mining aicwonfshsess, flight safety, and mission ca-
psbilhy.

VERIFICATfON GUIDANCE

Acsalysis and ground test should be used for vesifi-
casion. Analysis should be used to determine chose
psrametera and vsriables which should be used on
tie ground m check out she FCS. Ground tesca
should then be used to show chat provisions have
been made in she design and inscallacion of the FCS
to perform checkout using the identified parame-
ter and variabfes. Tew”ng should show hat no
anomaly’ or failure which degrades FCS perform-
ance, ainvcanhiness, or mission capability gOes un-
detected dusing she checkout process.

VERIFICATION LESSONS LEARNED

3.1.10.2 Malfunction detection and fault loca-
tion provisions. Means of hating a hislc probabili-
ty for detecsing malfunctions and failures, and
monitoring critical per form.snce conditions as re-
quired to locate faulu to the replaceable unit, shall
be provided for

REQUIREMENT RATfONALE (3.1. 10.2)

It is essential chat she maintainability of she FCS be
enhanced whenever possible for auppon mission
and ssfecy requirements. Location of fauhs in a

complex FCS can be very time consuming. in-
volved, and ohen a self-defeating pmceas unless
provisions are made in she design isaelf for detect-
ing and locating faulsa down to a replaceable unit
level. lle blank allowa identification of those FCS
replaceable unisa or classes of ●lemema which will
be required to hsve these protilona, ONSSucilosing
che requirement to she specific air vehicle.

REQUI REMEhT GUIDANCE

Elecuical and electronic FCS elemema which pm-
tide eaaenrial and flight phase essential funccions
should incorporate on bard means to detecc and
locate fauha to the replaceable unit level. In FCSS
which use augmentation syscerns, AFCS, control-
by-wire implementation, integrated servoacncators
etc., the basic on-board equipmem should incor-
porate the means to detect and locate faults to she
replaceable unit level. These means may utilize
cockpit instsumemasion, buih-in-test. or any other
maintenance proviions for the air vehicle. For the
mechanical and fluid pincer ●lements of the FCS,
pomble test equipmem may bs used when it con-
forms to she maintenance support and operational
concept for tie air vehicle. The pmtitons for mal-
function detection and fault location are not neces-
sarily required during flight. The probabifky of Ie
catins the failure or malfunction to the correct re-
placeable unit may also bs one of the items ad.
dressed while rsiloring these requirements

REOUIREMEhT LESSONS LEARNED

4.1.10.2 Malfunction detection and fault loca-
tlon provisions. Malfunction detecsion and fauft
Iocscion provisions shall be verified by

VERIFICAllON RATfONALE (4.1. 10.2)

The capability for malfunction detecsion and fault
location must be verified and documented if chose
provisions are to be utilized in training and pfsn-
ning for maintenance of the air veh!cle in the field.
The blank allows the means of verification to be
tsilored on tie basis of the requirements which
have been imposed.
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VIXUFICATION GUIDANCE

A structured program should be devised such chat
the verification process for these requirements be-
gins early in the development program and contin-
ues through the Development, Test, and Evalua-
tion phase. Verification should be accomplished
by analysis and ground test. Much of the analysis is
incident to reliability, safety, and redundancy man-
agement requiremerm. in addition, testing such as
qualification, integration, reliability development,
and maintainability demonstration can be useficl in
the verification process. Failure modes effects and
criticality analysis, hazard analysis, redundancy
management studies should be applied where pos-
sible. Ground tests may be used where failures may
be injected or faults introduced to evaluate the de-
tection and location capability which has been pro-
vided.

VER1FICATION LESSONS LEARNED

3.1.10 .2.1 Malfunction indication. indications
which show chat a malfunction has been detected
and where the fault is located shall be provided by.

REQUIREMENT RATIONALE (3. 1. 10.2.1)

The manner of indicating chat a malfunction has
been detected, and the location of tie fault, is an
impomnt consideration in designing for maintain-
ability. The cockpit is the center for concrol and
operation of the air vehicle subsystems and the use
of insuumentasion at shat location for indicating
malhmccion and fault location can be convenient
to the maintenance crew. The blank provides the
means for tailoring the requirement to the specific
air vehicle.

REQUIREMENT GUIDANCE

Where acceptable procedures and readily under-
standable condition indications can be provided,
either alone or in coordination with built-in or por-
table teat equipment, existing or specialized cockpit
instrumentation may be used for indicating chat a
malfunction has been detected and where the fault

is located. The blank should be filled by specifying
the instrumentation which will be used and any in-
terfacing requirements which should be imposed, e

REQUIREMENT LESSONS LEARNED

4.1.10.2.1 Malfunction indication. Require- .
menu for use of instrumentation in malfunction de-
tection and fault location shall be verified by_

VERIFICATfON RATIONALE (4.1.10.2.1)

The capability of the specified instrumentation to
indicate that malfunction has been detected and
where Lhe fault is located must be verified and doc-
umented as a basis for training and maintenance
planning to support operations of the air vehicle in
the field. The blank provides the means for tailor-
ing the method to the requirements which have
been established,

#
VERIFICATION GUIDANCE

Analysis and ground test should be used to verify
that the idemified instrumentation does provide
the required indications, and that interfacing be-
tween subsystems does not compromise or degrade
other functions if the instrumentation has multiple
uses. Analysis should show to what extent the spe-
cified instrumentation can provide the required in-
dications, under what conditions, what charactesis-
cics and limitations the indications will have, and
how and when the insuumentation will be activated
for this use. Ground tests should be used to verify
that instrumentation installed in the air vehicle
does provide the required indications for every
malfunction and fault location in the FCS which is
intended for coverage and that these indications
are obtained throughout the range of environctten-
tal conditions specified for the air vehicle.

VERIFICATION LESSONS LEARNED
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3.1. JO.2.2 Provisions for checkout with porta-
ble test ●quipment. Provisions ahafl be made to
check out elements of the installed FCS by uain8
porsabte tess equipment identified as

o

0

REQUIREMENT RATIONALE (3. 1.10.2.2)

Built-in teat equipmem may cause excessive penal-
ty if requfred to check out every essential function
of tie FCS. fn addition. portable teas equipment
ISSSIY.icSmany cases, conform to and be compatible
with the maintenance suppmt concept for the air
vehicle. Under these circumstances portable test
●QJ@ment *ould be identified for use in maissm]n.
irsg the FCS.

REQUIREMEhT GUIDANCE

Cost. weight, apace, etc. may preclude the use of
built-in teas for some FCS or checkout procedures.
Compaciile pcrrcabk test equipment may exist in
invemo~ which can perform the required test.
Mechanical elemenss of she FCS may require tesca
using tenaiometers, spring acals, graduated quad-
rants, ●tc., where electrical elements may require
only a mulcimeter, ammeter, etc., for tesca. The
FCS. as it will be installed in the air vehicle, should
be carefufly analyzed to determine what testing will
be required during the full range of FCS mainte-
rsance activity, and those tests not considered to be
candidates for built-in test should bc identified
tich the teat ●quipment which will be needed. The
ponab!e test equipmem should then be identified
in chii requirement.

REQUIREMENT LESSONS LEARNED

4.1.10.2.2 Provisions for checkout with pores.
ble lest cquipmerm provisions for checkout wkfr
pmtable mat equipment shall be vcsified by_

.

VERIFICATION RATIONALE (4. 1.10.2.2)

llse provisions which have been made for checkout
of FCS elements by use of portable test equipment
muss be verified and documented as a basis for

training and planning for maintenance support of
she air vehicle in the field. The blank provides the
means for tailoring the method to she require-
ments

VERIFICATION GUIDANCE

Analysis and ground test should be used to verify
chii requirement. Analysis should ahow shm the
prm.iaions made, and teas equipment specified, can
perform the intended checkout tich the required
probability of detecsing malfunctions, faiiure, etc.
Ground checkout should be used m demonacrate
that che specified test equipment is portable and
can perform rhe intended checkout under rhe full
range of environmental conditions specified for the
air vehicle.

VERI FICATIOA’ LESSOSS LEARNED

3.1.10.3 Accessibility and serviceability. The
FCS and ita elements shali bc designed, installed,
located, and provided with access so shat inspec-
tion, rigging, removal, repair, replacement. and hs-
bricacion can be readily accompfiihed.

Suitable provisions shall be made 10 facilitate cor-
rect rigging of the FCS. The number of rigging posi-
tions shall be kept to a practical minimum. Rigging
positions shall be readily accessible and located
where adequa!e space is available for the rigging
operation. Powered conuol surface actuator mat-
puca ahali not be rig-pinned.

REQUIREMENT RATIONALE (3.1.10.3)

Accem.bility and acmiceability of the FCS and ira
●lements are fundamental m maintenance auppon-
abifhy of the air vehicle in she field. The require-
ment Is basic to Safe[y of ffigfrt and to the control of
hazards which may develop due to changes or
anomafies in FCS elements during opcracional
usage. Tailoring of this requirement is not required
since there are no basic options in covering r.hisim-
fsomm area.
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REQUIREMENT GUIDANCE

The control of human error, and the ease, speed,
and accuracy with which the crew completes main-
tenance actions under field conditions is a primary
concern in the design of the FCS, ita elements, and
its installation in the air vehicle. The requirements
established in this numbsred paragraph are the
means by which these concerns are addressed.

REQUIREMENT LESSONS LEARNED

In the implementation of these requirements it has
been learned that:

a. The elimination of ladders and workstands
to reach system elements is a large labor saver. It
also alfowa more people to work on the air vehicle
during the same time period.

b. Variations in connectors and mounting
hardware may require different work tools and may
create logistics problems. Connectors which rotate
30 to 45 degrees and snap into place are preferred
over threaded screw-on connectors.

4.1.10.3 Accessibility and serviceability. The
requirements for accessibility and serviceability
shall be verified by

VERfFICATION RATIONALE (4.1. 10.3)

Verification of these requirements is simply verifi-
cation that the installed FCS can be maintained in
a flight ready status under all applicable environ-
ments. The documentation generated during this
process forms the basis for training and planning
for maintenance of the installed FCS during opera-
tions in the field. The blank allows the methods of
verification to be tailored to the specific FCS.

VERIFICATION GUIDANCE

Analysis and ground teats should be used to verify
these requirements. Analysis should be used to
identify she required crew actions incident to the.
identified process and what access provisions will
be needed. Ground tema, using experienced crew
persons, can then be conducted for selected pro-
cesses to show that the requirements have been
met. The maintainability and reliability program
will interface closely with this requirement as will

the DT&E effon used to demonstrate operational
suitability and Supponabllity. These should all be
considered during verification of these require- 9

ment.s.

VERIFfCATION LESSONS LEAFcNED

3.1.10.4 Maintenance personnel safety provi- -
sions. The FCS and icaelements shall be designed
to preclude injury of personnel during the course of
all maintenance operations including testing.
Where posiLive protection cannot be provided, pre-
cautionary warnings or information shall be affiied
in the aircraft and to the equipment to indicate any
hazard, and appropriate warnings shall be included
in the applicable maintenance instructions. Safely
pins, jacks, locks, or other devices intended to pre-
vent actuation shall be readily accessible and shall
be highly visible from the ground, or include
streamers which are h)ghly visible. All such sweam-
ers shall be of a type which cannot be blown out of
sight such as up into a cavity in the air vehicle. a

REQUIREMENT RATIONALE (3. 1.10.4)

Successful operation of an air vehicle and ics FCS
is highly dependent upon the ability of the service
personnel to effectively maintain it in tie fully op-
erational condition. Requirements in this section
emphasize that the features which allow effective
maintenance must be designed into tie system to
provide the servicing crew the means for safe,
speedy detection, location and correction of faulta,
and the accessibility necessary for preventive and
corrective maintenance and for pan removal and
replacement.

REQUIREMENT GUIDANCE

The FCS and i!s elemens should be designed and
installed to allow maintenance actions to be com-
pleted without significam hazard to the service per-
sonnel. Some hazards cannot be avoided or elimi-
nated alto~ether. and wamint?.smust be attached to
or adjacent to the actual components and be in-
cluded in the maintenance procedures and instruc-
tions. *

140

Downloaded from http://www.everyspec.com



AFGS-87242A
APPENDIX

o

0

0

in the flight control sysaem. two of she hazardous
areas of concern are:

a. The inadvenent release of scored mechani-
cal, hydraulic, pneumatic, or electrical energy
(i.e., from springs, air-oil accumulators. air
botsfes. charged capacitors. etc.) which can be hat-
ardous even with system power sources turned off.

b. Inadvec’cent motion or excessive rate of me
cion of control surfaces m control and power actua-
tors both within dse flight control system and in ocfs-
er @ems using she same power sources, such as
for tie actuation of wheel-well, weapon-bay
doors, etc.

Screamers ahafl be highly visible from the ground
and shaU be clearly identified.

All devices which contain any type of stored energy
(such as mechanical, electrical, hydraulic, or pneu-
matic), or which can produce energy capable of
causing injury to maintenance psrsonnel. should be
provided with positive means of disconnecting the
energy source. allowing concrolted release of the
energy, or preventing its inadvenent release.

REQUIRE,UEhT LESSONS LEARNED

4.1.10.4 Maintenance personnel salety provi-
sions. The required safely provisions for mainte-
mnce personnel shall be verified by

VERIFICATION RATIONALE (4. 1.10.4)

Idencificasion and control of hazards associated
wfds maintenance action ia of major concern to
field commanders. Verification of these require-
mems docccmensa the extent to which she hasards
incident to FCS maintenance are controlled and
she swicabifityof those controls to the methods used
by crew persons while performing maintenance on
she air vehicle. The blank allow she verification
method to be Caifored to she needs of the specific
air vehicle.

VERIFICATION GUfDAh’CE

These requirements should be verified by analysis
and ground test. Analysis should be used LOidenti-
fy Usoas FCS maintenance actions which involve
hasards to the working crew. Analysis should afso
establish the level and control which are required
and feasible for those hazards. Ground tens
should be conducted to show that the hazard levels
are properly classified and chat the established con-
trols are adequate. Tlsii area is also covered by the
systems safety specialty and much of she analysis
work is performed Ior chat specialIy in if.! har.arcf
analysfs. All maintenance psraonnel who auppon
she air vehicle during its test phases are highly safe-
ty conscious and can provide some of she moss
valuable inputs for this verification. The verifica-
tion process should be stnccncred m use all of the
information which will be avaifable incident to
maintaining the air vehicle used in dse test pro-
grams in a IlighIwt)nhy condition.

VERIFICATION LESSONS LEARN’ED

3.1.1 I Structural inlegrlty. The FCS and its ele-
ments shall be designed to meet tie load. strength,
deformation, damage tolerance, stiffness, and du-
rability requirements of

REQLflREhlEIW WTIONALE (3. 1.11)

These are basic scrucsural parameters used in air
vehicle design. They apply to the FCS and i!s ele-
ments where safety of flight and control of hazards
are primary issues. The blank allows the scnsctural
design requirement to be sailored to she specific
program and air vehicle.

REQUIREMENT GUIDANCE

SuucNral design for the FCS and is.!●lemenca has a
strong interface with she structural engineering spe-
cialty and sfsat engineering design group which has
responsibility for she atmcsural design and testing of
she complete air vehicle. The air vehicle apccifica-
cion requirements are tailored by that group, and
chose requirements apply to the FCS and its ele-
ments. Those air vehicle requirement should bs
carefully reviewed from she FCS viewpoint and any
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deficiencies corrected by a joint effort between the
specialists involved. The blank should be filled by
reference to the structural design requirements es-
cabfished for the air vehicle. When no such re-
quirements wiIl be es.cablished, the blank may be
filled by selection of requirements from such docu-
ments as:

,. MIL-STD-1530 Aircraft Suuctural lnteg-
rfty Program, Airplane Requirements.

MIL-A-8860 Airplane Screngsh and F$
gidity, General Specification for

MIL-A-8861 Airplane Suength and Ri-
gidity, Flight Loads

MIL-A-8865 Airplane Swengsh and Ri-
gidity, Miscellaneous Loads

MfL-A-8866 Airplane Strength and Ri-
gidity, Reliability Requirements Repeated Loads
and Fatigue

MIL-A-8867 Airplane Strength and fli-
gidity, Ground Tesu

MIL-A-8870 Airplane Strength and Ri-
gidity Vibration, Flutter and Divergence

MIL-A-8871 Airplane, Strength and
Rigidity, Flighl and Ground Operation Tests

MIL-A-8892 Airplane Strength and Ri-
gidity, Vibration

MIL-A-8893 Airplane Strength and Ri-
gidity, Sonic Fatigue

MIL-A-83444 Airplane Damage Toler-
ance Requirements

MIL-S-8698 Scsuctural Design Re-
quirements, Helicopters

MIL-F-7190 Forgings, Steel, for Air-
craft and Special Ordnance Applications

MIL-A-21180 Aluminum-Alloy Cast-
ings, High Strength

MIL-A-22771 Aluminum Alloy Forgings
Heat Treated

MIL-F-83142 Forging, Titanium Alloys,
Premium Quality ●

MIL-HDBK-5 Metallic Materials and
Elements for Aerospace Vehicle Structures

MIL-HDBK-17 Plastics for Aerospace Ve-
hicles

MIL-STD-1599 Bearings, Control System
Components, and Associated Hardware, Used in
the Design and Construction of Aerospace Me-
chanical Systems and Subsystems

AFSC DH 2-1 DN2A1 Screngchand Ri-
gidity

Requirements contained in MIL-F-9490 covered
basic ssmctural parameters for FCS such as:

a. SLrength -T%eoverall flight control systems
shall be designed to meet the applicable load,
acrengch, and deformation requirements of MIL-
A-8860, MIL-A-8861, MfL-A-8865, MIL-
S-8698, and MIL-STD-1530. The components
of the systems shall be designed in accordance with
the strength requirements of MIL-A-8860. MIL-
C-6021, MIL-F-7190, MIL-A-21180, MIL- 0
A-22771, MfL-F-83142, MIL-HDBK-5, and
MIL-HDBK-17.

b. Damage tolerance -Those structural ele-
merits of the flight consrol system that are essential
to safety of flight (m control essential and flight
phase essential functions) shall meet the damage
tolerance requirements of MI L-A-83444.

c. Load capability ofdual-toad-pach elements
-The load pashremaining afcer a single failure in
dual-load-path elements shall meet the following
requirements:

(1) Where the failure isnotevidentby vi-
sual inspection or by obvious changes in control
characteristics, che remaining path shall be capable
of mscaining a fatigue speccrum loading based on
one overhaul period. The time intewal correspond-
ing to an overhaul period shall be established by she
contractor. The remaining path shall also svich-
stand, asulcimate load, loading equal to 1.5 times
she limit loads specified in MIL-A-8865, or 1.5
times the limit loads specified in MI L-A-8865, or
1.5 times the load from an alternate source such as *
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a powered accuation system or loads resulting from
aerodynamic or ocher forces, if such load is great-
er.

(2) Where she single failure is obvious, the
remaining load path shall be capable of tichscand-
hg. as ultimate load. loading equal to 1.15 times
finsit loads specified in MIL-A-8865. or 1.1S rimes
she load from an alternate source, mch as a pow-
●red actuation system or loads resulting from aer-
odynamic or ocher forces, if such Ioad is greater.

d. Stiffness - The m“ffness of ffight control sys-
~ems shall be sufficient to provfde satisfactory oper-
ation and co enable she aircraft to meet she ssabil-
ity, control, and flutter requirements as defined in
she applicable ponions of MI L-F-8785, MI L-
A-8870, MIL-F-83300 and MIL-A-886S. Nor-
mal atsuctural deflections shall not cause undesir-
able control system inputs or outputs.

e. Durability - Flight control systems shall be
designed to meet the durability requirements of
MIL-A-8866 and equal to that of she airframe pri-

0
maq Smaure considering she total number of
grwnd and fight load cycles expected during the
specified design service fife and design usage of the
aircrah from all commands: e.g.. from she MFCS,
AFCS, servo feedback, and from load inputs. The
requirements of Ml L-A-8892 regarding vibrations
and Ml L-A-8893 regarding sonic fatigue also ap-
ply to she FCS.

REQUIREMENT LESSOXS LEARNED

his incumbent upon the design to show due regard
for pfausiile misfeasance in use to insure that no
pare of she FCS is likely to be mbjected to opera-
tion, either intemcittemfy or cmssimmusly, at loads
greater than shat for which she pan was designed.

4.1.11 Structural integrity. Scrucsural imegrit y
requiremensa shaU be verified by

VERIFICATfON RATfONALE (4. 1.11)

The atsuctural integrity of the FCS and its elemema

o

muss be verified to document she flighIwonhiness
and the control of potential hazards of she installed
FCS and its elemenss.

VERIFICATION GUIDANCE

Structural imegrity should be verified by analyses.
and grmmd and flight tests. The engineering de-
d~ VouPS re~mible for the structural area for
the program, or air vehicle. establish the require-
menra for verification. These requirements should
be carefully reviewed from she FCS viewpoint and
any deficiencies corrected sfsrwgh a join: effon by
the specialists invofved. The blank dsould be fiffed
by reference to the structural verification require-
menca established for the air vefsfcie. when no
such requirements sviflbe eacabfiihed, chose docra-
menta used for generating the requirement should
be used to generate she verification requirements
Analyses should be performed for each snajor area.
Analyses should be verified at critical points by
ground teats. Ffight tesr should be used to verify
analysis which can only be verified in flight.

VERIFICATION LESSONS LEARIIED

Stress concentration poinss can lead to fatigue
cracking problems which somehow fail to swrface
during fessing. Cmcka developed al she bass flare
of the cockpit control column in a cargo Iype air
vehicle aher it had been in field use for several
years. TMs cracking created a hamrd because the
cracks could lead to complete failure of the col-
umn.

The vibration environment defiied for vasiws ar-
eas inside the air vehicle can be inaccurate. mis-
leading and deficient. The severe vibralion envi-
ronment at the horizontal scabilator servoacmator .
in a fighter type air vehicle caused fatigue cracking
of the input crank to the servoaccuator. This
cracking was determined m create a has.nrd ba-
cause she cra.ckktg could cause separation of she
input crank.

3.1.12 Wear life. Assembled unit elemen!-r of tie
FCS shall remain economically repairable and
meet refiibility requirements for a wear fife equal
to

REQUIREMENT RATfONALE (3.1. 12)

The coat burden due to wear out and replacement
of pans should be one of she issues during design of
the FCS. The assembled unit elements of she FCS
should be designed and conscrucled to have a spe-
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cific wear life capability consistent with the design
approach, state-of-the-an, usage, suppmc con.
cept, etc., which is to be used for the specific air
vehlile.

REQUIREMENT GU”IDANCE

Wear life in MIL-F-9490 was required to be equal
tocbelife oftbeprimary airvehiclesmcmre. The
quantity for measure of wear life has usually been
escpressed in terms of air vehicle operating hours or
cycles of operation. Parts subject to wear such as
hydraulic packings, r-ings and seals, bearing., con-
trol cables, sensors, hydraulic valves piston, rods
and actuator barrels, etc., are allowed to be re-
placed or their wearing surfaces renewed after they
become unseticeable dueto wear. Electronic and
ocher nonmechanical assembled unit elements
should remain economically repairable and meet
tbeestablished reliability requirements. Tbeblank
should be filled by a single requirement or by a list-
ing of assembled unit elements broken down by in-
dividual items, classes, groups, etc. with cone-
spcmding wear fife requirements. Analysis should
be performed to establish the wear life require-
mencafor thespecific air vehicle. Tbis requirement
may have interfaces with specialities such as reli-
ability, maintainability, supportability, logistics,
etc.

Requirement LESSONS LEARNED

4.1.12 Wertr life. Wear life requirements shall be
verified by

VERIFICATION RATfONALE (4.1. 12)

Wear life requirements must be verified to docu-
ment tie capability of the FCS to aupporr the
planned operational usage of the air vehicle.

VERIFICATION GUIDANCE

Analysis and ground teat may be used in verifying
thk requirement. Analysis should bs used to escab-
Iish the quantity which will be used for meaauring
wear life; any load, stroke, cycle spectrum which
applies; any similarities wh]ch maybe used: whkh
assembled unit elements may be teated separately

and which will require system type testing; whal re-
placement or renewal of wearing elements interval e
should apply, etc. Ground tests should be used for
the final verifications. Flight worthiness, prequalif-
icacion, qualification, reliability, and durability
tesdng may all be used as pan of wear life tesdng.

VERfFICATfON LESSONS LEARNED

3.2 Subsystem and component design require-
ments. Subsystems, subfunctions, components, .
elements, and assemblies of the FCS and subsys-
tems interfacing wicb che FCS shall be designed,
fabricated, and insralled as indicated in the sub-
paragraphs of this section.

REQUIREMENT RATIONALE (3,2)

Technical feedback from experiences with FCS for
operational aircraft including design information
related m hardware, systems, equipment, compo-
nents, software, suppon equipment, and design
factors which influence performance, has been in ●
use for many years in refining FCS specification re-
quirements. The requirements in this section re-
flect much of that feedback. In current vogue is
the Lessons Learned program implemented by
AFSCR 800-37 which follows thk approach for im-
proving requirements and avoiding the pit falls
identified .by past mistakes. That program requires
documentation of lessons learned and use of shem
as a basis for revising specifications.

REQUIREMENT GUIDANCE

The repository for Lessons Learned should be
searched for cases having technical application to
FCS. These Lessons Learned cases should be con-
sidered during the railoring process.

REQUIREMENT LESSONS LEARNED

See requirements lessons learned for subpara- ‘
graphs of thii section.

4.2 Subsystem and component design require-
ments. Requirements contsined in the subpara-
graphs of sMs section shall be verified as indicated
in their respective verification subparagraphs. e
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VERfFICATfON WTfONALE (4.2)

Tlse format requires verification subparagraphs for
each requirement.

VERfFICATfON OUIDAh’CE

Each requirement verification subparagraph in this
aecsion wffl provide applicable guidance. The ex-
tensive guidance supplied under 4.1 also applies to
she following subparagraphs.

VERIFICATION’ LESSONS LEAFWED

Each requirement verification subparagraph in this
section till provide lessons Ieamed when a docu-
mented file exiru.

3.2.1 Cockpit conlrols and displays. The design
and location of she FCS cockpit control elemenrs
and displays shall be in accordance with
—. Additional requirements are ssated in she
following subparagraphs.

o

REQUIREMENT IWTIONALE (3.2.1)

MOSSof the design requirements for FCS cockpit
comrols and displays are determined by the crew
acacion and human engineering disciplines. A high
degree of commonality between cockpisa of aircraft
of she same type is desired to minimize problems in
pilot sranaition. In addition, acandardized elemenu
and components aid she logistics of acquiring and
maintaining spare pans.

REQUIREMENT GUIDANCE

The blank in shis requirement should be filled in
wish she approptite document(s) or reference to
she air crew asacion section in she particular air ve-
hicle specification being prepared. The ocher disci-
pfinca involved in cockpit concrofa and displays
should be consulted before completing this require-
ment.

MIL-STD-203 specifies she cockpit corrmls for
convemional sakeoff and landing (CTOL) aircraft.
while MIL-STD-250 covers rotary wing aircraft.

o

MIL-STD-203 and MIL-F-83300 should be con-
sidered when acquiring shon takeoff and landing
(STOL) aircrafs.

REOUIREMENJ LESSONS LEAIWED

4.2.1 Cockpit cocrmols and djsplays,
ahafl be used to verify compliance wish

VERIFICATfON fb4TfONALE (4.2.1)

fnspecrion and grmmd teaca are she most applicable
methods of verifying !fre placement and design of
comrofs and dsplaya.

VERfFICATION GUIDANCE

Requirement 3.2. I is mainly concerned wish cfse
appropriate PlaCemen[ of controls and cfisplays, di-
mensions, movement, etc., and as such, inspection
of drawings and mockups can assure the appropri-
ate design during she early phases of she project,
while ground tesca and inspection prior to firm flight
aasres that she air vehicle cockpit is the same as
tie mockups and drawings and shat che corarcrfs
operate wirhin specified values.

The second blank in she verification paragraph is to
be sailored by specifying controlling document(s).
This paragraph should be in accordance wish 3.1.4
in what is specified. Thk blank may be TBD al
RFP and left to negotiations wkh the comraccor.

VERIFICATION LESSONS LEARiiED

3.2.1.1 Cockpjt contrsrfs. Whenevers FCS con-
srol Is interfaced with redundant flight conml
channefs. mechanical and electrical separation,
and iasrlacion shall be provided to make she proba-
bility of common mode faifures

REQUIREMENT RATIONALE (3.2.1.1)

.separacion and isofation of mechanical and elecsri-
caf elements in redundant syacems is necessary for
safety of fhgfn considerations. The intent of this
requirement is to prevent propagation of a faifure
from one comrol channel to another.
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Requirement GUIDANCE

MIL-F-9490 required that the probability of com-
mon mode failures be extremely remote. Care
must be exercised in implementing any protective
features so chat it does not introduce a source of
possible failure.

REQUIREMENT LESSONS LEARNED

Experience has shown that force sensors which are
sensitive to grip torques about a pivot point within
the sensor housing can degrade handling qualities.
These devices should only respond to forces about
the stick pivot point.

4.2.1.1 Cockpit controls. The separation and
isolation between redundant FCS channels and
cockpit controls shall be verified by (a) The
probability that common mode failure is fb)
shall be verified by fc)

VERIF1CATION WTIONALE (4.2.1.1)

The isolation and separation of mechanical and
electrical components between redundant FCS
channels and cockpit controls must be physically
verified, Hazard analyses must be performed on
the controllffight control computer interface to as-
sure the required probability of failure.

VERIFICATfON GUIDANCE

Verification of the separation and isolation of the
electrical and of the mechanical redundant flight
control channels (blank (a)) can best be per-
formed by inspection. The inspection should begin
with preliminary drawings and continue through
the design and fabrication phases.

Verification that the probability of a common
mode failure is chat required in 3.2.1.2 (blank (b))
should be performed during the hazard analysis. If
the probability is higher than acceptable, then cor-
rective actions should be taken.

VERIFICATfON LESSONS LEARNED

3.2.1.1.1 Removable cockpit flight controls.
Removable cockpit flight controls shall be positive-
ly retained during all flight conditions, ●
REQUIREMENT RATIONALE (3.2. 1.1. 1)

Dkengagement or loosening of cockpit controls
during flight adversely impacts the safe operation of
che air vehicle.

REQUIREMENT GUIDANCE

This requirement primarily applies to control -
sticks, srickgrips, control wheels. and columns.
Positive retention can be accomplished by means
of a Iockwired threaded fastener, self-retaining
bolts, and standard threaded nuts or similar de-
vices.

REQUIREMENT LESSONS LEARNED

There have been incidents of cockpit controls be-
coming unintentionally disengaged in flight because
of inadequate retention.

4.2.1.1.1 Removable cockpit controls. Positive
retention of removable cockpit flight controls shall a
be verified by

VERIFICATION RATIONALE (4.2. 1.1. 1)

Positive retention of removable flight controls must
be verified because of the safety of flight implica-
tion.

VERIFICATION GUIDANCE

Inspection andlor test are the most appropriate
means of verification. Inspection of the fastening
devices to determine that only deliberate, inten-
tional disengagement is possible should be per-
formed. If the fastening device is of a type histori-
cally demonstrated to provide positive retention,
the inspection may be sufficient verification. How-
ever, if the device is unconventional or has a histo-
ry of losing its recainability, then vibration and life
cycle testing may be appropriate.

VER1FICATION LESSOh’S LEARNED

Whh repeated use, self-locking nuts lose some of
their retrainability. a
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3.2.1.1.2 Movable rudder or directional ped-
als. Movable redder or directional psdals shall be
interconnected to insure positive movement of
each pedal in boti directions.

REQUIREMENT RATIONALE (3.2.1. 1.2)

The force reaction cue from the pedals to the pilot
insures that the pilot(s) is (are) aware that yaw con-
trol has been commanded.

REQUIREMENT GUIDANCE

Movable redder pcdafs operate in such a manner
chat when one rudder pedal is moved forward a giv-
●n distance, the other rudder pedal should move
ah she same distance whh no objectionable dead
band or free play.

Independent force command pedals have been
used on some fighter aircraft. The intent of this
paragraph is not to preclude their use: however.
sheir application may need hsrcher investigation.
WIch she advent of fly-by-wire air vehicles. various
sensors can be used to sense she pilot force cm she
pedal. This, however, doss not address the reason
for chia requirement—chat is, to provide a positive
indlcasion to the pilot chat yaw control has been
manually commanded and an easily recognizable
indication as to what action must be taken to count-
er she command.

REQUIREh4EhT LESSONS LEARJNED

4.2.1.1.2 Movable rudder or directional ped-
als. Posirive interconnection of rudder pedals shall
be verified by

VERfFICATfON RATIONALE (4.2.1. 1.2)

o

The appropriate design and operation of the nsd.
der pedals must be verified to assure safe and ade-
quate operation of the air vehicle.

VERIFICATION GUIDANCE

Inspection of the desigcr and demonstration Of the
pedal operation prior to and during the flight tease
are the auggesced methods of verification. Forces
should be monitored and be wifrin handfissg quality
specified Iirccics,and operation should be smooth
without dead apma or ratchhsg.

VERIFICATfOh’ LESSOSS LEARNED

3.2.1.2 PJlot displays. Wherever any display or
annunciator is interfaced with redundant Il@frt
consrol channels, mechanical and electrical sepa-
ration, and isolation dsall be provided to aaause
that common mode failures do not occur.

REQUIREMEhT RATIONALE (3.2. 1.2)

Mechanical and electrical separation and iaofacicm
are required to prevent any common mode failures
from occum”n~. The intent of thk requirement is to
prevent loss of display and propagation of a failure
from one concrol channel to another.

REQUIREMEhT GUIDANCE

MIL-F-9490 required chat Ihe probability of cona-
mon mode failures be extremely remote. Care
must k exercised in implementing any protective
features so that it does not introduce a source of
possible failure.

MfL-F-9490 also required shat pilot displays bs
designed in accordance with MIL-STD-1472.
Thii has been omitted from tfsii requirement since
it is in the purview of she display and human facmcs
engfneera to assure compliance wish MIL-
STD-1472.

REQUIREMENT LESSONS LEARNED

4.2.1.2 Pilot displaya. The separation and isofa-
cion of pilot d~lays shall be verified by (a) .
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The probability that common mode failures do not
occur shall be verified by fb)

VERIFICATION RATIONALE (4.2. 1.2)

The isolation and separation of mechanical and
electrical components between redundant FCS
channels and displays must be physically verified,
Hazard analyses must be perfomted on the displayl
FCS interface m assure the required probability of
failure.

VERIFICATION GUIDANCE

verification of the separation and isolation of the
electrical and mechanical redundant flight control
channels (blank (a)) can best be performed by in.
apection. The inspection should begin with prelim-
inary drawings and continue through the design
and fabrication phases.

Verification chat common mode failures do not oc-
cur should be performed during the hazard analy-
sis.

VERIFICATION LESSONS LEARNED

3.2.1,.2.1 FCS annunciation. The FCS control
panel, associated panels or integrated displays shall
provide means to display:

AFCS engaged

mode engaged

REQUIREMENT RATIONALE (3.2. 1.2. 1)

lt is important for safety of flight that the pilot(s) be
aware of the configuration of the FCS at all times.

REQUIREMENT GUIDANCE

Space is allotted for this requirement to be tailored
to the particular FCS under consideration. ~her
annunciation requirements which should be in-
cluded if applicable, to the FCS are:

a. Annunciation that automatic mode stitch.
ing has occurred

@
b. Preselected values for selectable mode pa-

rameters

c. Annunciation of preflight BIT status includ-
ing:

(1) The progress of the preflight test

(2) Instructions to the crew to provide re-
quired manual inputs

(3) Lack of system readiness when failure
is encountered.

fn addition, if the available manual control author- -
ity can be reduced below the level required for ma-
neuvering control by a function such as automatic
trim or Stability augmentation, pilot dkpla ys shall
be provided to indicate available control authority
for essential and flight phase essential FCS.

REQUIREMENT LESSONS LEARNED

The requirement to annunciate manual control au-
thority when masked by automatic trim is in re-
sponse to aircraft lost due to loss of pitch control.
A fighter aircraft was lost following a failure in the @
fuel transfer system which caused an aft cg condi-
tion to develop. The series autottim, which is part
of the augmentation, maintained the stick in the
trimmed position and the stability augmentation
masked the degrading pitch stability. As airspeed
was reduced and control limits were reached, the
aircraft went out of control and was lost.

The probability of the crew mismanaging a safety-
critical system should be minimized. Zealous pur-
suit of this objective can lead to criteria which re-
quire that interlock logic be implemented that pre.
vents the crew from isolating a critical channel un-
less the channel has been annunciated as failed,
and which prevents the crew from re-engaging ctit-
ical channels that have been isolated due to a prior
failure indication.

4.2.1.2.1 FCS annunciation. FCS annunciation
shall be verified by

VERIFICATfON RATIONALE (4.2. 1.2.1)

An adequate design and correct operability need to
be verified because of the safety implications. a
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VERIFICATION GUIDANCE

Inspection of cockpit drawings and fayoura should
be performed to verify the inclusion and placement
of all necessary amunciation. Tesring of lhe FCS
during operation must be performed to verify she
accurate operation of the annunciator displays.

VERfF3CATfON LESSONS LEARNED

3.2.1.2.2 FCS warning annunciation. FCS
warning annunciation shall be provided in the
cockpit to alfow crew to assess the operability of
redundant or monitored FCS. Annunciation shall
be designed to clearly indicate the associated de-
gree of urgency.

a. First degree - immediate action required
(warning may bs audible)

b. Second degree - caution, action maybe re-
quired

c. Third degree - informational; no immediate
action required.

Warning enunciation shall Include. but not be lim-
ited to she following

REQUIREMENT RATIONALE (3.2.1.2.2)

The pilot(s) must be able to quickly and accurately
determine she urgency of a warning. Thii is a aafe-
cy of flight requirement.

REQUIREMEIW GUIDANCE

This requirement interfaces with she crew asation,
clk+sfaya,and human facron areas. The FCS engf-
neer may wish to have input in she (visual or audio)
ryps of warning, color of light, and position of dis-
plays however, these design considerations are not
~“thin the domain of rids specification.

A further explanation of she degrees of urgency fol-
lows:

a, FiraI degree - immediate action required
(warning may be audible)-loss of system funcsion,
hazardous condition imminent. Assexample of rhis
situation might be saken as total loss of the AFCS at
low altitudes during a Unshed visibility approach.

b. Second degree - caution. acaion may be re-
quired—probable 10s.sof syasem function. Hasamd-
ous condition may bs developing. Pifor-s should
make an assessment of syarem smcus before se-
aponding.

c. Third degree - informational, no immediate
action required—faOSaible loss of system function in
near future. No impending hazard. An example is
pretest of a syssem identifying a failure. Hasard
can be avoided by avoiding use of that system or
mode.

Automatic disengagement of an AFCS mode ahaU
be indicated by an appropriate warning dqlay.
Whereas manual disengagement by the crew shall
not reauh in warning annunciation. If a=ilab!e
manual control authority for flight essensial and
IUS!Nphase essential has been reduced by an aurc-
matic hmction below that which would be required
for manual operation, uaming annunciation shall
occur. Other warnings which may be applicable
are the automatic and possible manual disconnect
of dampers in each axis. the 10SSof a channel iss a
multichannel syasem, or she disengagement of an
augmentation device. h has been suggessed that
warning and annunciation equipment should be
provided with self-test features. If cfsk is desired, a
statement to that effect should be added to rhe re-
quirement.

REQUIREMENT LESSONS LEARNED

The probabtiiiy of losing she capability to isolate
failures and annunciate sywem aranss should be
minimized. llia may require special consider-
arions relative to power source aeleccims. For ex-
ample, if failures are annunciated by light.% shen
rfse design must ensure power to the lights when she
channel failure is a power failure.

Runaway trim has caused many accidema in C2Se
past. Many of these. accidents occurred because
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tie pilot was not aware of the malfunction until it
was too late. Low altitude, night, and instntmem
conditions affect the pilot’s capability to detect and
react. Commercial crampon aircraft provide an
aural warning whenever pitch trim is changing.

4.2.1.2.2 FCS warning and stattta annunci-
ation. FCS warning and atams annunciation re-
quirements can be verified by

VERIFICATION RATIONALE (4.2. 1.2.2)

An adequate design of warning annunciation and
operability needs to be verified because of the safe-
ty implications.

VERIFICATfON GUIDANCE

Inspection of cockpit drawing and layout should be
performed to verify the inclusion and placement of
all necessary warning annunciation. Verification of
operability should be accomplished by the intro.
duction of simulated faults or equipment failures
during bench tests todetermine chat the warning on
annunciation circuitry is performing as designed.

VER1F1CATION LESSONS LEARNED

3.2.1.2.3 Cockpit indicators. Suitable indica-
tions shall be provided in the cockpit to indicate to
the pilot(s)

REQUIREMENT RATfONALE (3.2. 1.2.3)

To meet safety and operability needs the pilot must
be provided with accurate information cm-teeming
the position of the aerodynamic devices and sur-
faces.

REQUIREMENT GUIDANCE

Cockpit indicators should be provided for lift and
&ag devices not automatically controlled, trim de-
vices, and in some air vehicles individual surface
position indicators. MIL-F-9490 required that lift
and drag devices (such as flaps, slats, speed brakes,
etc.) should have indicators which, in addition to

showing the current position, are labeled to indi-
cate the correct takeoff, enroute, approach and
landing position. MIL-F-9490 also required that 9

if any extension of the lift and drag devices beyond
the landing position is possible. the indicators shall
be marked to identify the range of extension. In
add]tion, an irtdlcation of unsymmetrical operation
Or other malfunction in the lift or drag device sys-
tems shall be provided whenever necessary to en-
able the pilot(s) to prevent Or counteract an unsafe
flight or ground condition, In the past, indicatom
for Iih and drag devices have not met the MIL- .
F-9490 requirement, especially for apeedbrakes.
Careful consideration must be given to the mission,
aerodynamic configuration, flight control system
design, and safety needs before this requirement is “
excluded or waived for cenain devices.

Regarding trim devices MIL-F-9490 required that
suitable indications shall be provided to:

a. htdi&te the position and the range of travel
of each trim device,

b. Indicate the direction of the control move-
ment relative to the airplane motion.

c. fndicate the position of the trim device with a
respect to the range of adjustment. (Trim devices
such as the magnetic brake used in helicopters to
instantaneously relieve pilot’s control forces by
changing the feel force reference to zero at the
control position held by the pilot at the time the
trim switch is activated shall not require separate
trim indicator. )

d. Provide pilot warning of trim failures which
could result in exceedhg the operational state re-
quirements of 3.1.3.3.

e. Pitch ctim indicators should include a mo-
tion indicator to alen the pilot of trim motion.

f. Be in a position tisible to the pilot.

Aircrah which require takeoff longitudinal trim set-
ting in accordance with cg location shall have suit-
ably calibrated trim position indicators. Where
suitable, trim indicators shall be in accordance with
MIL-1-7064. In aircrah requiring quick takeoff
capability or certain single pilot aircrah, which use
a single trim setting for all takeoff conditions, a
“trim for takeoff” icrdicacion shall be provided. a
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Addicionaffy, MIL-F-9490 required that indica-
IOCSshall be protided in the cockpit for all control
surfaces required for retention of FCS Operational
State If. when the cockpit conuols do not provide a
@sJve isrdicasion of long term or steady acme con-
trol surface fmsition, or where the effects of control
surface positioning is not readily detectable by oth-
er means.

REQUJREMEAT LESSONS LEARXED

Aircrah which use a csiccsactuator to move the hori-
zontal atabtier. and thereby affect pitch trim of
she aircrah. have pecufiar characsetics. h stems
from rhe fact that small horizontal stabilizer inci-
dence changes have a powerful affect on the phch-
ing moment of the aircrah. For chit reason the pi-
fm is typically given a three-second recognition
time from she initiation of a pitch trim runaway and
the initiation of the pilot’s corrective action.

The problem wish she typical pitch csim indicator is
rhat the rate of motion of che indicator needle is so
slow chat she pilot has difficulty recognizing ira
movement. h is for this reason that a separate bar-
ber pole type motion indicator should be included
on the face of the indicator to draw the pilot’s at-
tention to she indicator the instant pitch trim action
is inftiated.

4.2.1.2.3 Cockpit indicators. Compliance with
indicator requirements shall be verified by _

VESUFICATIOX RATIONALE (4.2.1.2.3)

Accurate operation of cockpil indicators must be
verified because of cfre safety of ffight impficasfons.
Inspection. analysis, and test can & used to verifY
dre various requirement for cockpit indicators.

VERIFICATSOX GUIDANCE

hrspecsion of cockpit fayorn drawings shall verify
she fsrcfuaicmof the required indicators. Accurate
operation of position indicators should be verified
by ground operation. Analysis should be used IO
determine the appropriate aettfn~ for dsose posi-
tion indicators which are required to be labeled
with flight conditions. Unsymmccrical conditions

for fift and drag devices from failures and malfunc-
tions of indications should be simulated to verify
proper operation of warnings and to demonscra.te
the pilot% abifity to use the indication provided is
witfshs the domain of the human factors engineer;
however, it is afso of concern to the ffight cmssrofs
engfneer.

VERIFICATION LESSONS LEARNZD

3.2.2 Sensors. Sensors used for flight conrrol aya-
tem functions shall be designed and located such
that adequate acnsing of the desired aircrah and
flight conrrol system parameters can be accom-
plished. Sensors shall be designed to operate
throughout the power range specified for tfre air ve-
hicle. Locations shall be chosen which minimize
exposure to conditions which could produce fail.
ures or undesirable output signals. Signal and im-
pedance levels for remote sensors shall be deafgned
to minimize EMl effects and to prevent signal level
changes due to transmission path Ioadhg effects.
Closely spaced. redundant electromametic SC~m
shalf be designed to prevent cross corcplirrg of sig-
nals among the sensors. ff self-tesl Or in- fli@t
monitoring BfT are used. she sensors and flight
control system shall be fail safe in design in regard
to the operation of the BIT.

REQUIREMENT RATSONALE (3.2.2)

Attention must be given to she Iocasion and design
of all sensor’s to ensure that they provide signafs of
she quality necessary for the ffight conwol ayssem
without dutorrion inherent in the design due to un-
desirable auuccural mcrcfes or other effecra.

REQUIREMENT GUIDANCE

Duplacemem. force rate. acceleration. air data.
and other aerratrra used for input into the ffigfu con-
UOIsystem are covered by this requirement. Refi-
abilily of the sensors should not degrade me SSW’Sff
flight control system refinability.
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REQUIREMENT LESSONS LEARNED

4.2.2 Sensors. Correct sensor location and opera-
tion shall be verified by analyses, inspection, and
test.

VEfffFICATION RATfONALE (4.2.2)

Analyses, inspections, and tesrs are used to verify
the different aspects of this requirement to assure
the correct location and operation of flight critical
sensors.

VERIFICATfON GUIDANCE

Analyses should be used to determine the correct
sensor location. Bending modes, local vibrations,
asymmetries. and rhe characteristics of the param-
eters being sensed must all be taken into consider-
ation when locating sensors. Inspection should be
used to verify the location and correct installation
of the sensors. Tesu to determine the operability
and accuracy of the sensors should also include
check of the self-test or intlight monitoring BfT.

It should be verified that faults introduced into the
sensor, self-test, and in flight monitoring systems
do,not propagate into the flight control computers.

VERfFICATION LESSONS LEARNED

3.2.3 Signal transmission. All signal transmis-
sion concepts, devices, lines, components, and
aubsyatems dedicated to the FCS shall be covered
by requirements bt this section.

3.2.3.1 General requirement. AU signal trans-
mission elemenrs, components, and subsystems of
the FCS shall be designed and suitably protected to
resist jamming by objects. Where feasible, advan-

tage shall be taken of shielding afforded by heavy
structural members, existing armor, and other ●equipment for protection of important elements of
the FCS. Signal trammission elemenrs shall be
protected from usage such as steps and handholds.
Clearance between FCS elements and structure or
other components shall be provided as necessary to
insure drat no probable combination of tempera-
Wre effecrs, air loads. structural deflections, vibra-
tion, buildup of manufacturing tolerances, or wear
can cause binding or jamming of any portion of the
FCS. In locaUy congested areas, dre minimum
clearances which may be allowed after all adverse
effects are accounted for shall be

REQUIREMENT RATIONALE (3,2.3. 1)

lmerrupting, impeding, or otherwise interfering
with signal generation, propagation or transmission
in the FCS may create hazards during air vehicle
operation incident to flighl, This requirement
helps to eliminate or control some of those possible
hazards. The blank allows the clearance require-
ments to be tailored to the needs of the speci~c air
vehicle. a

REQUIREMENT GUIDANCE

AUpardons of the FCS used for signal propagation
and transmission such as cables, push-pull rods,
torque tubes, light cables, electric wiring, etc.
should, where feasible, be routed through the air
vehicle in the most direct manner over the shortest
practical distance between points being connected.

Where redundant cable, push-pull rod, light cab-
ling, or electric wiring is provided for signal trans-
mission, the separate suns should have sufficient
spacing to enhance invulnerability.

Technical order 1-1A- 14 recommends 6 inches or
more between wiring and plumbing which carries
combustible fluids and 3 inches between wiring and ..
control cables. AFSC DH-2- 1 indicates that 3 in-
ches k the standard clearance between concro]
cables. A 1/4 inch clearance is considered scan-
dard between cables and fairleads. MIL-F-9490
contained allowable for minimum clearances for
signal transmission elements as follows.
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o In locally congested areas only. tic follO*+ngmini-
mum clearances may be used afier all adverse ef-
fecsa are accounted for:

a. one-eighth inch between sack elemems
except those within an LRU where closer clear-
ances can be maicscained or where contact cannot
be detrimental.

b. One-eighsh inch between ●lemema which
move with respect to each other and which are con-
nected to or are guided by the same s.tcuctural or
●quipment ●lement(s) except thaw within an LRU
where claser clearances can be maintained or
where concact canssoI be detsimemal.

c. One-fousth inch between elements which
move with respect m each other and which are cow
csected to or are guided by differem suuctural or
equipment elements.

d. One-half inch between ●lemems and air-
csah stnsccure and equipment to which the ele-
ments are not attached. Clearances at the ends of

o swept paths may not be critical and smaller clear-
ances m zero clearances may be allowed at such
exsremes of travel unless contact is detrimental.

Evesy effon should be made to avoid using the
minimum clearances and spacings.

Requirement LESSONS LEARNED

Adverse tolerance buildup and inadequate tooling
during manufacturing can result in close clearance
situations where nominal clearances are consid-
ered adequate.

Signal ssammiasf on layout should be determined
early in she design of the air vehicle before loca-
tions for other equipment can compromise FCS
@g.

Aviation hmory abounds with cases where objecca
jammed controls creating a class I hacard. Oesfgna
which use compact arrangements offer many OP
pommfcies for jams to occur. Moving ●lements lo-
cated near the lower surface of enclosures and ver-

0 skaffy oriented cranks and pulleys, have a higher
probabfity of being jammed. Inverted WW zero
and negative ‘g-. rough and Nrbu!em air effects

should be considered when planning protection
provisions for signal wansmission elements.

4.2.3 Signal transmission. Signal rrasismission
requirements ahaU be verified by inspection as hav-
ing complete coverage of the dedicated concefaL%
devices, fines, components, and subsystems used in
she FCS.

4.2.3.1 General requirements. The genecal re-
quiremema for design of signal ca-ansmisAon ele-
ments, components. and subsystems shall 1= veri-
fied by

VSRIFICATION RATIONAL (4.2.3.1)

llse design process must be responsive to evesy de-
rail which can cause any FCS signal transmission
function to be interrupted. impeded, or otherwise
subjected to interference. Critical evaluation of che
results of chat prtiess is accomplished and docu-
mented durfng thii verification and should ahow
tie extem 10 which haaards have been eliminated
or controlled. llse blank allows che method of ver-
ification to be tailored to the needs of t2se specific
air vehicle.

VERIFfCATfON GUJDANCE

Use analysis techniques to determine and Iii she
concepts, devices, lines, components. and Wb-
terns which are used for signal transmission and are
dedicated to the FCS. Compare. by inspection,
those listed items against those covered in the other
subparagraphs of this section to determine the
completeness of coverage.

Analysis and inspection should be used for evahaa-
cion of she design layout for rmctig. tileM@
means of protection. tolerance buifdup. and tfse ef-
fecsa of osher factors. hsspectiun should be used to
pmtide dcacumencacion fOr *eSe req~emenu
based on tfse installation in vehicle as she flight
hours accumulate to document” she effects of tem-
perature, smscsural deflections, vibration, wear,
etc.

VERfFICATION LESSONS LEARNED

The flight environment cannot be duplicated on
she ground; therefore. evidence of the effeccs of
that ●nvironment on cleamnces (interference)
should be sought during inspection.
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In long, straight cable runs where sag is normal,
even when rigging ia proper, the cables may be al-
lowed to rest on fairleads or rub strips,

Water which accumulates on or around FCS ele.
ments can freeze in flight and cause interference
with FCS function. Inspection should generate
documentation covesing this point.

3.2.3.1.1 Computer signal transmission. Signal
transmission of commands between the flight con-
trol computers and devices or modules designed to
act on the commands shall be performed by using
direct When redundant
computing paths are provided, they shall be iso-
lated or separated to meet invulnerability and fail.
ure immunity requirements,

REQUIREMENT RATIONALE (3,2.3. 1.1)

Computer signal transmission elements composed
of conventional components such as electrical,
electronic, hydraulic, mechanical, or pneumatic
devices or nonconventional components such as
optical devices, must provide the most direct rout-
ing, including necessary separation or isolation and
the appropriate levels of redundancy and failure
immunity to meet the inmdnerability, reliability,
and maintainability requirements placed on the
FCS.

.REQUIREMENT’ GUfDANCE

The transmission of command signals between
flight control computers and the devices or mod-
ufes designed to act on the commands will usually
be by direct means using mechanical, hydraulic,
pneumatic, electronic, or electrical components.
The dkect means, of whatever design, implies chat
the signal does not pass through any extraneous
componems or devices on the way to the module or
detice which ultimately processes the command.

Ttte use of fiber optics or other nonconventional
signal paths may be considered in future applica-
tions but the FCS engineer must ensure that the
contractor has fully investigated their capability to
perform the essential functions reliably and can
present substantiating evidence for approval before
committing designs.

fsolation and separation of redundant paths must
be consistent with the overall redundancy concept.

@
REQUIREMENT LESSONS LEAtiED

4.2.3.1.1 Computer signal transmission. The
method of signal transmission, isolation, and sepa-
ration of redundant computing paths, and direct
signal transmission shall be verified by inspection of

Failure immunity requirements .
shall be verified

VERIFfCATION RATIONALE (4.2.3. 1.1)

Signal path transmission methods and design must
be verified to assure the integrity of the flight con-
trol signals. Invulnerability, reliability, and main-
tainability must all be considered during the verifi-
cation of signal path transmission.

VERIFfCATfON GUIDANCE

inspection of engineering drawings and other peni-
nent documentation till verify that the design for
computer signal transmission, built-in tests can be
verified by failure modes and effects analysis and
tests. The validity of the signal should be main-
tained during wansmission and not altered due to
variation in the system caused by environmental ef-
fects.

VERIFfCATfON LESSONS LEARNED

3.2.3.2 Mechanical signal transmission, gener-
al. Elements used for mechanical signal transmis-
sion shall meet the structural integrity requirements
of this specification. Capability shall also be pro-
vided to transmit forces to override interference or
jams in the mechanical loop UPto a level of at least ●
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REQUIREMENT WTfONALE (3.2.3.2)

Mechanical signal oansmissiorrs are often u$ed in
the implemenratfon of critical flight control func-
tions. The forces which may be required to trsms-
mh aignafs in these mechanical loops may vary over
a tide range when the normal and abnormal oper-
ating stares are considered. TM requirement prm
rides the means for insuring dsat the capabtiity ex-
ists, within the elements and mechanical loops of
chess subsystems, to UMISdt a level of fo~e ~i-
lored to she needs of the specific air vehicle.

REQUIREMENT’ GUIDANCE

l%e atcuccural imegrhy requirement in ahis specifi-
cation uses MIL-A-886S as the reference docrs-
ment for guidance. Limit loads for design of the
elements used for mechanical signal transmissions
generated by the pilot should be taken to be those
specified in MIL-A-8865 unless higher loads can
be imposed, such as those associated Malt power
actuators or aerodynamic forces. Regardless of
load levels used. she same mwfm and cir~m-
arances specified in MIL-A-8865 should be used.
Specific values for forces needed 10 override inter-
ference or clear jams depend on the design fea-
tures of the FCS elemems. the installation. and the
conditions vhhin the air vehicle. All factors should
be considered in determining the value to be used
in filling the bfank. The force level specified, usual-
ly in pounds, would be at the input point most cns-
cial to uarrsmission of the flight control signal.

REQUIREMENT LESSONS LEARNED

Interference and jams are ohen encountered in the
mecharsicafly operated valves of she FCS hydraufic
aesvoactuators. Specific dues for the override or
clearing forces depend on the specific valve design,
materiafs found in the hydraufic syasem, and she
system approach used in tie mechanisation. 1!sthe
pass, forces of 300 pounds, taken as limit load.
have been used based on a jam clearing load of 200
pssunds. However, a value of 1000 fmunds has
been used in one of the most recent fightem which
has a mechanically operaied servovalve. In ●lecuic
fly-by-wire FCS, closure of the servoactuator feed-
back loop thsough mechanical signal linkage to the
savovalve should be considered in order to pro-

vide a suitable force fevel for ovem”ding interfer-
ence and clearing jasna in the valve.

4.2.3.2 Mechanical signal transmission. gener-
al. The general requirements for mechanical signal
transmission shall be verified by

VERfFICATfON RATIONALE (4.2.3.2)

Critical flight control functions are ofsen implem-
ented through mechanical signal trsnsmiaaiona.
The generaf requirements in thii paragraph protide
a means for control of some of the hasar& asso-
ciated wfth installed mechanical signal uansnsission
control loops. TI-Ie verification process provides
she means for documenting the eatem to which the
hasards aaaocia!ed with imerference and jamm~g
can be controlled in these loops.

VERIFICATION GUIDAh’CE

Ormmd testing is Usemost feasible means of verify-
ing these general requirements. Structural imew”zy
and proof of force transmitting capability of these
mechanical signal transmission elements and sub-
systems should be verified during the System Suuc-
tural Integrity verification process. ‘f’hese verifica-
tions should be conducted on elements, aubsya-
tems, and systems installed in an air ve~cle. MIL-
A-8867 may provide some useful guidance in es-
tabfiihing (he procedures and criteria to be used in
conducting thk verification.

VERIFICATION LESSONS LEAfWED

3.2.3 .2.1 Control cable installations. Wire rope
type cable subsymems used for FCS signal ua.sssmia-
sion shall meet requirements of rhii apccificaticm
with respecs to performance, safety, maintainabil-
ity. refiabffity. smuccuml ime~ty. and wear fife. “
Requirements for component design and usage
shall be as shown ics

Requirement RATIONALE (3.2.3 .2. S)

Wke rope is used iss a farge majority Of FCS for
signal and power transmission. The function pm
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tided by the cable system utilizing the wire rope is
often critical to flight safety and mission accom-
plishment. This paragraph provides the means for
t.aiforing requirements for the hardware elements
used in the cable systems to the needs of the specif-
ic air vehicle and the user. It also allows require-
ments to be included which control, by proper se-
lection of components, the latent tight hazards
which may be created incident to manufacturing,
inatafling, and maintaining cable systems.

REQUIREMENT GUIDANCE

Engineering control of the design and usage of
components and elements for flight control cable
systems should be exercised and documented in a
formal manner. The blank should be filled by ref-
erence to the specific engineering documents
which will be used for this control. MIL-
STD-1599 requirements 206 and 601, or similar
vendor documents, should be acceptable as the ref-
erence for control of element design and usage.

REQUIREMENT LESSONS LEARNED

The lessons Ieamed with respect to control cable
installations are reflected in the requirements in
MIL-F-9490 and MIL-STD-1599. Generalized
lessons teamed relative to sizing. tensioning, locat-
ing. actuating, and similar cable control system re-
quirements are grouped under the following head-
ings.

a. Performance:

(1) Cable runs located in aeroelastic slmc-
ture should be routed to minimize any induced
concrol action caused by atrucctsral Ctexure.

(2) Wire rope size should be chosen with
careful consideration for stretch, friction, and oth-
er variables which affect performance.

(3) Sheave guards should be supported in
a way which precludes binding of the sheave due to
structural deflections.

(4) Cable tension rig loads should insure
positive cable tension in all control and reNm legs
under all operating conditions and throughout the
design temperature range.

(5) Pressure seals for cables which pene-
trate a pressurized area shall meet companment
sealing requirements within the transmission fric- 9

tion requirements.

(6) Cable system friction levels:

(a) Decrease with larger and fewer
pulleys, sectors, etc.

(b) Increase with:

- Larger cable size

- Larger cable travel

- Larger rig loads

- Larger vmap angles up to one
cable pitch length

- Larger bearing size in rotating
elements

- Larger axial loading on rota-
ting elements

(7) Cable travel has a direct bearing on
system flexibility. Larger cable travel results in low-
er cable loads and thus less deflection and a aciffer a
system.

b. Safety:

(1) The minimum practical number of in-
terconnections should be a goal in cable loop de-
sign.

(2) provisions should be made in installa-
tions to insure that slack return cable assemblies
cannot snag on airframe elements when the cable is
loaded to limit load under any design condkion.

(3) Guards should be installed at all
sheaves to prevent cable from coming out of the
groove.

(4) Guards should be installed on sectors
to insure retention of the cable end in ita attach-
ment when the cable is slack.

(5) pressure seals for cables shall be de-
signed to preclude jamming of the FCS.

c. Maintainability (accessibility and service-
ability): a
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o (1) Control cable loops should be de.
signed for easy servicing and rigging and the num-
ber of adjustments should be kept to a practical
minimum.

(2) Cable assemblies should be installed in
paraffel mm and bc accessible to inspection for
their ensire length.

(3) Lmse spacers should not be used be-
srveen rmacionaf elements and auppon brackeu.

(4) Fafrleads should be designed to permit
easy removal and replacement of both the fairlead
and the cable assembly.

(5) Cable tension regulators should be
used only when positive cable tension cannot be
maintained in bmh legs WMI reasonable rigging
loads.

(6) Cable tension regulators should be
provided with integral calibrated dials to show
cable tension without the use of separate cabfe ten-

0 siometers or other equipment.

d. Reliability

(1) Overvavel allowance on cable dmms
should not be less than five percenl of full cable
travel in either dkecsion and should allow at least
ten degrees of drum overuavel.

(2) Wlren cable wrap varies whh cable
travel on cable dNmS, the initial wrap ~~ the
sheave in neutral position should be at least 11S
percent of the full cable travel in either direction.
Wren ovmva.vel exceeds the minimum require-
ment. cable wrap should be increased a come-
aponding amount.

(3) Cable tension regulators should rnain-
cafcsshe required tension at all times.

e. Structural integrity:

(1) Wue rope size used in cable aascm-
bliea should be chosen so that limit loads do not
result in rope loads which exceed 67 percent of itso rated breaking suength and does not exceed firssh
load for the pulleys used.

(2) Design fimh load for pulleys should
not exceed aflowables shown in the pulley design
standard.

(3) The diameter and number of grooves
on cable drums, and radius and angle aecton
should be adequate for the required cable rravel.

(4) fnscalfacion design for cable assemblies
should be such that tumbuckles and fittings are nm
subject to bending loads wh]ch could cause facigwe
failures.

f. Wear fife:

(1) Wke rope size chosen ahoufd meet
load requirement with angle safety margin to com-
pensate for wear and dewiorarion.

(2) Spacing between adjacent cable aa-
sembfies should prevent chafing during all operat-
ing conditions incfudfng vibrations.

(3) Cable assemblies should be protided
with drums, acctors, and pulleys of adequate =Pc-
ity and dhmeter for che function performed and to
meet the endurance and life requirements of the
FCS.

(4) Sheaves should be spaced such that no
section of the cable ever passes over more tksan one
sheave.

4.2.3.2.1 Control cable installations. The re-
quirement for control cable inscaffations shall be
verified by

VERIFICATION RATfONALE (4.2.3.2.1)

The frcncsiona performed by cable insaaffasiocrs
used in FCS arc oclen critical to flight safely and
mission accompfiihment. The requirements levied
on cable installations insure that the fhgln safety
hasard and cnission refiabflily levels are controlled
by engineering design. The verification psocess
provfdes r3semeans for documenting the eroenr so
which rhe requirements have been met and prw
tides a bash for planning for operational use of the
air vehtcle in che field. Verification maybe accom- .
pfishcd by analysis. @tiOn. and ~nd and
flight testing. The blank allows the verification
method to be tailored to the specific air vehicfe.

l!n
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VERIFICATfON GUIDANCE

Requirements which apply to control cable instaUa-
cions and which are contained in ocher paragraphs
of this specification as indicated below, should be
verified during the verification processes for chose
paragraphs. Ocher applicable requirements in this
section and those for selection and usage of control
cable installation componems should be verified by
inspection.

Performance 3.1.1

..Safety 3.1.7

Maintainability 3.1.10.3

Reliability 3.1.6

Structural integrity 3.1.11

Wear life 3.1.12

VERIFICATION LESSONS LEARNED

3.2.3.2.2 Push-pull signal transmission instal-
lations. Push-pull type subsystems used for FCS
signal transmission shall meet other requirement
of this specification with respect to performance,
safety, maintainability, reliability, structural integri-
ty and wear life. Requirements for componem de.
sign and usage shall be as shown in

REQUIREMENT RATfONALE (3.2.3.2.2)

Push-pull rods and push-pull flexible controls are
often used in FCS for signal and power wansmis-
sion. The function provided by such push-pufl de-
vices is often critical to safety and mission accom-
plishment, This paragraph provides the means for
tailoring requirements for the hardware elements
used in push-pull controls to the needs of the spe-
cific air vehicle and the user. It allows requiremencc
to be included which control; by proper selection
of components, methods and usage: the latent
flight hszards which may be created incident to

manufacturing, installing and maintaining push-
pull devices. a

REQUIREMENT GUIDANCE

Engineering control of the design and usage of
components and the methods used for consu-.cction
of flight control push-pull detices should be exer-
cised and documented in a formal manner. The
blank should be filled by reference to the specific
engimering documents which will be used for this
control. Ml L-STD. 1599 requirements 207 and
602, or similar vendor documents, should be ac- -
cepcable as the reference for push-pull rods. A
vecidor document based on the requirements sec-
tion of MIL-C-7958 but tailored to FCS usage for
the air vehicle should provide an acceptable refer.
ence for push-pull clexible controls.

REQUIREMENT LESSONS LEARNED

The lessons learned with respect to push-pull signal
transmission devices are reflected in the require-
ments in MIL-F-9490 and MIL-STD-1599.
Generalized lessons learned relative to design, in-
stallation, and usage are grouped under the foUow-
ing headinga:

m—
a. Performance:

(1) Friction levels in installed FCS using
push-pull rods can be minimized by using mini-
mum besting sizes in cranks, hinges, rod-ends,
etc., and by preventing axial preloads on the bear-
ings.

(2) The use of push-puU flexible controls
in essential and flight phase essential FCS functions
should be carefully evaluated and justified by com-
prehensive trade studies.

(3) Suppona used for push-puU flexible
controls should not restrain the push-puU element
axially.

(4) Conduits for push-pull flexible con-
trols should be supponed al frequent intervals and
each bend radius should be made as large as practi-
Cal.

(S) Levers and bellcranks in push-pull
controls should have bearings with adequate self-
aligning capability to prevent excessive deflection
loading of these elements. @
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o (6) Levers and bellcrasrks designed wirh
dual load paths which have two sections joined by
permanent fascenera should also have tfre two sec-
tions bonded with adhesive.

(7) l%e lateral vffratfon mtural frequency
of each rod aeccion should be determined and syn-
chrmsisation with engine or ocher vibrations in the
air vehicfe ahmdd be avoided.

4.2.3.2.2 Push-pull signal Iransmfssion lnstal-
Iations. The requirements for push-pull signal
cram?miasion installations shall be verified by _

VERIFICATION RATIONALE (4.2.3.2.2)

The hmcdons performed by these push-pull insral-
Istions icr FCSS are often critical to safety and mis-
sion accomplishment. These requirements insure
chat the flight safety hac.ards and mission unreliabil-
ity incident to use of push-pull mechanizations in
rhc FCS are controlled by engineering design. The
verification process provides the means for docu-0 mendng CMextent to which the requirements have
been met and provides a basis for planning for op-
●rational use of dse air vehicle in the field. Verifi-
cation may be accomplished by analysis. inspec-
tion, and ground and flight testing. The blank al-
lows the verification method to be tailored to the
specific air vehicle.

.VERIFICATION GUIDANCE

Requirement which apply to these push-pull in-
arnllations and which are comained in other para-
graphs of this specification as indicated below,
shoufd bs verified during the verification process
for chose paragraphs. other applicable require-
mema in thff section and those for selea.on and
USSgeof push-pufl installation components should
be verified by inspection.

Performance 3.1.1

Safety 3.1.7

n Reliability 3.1.6

Suucrural integrity 3.1.11

Wear fife 3.1.12

VERIFICATION LESSONS LEAftNED

3.2.3.2.3 Control chain. Roller chain may be
used for siWal transm~ton in FCS mechanization.
Connecting Iiika shall be retained by cotter pins
spring clips shall not be used. The chain used shall
be of srandard aircraft quality and conform to re-
quirements of

REt2UfREMEhT RATIONALE (3.2.3.2.3)

Where rotational Iyps signals must be cransmined
through areas where a multiplicity of path changes
are required, a chain drive may prove to be she
most feasible method of mechanization. The fcmc-
ricm implemented by chain drive may be critical to
flight safety and mission accomplishment. This re-
quirement provides rhe means for engineering cms-
[rol of the type of chain which can bs accepted and
some of the hazards and unreliability Ievefs which
may be crealed by rhe design of chain and irs e!e-
mema. The blank provides the means for caifosirrg
the design requirements of the chain to the specific
usage.

REQUIREMEiW GUIDANCE

American National Srandards fnsritute specifica-
tion ANSI 829.1-75. - Precision Pow<erTransmis-
sion Roller Chain. Atcachmenu and Spr=keta.
Cmrnecaing Link Cotter Pin Type. is the reference
which should bs used to fill the requirements
blank. Aa an alternative. a contractor-prepared
specification might be used, if it provides chain es-
sentially identical to, and interchangeable tith. rfw
AhrSl B29. 1-75 ChSfSS. ANSI B29. 1-75 is Copy-
righted by the ASEE, but is adopted by Depart-
ment of Defense in lieu of a rsilitary standard.

REQUIREMEhT LESSONS LEARWED

w Maintainability 3.1.10.3
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4.2.3.2.3 Control chain. Control chain require-
ments shall be verified by

VERIFICATfON RATIONALE (4.2.3.2.3)

The function implemented by chain drive may be
critical to flight safety and mission accomplish-
ment. The requirements impose some control of
the hazards and unreliability levels which may be
created by design features of the chain and its asso-
ciated elements. The verification process docu-
ments she extent to which the specified design fea-
tures are found in the chain used in the FCS. This
dtrcumensation provides a basis for planning for op-
erational use of the air vehicle in the field.

VERIFICATfON GUIDANCE

Verification should be accomplished by inspection
and ground test. ANSI B29.1 -75 does not contain
a quality assurance section but each requirement in
that standard should be listed and verified by an
appropriate method. Any contractor prepared
specification which is used in lieu of ANSI
B29. 1-75 should contain a quality assurance sec-
tion. That section might be used in the verification
process.

VERIFICATION LESSONS LEARNED

3.2.3.3 Electrical signal transmission. The fol-
lowing requirements apply m all essential and flight
phase essensial signal paths:

REQUIREMENT RATfONALE (3.2.3.3)

The integrity of the electric signal transmission
must be maintained for flight safety. The require-
ments to be included in this paragraph are those
necessary to assure failure immunity and inmdner-
ability of the electric signal and transmission com-
ponents.

REQUIREMENT GUIDANCE

The design of the signal transmission path and @
components must be such that it is immune to fail-
ures and failure propagation due to the environ-
ment, both natural and induced, hostile action,
and maintenance errors. Over the years certain
minimum requirements for electrical signal trans-
mission have been imposed. The following is a list
of previous requirements:

a. Except for power sources, such systems .
(FCS) shall be independent of failure modes asso-
ciated with any other electrical system,

b. Cross connections between redundant elec- -
trical signal pashs shall be eliminated, or minimized
and electrically isolated.

c. Wire runs and components in redundant
control paths shall be physically separated and
electrical shielding shall be installed, as necessary,
to meet failure immunity and invulnerability re-
quiremensa.

d. All interconnecting wiring shall be prefabri-
cated, jacketed cable assemblies. a

e. The outer jackets shall be identifiable by a
unique color or other means.

f. Wiring installations shall be in accordance
with MIL-W-5088.

The scope of MIL-W-5088, published 30 June
1976, covers the selection and installation of wiring
and wiring devices used in airplanes, helicopters,
and missiles. One would expect that this standard
should be imposed for the entire air vehicle and all
its subsystems. Whereas it is desirable that the wir-
ing practices in the FCS conform to those in the
rest of the air vehicle, there are certain exceptions
where the FCS requirements are more ssringent for
safety reasons. For example, the FCS wiring in
flight critical systems must endure high vibration,
high/low temperatures, shock, corrosion. and oth-
er natural and induced entironmenu. Although
MfL-W-5088 allows soldered connectors, it has
been shown soldered connectors do not meet the
FCS requirements and only crimped imsnectors
provide the desired integrity. a

160

Downloaded from http://www.everyspec.com



APGS-87242A
APPENDIX

‘o

o

0

The FCS engineer should review the contents of
rfse current MIL-W-5088 standard if it is being im-
posed, either on the total system or specifically on
the flight control system. MIL-W-S088 sections of
pckular imeresa are: Nonmetals; Sealing materi-
al; Esaencid eqw.pmem: Essential circuit junctions;
and Splices. MIL-F-9490 concalcsed specific de-
sign requirements for cable assembly design and
conscsucsion, wire terminations. inspection. and re-
placement of wisfng.

1ssthe 1975 version of MfL-F-9490, a paragraph
on elecufcal flight control (EFC) interconnections
was included to cover she relatively new concept of
fly-by-tire flight controls. Wktr the increasing rsc-
ceptrmce of flight control computem, a special sub-
paragraph to call attention to Ute design concerns is
probably redundant. That is not 10 say chat the
requisemencs hed there are no longer valid. The
requirements fisted below are to be considered for
inclusion in the cfecsrical signal transmission re-
quirement.

a. Electrical Iliglu control wiring in individual
chamefs shall be routed, isolated. and protected to
minimize the applicable threara to redundancy.

b. Channel loss due to any foreseeable hazard.
not extremely remote, shall be fiiited to a maxi-
mum of a single channel.

c. Primary sinacrural compments shall be used
to afford this protection where possible.

d. Where h is approved by the procurin8 acdv-
isy to mine the flight comsol ayssem wisfng through
wheel welfs or ocfser areas subjected, during ffigln.
to the slipstream or impingement of runway fluids.
gsavef, etc., the wiring ahalf be protecsed by enclo-
sures and soccted directly through without unneces-
sary termination or junccions. Where terminations
junctions to equipment in these areas are required.
rhey shall be protected from such impingements.
This shall also be done in areas where a high level
of maintenance is likely to be required on ocher
systems and equipmem.

REQUIREMENT LESSONS LEARh’ED

Wiring associated with redundant systems muss be
adequately separated andlor protected from lraz-
ards such as:

Wire bundle fire,

Equipment or junction box fire,

Connector shorting or decoupling,

Fuel fire,

Engine case bum-through,

TtasMrse burac fragmems (including susbofans
and asmer turbines).

Battery chemical leakage,

Abrasion from rocks, ice, and mud,

Bum hot-air duccing, and

Lightning currents from pfausible faiture of
fighrning protection.

Various systems of bundle muting, raceway selec-
tion, or wire protection may be developed. For
circuits which are to be separated from one another
for reasons other than EM 1, adequate separation
can normally be achieved by:

a. Physical separation by either muting in sep-
arate bundles or raceways, by maintaining a safe
clearance from other tires, or by enclosing the csit-
ical wire in suitable sleeting or cape,

b. Never routing through che same comector,

c. Not routing through the same junction box,
andlor

d. No: routing chmrsgh areas where excessive
●nvironmental conditions or mecham.caf failures
can adversely affect any redundant system wiring.
e.g., turbine bum envelopes, hot air from a brasat
pneumatic duct, etc.

4.2.3.3 Electrical signal transmission. FCS es-
sential and flight phase essential eleccsical signal
transmission requirements shall be verified by ics-
spection of . by teting of
and by analysis of all potential failure modes in-
volting electrical signal tsansmissiocss.
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VERIFICATION RATSONALE (4.2.3.3)

Verification of the electrical signal transmission re-
quirements is essential to assttre safety of flight.
Verification means used in the past have been in-
spection, bench test, and ground tests.

VERfFICATfON GUIDANCE

Inspection of physical and electrical drawings and
inspection of first production air vehicle can verify
physical separation, shielding, conformance with
~g Inmllation practices, etc. Electrical isola-
tion and redundancy can be verified by inspection
and failure mode analysis and test.

VERIFfCATfON LESSONS LEARNED

3.2.3.3.1 Multiplexing. Signal transmission cir-
cuits shall be (a) type utilizing (b) as the
transmission media for the data bus. The data bus,
line and its interface electronics, multiplier termin-
al unit shall ~.

REQUIREMENT RATIONALE (3.2.3.3. 1)

Multiplexing of data provides the growth and flexi-
bility necessary to meet the demand of digital flight
control systems. Reduced weight and the opponu-
nity for increased system reliability and maintain.
ability are other benefits.

REQUfREMEh’T GUIDANCE

MIL-STD- 1553 deals with twissed shielded pair
wire cable multiplex bus. It covers the data bus
characterkdca, the interface between the data bus
and the remote terminal, and the interface be.
tween the principal pana of the remote terminal.
The interface between the remote terminal and the
aubsyatem is not pat’s of the standard. It is strongly
recommended chat data busses be required to meet
&tia standard especially when interfacing with aub-
syscems in other disciplines. However there maybe
situations when tie dacs transmission capacity or
rate and other system needs can be better met by
another industry standard data bus.

Optical data transmission has been used in some
prototype applications, primarily internal to the
subsystem. ff it is desired to allow or require opti-
cal data transmission, then this requirement must
be appropriately tsifored.

Multiplex-signals are usually required to be digital
time division multiplexing type (blank (a)). This is
required in MIL-STD-1553 and is compatible
wfth optical applications,

If the signals are electrical, the transmission media
must be twisted shielded pair tire cables (blank
(b)). Omitting the word wire may be sufficient to
allow for optical appficacions. Bundles or ribbons
of optical cables maybe acceptable for a particular
applicaciOn; hOwever, reliability. maintainability.
damage repair, and environment all must be con-
sidered. Blank (c) will normally be filled in with
“meet MI L-STD- 1553”, unless it is determined
chat an industry standard bus or an optical trans-
mission bus is desirable or if a new military stact-
dard data bus has been approved.

REQUIREMENT LESSONS LEARNED

AFWAL-TR-81-3113 on DIGITAC fI evaluated
the use of optical transmission. The optical busses
required the majority of the development effort.
This effon was expended primarily in the area of
the optical receiver design. The optical bus has two
characteristics which make detection more difficult
than with the electrical bus: (a) The electrical out-
put levels, from the photo diode are weak and
therefore require more amplification, and (b) The
average signal level is dependent cm she bus traffic
(duty cycle) which complicates detection of bit
transitions.

The increased amplification compromises band-
width (producing distortion of the pulse train), re-
quires lower power supply noise and better dynam-
ic regulation, and aggravates interference prob-
lems. A redesign of the basic optical receiver was
performed around a now available wide-band (20
megahertz) high-gain amplifier (LHO082). Pres-
ervation of the aquarewave quality of the signal en-
abled detection of the transitions by a differenti-
ation process. Circuit isolation and power supply
qualities are still important, but the new circuit ap-
pears stable and less sensitive to operating anoma-

162

Downloaded from http://www.everyspec.com



APGS-87242A
APPENDIX

o

0

0

lies. Initial testing, icsJanuary 1981, was complete-
ly auccessfuf.

As of this tidng, opsical transmission for aircrah
ffight control applications has not yet achieved a
level of reliability necessary for safety of flight.

4.2.3.3.1 Multiplexing. The proper operation of
multiplex signal transmission circuits shall be veri-
fied by

VERfFICATfON R4TfONALE (4.2.3.3.1)

The proper operation of multiplexing data crans-
missiocr circuk depends on correct design and in-
acalfasion. The verification of proper operation in-
cludes inspection, test and in the case of a product
which is not on the (2PL, possible product qualifi-
cation.

VERIFICATION GUI DANCE

If a MIL-STD-1SS3 data bus in being used, it
sfsmcfd be a prcducc which has been shrough the
government qualification process. ff the chosen
bus has not been qualified, it shcndd go shrough the
same type of qualification tescirrg as the MIL-
STf3- 1SS3 bus. The characteristics and tolerances
of rfse interface ●feccronics, terminal unit, and bus
need to be verified. The cor?ect irsssallation needs
so be verified by icsspeccfon of drawings of the firsi
production vehicle. Tesca and analysis to deter-
micre faifure modes and effects also musl be per-
formed.

VERIFICATfON LESSONS LEAJWED

3.2.4 Signal computation. The methods of signal
ccmspusation used in the FCS shaff be fully suitable
to mfasion, environment, and other requirements
imposed upon cfse FCS.

REQUIREMENT RAITONALE (3.2.4)

The methods of signal computation used in the air
vehicle must be appropriate to the mission of the
air vehicle and muss not degrade the reiiibility of

the air vehicle nor impose excessive requircmems
on other systems.

Requirement GUfDANCE

There are many options available for use fn the de-
signing of the signal computation portion of the
FCS. The relative figures of merit of analog and
dighsd computation, trade-offs between centsal
versus dedicated architecture. and interface con-
cerns should & addressed when choosing she FCS
compuwfonal methods.

Signal computation performed outside of the ffighc
control computers muss not be ignored. Geared
mechanisms. hydraufic sfgnai blending and even
pneumatic summing are al] examples of signal com-
putation which could be used in a FCS.

REOUIREMEIW LESSONS LEAFWED

4.2.4 Signal computation. The methods of signal
computation used in tie FCS shail be verified by _

VERIFICATION RATIONALE (4.2.4)

The verification of the methods used for signaf
computation pro%ides the mearss of determining
the recitability of the chosen designs ●arly in tfse de-
velopment.

VERiFlCAT1014 OUIDAh’CE

The applicability of she chosen computer arcfsitec-
ture and compactacioml schemes can be verified
initially by analysis and inspection of drawings and
engineering comrol documenu and ufcimately by
test of the computational elements.

VERfFICATfON LESSONS LEARNED

3.2.4.1 Tracsslent power ●ffects. Ffighl Wncd
computers @sail not suffer adverse effects, which
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result in operation below FCS Operational State _,
due to power amtrce variations within the limits spe-
cified for the applicable power system. In the event
of power source interruption, no adverse effects
shall result which limit operation or performance of
flight control computers upon resumption of nOr-
mal quality power.

REQUIREMENT RATIONALE (3.2.4.1)

Signal computation elementa must provide for the
most adverse power source variations and provide
the appropriate levels of redundancy and failure
immunity to meet the itmtlnerabifity, reliability,
and maintainability requirements placed on the
FCS.

REQUIREMENT GUIDANCE

Power source variations are a common problem in
airvehicle power aource design. All flight control
equipment dependent on electrical power source
should be designed with these adverse conditions in
mind. Ofpanicular concemare flight control corn-
putersin fly-by-wire aircraft, especially those air
vehicles which are statically unstable. It is recom-
mended that power source variations should not re-
sult in operation below FCS Operational State 1,

REQUIREMENT LESSONS LEA fLNED

The electrical power system should have equivalent
redundancy to the flight control system. Theelec-
crical power system is normally designed by avion-
ics engineers.

In a quad redundant fly-by-wire airplane, the elec-
trical power system had a problem where a latent
failure caused power shut down to critical compo-
nents of the flight control system. The result was
loss of the airplane. prior to this incident, the pow-
er system had been analyzed and found to contain
enough failure detection capabihty to achieve the
specified loss of control rate for the airplane. How-
ever, the analysis only covered failures occurring in
succession; i.e., no latent failures present. For this
incident, a latent failure was present prior to the
actual failure which shut down the electrical power.
The latent failure had also been studied prior to the
incident but a wrong assumption was made as to
how the failure would manifest itself.

The fix was a two pan redesign of the electrical
power system. The first was to provide protection
for the latent failure and the second was to provide ●)
quad independent power to the fight control sys-
tem.

4.2.4.1 Transient power effects. The flight con-
trol system operational state capability during pow-
er system variations shall be verified by

VERfFICATfON RATIONALE (4.2.4.1)

The capability of the flight control system, pardcu-
Iarly the flight control computers, m maintain oper-
ation in spite of power source variations is neces-
sary to meet reliability and invulnerability require-
ments.

VERfFICATION GUfDANCE

Analysis and test are the best methods of verifying
the flight control computers immunity to power sys-
tem variations. The fright control computers must
be able to function properly for the full range of
allowable voltages and currents, since the FCS en-
gineers do not have control over the power ayatem a
design or operational limits. Power system failure
and redundancy needs are covered in other re-
quirements.

VER1FICATION LESSONS LEARNED

3.2.4.2 Mechanical signal computation. Me-
chanical signal computation shall be accomplished
by means of elements. Nortlinearicies
and parameter variations shall not cause adverse
effects which cause degradation in flying qualities
or the FCS operational state.

REQUIREMENT RATfONALE (3.2.4.2)

Various means of mechanical signal computation
are available, but all may not be desirable for the
air vehicle under consideration. o
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o REQUIREME~ GUIDANCE

Mechanical computation equipment includes
geared mechanisms, hydraulics, and pneumatic
elements for scheduling, comparing, swmming.
computing, and gain changing as required for in-
PUL w. mode control, signal conversion, and
signal cmnsmission. MfL-F-9490 required rh.m
the mechanical computation ●lemcnca meet cercain
mher apecificacitma. Geared mechanisms were to
meet the requiremems of MIL-O-6641. Hydrau-
fic elements were to be designed icr accordance
with MIL-A-5503, MIL-P-8875. MIL-f’f-8890.
or ARP 1281, as applicable. MIL-V-27162 was
cited as a general guide for cfre design of control
valves used in hydraulic computing comportenu.
MIL-P-8S64 and AFSC DH 1-6, Section 3G.
were requfred, as applicable, for pneumatic com-
putation elements.

Due to the failure immunity requiremenca for the
FCS, mechanical computers must be designed smch
chat she air vehicle is capable of continued normal
flight and fandicrg afser any e&@e failure in the

o computer system whose faihsre probability is grea!-
er than exsremely remote.

Requirement for mechanical computers thal are
integrated into the flight control syssems musx be
consissem with she other basic system require-
ments. The follosdng requirement should be add-
ed as applicable.

Hydraulic (anchor pneumatic) computing elements
chat are integrated iccto the Ilight control system
shall be cocssissent titi the air vehicle requiremerm
for ocher hydraulic (and/or pneumatic) ●lements in
the aynem.

Mechanical computer geared elements shall be de-
signed so that backlash, friction and inertia are
mirrimized to provide adequate sensitivity between
the input and ousput of the computer.

REQUIREMENT LESSONS LEARNED

o

4.2.4.2 Mechanical signal computation. A dy-
namic and steady state analysis shall be performed
on mechanical computation systems to verify that
no adverse effects are presem due to nonlinearity
and parameter variations.

VERIFICATfON RAT30NALE (4.2.4.2)

The effecc of nmcfinearities and parameter varia-
tion on scebIliIy ancffor sseady-acate performance
due to nonlinear characteristics of the elemenu
and parameter variations caused by manufactutig
tolerances, wear, and environmental conditions
muss be considered.

VERfFICATfON GUfDANCE

hfcm real systems are nonlinear to some ●xtent, bICC
the usual region of operasion is nearly linear. The
purpose of the amlyais is to determine the effecsa
of nonlinearities and parameter variations inherem
in the system, such as friction, sticciom backfasfh
aamration, tolerances. wear. and changes due tO
environment. The system design may need to be
modified based on this analysis so chat any adverse
ef(eccs are compensated for or are determined to
be insignificant in terms of overall system require-
ments.

VERIF1CATION LESSONS LEARNED

3.2.4.3 Electrical signal computation. At the
time that the production configuration baseline is
established by che procuring agency. a _ Pe=enl
growth capability for computation shall exiss within
each flight control computer. Scaling. _
shall provide satisfactory resolution and sensitivity
to ensure continuous safe operation for all possiile
combmarion of maneuvering demand and gust or
other plausiile disturbances, and to prevent rmac-
ceptable levels of nonlinear characceriscica or icrsca-
bilities.

For failures which may csuss a fsacardcsus deviation
in the aircraft flight path, each computation than.
nel shall have provisions for rapidly disablksg iss
command outputs or servos unless other fail-safe
provisions exist.
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Suppon and maintenance provisions shall

REQUIREMENT RAllONALE (3.2.4.3)

Pro*Ions for computation growth are necessary to
affow for modifications to the flight control system
during flight teat evaluation and aubsequen~ up-
dates to c.he fleet. Proper scaling of signals, word
size, input Uniting, overflow protection, sampling,
and computation rates are important to assure not
ortfy desirable response, adequate Stability margins
and acceptable flying qualities, but also safety of
flight. Computation failures must not be allowed to
propagate to the command processing elements be-
cause of the safety of flight implications.

REQUIREMENT GUIDANCE

AU electical signal computation for rhe flight con-
UOIsystem may be categorized as being performed
by either analog or digital computation elements.
Signal computations include simple summation and
amplification as weUas the solution of complex au-
tomatic flight conrrol equations. Analog computa-
tion elements include hardware components re-
quired for inputhutput, mode control, signal pro-
cessing, control, and signal transmission. Digital
computation equipment includes hardware and as-
sociated software for data processing. program
storage, inpurJoutput, control, and signal transmis-
sion. This requirement with caikrring is applicable
to both afralog and digital computation. Growth ca-
pability ip flight control computers include not only
“real eacate” such as card slots, 1/0 ports, connec-
tors, etc., but in digital computers growh capability
must also be available in memory, scratchpad aUo-
cationa, and duty cycles.

Twenty-five percent growth capability is the cur-
renrly acceptable value and should be available at
tfte time of the Functional Configuration Audit
(FCA). This will necessitate judicious planning on
the pan of the contractor since detailed design so-
lutions offered ducfctg the Critical Design Review
(CDR) are often modified to account for comrol
law revisions shat occur as aerodynamic data and
stabifity analysis are refined.

Scaling in both analog and digital computation is
important to provide safe and desirable responses.

In digital computation the scaling must provide aal-
isfactory resolution to prevent the granularity due
to the DIA and AID conversions from being appar- ●
ent to the pilot and from providing the source of
addkional excitation energy for structural elaaric
modes.

In addition to scaling the word size, input, limiting,
and overflow protection are important in digital
computers to provide satisfactory resolution and
sensitivity.

If digital computation wiUbe used for flight control
computation, overflow, memory protection, sam-
ple rates, and computation rates should also be ad- -
dressed. The blank following the second sentence
of the 3.2.4.3 requirement is provided for that pur-
pose. For digital computers the computation rates
and sample rates shall be established at a level
which ensures that rhe digital computation process
will not introduce unacceptable phase shift, nonlin-
ear characteristics, and frequency fold over or
aliasing into the system response. Memory protec-
tion features shaU be provided to avoid inadvenent
alteration or loss of memory contents. Memory
protection shall be such that neither electrical pow- ●
er source transienu nor EMI shall cause loss of
program memory, memory scramble, erroneous
commands, or loss of abWy for continued opera-
tion. Any condition capable of producing an over-
flow in an essential or flight phase essential fttnc-
tion shall be precluded by overflow detection and
data recovery andlor continuous safe operation fol-
lowing an overflow.

AU possible hazardous failure conditions for the
ffight control computers need to be identified dur-
ing t3re Preliminary Hazard Analysis and fail-safe
provisions identified. In flight monitoring BfT tech-
niques are dtscussed under 3.1.3.9 and 3.1.3.9.4.
Other fail-safe provisions such as output fimiting or
averaging may be considered.

Suppon and maintenance provisions for the flight
control software, in the form of sohware support
packages are normally part of the responsibility of
the logistics personnel and requiremems for a par-
ticular acquisition should coordinate wih the logis-
ticians. ●

Downloaded from http://www.everyspec.com



AFGS-87242A
APPENDIX

REQUIREMEhT LESSONS LEARNED

o Occasionally reading of computer lnputsfoutfnm
ia neceaaasy to achieve the desired performance.
This need may be discovered during piloted simula-
tion or Ilight teas of the full-scale development air
vehicle.

Electronic (digital) use in flight controls has led to
more integration with crew ayacems, propulsion.
avionics, and flight equipment. Such integration
increases complestit y and requires a very rigorous
approach to the physical and procedural isstegra-
tion techniques. Thii cakes t3seaohware and evalu-
ates it to she level of night safety. Thus, sohware
requises a very rigorous approach and thorough
testing fmm the unit level on up. Since use of digi-
tal lends iraclf to change, usually many changes in
control fasva and special features ensue. Every
change necessitates complete testing and evalua-
tion. Shortcuts should not be allowed. Thus, the
growdr of the system, troth physical and timing
(throughout), needs to be allocated accordingly.
Historically, flight syacems grow about 50% from a
baseline system. In she beginning of a program. ato leaar 75% growth should be allocated. Twenty-
five to 35% will be used in development to arrive at
a baseline. Flight concrol hissory doesn’t explicitly
ahow due to eliminating functions, simplifying
equations, etc., which is a loss in perfomrance. To
get what is really needed, without compromises,
75~ois a gocd due for the beginning, with 3S-50%
left for production changes.

4.2.4.3 Electrical signal computation. Groswh
capability shall be verified

shall be used to verify the
adeqrsacy of signal acding. Proper operation of
computation channel disengagement. if applicable.
and other fail-safe provisions shall be verified by _

VERIFfCATfON RATfONALE (4.2.4.3)

Adequate scafing word tize, overflow protecslon,
input tinsfting, sampling notes, computation rates,
and the proper idencificmion and handling of (ail-
ures mun be verified because of the flight safely
considerations. Groti capability impacts the
‘Iongetity’ of the computer as an element of the
FCS and muss be verified.o

VERIFICATION GUIDANCE

Growth capability should be verified at the FCA by
inspection of drawin~ and analysis reporrs

Iron bird teats, piloted simulations, and ffight ceata
can be used to verify proper scaling. CompuIer
characseriscics such as overflow protection, input
limiting, etc., proper fault isolation and isnplemen-
cation of failsafe provisions should be verified by
analysis and the aforementioned teass. llreae can
be perfomaed as pan of the invulnerability and fail-
ure irrmsunity verification.

VERIFICATfON LESSONS LEARNED

Incomplete testing and documentation of the hard-
ware and sofrware has led IOunsupportable aircrah
for the Ah Force. Without “complete” d-ers-
tation, the making of changes and evaluating she
testing is risky. Where safety of Ilglst is concerned,
a minimum of compromises and risk are required.
Thus, the documentation needs to be complete.
Testing, as well, needs to be complete. The
change, icaimpacr to she pascicular frmcsion, as well
as interfacing functions (lmch hardware and saft-
ware) need to be clearly underamcd. Tear cases
should cover all possible normal inpuia, out of
range inpusa. abnormal values, and transients bosh
singular and mufciple. h’o odrer system has as
much a cataasrophic effect in regards to latent fail-
ures as flight controls. Every ●ffort should be made
to test at the lowest level. Aher an accident. it is
hard to find Use ones or zeros or tmnsients that
caused it. Therefore. tearing exhaustively is neces-
aary. HiSSOrYhas shown hat hardware and aoh-
ware design errors exist. Fomsnately, the ~eater
percentage have been benign. But, even one chat
causes loss of your airc.raft will have paid for cfse
exrra testing involved. Susgestcd testing methods
are a complete set of tear cases. an independent
peer review, and meak circuitisohuare analyses co
uncover t3se latent faifures.

3.2.5 Control power. Sufficient electrical, hy- .
draulic, and pneumatic ~wcr caPaci:Y ahan bS
protided In all Ilight phases and with afl corre-
sponding engine speed secsings stch chat she prob-
abilityof losing the capability to maintain a! least
FCS Operational State 111 airplane psrforsnance
shall not be greater than
Essential and ffight phase essential flight controls
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shall be given priority over noncritical controls and
ocher actuated hmctions during simultaneous de-
mand operation.

REQUIREMENT RAT30NALE (3.2.5)

The trend toward neutral or negative aerodynamic
stability has increased the reliance on artificial sta-
bilization itt high performance aircraft. This makes
sufficient control power capacity and priority es-
sential to safe flight. This paragraph requires chat
the appropriate preliminary design analysis is done
to ensure proper power system sizing and priority
provi.siona of essential Slight controls.

REQUIREMENT GUIDANCE

Operational State 111is defined in MIL-F-9490 as
cttinimum safe operation and therefore should be
tied to the probability of aircraft loss due to FCS
failure. This requires that cumulative failure prob-
abilities of FCS and components and the cumula-
tive exceedance probability of turbulence be con-
sidered. The probability of aircraft loss due to
flight control failures is sometimes referred to as
extremely remote.

REQUIREMENT LESSONS LEARNED

The trend toward neutral or negative aerodynamic
stability, with increased reliance on atificial stabili-
zation in high performance aircraft, increases sur-
face actuation rate demands. This in tum in-
creases the size, weight, and cost of the power sys-
tems. Therefore, it is very important that a careful
analysis of requirements be made as early as possi-
ble in the aircraft development phase since these
requirements impact she procurement of many
long lead items atcch as hydraulic pumps, control
vslves, reservoirs, tubing, and the prime movers,
such as engine power takeoffs and APUs.

In many cases, the power requirements can only be
optimized by determining control rate require-
ments on a realistic flight simulator” clown” by typi-
cal service pilots. The simulation should include
turbulence intensity levels, as specified bt 3.1.3.7
of MIL-F-9490D. To determine control surface
rates and power requirements under system panial
failure conditions, reduced turbulence intensities
(such that the combined probability of turbulence
and of each selected failure condition equal the

maximum allowable failure rate for the specified
flight-safety reliability requirement) should be
used. @

Wkh the use of fully powered flight control systems
powered by hydraulic or electric systems chat also
mPPIY Ocher loads, care must be taken to ensure
that power demands of those ocher functions do
not deprive essential flight control actuation sccbsya-
tems of sufficient power to perform their functions.
In many cases, the power demands for landing gear
retraction and extertaion are greater than required
for flight control; and, during landing gear opera-
tion by hydraulic ayatens.swhich also supply utility
hmctiona (such as where the dedicated hydraulic
system has failed), provisions must be made to pre-
vent disruption of flow to the essential flight con-
trols.

4.2. S Control power. Sufficient control power
shall be verified by

VERIF1CATION RATIONALE (4 .2.5)

Adequate control power is required for safety of
flight:

VERIFICATION GUIDANCE

Analysis and simulation is the obvious means of
verification, but testing may be feasible and appro-
priate for some aspects of control power and prior-
ity. As with other FCS requiremema, verification
by test using the iron bird, hybrid simulation, or
DT&E aircraft should be done when possible.

VERIFICATfON LESSONS LEARNED

3.2. S. 1 Hydraulic power subsystems. AU hy-
draulic power generation and distribution systems
normally used for ilight control shall be designed in
accordance with

The FCS shall operate in accordance with this
specification when applied with sttch power. a
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Requirement RAT20NALE (3.2.5.1)

Hydraufica is the moss frequently used source of
power for essential and flight phase ●ssential FCS
funcciona. Adequate hydraulic power syacem re-
quirements are necessary for ffight safety.

REQUIREMEAT GUIDANCE

l%is is an interface area wish she hydraulic ayssems
engineering cfiscipfine. Coordination Is au~esced.
Hydraufic power and distribution systems should
be designed in accordance with MIL-H-S440 and
MIL-H-8B91 or aimifar indusuy standards as
applicable. AFSC DH 1-6, Secsion 3F, may be
helpfuf in requirement selection.

Hydraufic fmwer aubsyasem engineering is an errgb
neering area separate from FCS engineering. how-
ever, FCS engineering requirements may be the
moss demandmg and most csfcical requirement
which inffuence she hydraufic power subsystem de-
sign. llse fmerfacin8 of these two areas. therefore.
becomes of great imponance and close coopera-
tion between the two design engineers is critical.
H.draufic power and diauibucion syssems should
r., designed in accordance with MIL-H-87227 or
aunifar indussry acandards as applicable. AFSC
DH-I-6, Secsion 3F, may be helpful in require-
ment aelecrion. The blank should be filled such as
follows: ‘protide compatible redundancy for che
FCS msch chat loss of any one hydraulic system
shaff not result in the 10ssof any concro! effecter or
inabilhy to maim.ain operational Stme 111. Fur-
ther. hydraulic faifures shall not go below Opera-
tional State V for at Ieaac two minutes. Hydraulic
pressure shall meet che acatic and dynamic flight
ccmcrol aciffness parameters

REQUIREMEhV LESSONS LEARNED

Hydraufic power for use wish fully-powered easen-
rial and flight phase essential MFCS, is specified on
the basis of proven perfonrsance and abWtYto pro-
vide high force outpuca wfth minimum weight. Uaa
of elecrricaf-mecharcIcal accuacion or pneumatic
power W require juasificacion and apaciflc approv-
al by she procurin g acth’fty. Development work di-
recsed toward use of fiquid meral as hydrattfic fluid
is descrfid in AFFDL-TR-70-121 and may be
funher pursued in she future.

Requirements armed herein which may determine
hydsauUc capacity include: MFCS and AFCS per-
formance (3. 1.1 and 3. 1.2), failure immunity and
safety (3. 1.3.4), and operation in usrbufencc
(3.1.3.7).

Redundancy fs specified by 3.1.3.1 of MIL-
F-9490 at tie sy~em level. However, it MUSSbe
recognitid cfcat hydraufic system faifures can be a
major cause of flight conrrol syasem failure, and she
MIL-H-S440 requirement to keep at least one aya-
tem free of any noncritical system furccsion has
been in effecc for many years. There are many afr-
craft. however, which require rwo or more power
sources for acruation of utility or noncritical flight
comml functions. 1ss me pass, these have ohen
been actuated by an alternate power means, such
as a nored-gas-high-pressure pneumatic syasem
for emergency fanding gear extension, or an elec-
tric motor for emergency flap extensian. However,
as cwch loads become higher, such as due to in-
creased aircsaft afze or speed. there is more incen-
tive to operate hydraulically. Therefore, if it is
clearly shown chat ai@icant penalties cam be
avoided by utilizing the ‘dedicated- hydraufic sys-
tem as an alternate source of power for she utifit y or
noncshical flight concrol function, she procuring
activity may ememin a request for deviation to she
MIL-H-S440 requirement if a refiable iaofation
shutoff valve can be provided.

Lessons Ieamed are reflecced in the requirement
found in MIL-H-5440 and MIL-H-8SQI, rfse ma-
terial in AFFDL-TR-76- 1f 6 and ocher such his-
torical documenra. T%e fundamental, or essemial
pan of shese lessons is that hydraulic power is a
safety critical input to che flight conml system in
che modem mificaq aircrafc. Such status pfaces
scricc and overriding requirements on she design
and inscrdlacion of chat subsystem and on ics redun-
dancy, faUure modes. refiabfily, ma~=~biity.
vulnerabfily, etc. lle problems associated with
the FCS hydraulic power subsystem have been nu-
merous in cfre pan and the current wends to use
higher operating pressures and more complex
fluids has added to this condition. lle FCS engi- .
neering specialist should place great emphasis in
CM area and usilize she hydraulic aubsyacem engi-
neering apeciafii to the maximum e.ment possible
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to provide the best possible design and a thoroughly
teated subsystem for the FCS.

4.2.5.1 Hydraulic power subsystems. Hydraulic
power subsystem requirements shall be verified by

VERIFICATION RATIONALE (4.2.5. 1)

If hydraulic power is required for the operation of
esssntial snd flight phase essential FCS compo-
nents, then the adequacy of the subsystems must be
verified because of safety of flight implications.

VERIF1CATION GUIDANCE

This requirement paragraph abould be verified by
test. Coordination with the hydraulics engineering
discipline is strongly suggested.

VERIFICATION LESSONS LEARNED

3.2.5.2 Electrical power attbsystems. Electrical
power generation and distribution subsystems
should comply with requirements of this specifica-
tion and the following:
For fly-by-wire air vehicles, electrical systems
which provide power to essential or flight phase es-
sential controls shall be designed to ensure uninter.
ruptible, isolated, redundant power of adequate
quality to meet FCS requirements after any real.
function not considered extremely remote.

REQUIREMENT RATIONALE (3.2.5.2)

Automatic flight conw”ol components and elements
of the stability augmentation subsyatenrs require ac.
ceptsble, uninterrupted electrical power for essen-
tial and ffigfu phase essential FCS functions.

REQUIREMENT GUIDANCE

This is sn interface area between the FCS and elec-
trical power system engineering disciplines. Coor-
dination is suggested to ensure that the electrical
systems which provide power to essential or flight
phase essential controls, should ensure uninter-

ruptible, isolated, redundant power of adequate
quality to meet FCS requirements after any mal-
function not considered extremely remote. Such e
electrical systems should, except for basic power
source, be independent of failure modes associated
with any other electrical system. Essential and flight
phase essential FCS should be automatically pro-
vided alternate sources of power where interrup-
tion could resuft br operation below FCS Opera-
tional State lfI. A protected alternate source of
power should be provided for all essential or ffigbt
phase essential control signal transmission paths
sufficient to continuously maintain at least FCS Op. -
erational State 111performance i“ the event of ]OSS
of all electrical power suppfied from engine-driven
generators. Control systems employing both ac and .
dc power inputs should normally have interlocks
incorporated to disconnect both power inputs
should either type of power be lost. However, if
the loss of either power source can be shown to be
equivalent to loss of both or FCS Operational State
Ill or better is maintained with either power
source, interlocks may not be required, Further
guidance can be obtained from the following docu-
ments:

a. MIL-F-9490

b. AFSC Design Handbooks

(1)

(2)

(3)

(4)

DH 1-4: Electromagnetic Compati-
bility

DH 1-6: System Safety

DH 2-1: Airframe

DH 2-2: Crew Stations and Passenger
Accommodations

c. MIL-D-6051, MfL-STD-461: Electro-
magnetic interference fimits

REQUIREMENT LESSONS LEARNED

Electrically powered controls which can be consid-
ered eSSential to safe flight include AFCS automat.
ic landing conwofs, censin command augnsents-
tion and stability augmentation systems, and all
electrical flight control (fly-by-tire) systems. In
order to meet flight-ssfety requirements, these sys-
tems are redundant so that the critical control func-
tion will be maintained even when failures occur. a
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The electrical power sources in the FCS and from
dce aircraft muss be equally dependable and redun-
dant.

‘f?se requfrensem for redundancy has the greatest
impast on she design of generating system configrs-
ratfons. A afngfe fault on any pan of a paralleled
muftfchamel generating system till result in 10ssof
power to afl air vehicle systems until the fault is
cleared. Durfsrg cersain esmeme cases. this could
take up to 3 or 4 seconds and could occur during a
critical period such as the final momenra of an au-
rmnar.fc Landing. Electrical isolation of the generat-
ing systems would prevent a aingfe farsh from affect-
ing more than one channel of flight-critical equip-
ment.

The degree of isolation and the number of isolated
chamefs rhat may be required will be dependent
on the specific requirements for rhe air vehicle in
qrsenion. In general, an independent source of
electrical power will be required for each redun.
dam charnel of essential or flight phase essential
conrrol systems.

Isolated Versus Parallel
Gpcrmion of Generators

Parallel operation of multichannel (drree or more)
generating sysrems may offer considerable per-
formance and economic advantages over a system
composed of isolated channels. However, parallel
operation includes rhe possibility of a singfe fauh
causing rrips of more than one channel or an over-
load momemarily affecting and degrading power to
all airplane loads. Afso, the load division circuiuy
required for parallel opermfon adds complexity to
the generating system and increases the chances for
malfunctions which could cause the temporary loss
of one or more generating channefa.

Eaaensial and fUght phase essential control synems
are provided in varying degrees of redundancy,
and his fnsposes the requirement shat power
sources 10 these systems be equally refiable. A par-
aUel system, if composed of three or four generat-
ing channels, till bs a highly reffable source, but it
is vulnerable to several sisrgfe faifure modes (failure
of cur-rem tram former ahonfng contacsa, excitation
loss, open current transformer loop. main bus or
load circuit faults, synch bus faults), which can

transiensfy interrupt or seriously degrade the quati-
ty of ~wer on all main busses simultaneously. Ab-
normal power quality w“Ube supplied to all loads
for a rime ranging from 0.020 to 3.0 seconds. This
time Is dependent on dse specific type of failuse
and the defays associated with the protective cfr-
cuiuy. It should be rimed, however, shat airnulta-
neous failures w+flbe norma[ly of very shorr dcsra-
tfon and will be automatically cleared from all bm
she faulted bus. In rksermfikely event dsat multiple
failures result in an friability of the system to auto-
matically clear a fault, proper crew action can re-
nore power to the unfaulted busses. pax esqrerf -
ence shows that nuisance trips can occur which
SrMYresult in overloading of dse remaining chars.
nels and a brief ‘all Pow<erlost” situation.

The required reliability of power sources may be
provided mosr simply by isolating four generating
channels svkfr no imerconnecring ties between
busses. This isolation ensures that a fault on one
channel cannot affect the others. Hou.ever, isofa-
ticm also means that system overload capabilities
are decreased from hose of a parallel system of
equal rating and isolation may impose weight penal-
ties on the air vehicle design if sufficient generadng
system capaciiy with pro%lons for future grow-h
and overload capability is to be obtained. The de-
gree to which power sources musi be isolated k pe-
culiar to each design and application.

Redundant Power Sources

The concept of isolation, as mentioned in the pars- .
graph above. provides redundancy equal to dce
number of generating channels. The redundancy
of power sources, however. is exptcted to be equal
m the number of redundant charnels of ffighl-crit-
ical equipment. Autoland systems arc being pro-
posed in triple redundant. fail-operative versions.
ff this system was insralkd in a two-engine air ve-
hicle (two iaofmed generating channels), a third
power source should be provided. A bassery-in-
verter standby sysrem may be considered as a re- “
dundam source, but its capacity severely fisnita the
loads which can be operated from it. A rfsird iso-
lated generating channel, operatig continuously.
would be required to satisfy rhe redundancy defini-
tion. and its capacity must be adequate for one set
of load equipment. Monopropellant ●mergency
power turbine generatom are now being inssafled in
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several fighter aircraft for an independent backup
power source.

A combination of parallel and isolated operation
can also be considered (for example, a four chan-
nel system operating with channels one and two
paralleled and channels three and four paralleled,
but one and two are isolated from three and four).
These four channels are essentially two isolated
sources, and if more redundancy is required, addi-
tional isolated sources would be required.

Power Limiting Devices

As mentioned above, the de~ee of isolation of iso-
lated generating system channels can be compro-
mised by a swhchable bus. A transfer bus (to which
essential loads are connected) is generally arranged
ao that loss of power to it would cause it to be trans-
ferred to the alternate source of ,power. This
switching capability may well compromise the in-
tegrity of both of these power sources in that a fault
in the critical load equipment (or on its bus) could
be applied to one bus and then the other aher
switching. For this reason, a transfer bus schem,e
should not be considered for an air vehicle wilh
essential electrical control systems, unless a device
is included in series with the transfer bus that elimi-
nates the possibility of a singfe fault causing unac-
ceptable disturbances to more than one power
source.

The development of a practical and reliable power
(or current) limiting device for this purpose would
simplify power system design for critical loads.
Some of the basic requirements of a power limited
device are as follows:

a. Sized to coordinate with the largest thermal
circuit breaker connected to the priority bus.

b. Sized to carry the maximum startup load
connected.

c. Capable of dissipating the electrical losses
incurred during maximum load and faulted opera-
tion.

d. Self-cooling--no cooling air would be
supplied.

e.
der.

Reliability must be of exceptionally high or-

0
f. Failures must be passive, i.e., mus< not fault

the main bus due to component failure of the de-
vice.

& Waveform deterioration during fimiting
mode must not be severe enough to cause damage
to any of the connected loads.

4.2.5.2 Electric power subsystems. Require-
ments for electrical power subsystems shall be veri-
fied by

VERIFICATION RATIONALE (4.2.5.2)

Adequate, unintermpted electrical power to essen-
tial and flight phase essential flight control compo-
nents is required for safe flight,

VERfFICATfON GUfDANCE

The means of verification should be coordinated
with the electrical power engineering discipline.
Verification by test is desired when feasible, but
other means, such as analysis, demonstration, or
inspection, may be adequate.

a
VERfFICATION LESSONS LEARNED

3.2. S.3 Pneumatic power subsystems. Pneu-
matic power using ram-air, engine bleed air, stored
gas, mechanically compressed air, or generated gas
may be used for noncritical flight control functions.
Pneumatic power systems shall conform to

REQUIREMENT RATIONALE (3.2,5.3)

Pneumatic power is occasionally used for noncriti-
cal flight control functions. Thk paragraph pro-
tides the requirements for the proper design, in-
stallation, and performance of these systems.

REQUIREMENT GUIDANCE

Guidance for the development of requirements for
pneumatic systems can be obtained from the fol.
lowing documents or similar industry standards: @
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‘o a. MIL-P-5518: High pressure pneumatic
ayacems.

b. AFSC DH 1-6: System safety. Section 3G;
pressurization and pneumatic Systems.

c.. MIL-E-38453: Engine bleed air systems.

REQUfREMEhT LESSONS LEAfLNED

This requirement was expanded to include ram-air
and engine bleed air sources in recognition that
Iow-pressure pneumatic aources are readily avail-
able on jet aircrah and have been and will continue
to be ccm.ddered and used for powesing noncritical
Ilight concrol funccions. h’either high-pressure nor
low-pressure pneumatic sources appear feasible
for pmvsring essential or flight phase easentlal func-
siocss,ocher than hydraulic pumps and elecccic gen-
erators, at this rime.

Thii requirement fs not meant m apply to boundary
fayer control as may be used for shon field takeoff
and Lsnding applications.

o 4.2.S.3 Pneumatic power subsystems. Verifica-
tion of pneumatic power systems requirements
shall be accomplished by

VERfFICATION RATfONALE (4.2.5.3)

Verification of adequate pneumatic power is re-
quired to ensure adequate flislst control perfosrn-
ante.

VERIFICATfON GUIDANCE

Verification ahoufd be by analysis or leas where fea-
sible.

VERfFlCAT30N LESSONS LEARNED

components and subsystems shall be in accordance
with

REQUIREMENT 3L4TIONALE (3.2.6)

This paragraph establishes Osesystem level require-
ments for FCS actuation systems and ~cifies load
capabificies of elements subjected to pilot loads and
elemenca driven by power acnsatom.

Requirement GUIDANCE

This is an area of interface bstween FCS engineer-
ing and the structures discipline. Coordination is
required for proper definition of hit and uhicrsate
loads as specified by shat discipfhse. Further guid-
ance may be obtained from MIL-F-9490 and
MfL-A-886S.

REQUIREMENT LESSONS LEARNED

4.1.6 Actuation. Verification of FCS actuarion
componems and subsystems shall be accomplished
by

VERIFICATfON RATfONALE (4.2.6)

Vecfficacion of actuation requirements is neceaamy
to ensure aatisfacto~ performance of these FCS
compcmenca and accbsyscems.

VERIFICATION GUIDANCE

fnspeccion and demonstration may be aacisfaccoq’
for system level requirements. Load capabtity is
usually verified by test. individual actuation com-
ponema and subsystems requirements are verified
by she appropriate test and analysis.

VERfFICATfON LESSOXS LEAIWED

3.2.6 Actuation. The design, fcsscallafion, and

o

performance of flight concsol actuation compo-
nents, subsystems, and interfaces shall comply with 3.2.6.1 Mechanical force transmitting actua.-
chii specification. Load capability of actuation tbs. Mechanical force transmitting devices shaU
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be designed in accordance with the following re-
quirements

REQUIREMENT RATIONALE (3.2.6. 1)

This paragraph provides the requirements for force
transmisdng devices other than control cables and
push-pull rods, which are covered elsewhere.
Power-screws are utilized in the actuation of many
low duty-cycle flight control surfaces such as wing
flaps and ttimmable stabilizers

REQUIREMENT GUIDANCE

Requirements for mechanical force transmitting
devices should not include control cable actuation
or push-pull rod acmation as chesc FCS compo-
nents are covered elsewhere. MIL-F-9490 or oth-
er applicable industry specifications and standards
may be used as a guide for these requirements.

REQUIREMENT LESSONS LEARiiED

Force transmitting powerscrews have been used for
a long time for non-critical flight control applica-
ticms(e.g., landing gear actuation on B-17, B-29,
B-50, and B-47 airplanes, and flaps and stabilizer
Uimcm B-52, KC-135, andmany commercial air-
liners), but as yet not for actuation of essential
control surfaces. The requirement that specific
aPPrOval must be obtained before using pcwer-
acrews for high-duty-cycle applications is not in-
tended to prohibit their use, but rather, to ensure
that the contractor has fully investigated their capa-
bility to perform reliably under required conditions
and can present substantiating evidence for ap-
proval before committing the design. Trim actua-
tors including those commanded by AFCS, are
usually considered in the low-duty-cycle category.
A nonjamming stop is one which does not prevent
actuation of the nut by the normal means.

One detail point to note here is that highly loaded
threaded poweracrews develop considerable fric-
tion, and she design and lubrication provisions
must be thoroughly evaluated by analysis and
mpplemented by rigOrous testing under realistic
operating ccmditions. Lubrication provisions must
be adequate for controlling efficiency, wear, and
heating to acceptable values.

A prime example is the F-ill Acme threaded
powerscrew used for variable wingaweep actuation.

An extensive trial and error development program,
in which a great number of material combinations e
were evaluated, was required to produce the grea-
se-lubricated teflon and fiberglass cloth lined screw
nut design which eventually met the design require-
ments.

Balk.crews Refi Product Engineering5 Feb 1962,
Saginaw. Twolimiting factors when all balls are to
be load carriers:

a. The number of balls in any single circuit
should be less than 125.

b. Maximum circuit length should be less than
3-1/2 turns,

The load carrying capacity of ball screws closely
parallels that of conventional ball beatings,

Manufacturing limits are about 3116 inch minimum
and 8 inches maximum diameter of all circle pitch
diameter.

Leads of about 0.125 time Ditch diameter are about
minimum--no maximum top limit, 9
Failure mode is almost always broken balls.

Impact loading of balls determines life. Impacts
are she number of balls chat pass one point on the
nut in one revolution of the screw. It’s best to keep
the number of impacts to between 5 and 13.6 per
revolution.

4.2.6.1 Mechanical force transmitting actua-
tion. Verification of requirements for mechanical
force transmission shall be by

VERIFfCATION RATIONALE (4.2.6.1)

This verification provides for the forma] doc”men.
tmion of the design and performance of mechani.
cal force transmission devices.

VERfFICATfON GUIDANCE

As in other FCS areas, these components should
be included in the full scale FCS function mockup
and testing. Where testing is not deemed necessaV
or cost effective, analysis or inspection maybe ade-
quate verification. a
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o VERfFICATfON LESSONS LEAIUWED

0

3.2.6.2 Mecha.nlcal torque transmitting acuca-
tlon. Mechanical torque cransnsfuing devices shall
bs da”gned iss accordance with the follow”ng re-
qufremencs Backlash
accumulation shall no: prevent tie syacem kom
perforss@ ica required funccion cfsrougfrout the
aecvice life of she aisplane.

REQUIREMEAT RATfONALE (3.2.6.2)

Torque ssansns~lon devices are ofsen used in FCS
appficafiofss. ‘f%is paragraph provides for reqlIire-
mems governing che design, inacallation, and per-
formance of rhese devices.

REQUIREMENT GUIDANCE

Torque Wmsmis&on devices include such thkrgs aso torque cubes, torque limiters. universal joinss. dip
joima, gear trains, flexible shahs, and helical
apfines. llsese devices have not. historically. been
used for ●asensial and flight phase essential applica-
tions without specific approval. MIL-F-9490 in-
cludes requirements for devices of this type and
msY protide Some general guidance. For specific
requiremema che foUowing documents. CITindustv
equivalence, should be used:

a. MIL-J-6193 or MIL-U-3963 should be
used along wish AFSC DH 1-2.

b. MIL-G-6641 should be used for che design
of gearbuxes.

Requirement LESSONS LEARNED

AU torque Nbes should be mounted on amifriccion
bearings wiIJs aupponed couplers (jackshafsa
mounted to acrucsure on ancifricsfon bearings)
spaced al close ●nough intervals and witi sufficient
cssiaalignmem capabtity (withhs the couplers) to
prevent undesirable bending or whipping of the
tubes. In addition, the prevention of spark genera-
tion in fuel system areas should be given careful
consideration in tie detail design.

A minimum of pans, joinra, and related compo-
nenca should be used to accomplish che required
purpose; however, i~ must be possible to remove
che torque tuba sections from ifse air vehicle and
replace cfsem readily.

Helical spfhses (also knows as Yankee screw driv-
en) are getting more and more attention as she
needs to design mechanisms which can cranacssh
high torque (or ssanafate linear force to torque) in
thin airfoil secsions increase. When used. fubri=-
cion provisions must bs adequate for concrol~mg ef-
ficiency, wear. and heating to acceptable vahscs. If
the design is dependent on inherent friction to
maintain frrevemibility, this characteristic muss bs
adequate under all expected operating conditions
including the full range of loads, temperatures. and
environmemsl vibration over the full service life of
che unit, bmh aceady loads and revem”ng or wsrf-
able magnitude loads which may be encountered
due to control swface loads, buffeting, or buzz.

Rmsry mechanical acsuatora (often referred to as
power hfnges) with torque limiters and no-back
brakes have been used in some relatively recent
application (e.g., wing UP fold actuation on she
RS-70. weapon bay door actuation on the F-111,
and leading edge flap actuation on she Boeing 747)
bul, prior to their selection for actuation of she B-1
rudder, have not been used for actuation of a pri-
mary conuol surface.

As an alternate to a no-back brake. a mechanically
irreversible actuator may be used providing i[ can
react rated ssatic limit load applied m the mcqnct
coupling with she input coupling disconnected,
without being back-driven while being subject co
any vibration condition withh cfse required viira-
cion envelope or afsecsrum. Where torque Iimitecs
are used, it is desirable that they release upon re-
moval of the downstream jamming load wihut a
requiremem for change in the upstream torque vsl-
ue or dkection.

No-back brakes. or Sprague clutches, are ma suit-
able for tsansmisting large power loads or holding
heavy loads. When installed in a fsrge crsnsporl
aircrah for the piLch trim actuator, they were rough
in operation, chattered, and failed to hold che
overriding loads. These unisa depend on mainLain-
~g Preci* friction values and wedging angles, and
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are sensitive to surface finish, environmental con.
ditions, method of operation, etc.

4.2.6.2 Mechanical torque transmitting actua-
tion. Verification of mechanical torque transmis-
sion requirements shaU by accomplished by_

VERfFICATfON RATfONALE (4.2.6.2)

Performance, installation, and design requirements
need to be verified and formally documented for
aU FCS actuation devices. These elements, while
not necessarily flight phaae essential, do affect the
air vehicle flying qualities and performance.

VER1FICATION GUIDANCE

As in other flight control actuation elements, verifi-
cation should be by tesr where feasible. If other
means are used, such as inspection or analysis, for-
mal documentation should still be required,

VERIF1CATION LESSONS LEARNED

3.2.6.3 Hydraulic actuation. Hydraulic actua-
tion subsystems and components shall be designed
in accordance with the following requirements: _

If hydraulic bypass provisions are
necessary to prevent fluid lock. excessive friction
load or damping, fn actuation systems
designed for manual control following hydraulic
failure, provisions shall be made to

REQUIREMENT RATIONALE (3.2.6.3)

This requirement establishes the guidelines for the
design of hydromechanical FCS actuation devices.
These devices are critical to fUght control per fomt-
ance and flight safety.

REQUIREMENT GUIDANCE

Requirements for hydraufic accuation subsystems
and components may be exrracted from Military
specifications, Design Handbooks, Aerospace Rec-
ommended Practice (ARP) documents, and other

applicable industry specifications and ,mandards.
ARP 1281 provides a good source of general speci-
fication requirements and is in the Military format. a

AFFDL-TR-74-116 contains guidance for the in-
stallation, invulnerability, reliability and maintain-
ability of FCS subsystems and components and
.shOuld be used for coordination with these other
disciplines at the system level.

Hydraulic actuation components are classified by
ckte following fluid temperature ranges:

Type I -650F to +1600F
T~e fI -650F to +2750F
TWe Ifl -650F to +3900F

Type I and T~e 11components should be designed
in accordance with MIL-H-S775. Type 111com-
ponents should be designed in accordance with
MIL-H-8890.

Other specific component requirements should be
apphed as follows:

a. MIL-V-27162 and ARP 988 should be
applied for eleccro-hydraulic servo valves with me-
chanical position feedback.

a
b. MI L-A-5 503 should be auDlied for actuat-. .

ing cylinders without control valves and feedback
provisions (ie., flap actuators, speed brake actua-
tors).

c. MI L-M-7997 should be used to define re-
quirements for hydraulic motors.

For guidance on t~es of hydraulic actuation de-
vices rhat may be used for critical flight control
functions, AFFDL-TR-74-116 should be used.

Where bypass provisions are necessary, automatic
bypass and reset shall be provided as a function of
system pressure (Ref. AFFDL-TR-74-116)

In boosted systems, where manual reversion capa-
bility is provided, there should be provision for
rraining and checkout.

REQUIREMENT LESSONS LEARNED

Lessons Learned in this area are reflected in the
requirements of MIL-F-9490. AFFDL-
TR-71-78, AFFDL-TR-74-1 16, ARP 1281 and
other industry specifications and standards. ●
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Rip atop desigrr has been shown to be most effective
in preventing propagation of fatigue cracks from ar-
●as where more than one hydraufic system input is
located. Usa of beefed up walk has shown to be
fneffea”ve to meet a high Iifr requirement of 8.000
hours. Many variables, aircrafa vibration, thermal.
equipment vfbracion, and hydraufk hammering im-
pact she fatigue life of accuatom. Any change in
scrucnsre, mounting, hydrauiic pans, m flight con-
trol fawa usuaUy do not get evaluated concerning
the effeca on actuators. Recent failures on a rela-
tively new system. wfsh an average of 1,S00 to
2,500 hours, have shows beefed up walk ineffec-
tive in she hydraulic power drive units. Cracks
have propagated and been very close to causing
loss of all hydraulics. Wp stop ideally is mated,
bolted pans. Some compromise, such as hollowed
out areas in between hydraulic sections. maybe ac-
ceptable, but teming for as many varied parameters
as possible needs to be accomplished to demon-
aarate the fife.

4.2.6.3 Hydraulic actuation. Hydraulic actua-
tion component requiremems shall be verified by -

VERIFICATION RATIONALE (4.2.6.3)

Hydraulic actuation devices are used in flight con-
trol functions critical {o fi@rt safety and air vehicle
performance. llre requirements icr this paragraph
provide a means for control of some of the hazards
associated wish installed hydro-mechanical FCS
elements. The verification process protides the
means for documenting she extent to which she
har.ards can be minimized or precluded.

VfHUFICATfON GUIDANCE

Verification of these requirements should be done
through ground tming where feasible. Generally.
some son of mock-up or ‘iron bird- is required as
pan of cfre Fufl Scale Development of these sys-
tems. Because of the cricicafity of these FCS ele-
ments. it is best to work out the “buss” on she
grmmd rasher than icr flight tesa m operation. ARP
1281 may protide some useful guidance in ●stab-
fisfting the procedures and criteria to be used in
conducting shia verification.

VERfFICATION LESSONS LEARfiED

Experience has shown that impulse pressure cycl-
ing tesca will reveal weak areas in servo valve bodes
and main cyiiider design configurations. Impuiae
testing for 3000 paf units should corasisa of cyciissg
pressure fmm 1000 to 4S00 psi for 2,000,000
cycles.

For dual system tandem acmator designs. it maY IX
advisable to (CS the system to ulricnate loads with
one hydraufic syssem depressur’iced. l%ere haw
been cases of acnsator ‘blow-by- under -g- condi-
tions wish a failed hydraulic system.

3.2.6.4 Electromechanical actuation. Electro-
mechanical actuation subsystems and components
shall be designed in accordance with she foiiowing
requiremensa:

REQUIREMENT RATIONALE (3.2.6.4)

Trade studies are currently being cmsducced imo
the feasibility of an all elecsric air veh!cle. This
paragraph provides for she requirements for elec-
tromechanical actuation devices.

REQUIREMEhT GUIDANCE

Eleccric power may be used to actuate relatively
Iotv-duty cycle, noncritical FCS functions. such as
trim, but specific approwal from sise pmcurfng ac-
tivity should be obtained before use in essential and
flight phase easemial applications. Electromechan-
ical actuation components should be designed in
accordance wiLh M fL-E-7080 or similar specific
component specifications.

REQUIREMENT LESSONS LEARNED

Trade asudies into the feasibility of ●feccromechani-
cal acsuation for primary fiighl comrol functiorrs
have shown chat tire technology exists to produce
actuasion systems with adequate performance
(rate, force output, and band~dh). prOblems ~
exisr in she areas of power dmipasion, EM1/EMP .
ausceptibifity, and package size for adequate force
capability. ?lsese issues muss be adequately re-
solved btfore electromechanical devices can be ap-
proved for primary FCS functions.

Control functions, such as trim, are nm necessarily
non-critical for a{{faiiure modes. Runaway trim.
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for example, may create force levels, at some flight
condkions, that make it difficult or impossible to
recover from sucha failure. These kinds of consid-
erations must be addressed intbe development of
requirements for these or any other FCS subsys-
tems and components.

4.2.6.4 Electromechanical actuation. Electro-
mechanical actuation subsystems and components
shall be verified by

VERIFfCAT1ON IL4T10NALE (4.2.6.4)

This paragraph provides for the formal documenta-
tion of electromechanical FCS performance verifi-
cation. Even though these devices arenotneces-
sarily flight safety critical, they are required for ac-
ceptable air vehicle performance and flying quali-
ties.

VERIFICATION GUIDANCE

Verification of these devices, like other FCSactua-
ticm devices, should be verified by test.

VERIFICATION LESSOhlS LEARNED

3.2.6.5 ‘Pneumatic actuaticm. Pneumatic act”a-
tion subsystems and components shall be designed
in accordance with the following requirements: _

REQUIREMENT RATIONALE (3.2,6.5)

pneumatic actuation derices have been used for’
the control of relatively low-duty-cycle. noncritical
flight control surfaces. This paragraph provides the
requirements for the desigcs of these devices.

REQUIREMENT GUIDANCE

Requirements for pneumatic actuation subsystems
and components should be drawn from MIL-
P-8564, MIL-D-7602, or similar industry specifi.
cations and standards.

Coordination with other system disciplines should
be pan of the requirement development process to
insure chat no conflicts are created. MIL-F-9490 ●
provides the guidance for FCS components.

REQUIREMENT LESSONS LEARNED

pneumatic FiCNFdOn devices have been used for
noncritical flight control functions; however, these
pneumatic devices are not considered suitable for
the actuation of essential and some flight phase es-
sential flight control surfaces. The A-37 aircraft
has a pneumatically actuated yaw damper, but the
system is torque limited and easily overridden by
pilot input.s.

The dynamic stiffness of pneumatic actuators is re-
duced by lower bulk modulus values associated
with the fluids used its these devices, Reduced dy-
namic stiffness has a destabilizing effect on the
FCS. Due to the compressible nature of the fluids
used, pneumatic systems do not provide the force
isolation, exhibited by hydraulic actuation systems,
resulting in motion feedback to pilot controls.
These characteristics have been found to be unde-
sirable in piloted air vehicles (M IL-F-9490 D). ●
4.2.6.5 Pneumatic actuation. Pneumatic actua-
tion subsystems and components requirements
shall be verified by

VERIFICATION RATIONALE (4.2.6.5)

This paragraph provides for the formal documenta-
tion of the performance and functional verification
of pneumatic actuation devices.

VERIF1CATION GUIDANCE

Verification of performance, stability, installation,
and failure immunity should be accomplished by
tests where feasible. These FCS components
should be included as part of a full scale functional
mockup or “iron bird” provided as part of the full ..
scale development of the air vehicle. This twe of
testing not only verifies dte functional characteris-
tics of the individual devices, but provides system
integration, installation, and maintenance in fonsta-
cion necessary to evaluate FCS subsystems and
components. a
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VE3UFICAT30X LESSONS LEARNED

3.2.6.6 Interfaces between actuation systems,
support structure, ssnd control surfsces. The in-
tcrfsce between accuatfon ayssem, suppon suuc-
nsre, and control surfaces shall comply with_

REQUIREMENT RATfONALE (3.2.6.6)

The interface between the actuation syslem, sup-
pon smscsure, and control surfaces msy be a singfe
failure point in she FCS. Since the loss of or dam-
age 10 a primacy surface may be flight critical, re-
quirements for this interface are necessary to in-
sure fl@u safety.

REQUIREMENT GUIDAh’CE

Guidance for requirements in this area should be
obtained from MIL-F-9490, MI L-A-8865,
MIL-A-8870, and other applicable industry speci-
fications and standards. Areas that should be ad-
dressed in dsese requirements are control surface
stops. contsol surface gusr protection, control sur-
face locks. and conuol surface flutter and buzz
prevention.

Requirement LESSONS LEARNED

Cmscrol surface stops are required to prevent ex-
ceeding allowable uavel limits such as dicsated by
aiscrah consrolla.bility requirement, prevention of
damage to the consrol surface or irs primary salr-
face, and/or pcrsomel safety considerations when
she air vehicle is on she grcnsnd. Where control
valve cmsansand input stops are provided. the ac-
tuator must adll $Wsstand bottoming loads in she
event ofi missiggissg, faihsre of she valve stops or
~W -. fa@e Or ISSS!fUnctiOnof feedback pm.
visions, loss of hydraulic pressure where ocher sc-
tcsators or aerodynamic forces can bottom the ac-
tuator, and when the system is depresaurized nor-
rrsslly after each flight. Where a power conml ac-
NatOI is located remotely from she surface, she ac-
tuator may be used as she primary surface stop.

providing the connecting linkage has an esumme!y
remote failure probability.

The conuol surfaces of any air vehicle which can
be nosed over or up by high winds when tfce consml
surface is d~laced fmm the neusral position
should bs locked in tfse neutral position. Servo ssb
and spring tab Iypc surfaces need not have Iccka or
snubbers irrasalled if it can be shown that the con-
necting springs and linkages are sufficient to pre-
vent gust dassssge 10 any of the componenu.

Specific things which can cause inadversem en-
gagement of gust locks include insdvenem opcra-
sion of cockpit control lever, relative de ffecdosss
between the lock comml system and she aircraft,
component failure and combat damage. Interlocks
should be bacorpssraicd to prevent takeoff with
control surfaces locked or gust lock engaged.

Some of she most pertinent requiremcms arc speci-
fied in the sdffness paragraph of MI L-A-8S70.
When detailed fkmer analyses and wind nsmel
tesu arc not yet available, she following general
guidelines may be used:

a. For Use prevention of flutter, each consml
swface including its actuation syssem should haves
minimum natural rotational frequency about she
control surface hinge line of 1.S time the mtural
torsional frequency of she main structure (o which
it is attached. This should provide sufficient sepa-
ration of natural frequencies to prevent oscillations
of the control surface and main surface or amscncre
from coalescing and causing flutter.

b. For the prevention of transonic buzz insta-
bility. ●xperimcmal data indicates that the system
till be sufficiently sdff if irs natural rotational fre-
quency.

s
&

‘n radlsec
b

where

a= speed of sound in frkc

b = scmichord of hinged surface at the
3/4 span in feet.

Transonic buzz was fii encountered on jet air-
planes and has to be considered on aU aircrah
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which fly at high subsonic or transonic speeds. It is
still not well understood, but experimental data
taken at the Wright Air Development Center in the
1950s led to the development of the equation
not ed above.

c. Required actuation system stiffness. With
the required natural rotational frequency identi-
fied, the required actuati6n subsystem spring rate
(Kreq’d) can be determined from the following
equation:

K~ u); 1
rea’d - Iblin.

l’g

where

Un .

1=

required natural rotational frequency
in rad/see,

moment of inertia of the control sur
face about its hinge line in lb-in.2.

1 . minimum actuation lever arm in
inches.

L? = gravitational constant: 386 in.lsecz.

d. Actuation system stiffness determination.
To meet the fail-safe stability requirement, it is
usually necessary to provide the required spring
rate with only one actuator per control surface 0p-
erating even though multiple actuators are in-
stalled. The actual effective spring rate of a tight .
control surface actuation subsystem (K ~ff ) is the
total spring rate of the supporting structure from
the actuator to the hinge line (Ks, ), the spring .
rate of the actuator (Kact) ,and the spring rate of
the surface suucture (K 52 ) summed in series as
shown below:

(1) Frequency relationship. The frequen-
cy dependence of the net stiffness of a typical hy-
draulic flight control servoactuator is shown in fig-
ures 4 and 5.

0
—1-=++ ~+L
‘efftiu) 51 %ctf.j w) KS2

%1

Kact

FIGURE 4. Actuator stiffness determination.
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FIGURE 5. Actuator stiffness vs. frequency.

(2) Static stiffness is the actuation system
aciffness at zero frequency. The asiffncss is essen.
sially conacant al all frequencies up to the static slif-
fness comer frequency, us, w<hichcan be calcu.
fated as follows

‘“ =

RF =

‘=

h’o-foad valve gain, in.%ec/in.

me feedback ratio, in.fin. (ratio of
valve displacement to piston rod dis-
placement)

Effeccive area of the actuator piston,
in.z.

Static stiffness KA(0) is generally governed by
three faccors as fol)ows:

‘A(0) .’ RFK p
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Kp = The cffectke pressure gain. pstiin.,
including actuator leakage and accuc-
tural feedback effects. (Any orher
pressure gain reducing factors, such as
pressure feedback. must also bc .
included).

(3) Dynamic stiffness is determined by she
solution of complete transfer functions. and be-
comes constant at all frequencies above the fre-
quency independent dynamic asiffness lower tilt,
~ D wh!ch can be determined as f0]loM5:

.D=y!F —K ‘ (m)
K‘ (0)

The frequency-independent dynamic asiffness,
KA(w ), of che actuator is made up of a number of
fncrememal springs. For conventional finear ac-
tuators, the prfmary springs are due to the actuator
mucture (Ka~ ~). i.e.: she cyfinder bafieL Pk-
ton rod, and end caps, the bearings (Khr~ ). and
tfre fluid compliance (K n“id).
summed in series as follows:

-.=
which are also
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1 1 1 1
KA (w) K ~ct SW

— +—= — + Kbrg
K fluid

K fluid = !.#

where

P = fluid bulk modulus, psi

o = volumetric efficiency

A = effective area, iIr.2

X ~ = total stroke, in.

fn calculating the fluid spring, a realistic value for
bulk modulus should be used. Most available data
represents well-bled fluid wfth very little entrained
air. For normal situations, the value used should
be reduced to 80 percent of the ideal, and the tan.
gent modulus (at the normal acmator pressure)
rather than the secant modulus should be used, If
the moving parts of the actuator(s) are heavy in
relation to the surface weight, this must be appro-
priately taken into account.

(4) Stiffness improvement methods, On
stiffness-critical actuating systems, the stmctural
springs may often be more rigid than the fluid
spring, and as a result, the fluid compliance may
have a great effect on the overall stiffness of the
system. However, increasing fluid stiffness by in-
creasing actuator piston area introduces weight
penalties in two ways. h increases the size and
weight of the actuator, and it increases the flow de-
mand on the hydraulic system which, in turn, can
increase the size and weight of hydraulic pumps,
fluid lines, reservoirs, and other components, plus
weight of all structure which must withstand actua.
?ion loads. ft may be much more economical (of
weight) to stiffen the structural springs once the
need is recognized.

In situations where large weight penalties would be
incurred to meet the frequency requirements by
stiffening existing structure and components, other
improvement methods such as the following can be
considered:

(5) Utilizing inactive actuators. Where
multiple actuators are used to satisfy reliability re- e
quirements (which is the normal practice for essen-
tial controls), they can be designed to contribute
stiffness and damping to the system even though
hydraulic supply pressure is lost through hydrauhc
system failure. This could be accomplished by
pressure activated valving. when pressure is lost, a
spring loaded valve connects the input and output
of the control valve to a compensator at return fine
pressure. The servo no longer supplies power to
the system but does provide stiffness when the me- -
tering valve is closed and damping when the valve is
open. This concept adds some complexity, but the
weight addkion could be considerably less than for .
stiffening existing structure and actuators.

(6) Adding an additional actuator. The
concept here is to design an actuation system witi
one more channel than is required for redundancy.
Thus, sLiffness may be satisfied with two channels
instead of one. For example, in a surface control
system that requires three redundant channels.
each channel must satisfy the maximum hinge mo-
ment and minimum stiffness for the situation when
the other two have failed. However, if four chan- e
nels are used, the maximum hinge moment can be
satisfied with two actuators instead of one, and as a
result, each actuator will be exactly half the size of
those in the three-channel design. With smaller
actuators, each channel will be more compliant.
However, stiffness now can be satisfied with two
parallel actuation channels, and the result is a sys-
tem that is more rigid than the three-channel SYS-
tern. A scheme of this type to improve stiffness may
also have a weight advantage.

(7) Adding an independent damper. Sev-
eral types can be considered. One is a quasi-servo
damper channel similar to the active servoactua-
mrs. when the spool valve is closed, this damper
provides an additional load path with the atifhsess
characteristics of the active channels. When the
valve is open, in response from the pilot or AFCS,
the quasi-servo acrs as a viscous damper.

Pure viscous fluid dampers are also used, and there
are several linear or rotary types which maybe con-
sidered. They can be installed parallel to the ac-
tuation channels or at any convenient location on a
surface such as on the hinge line. They absorb en- 9
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ergy from high-frequency, high-ampfifude vibra.
dons and dissipate it as hem. If a damped surface
experiences considerable accitity, throughout a
Ilight, she damper may absorb energy faster chars
can ba radiated and create a high temperature
problem.

(8) Adding an acsuatiocr s.slffnemcompen.
sation network. The basic actuator adffnesa csn be
mocWied by introducing hydromechardcal or elec-
trical compensating networks within the accccator
loop. in the moat general case, sfri.scan bc done by
sensing load pressure, passing this signal through a
bandpass fiIcer. and feeding this signal as positive
or negative feedback to r3se control valve.

4.2.6.6 Interfaces between actuation systems,
sufspcmt atrcscture, and control surfaces. Re-
quirements for she interface between actuation sys-
tems. suppan ssrtmure. and conccol surfaces shall
be verified by

VER1FICATION RAT30NALE (4.2.6.6)

FCS interfaces ‘may involve ffigfn safety critical
control surfaces andlor concrol paths. Formal doc-
umencasimr of she design and performance of these
tlight control elemenu are provided by this verifica.
tion process.

VERIFICATIONS GUIDANCE

Verification should be accompfiied by test. As in
other FCS acsuacion systems, these elements
should be incfuded in cfte FCS functional mock-up
tear procedures. The final compliance to these re-
quirements is verified by che Ground Vtbracion
Tess.

VERIFICATION LESSONS LEARNED

3.2.7 Compmsent design. Design of components
and elements shall be ●ntirely suitable for use in che
FCS and shall ba such chat che ocher requirements
esaabfished for the FCS are not infringed by chat
design.

Requirement RATIONALE (3.2.7)

Many requirements apply 10 she FCS. Basic re-
quirements are levied on syssem (MFCS and
AFCS) performance and system (MFCS and
AFCS) design. Campcmema and elemenca are as-
aembled and imegsmed co form these systems. By
design, those components and elemenrs muss hcffii
their role and muac not osheruise cause Use system
requirements not to be met. his paragraph easa-
blishes shese system requiremema as necessary ba-
sica to component design.

REQUIREMEhT GUIDANCE

fn applying this technical requirement to she mech-
anization used for che FCS, she foffowing infornra-
tion may be useful.

Safety, missions, and economic consideration.v es-
tablish che need for components and elemenra of
che FCS to be controlled by engineering design and
for those concrols to be in formal technical ducu-
mencation such as specificatiorra, asand.srds. etc.

Air Force poficy promotes stmsdardicsticm of com-
ponenca, elements, etc., as a means of minimizing
supply problems and cost. and of irscreaaing refi-
nability by use of proven designs.

Engineering design and documentation should en-
sure dse interchangeability of fike assemblies. sub
assemblies, replacement pans, etc., regardless of
manufacturer or nppfier. Further, che design and
documentation should ensure rhat items which are
not functionally interchangeable are also nor physi-
cally interchangeable.

Equipment componenca, elements, assemblies,
par-m etc. of the FCS should be masked for proper
and easy identification. Ml L-S’TO- 130 shmcfd be
used as a guide in rhis area.

Inspection aeafs should be protided to show any
unaucfsorized d~ascmbly. adju.stmem. ●tc. when
such actions are to be performed only by speciaffy
designated acdticies which are authorized to break
these seafs and apply new ones.

Two of che imponam interfaces in component de-
sign are between Flight Control Engineering and
Human Engicseecing where design of cockpit con-
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CJOIS,levers, handles, knobs, etc. are involved; and
between Flight Control Engineering and Structural
Engineering where design of forgings, castings,
stamping, etc. are involved.

Bearings used in the FCS should be carefully se-
lected. Where possible the bearings should be cho-
sen from approved pans as shown in MIL-
STD- 1599. AFSC DH 2-1 can also provide some
guidance in this area.

For electrical and electronic components and ele-
ments, the design should be guided by require-
mensa established in MfL-E-5400, MIL-E-7080,
MIL-STD-454, MIL-STD-461, MIL-W-5088,
MIL-M-7969, MIL-M-8609. For micro-elec-
tronics M1L-M-3851O should be used.

Wisen selecting switches, the invulnerability to
flight crew error requirements must be considered,
such as recognizing that the selected positions of
push button stitches are not apparent.

The following recommendations should also be
considered:

a. In the design of AFCS components, the
minimum feasible number of parts should be used
and sheir size and weighi minimized consistent with
other requiremenca specified.

b. Modules or subassemblies should not be
smaller than that required to perform a single func-
tion (as an example, an amplifier or power supply.)

c. Modules intended for field replacement
should be consuucted so that electronic pans or
connector pins are not exposed ourside the frame
of the module.

d. Possible requirements for complex test
equipment and test procedures should be consid-
ered prior m adopsing a modular design to ensure
that other requirements can be met.

e. Solid state devices are prefemed over elec-
smn tubes and she latter should be used only when
tiey are the only means to meet the requirements
for a specific application.

f. The use of micro electronic technology
should be considered on the design of all systems/

equipment. An objective appraisal of all factors
concerning the systerdequipmem design should be

@made wish she view of maximizing reliability and
minimizing total cost of ownership, weight, and
space withh the envelope of she ocher performance
parameters of the design.

Thermal design and cooling requirements should
emphasize that both the component design and irs
installation musr bs considered in achieving resis-
tance to thermal failure. Design techniques which
aid in controlling heat vice include:

a. The use of thermal characteristics of fi-
nishes, induced draft, and ventilation by means of
baffles, internal vents and louvers. and packaging -
in heat dissipating fluids.

b. Use forced cooling if above means are still
insufficient or if a significant reduction in overall
size, weight, or failure rate can be realized. Fans or
blowers employed should operate from the air ve-
hicle’s AC power supply.

REQUIREMEhTS LESSON LEARNED

Control stick dampers should be designed so that o
they can be overpowered by the pilot in she event
of failure or malfunction.

All electronic LRUS should receive a minimum ,of
50 hours bum-in operation and testing (power on)
prior to assembly, or aher assembly if such is more
meaningful, but prior to installation.

Switches can be extremely important elemenrs in
the mechanization of FCS, and the design of spe-
cial electricaflmechanical switches should be aub-
jectcd to multiple approval processes. The five po-
sition trim switch, used in electric trim systems, is
one of chose and MIL-S-9419 should be consulted
for guidance when approving chat type switch.

Resistive variable voltage dividers, potentiometers,
should not be used in dynamic motion application
in FCS such as for sensor or feedback outputs.

Component and element housinga should be de-
signed to prevent any accumulation of liquids in
pockets, wells, craps, etc., since freezing tempera-
tures might cause she formation of slush or ice
which could seriously degrade FCS performance. e
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Redundant circuiting should not be routed through
the same elecuical connector.

4.2.7 Component design. Component design re-
quirements shall be verified by

VERIFICATION’ RATIONALE (4.2.7)

Gampcmem ales@ has an Impact on flight safety.
mission performance, and operating costs. The
verification process provides she means for deter-
*8 the e%sent to which those (accors are im-
pacced by tie requirement, and fomss a basis for
pfsmning for operational use of she air vehicle in dse
field.

VERIFICATION GUIDANCE

In general, component design requirements should
be verified Incident to FCS requirement verifica-
tions by analyses, inspections, and tests.

When suitabifily and absence of infringement on
system requirements has been escabfiihed through
she verification processes, che quality assurance
provisions included in the ●ngineeti.g control doc-
umencasion should ensure continued suitability of
she component or element for use in the FCS.

MIL-STD-883 may offer some guidance in the
verification testing of micmelecuonics. Method
101S of chat standard deafs with burn-in tests.

VERIFICATION LESSONS LEAfWED

After bum-in, an electronics LRU should be tested
to verify chat performance remains wftfin specified
tolerances.

Tesss for comrol stick dampers should be set up to
exercise aI1joints, connections, bearings, etc.. used
with she damper since free play which may develop
with shese elements may seriously impact the pilot’s
view of flying quaficies.

Oielecc.ric msength tests should be conducted on
elecuical and electronic components and ele-
ments. Leakage current should not exceed 10 mil-
fiamps when a diclecsric scrsss voltage of 1200
VOILS,60 Hz, is appfied for 1 minute between insu-
fsted circuits and between circuits and case; and
ehere should be no isssufacion breakdown. When

S00 V DC is applied between isolated circui!s and
she case or connector shell for a period of 10 sec-
onds, the resistance should be at Ieass SO meg-
ohms. When a component or connector has a low-
er design voltage Iimisasion, the test should be NSS
at an appropriate lower voltage as defined by she
component connector specification.

3.2.8 Component fabrlcatkws. l?se aelecdon and
treatment of mstesfsfs, and tfse processes and as-
sembling methods used in fabrication sfsafl_

REQUIREMEhT RATIONALE (3.2.8)

Matesfafs, pmccsses, and assembly methods used
in the fabrication of FCS components and elements
impact every requirement applicable to system
[FCS] performance. TM paragraph provides she
means for idemifying the manner in which engi-
neering control will be maintained in these techsci-
cal areas in order to ●nsure chat system require-
ments are mpponed in every aspect of component
and element fabrication.

RE12UIREMENT GUIDANCE

a. The blank may be filled by words such as

(1) Produce consiscemly sound and suit-
able components and ●lements for che FCS.

(2) Conform to approved industry specifl
cations and practices.

(3) conform to approved mifita~ specifi.
cations and practices.

(4) Conform to govemmem specifications
and practices.

b. In applying this requirement she foffcwicsg
points should be considered.

(1) Government and mificary specilica-
cions, standards, practices. etc.. are prefemed swer
chose generated by induscsy and mher sources.

(2) MIL-STD- 1599 offer% guidance in
Requirement 104 for selection and treatment of
mmecials: in Requiremem 105 for ueasmencs and
processes such as coatings placings and ffies:
and in Requirement 204 for safety pracsices for uss
during assembly.
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AFSC DH 1-2 offers guidance in several aspecss of
component and element fabrication. Chapter 4
deals with fasteners, fittings, methods, processes,
etc., and Chapter 7 deals wish materials, treat-
ments and processes.

MIL-STD-454 offers guidance which covers most
aspects of fabrication of electronic componems
and elemems.

MIL-C-27500 offers guidance on material selec-
tion and construction of electrical cabling for FCS.

Individual pans may be mechanically joined with
removable fasteners or by riveted or threaded con-
nections or by qualified methods for permanent
joining. Removable fasteners should be selected
and used in accordance with requirements which
have been specified and which should provide that:

Bolts smaller than one- founh inch in diameter
should not be used to make single-bolt connections
or connections essential to proper functioning of
the component.

Each removable bolt, screw. nut, pin, or ocher re-
movable fastener, the loss of which would degrade
operation below FCS Operational State 111,should
incorporate two separate locking or retention de-
vices eisher of which must be capable of preventing
loss of the fastener by iuelf and retain it in icsprop-
er installation with the other locking or retention
device missing, failed, or malfunctioning. Where
self-retaining bolts are used, their selection and in-
stallation should be within the limitations of
MS-33602 and only one type should be used in
any given system.

No self-locking nut should be used on any bolt sub.
ject to rotation in operation urdess a nonfiction
locking derice is used in addition to self-locking
detice.

Lockbohs listed in AFSC DH 1-2, 4A5, Swaged-
Collar-Headed Straight Pins and Collars, may be
used for fastening applications not requiring re-
moval on the aircraft.

Rivets for all riveted joints should be selected and
used in accordance with the requirements speci-
fied.

All threaded joints should be provided wish ade-
quate wrenching and holding provisions for assem-
bly and disassembly of the joint before and after

@

service use. Internal screw threads and external
rolled threads should be in accordance with she
thread form requirements of MIL-S-8879. Pipe
threads should not be used.

All adjoining parts should be secured in a manner
that will preclude loosening when subjected to in-
ternal or external loads or vibration.

All threaded joints which can-y critical loads should -
be positively locked in the assembled position so
that load reversal at the threads is prevented. ‘flse
use of jam locknuts alone is not a positive locking -
means unless lockwired or otherwise restrained.

Unless restrained from moving by the attachment
of adjoining parts, all removable fasteners should
be positively locked in place. Self-locking exter-
nally threaded fasteners should not be used except
within the limitations specified in MS-15981, and
self-locking nuts should not be used except within
the limitations specified in MS-33588. All other
types should incorporate positive locking means or
be safecied with cotter pins in accordance with 9
MS-24665, where temperature and strength per-
mit, or be safety wired. Cotter pins and safety wir-
ing should be ‘installed in accordance with
MS-33540.

Retainer rings should not be used to retain loaded
Pam unless the rings are positively confined by a
means other than depending on internal pressure
or external loads. They should not allow free play
which could result in structurally destructive action
or fatigue failure of the retained pans or failure of
gaskets or packings. Where used, retainer rings
should be commercially available types which can
be installed and removed with srandard tools.

Joinrs with rolling element bearings should have the
inner race securely clamped to prevent rotation of
the inner race with respect to she pivot bolt, rivet,
shah, etc.

Electronic pans should be mounted so that ease of
producibility and maintainability is assured.
W%enever feasible, pans such as resistors. capaci-
tors, etc., should be mounted in an even, regular,
row-type arrangement. These parts should be @
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o mounted on a base so that the leads do not cross
other leads or connections. Heavy electronic pans
and assemblies shmcfd be sofidly cnosrnted so tha!
adveras affects when subjected to vibration and
shock d be minimised.

Nonconductive tides or other nonconductive fi-
csishes should be removed fmm tkse actual contact
area of aff surfaces required to act as a path for
ektsfc current and from local areas to prodde
continuity of electrical shielding or bonding, AU
mating surfaces should bs clean and carefully
fined, as necessary, to minimize radio frequency
impedance at joints. seams. and mating surfaces.
The resultant exposed areas, after assembly at such
joints or sptns, should be kept to a minimum.

Redcmdant cfrcuits should be isolated from each
ocher to preckrde failure of one p-onion of (he cir-
mih fmm affecting any other circuil.

The number of ●lecwfcal connectors should be
kept to a minimum wicMn the required fimitatfons
for separation of redundant circuirs. Connecmn
should be mounted to preclude nuisance warningo indications and intermittent operation when aub-
jecsed to applicable temperature differentials. wi-
bration, and shock. They should be polarized so
that it is impossible to mismate them on a particular
piece of equipment.

AU electrical assemblies should be thoroughly
cleaned of loose, spattered, or excess aofder, metal
chips, or, other foreign material after assembly.
Burrs and sharp edges and resin flash should be
removed.

Requirement LESSONS LEARNED

High qua!ity mateciafs and workmanship remain
the key tn the fabrication of dependable compo-
nents. Use of proven and controlled processes,
sssch as specifsed above. are most frnportam in re-
prodcm%le quality rssanufacturing. Special pro.
cesaes aksmcfd be clearly specified on she detail
sbawings and she fabrication frssuuctions.

h ks cmnrnms practice to secure fastenen (i.e.,
Lscsha,screws, nuts, pirss, etc.) svicha singfe locking

o detice. Service escperience has shown, however,
that due to maintenance. manufacturing, or design
errors, a single locking device is not adequate for

cricical appffcation.s. Oue to a number of instances
of loss of fastener integrity, it is considered neces-
sary to require IWOseparate locking devices on aU
removable fastenen in any installation in w“hichloss
of a fastener could jeopardke flight safety.

One acceptable practice is the use of self-retafnicsg
bolts svichconerpinned caateffated nuts icsscaffedas
shown on MS-33602. Other fasteners are afso ac-
ceptable providing they meet the requirement in
the referenced AFSC Desigrr Handbook icscludmg
retention of their locking andlor retention cspabiU-
ties icrall environmental conditions assmcimed with
their pacdcufar icssta[lation.

Wisen impedance type self-retaining boles are used
in bellcrank, rod end, clevis, etc., type joints, en-
trance and exit chambers not to exceed .01 S in-
ches x 45 degrees should be provided at hole faces
to aid in che inscallacion and remocal of rfse bolts.

Where Iockhlts are used, it should be recognized
that they are singfe locking only, not close toler-
ance, and can be used only in joints in which
clamp-up fs allowed.

Jam nuts may be used without 16cktire or other
retention in appficaticms which serve only to
preload threaded joints, wherein inspection inler-
vals are such as to preclude unacceptable fatigue
cycles and where bacfdash is acceptable. Where
they are used to prevent joint disconnection. they
must be positively retained.

Isolation of redundant circuits is mandatory to ob-
tain the advantages promised by using mufciple sig-
nal paths. Generally, redundant channels of the
same control axis and electronic comparison model
signals should not tifize common or adjacent (a)
connectors, (b) cables or cable runways, or (c) cir-
cuit cards, unless che design can be shown by dem-
orsstrstion or analysis to meet the appropriate iaOfa-
tiorslseparation requirements.

A high percentage of electronic equipment faffures
fs due to the improper choice arstior assembly of
electrical connectors, and special attention to their
selection and application is important.

Invulnerability requirements require wiring to be
routed with sufficient slack to prevent thermal ccm-
traction or expansion, tibracion. and flexcsre from

ml
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causing damage to the
ntirimize noise pickup.

wire tenninacictns and to

Electrical shield should be installed on wire and
cable m minhize electrostatic and magnetic cou-
pling.

4.2.8 Component fabrication. Component fabri-
cation requirements shall be verified by _

VERJFICATION RATIONALE (4.2.8)

The verification process provides the means for de-
te-ng the quality of materials, processes, and
workmanship which has been used in the fabrica-
tion of components and elements of the FCS. The
istfonssation obtained may be useful in planning for
operational use of the air vehicle in the field.

VERIFICATION GUIDANCE

Component fabrication requirements may be veri-
fied by analysis, inspection, or test. The most feasi-
ble method should be chosen and the verifications
should be performed in conjunction with other ver-
ifications wherever possible. Much of this effon
will be part of the Quality and Reliability Assurance
programs covered under Air Force regulations in
the 74 series.

VERIF1CATION LESSONS LEARNED

3.2.9 Component and element installation. in-
stallation of FCS components shall meet

REQUIREMENT RATIONALE (3.2.9)

Numerous requirements are placed on the per-
formance and design of the FCS in order to fulfill
the mission of the air vehicle. The installation of
the components and elements of the FCS must sup-
pon the accomplishment of these requirements
and not cause the FCS, or any other system of the
au vehicle, m fall shorr of meeting those require-
ments.

REQUIREMENT GUIDANCE

●Invulnerability, immunity, survivability, reliability,
maintainability, and safety consideration establish
she need for engineering control and doctcments-
ticm of the installation of FCS elemems and com-
ponents.

AFSC DH 1-6, Section 3J provides guidance for
installation of FCS mechanical elements, inchcdktg
routing, separation, mounting and orientation, and
environment. Examples of potential installation
problems due to inadequate clearances, incorrect
installation, and improper design are also pro-
vided,

AFSC DH 1-6, DN 3H1 and DN 3H2, provides
guidance for routing, separation, and connection
of electrical elements. Safety design consideration
for operation in hazardous atmospheres and com-
patibility of components with respect to the operat-
ing environment are also covered.

MfL-F-9490, besides requiring compliance to the
aforementioned design handbook sections, speci-
fied the following installation requirements: ●

a. System components shall be located to pro-
vide direct routing of the control system signal and
power transmission elements in accordance with
AFSC DH 1-6 Design Note 3J 1, only to the extent
that the components and transmission elements are
not exposed to undue hazards.

b. All component installations in fuel system
areas shall preclude the generation of sparks both
during normal operations and possible abnormal
and failure conditions.

c. ff cooling augmentation is required, the in-
acallation of flight control electrical and electronic
equipment cooling shall be integrated with the cool-
ing provisions for other electrical and electronic
equipment. The requirements specified in AFSC
DH 1-6, DN 3H1, shall be met.

REQUIREMENT LESSONS LEARNED

1S8
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4.2.9 Component and element Installation. In-
adfacion of FCS components shall be verified by_

VERfF2CATfON RATIONALE (4.2.9)

The icrapacdon. teas and analysis incident to the
verification of the FCS performance and design re-
quirements and quafity assurance programs will
verify much of the component and ●lement insLsl-
farion againss sfre various engineering and manufac-
~8 cOnWl documents employed.

VERIFICATION GUIDANCE

In order for component and element installations
to be verified standard practices, adequate design,
clearances, and tolerances muss all be ●stablished,

Comma specifications or applicable government
and induacry apeciflcations ancl/or acandards should
provide she concrofling documents. M IL-STD-454
provides graphic examples of acceptable and unac-
ceptable eleccrichdecwonic component install-
ationsand requirements for acceptable pans, mam-
rial and instaflacions.

MIL-F-9490 fins other government specifications
and standards which may be used as controlling
doccacnenrs.

VERIFICATION LESSOXS LEAILVED

3.3 Integrity requirements. The FCS compo-
nent’s hardware and software and integrity subsys-
tems shaU meet she integrity requirements of tfrff
secdon.

REQUIREMENT RATIONALE (3.3)

The integrity programs are intended to aid in the
de.elopmem to errnme a supportable system(s) and
operational auilabdity.

REQUfREMEhT GUIDANCE

Develop a master plan which covers each of tfrc
integrity program guidance. Include in each of she
specifications pfanned she appropriate reqrcire-
menrs from each of the integrity ~cificarion
guides.

REOUIREMEhT LESSOh’S LEARNED

Application of engineering principles to eatabfii
actual usage apeccsuma, development, and sound
verification merhocfs are essential to ●nsure equip-
ment and software development, producibility, and
fife for she weapon sysaem.

4,3 Integrity requirements. The FCS integrity
requirements for hardware, software and integrat-
ing subsystems shall be verified by

a.

b.

c.

d.

VERIFJCATIOX RATIONALE (4.3)

The integrity requirements need to be verified by
analysis, teas. and demonstration to cersified usage
spectrums for the intended fife.

VERIFICATION GUIDANCE

The verification requirements, for each FCS ele-
ment/hem should rellect the sequence of verifica-
tion and the type of verification method wish a
short narrative as to what vifl be accomplished by
each verification. The verification in this secdocr
should be broad and general enough to arsack the
methods by a system approach. For example. the
performance fife of the rudder pedafa, tick. and
switches in the cockpit shall be demonscrsted by
sfmulasing she mission esnseme load cycles and ap
plying shese to tfre cOmsOUers for twice she cOnssOl-
Ier lives. This example would foUow the amfysis
preparation for she test, the acrual design phas&
and she initial design phase. TMs section should
consider grouping items to panicular types of verifi-
cation merhods to keep the section relatively man-
ageable.
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VERfFICATfON LESSON LEARNED

Without adequate planning, allocations of re-
sources, identification of verification methods for
FCS items, and time schedule constraints with re-
source constraints, often push one to accept modi-
fied testing programs and requirements. While air-
worthktess is established, item fife and support are
ohen not achieved as intended. Application of the
integrity approach should aid in precluding these
costly compromises.

3.3.1 Structural integrity. Load transmission
and elements of the FCS shall meet the load,
strength, stiffness, deformation durability and
damage tolerance requirements for each element
as follows:

a.

b.

c.

REQUIREMENT RATIONALE (3.3.1)

Structural elements of the FCS are often single
point potentialities. Structural consideration must
be taken into account to demonstrate the FCS ele-
ments ability to endure in the specified environ-
ment in excess of the proposal life. Design margin
must preclude the probability of failure of these
elements during the fife of the air vehicle.

REQUIREMENT GUIDANCE

The stntcttsral design of each FCS element and
their build up ictto a functional item (stick ntdder
pedals, etc. ) need to consider the criticality, usage,
and finally demonstrate the life. AFGS-87221 and
MIL-STD-1530 should be used to derive the pro-
gram plan and design requirements.

REQUIREMENT LESSONS LEA fLNED

Miss analyzed stsissions, usage spectrum, and toler-
ance variations have produced structural attack
points for control acttsation and pilot inputs devices
which broke in flight. Some of these instances
have caused loss of aircraft.

4.3.1 Structural integrity. The integrity for the
FCS and integrating subsystem structural elements
shall be verified by 9

VER3FICATION RATIONALE (4.3.1)

Structural attack points are frequently safety ctiti-
cal areas in FCSS. h is vital that verification be
performed to establish the safety/integrity of every
FCS structural point.

VERIFICATION GUIDANCE

The requirement should cover all FCS structural
points, the analysis, and test to be perfonsted.
Each point with the analysis and test type to be per- =
formed with a shon narrative for the type of analy -
ses, test, or demonstration. The test spectt-um amfl
or analysis results should be cenified and included
in the test requirement.

VERfFICATION LESSONS LEARNED

Inadequate analysis and tests to incorrect spec-
trums have caused loss of aircraft. Parts which
were cenified but not subsequently verified
through production and suppon have resulted in
defective parts installed. Good tests to actual ceni- 9
lied spectrums plus follow up through production
are essential for a quality product.

3.3.2 Mechanical integrity. FCS mechanical de-
vices such as rudder pedals, stick, inertial sensors,
actuators, etc., and integrating subsystems shall
meet the requirements for load, strength, function,
environment, and durability as follows:

a.

b.

REQUIREMENT RATIONALE (3.3.2)

FCS mechanical components, transmission devices
and integrating subsystems need to follow a rigor-
ous design process. This will ensure a well designed
and producible system of components that till not
cause loss of an air vehicle or crew for the air ve-
hicle’s life. This requirement provides for rigorous
development and operational suppon of the me-
chanical device in the FCS and integrity subsys-
tems. 0

15U
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REQUIREMENT GUIDANCE

The mechanical design of each FCS element. inte-
grating embsyatem element, and their resulting func-
tion need to consider criticality, environment,
usage. and opsracional fife. MIL-STD-1798 and
AFGS-87249 should be used as guides for deter-
*8 the progradpfan and requirements for this
section. SUPPORposcusing and equipment for me-
chanical devices should ba included.

REQUIREMEAT LESSONS LEARNED

Mechanical devices usually have a few fife limited
passa such as bearings, seals, and fittings. The OP
eraticmal fives need to be determined with ade-
quate accuracy issorder to provide adequate pans
stock and spares and determine replacemem imer-
val. llIe fufl service fife of the device needs to be
adequately defined for the same preceding rea-
sons. Past inadequate determination fife limited
pans and devices have led to inadequate support
possuring, loss of misshu, and on rare occasions.
10SSof aircraft and crew. The resuft has been felt
chrocsgh increased support COSSS,maimenance
dowm dsne, increased replacement and supply
rime, and fess of our capabifky to susrain mission
readiness.

4.3.2 Mechanical integrity. The integrity of the
FCS and integrating subsystems mechanical de-
vices shall meet the functional, environmental,
usage, and fife requirements for the device as fol-
fmvs:

VERIFICATION RATIONALE (4.3.2.)

Mechanical devices usually have fife Unshed pans
as svefl as service fives less than tie aircrafc. These
fives must be known prior to prochsctfon in order 10
apace and msppmt posture adequately. Frequently,
these devices are safely critical, making rhia re-
quirement a must. The device operational usage
for afl load and environmental spectrums must also
be detemtfned in order to determine detice Ii(e.

VERIFICATfOh’ GUIDANCE

Use of the documents referenced in 3.3.2 as a
guide is advisable. The verification requirements
must reffect the cenifled loads, environments, and
functional usage spectrums in demonstrating by
analysis, test, or demonstration of tfse devices spe-

cified fife. FUght safety and support absolutely de-
pend cm adequate apecificarion of rhis reqcs&e-
mem. me analysis, teat, or demostsuasion shufd
be adequately explained within this requirement.

VERIFICAllON LESSONS LEARNED

Mechanical devices, such as switches, bearings,
seals, etc., have had catascropfric effects on pre-
vious aircraft. The entironmems and usage spec-
trums were inadequately appfied indicating devices
were integrated properly and would perform for she
intended life. Past verifications have underesti-
mated rfse specified fife by a factor of 10 and poor
integration has led to catascrophlc events. Some of
these events have bsen awrface hardovera due to
under voltage condition on electro-mechanical de-
vices, jamming. friction wearout, and fatigue wear
out. allowing improper inaaallation of devices which
get by functional test.%misallocation of tolerances,
poor prediction of wing bending and torsional ef-
fects, poor production (manufacturing) of pans.
poor or inadequate capturing techniques (e.g., cot-
[er pins, sffp sings) to keep partaldetices in place.
inadequate linkage clearances, and improper aml-
ysklmeaaurement of vibration leveWdamping char-
acteristics to name a few. Adequate verification to
testified (es Ievefs that refleci actual usage is ●aaen-
tial for fkighthafeiy critical functions performed by
mechanical devices.

3.3.3 Electronic integrity. FCS elecuonfc and
elects-mechanical devices such as computem.
conversora. power SUppfies, sen’o’s. etc.. and inte-
grating subsystem electronics shall meet che func-
tional, environmental. and durability requirements
as follows:

a.

b.

191

Downloaded from http://www.everyspec.com



APGS-87242A
APPENDIX

REQUIREMENT RATIONALE (3.3.3)

Electronic devices used in safetylflight critical
application are subject to a variety of adverse e“ri.
rtrnments and manufacturing difficulties. Areas
such as solder joinsa, die makeup, pin attachments,
packaging, connections, iteration rates, etc., are
variables which must be accounted for in the design
and subsequent verification. This requirement sets
the functional performance under the operating
conditions.

REQUIREMENT GUIDANCE

The electronic design of the FCS and integrating
subsystem items should consider the function, envi-
ronment, usage, storage, and operating life. MfL-
A-87244 should be used as a guide for establishing
the electronics development program and usage,
environmental, and durability requirements, Stor-
age and necessary support items should be in-
cluded.

REQUIREMENT LESSONS LEARNED

The major problems with electronics have been
packaging design, even to the pan, and the man-
ufacturing process. Design packaging is improving
but still needs a disciplined approach and better
anal fiical tools. Manufacturing needs to be consis.
tent with adequate process control in pans, solder.
bg, Smundlng, and tolerances,

4.3.3 Electronic integrity. The integrity of the
FCS and integrating subsystem electronic and elec-
trtr-mechanical devices shall meet the tinctional
performance under the environments, usage and
durability requirements as follows:

a.

b.

VERIFICATION RATfONALE (4.3.3)

Electronic devices such as servos, stitches, relays,
computers, etc., of the FCS and integrating subsys-
tem are a safety critical function. The device life
under actual, cenified environmental and usage
spectrums needs to be verified in order to meet the
safety requirement for the air vehicle as well as mis-
sion sttccess requirements.

VER1F1CATION GUIDANCE

The requirements for each device aho”ld be vet’i- ●
fied by analysis, test, and for demonstration, each
type of verification should be explained (e.g., lead
flex analysis to establish lead lengths followed by
thermal and vibration cycles on powered, installed
board). This will identify the types of verification
involved, the scope, the interplay, and the success
criteria, MIL-A-87244 should be used as guid-
ance.

VERIFICATION LESSONS LEARNED

Past experience is loaded with examples of irtter-
mittent shons, grounding problems, packaging
problems, and manufacturing problems. Applica-
tion of a rigorous design and verification with ceni-
fied test spectmms coupled with attention to man-
ufacturing should alleviate some of the past prob-
lems,

3.3.4 Software integrity. Software elements
(units, components, and flight programs) of the
FCS and integrating subsystems shall meet the re-
quirements aS follows:

a.

b.

REQUIREMENT RATIONALE (3.3,4)

Performance parameters such as timing, skew,
throughput spare, number of inputs and outpura to
a unit, sampling time, and data characteristics are
some of the critical parameters. For flight critical
software and integrating software, it is essential to
specify key performance and development param-
eters to assure a rigorous development.

REQUIREMENT GUIDANCE

Software requirements should consist of the key
parameters, data characteristics, languages, and
the hardware and sofiware interfaces as well as the
processlconfiguracionlsecurity aspects involved in
the development. MIL-STD-1803, DOD-
STD-2 167, and DOD-STD-2 16S should be used
as guides in establishing the requirements. Hard-
ware elemensa which provide the data conversions,
manage data inpurJoutput and do the actual pro-
cessing should also be addressed. Software devel- ●
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opmem tmls and she engineering environment as
well as future sofswsre support should be consid-
●red.

Requirement LESSONS LEARNED

Past adssvare development has depended on inter-
face documents and company processes 10develop
and control she software. Key parameters were not
addressed. The result has been schedule delays,
no growfs, and reduction in funcdon capability 10
stay swfccen sfamughpw and memmy constraints
and design errors in the mechanization. Although
very few aim-ah losses have been attributed to soft-
ware problems, she loss of functional performance
and fsck of growth have been coatfy in delays and
program updates. II is necessary to provide a well
planned and rigorous development to sohuare and
cover key parameters to ensure a well integrated
funccionaI sohware system.

4.3.4 Software integrity. Software verification
shall foUow a build up approach to evaluate the suc-
cess of she functional and integrated mechaniza.
rion. So fsware verification shall meet she following

VERIFICATION RATIONALE (4.3.4)

Verification of flight critical sof[ware using a rigOr-
ous approach is essential 10 assure she mechanizs-

sion is adequate and that unwarned logic paths are
not inadvenemly activated. The FCS and icrtegrat-
ing subsyasem software must perform as ,required
100% of she citcae.

VERfFICATfON GUIDANCE

Verification requiremcn~ should verify the devel-
opment LOCIIS,she mechanization, she integration,
she data characcerisck she support, and the casfi-
guratiocdsecurity aspecu. Use of a tiild up ap
preach requiring differem levels of mss and test ex-
pectations is adtised. Each verification meshed
(analysis tesa and demonscrasion) should be gener-
ally defined, cover the application, and cover spa-
cific methods for ●ach function.

VERIFICATfOX LESSONS LEARNED

Past experience has shown chat inadequate build
up verification methods have led to severe pro-
grsmmatic delays and cost increases to assure she
software is flight wonhy. A hap hazard approach
to integration has never worked to establish confi-
dence in she sssfcware. h is absolutely essential to
understand the performance parameters, mechani-
zation build, and verification. Verification is she
key m demcmscrate that the sohware performs as
intended under varying logic as well as data ex-
ceedance characteristics. The few aircraft picr-
grams with sound verification meshods have been
cm time and close to cost.

o
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