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1. SCCPE

1.1 General. This handbook discusses the theory and establishes standard
design requirenments for the mninmization of small stray magnetic fields on Nava
shi ps.

1.1 Application. This handbook serves as a reference on the theory of stray
magnetic fields and provides the design requirements for equi pnent which should
have smal| stray magnetic fields. The principles and procedures given in this
handbook shoul d be considered during the initial design phases for equi pnment
required to have small stray magnetic fields,

2. APPLI CABLE DOCUMENTS
This section is not applicable to this handbook.
3. CGENERAL DESI GN CONSI DERATI ON
3.1 Introduction. Magnetic fields are caused by the presence of ferro-
magnetic material and by the passing of a current through a conductor. Some Navy
applications require that the nagnetic field caused by a current in a wire be

mnimzed. This handbook is directed primarily to the design of circuits and
equi pment for minesweepers where a small stray nmagnetic field is of the utnost

inportance . However, other ships that require a small stray magnetic field can
apply the principles set forth herein in the design of electric circuits and
equi prent . This design is particularly inportant for direct current (de),

electric propulsion installations in surface ships or submarines. Wiile it is not
necessary in many ships to push refinements in design as far as it is necessary in
m nesweepers, disregard of the design principles discussed herein can result in
stray magnetic fields that are unacceptably I arge. Thi s handbook first discusses
the general design considerations for reducing stray nagnetic fields. Next cones
a thorough discussion of current |oops and how they generate stray magnetic

fields. Mny current |oop configurations in the form of dipole nonents arc shown
along with related equations and contour plots. The principles of design of

equi pment, which will have small stray magnetic field, are discussed in genera
Next cones a discussion of specific design of magnetic ninesweeping equi prent,

ot her than the ninesweeping generator, having snmall stray magnetic field. The

m ni num stray magnetic field design of the nagnetic m nesweeping generators is
discussed in a section of its own. Fipally, there is a discussion of battery
arrangenents as used on xni nesweepers/nmnehunters and as used on subnarines
Appendi x A guides the reader through the derivations of the nmagnetic field
equations contained in the handbook. Appendix B lists all of the equations found
in the handbook by equation nunber, brief description, and the page nunmber on

whi ch the equation is found.

3.2 Definition of a stray nagnetic field. A stray magnetic field is an
unwanted magnetic field generated by a current, in particular a direct current
The stray magnetic field produced by an electric circuit or equipnent is the
change in magnetic field outside of the equipnment that is caused by changing the
current in the circuit or equiprment fromzero to a value different fromzero, wth
the following restrictions.
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(a) If this magnetic field can be contained within an enclosure or a
vol ume and does not inpact magnetic silencing, it is not a stray

field.
(b) If the magnetic field is desirable, it is not a stray field

3.2.1 Measuring stray magnetic field, The stray magnetic field at a point
can be calculated in sinple cases (when no iron or other magnetic naterial is
present). and can be measured in all cases. It can be neasured as follows:

(a) Measure the magnetic field at the point in question when the
current inthe circuit or equipnent is different fromzero.

(b) Measure the magnetic field at the same point when the current in
the circuit or equipnent is zero, all other conditions being the
sane.

(c) Subtract the second measured value from the first.

3.3 Design for smallest stray magnetic field,

3.3 1 General. In order to design electric circuits and equi pnment with
smal | stray magnetic fields, it is necessary to be able to estimate how nuch stray
magnetic field will be produced by different circuits and equiprment. Only when

this can be done is it possible to nake a rational choice of the arrangenent that
will give the snmallest stray magnetic field

3.3.2 The effect of a ferromagnetic material on a nagnetic field.

3.3.2.1 The magnetic field of a ferromagnetic material. Ferromagnetic
nmaterials have a substantially higher relative magnetic perneability than
nonferromagnetic materials. The induced magnetic field of a ferromagnetic
material is proportional to the relative magnetic perneability of the material
Therefore, the higher the relative magnetic perneability of the material, the
greater the induced magnetic field of this material wll be.

3.3.2.2 The effects of ferromagnetic materials on the magnetic field of a
conductor .  The mmgnetic field created by the current in a conductor is shown on
figure 1, with the current going into the page, [f there is some ferrous material
near to this conductor, the magnetic field of the conductor will be distorted. A
magnetization will be induced into the ferronagnetic material, which is
proportional to the current in the conductor and to the relative nagnetic
perneability of the ferromagnetic material. The magnetic field caused by the
ferromagnetic material in the presence of a current carrying conductor is shown on
figure 2. As figure 2 clearly indicates, the two fields tend to cancel each other
above the conductor and tend to reinforce each other below the conductor. Bear in
mnd that the nore nmagnetic field lines that are shown, the stronger the nmagnetic

field will be.

FI GURE 1. Magnetic field of a conductor

2
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FI GQURE 2. Distortion of a magnetic field by the introduction
of a ferrous material

3.3.2.3 The effect of ferromagnetic material on a solenoid. Wen a ferro-
magnetic material is introduced in a current |oop, the resultant magnetic field
will equal the nagnetic field of the current |loop (see figure 3) plus the nagnetic
field of the material. In nost cases, the magnetic field of a ferromagnetic
material is nmuch greater than the magnetic field of the current |oop. Therefore
if we surround a magnetic naterial with nultiple current |oops, creating a
solenoid, the magnetic material wll be strongly magnetized by the sol enoid, and
the magnetic field will be very nuch greater than it would be if the magnetic
nmaterial were renoved (see figure 4).

FI GURE 3. Effect of ferrommgnetic material on a magnetic field.
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FIGURE 4. Magnetic field of a solenoid.

3 3.2.4 Avoid enclosure of magnetic material in current |oops. [f we
consider a current |oop around a bul khead or a nmast (see figure 5) nade of
magnetic nmaterial, we will find that the magnetic material will be strongly
magneti zed by the current, and the magnetic field strength will be very nuch
greater than it would be if the nagnetic naterial were removed. Situations such
as those shown on figure 6 (A nust al so be avoi ded. Here we have a bul khead that
is not enclosed by a current loop but is |ocated between two current |oops of the
same polarity. By draw ng hypothetical conductors at the ends of the current
| oops (see figure 6 (B)), we see that the bulkhead is, in effect, enclosed by two
current loops, a small one and a large one. The small loop will produce a greater
field at the bul khead than the large | oop, hence, the effect will be nuch the sane
as if the bul khead were enclosed in a current |oop.

FTMbE § Crsvryant VYTann onalAacines FAY & Res1lebmanAd ae;mAd 7B o cmmo
Jiovuns 3 LUZTeNe (00D fNC U 0SIngE Ay J ouiNeat ang ({pj 2 mMast
\ e —
e
DTTTTITITTT T TR
DLl d il
~
-
— —)-
YT -
FiGUKE b

A bulkhead with two current loops (A) of the same polaritvy
on either side of it and (B) completely enclosing i

4



Downloaded from http://www.everyspec.com

M L- HDBK- 802 (SH)
2 July 1990

3.3.2.5 Magnetic material between two current |oops of opposite polarity
Now suppose we have a steel bul khead symetrically |ocated between two equal and
opposite current |loops (see figure 7). An end vieww |l look |ike the bul khead
shown in which 1, 2, 3, and 4 represent the conductors carrying current in the
long direction of the current loops. The arrows diverging frompoint P represent
roughly, in nmagnitude and direction, the magnetic fields that would be produced at
this point by the currents in the four conductors if no nagnetic material were
present Note that the vertical conponent vanishes along the centerline of the
bul khead and that the horizontal conmponent is not large. Magnetizing a bul khead
inthe direction of its length or width, either of which can be considerable, wll
give rise to a substantial stray nagnetic field. Magnetizing the bul khead in the
direction of its thickness, which is small, should not give rise to a very large
magnetic field. W should expect, therefore, that magnetic material symetrically
pl aced between two equal and opposite current |oops (see figure 7 (A)) wll be
less harnful than if it were between two current |oops of the same polarity (see

figure 6 (A)). Note, however, that there will be a vertical conmponent if the
steel bulkhead is not symetrically |ocated between the equal and opposite current
| oops but is closer to one than the other. For this reason, it is desirable that

magnetic material be kept as far as possible fromthe current loops in the
batteries or cable runs, and that in no case should it be disposed as shown on
figures 6 (A and 7 (A).

777777772 Clof’:Rojc

— Y
J

FI GURE 7. St eel bul khead flanked by two current | oops, (A top view

(B) _end view.

3.3.3 Shielding. Cable runs through a conpartment will be a source of stray
magnetic field during normal operation. In the optinmum configuration to reduce
stray magnetic field, cable runs will be configured with a nunber of cables per
run that is a positive power of 2 (i.e. 2, 4, 8, ... cables). O those cables

half of themwll carry the current in one direction and the remining cables will
carry current in the opposite direction. However, even where the optinmum
configuration for cable runs is enployed, sone stray field will occur. This
occurs because of the fact that all of the cables in a run will not sinultaneously

be energized with the sane magnitude of current. In these instances, we would
consider shielding the stray field. This procedure involves enclosing the cable
run in a structure made of ferromagnetic material. If we choose a material with a

large relative perneability, then the magnetic signature of the enclosure would
not change appreciably with the variation of the stray field within it.
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3 .3.3.1 Shielding effectiveness. The shielding effectiveness of a ferro-
magnetic material is a function of the magnetic permeability of the material. Ve
can deternine the shielding effectiveness, in decibels (dB), from the follow ng:

B
S = -20 logy {3-1]
BO
wher e:
S =- shielding effectiveness.
B = the magnetic field of the source inside the shielded volune

neasured at point P outside the shielded volume (see figure 8).
B, = the magnetic field of the source at the point P if a shield were
not present (see figure 8).

3.3,3.1.1

ness. W know that relative nagnetic perneability can be approximted fromthe
magnetic fields as follows:

BO
By = (3-2]
B
/z\\ P
: [ J
|
{
i
STRAY MAGNETIC
FIELD SOURCT  T— ;
L
!
/l\\
SHIELD ————== -7 T~
(SHELL OF FERRO-
MAGNE TIC MATERIAL)

FTICURE 8. Shielding wi+h ferycmagpe<tic matevialc.

wher e.
u, = the relative permeability of the nmaterial

Because of this relationship we can determne the approxinmate shielding effective-
ness of a material sinply by knowing its relative perneability. Therefore, the
shielding effectiveness, in decibels, could be approxinmted by the follow ng:

1
S = -20 log,y

Hr
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3.3.4 Calculating stray magnetic field. Wen iron and other magnetic
materials are absent, the magnetic field produced by any arrangenent of current-
carrying conductors can be conputed to any desired degree of accuracy by the
expenditure of sufficient time and effort. Alternately, any arrangenent of
conductors can be replaced by one or nore current |oops that together produce the
same magnetic field as the original arrangement of conductors. The advantage of
this procedure is that the nmagnetic field produced by current |oops can be
calcul ated to an adequate degree of accuracy by reasonably sinple formlas.

3.3.5 Theory of desire for small stray magnetic field. The theory of
designing electric circuits and equipnent with small stray magnetic fields is
based upon cal culating the magnetic fields produced by different conbinations of
current |oops, and picking out the conbinations that give a small stray magnetic
field. In view of the inportance of being able to calculate the nagnetic field
produced by current |oops. this handbook is arranged as foll ows:

(a) Fornmulas for calculating the nagnetic field produced by single
current loops are contained in 4.2. Derivations are not given
because they are not essential for use of the fornmulas.

(b) Fornmulas for conputing the nagnetic field produced by various
conbi nations of two, four, six, or eight current |oops of equa
strength are contained in 4.3. Appendix A is included, however,
to outline a method of deriving these formulas so that a user who
needs a formula for a conbination not covered in 4.3 can derive a
fornula to neet his needs

(c) Section 5 is devoted to a discussion of general principles of
designing electric circuits and equipnent for small stray magnetic
fields.

(d) Section 6 is devoted to the application of these principles to
specific itenms of equipnent.

(e) Appendix B provides a list of the equations used in the handbook
and the pages on which they can be found.

3.3.6 (Qganization of handbook. Parts of this handbook will not be of equal
interest to all readers. The designer of a disconnect switch will not be vitally
interested in the material that deals with the design of generators, nor will the
desi gner of generators be vitally interested in the material that deals with the
desi gn of disconnect switches. Nonet hel ess, it is highly desirable that each user
of this handbook nake hinmself generally famliar with its contents so that he will
be able to pick and choose the material he needs to best advantage. Each user of
t he handbook shoul d do the follow ng:

(a) Thoroughly naster sections 3, 4 (excluding 4.3), and 5.
(b) Be sufficiently famliar with paragraph 4.3 to know where to find
the formulas he may need in the course of his work.
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3.4 Illustration and neasurenment of stray magnetic field.

3 4.1 The effect of conductor shapes on stray magnetic fields.

3 4.1.1 Introduction. As stated earlier, a stray magnetic field is an
unwanted field produced by a current source. In 3.4,1.2 and 3.4.1.3 we wll
review four conductor shapes that are the nost basic sources of 2 stray magnetic
field. The magnetic field due to these sources is dependent upon the follow ng
factors:

(a) Shape and orientation of the conductor.

(b) Magnitude and direction of the current.

(c) Radial distance fromthe source point to the point of interest of
the magnetic field.

The mathematical fornulas for the magnetic fields generated by current sources can
be derived fromthe |law of Biot-Savart (also known as Ampere's law for the current
element). The actual derivation of the fornulas is beyond the scope of this
handbook. Therefore, for the four basic conductor shapes discussed in 3.4.1.2 and
3.4.1.3 only the final formof the fornmula (and not the derivation) will be given
For this explanation we are concerned with the shape of the conductor in order to
illustrate the variations in the nagnetic fields.

3.4.1.1.1 Right-hand rule. The right-hand rule is a nethod of deternining
the direction of a vector after a cross product has been computed. In this
handbook we will be concerned only with the direction of the resultant vector and
not with the g ethod of conputing the cross product. For a current loop the right-
hand rule is used as follows:

(a) Curl the fingers of your right hand around the coil in the
direction of the current.

(b) Your extended thunb will then point in the direction of the
resultant vector.

3.4.1.2 Straight wire. First let us consider the most basic of all
conductor shapes, a straight wire. W wll see that there are two distinct
expressions for the magnetic field produced by a straight wre. The difference
between the expressions is based upon the effect of varying the length of the
wire. We will consider the cases of a wire of infinite length (see 3.4.1.2.1) and
a wire of finite length (see 3.4.1.2.2).

3.4.1.2.1 |nfinitely long straight wire. A current in an infinitely long
straight wire will produce a magnetic field which curls around the wire
perpendi cul ar to the direction of the current at all points in space. Thus, a
current in the x direction will produce a magnetic field with y and z conponents,
acurrent inthe y direction will produce x and z conponents, and a current in the
z direction will produce x and y conponents. As an exanple, we will assume that
the infinitely long straight wire lies along the z axis (see figure 9), The
formula for the magnitude of the nmagnetic field (B) of the wire at sone point in
space is as follows:

B = u1/2nr [3-43
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wher e:
k., = permeability of free space.
| = current.
r = distance perpendicular fromthe wire to the point in space.

Notice that the nmagnetic field is proportional to the current in the wire and is
inversely proportional to the distance fromthe source to the point in space An

increase in the current would cause an increase in the magnetic field and an
increase i N the distance fromthe source would cause a decrease in nagnetic field

il /— WIRE

SOURCE POINT

N
x

Y X
- ?y’
(x.y.DD

POINT IN SPACE
/ N

r‘=ql b4 +ﬁ
Y

z
Fl GURE 9. Infinitely long straight wire along the z axis.

3.4.1.2.2 Finite length straight wre. The previous subparagraph dealt with
a magnetic field source that was a mathematical nodel rather than a physical
model. W can have an infinitely long straight wire only in a nathematical sense.
In practical applications we can use the formula for the infinitely long wire in
cases where the ratio of r (the distance to the point at which the field is
measured fromthe source) to the length of the wire approaches zero. Here, we
will consider a finite length of straight wire along the z axis with the direction
of the current in the positive z direction (see figure 10), a case where the
radial distance to the length of the wire is not zero As in the infinite |enght
case, the magnetic field produced by a finite length of wire will curl around the
wire perpendicular to the direction of the current at all points in space.
However, wunlike the infinite length case, the magnetic field will be a function of
the angles ¢, and 8, (see figure 10). The fornula for the magnitude of the
magnetic field (B) nmeasured at point (x, y, z) due to a finite length of wire is:

> >
> Bol\xi - yj; sini, - singy)
B(x y,z) =

Gr(a? 4 yz)
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wher e:
u, = pernmeability of free space.
I = current.
> = denotes a vector quantity,
> >
i , j = unit vectors in x and y directions, respectively.
Z,
sind, = [x% + y% + z,;2)} [3-6)
Z>

sinf, = [x% + y? + z,2)*

[3-7]
3.4.1.3 Loops. Next we will see the effect on the stray magnetic field when
we bend the wire into the two distinctive (but basic) loops. Again, the
di fference between the expressions is based upon the effect of two different
geonetric shapes, a rectangular (see 3.4.1.3.1) or a circular (see 3.4 1.3.2) |loop
of wire.

Fl GURE 10. Finite straight wire along the z axis.

3.4.1.3.1

Square | oop.

Assune a square loop lies in the xy plan with each
side of length L (see figure 11) (note that the case of a rectangular loop is

The magnetic field at the center of the square |loop is equal
to four tinmes that caused by a single side. If we use the finite straight wire
r = L/2, we obtain the follow ng square | oop equation for the
magni tude of the magnetic field (B):
B = 2V2u, 1/(xL) [3-8]

10
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perneability of free space.
current.

length of wire segnment per

side of Ioop.

The direction of B and that of the current
rule (see 3.4.1.1.1).

inthe loop wll
cl ockwi se direction,

follow the right hand
For the exanple giver. above with th current in the
the magnetic field will

be in the positive z direction The
exanpl e given above is for the sinple case of a square loop with the field

measured at the center of the loop, Rectangular |oop equations for the field
neasured at any point in space are given in 4.2, 2.

N>

\</\
’\L e >(\* L/\
\\/ \//

Rect angul ar current

3.4.1.3.2 Circular loop. Assune the loop lies in the xy plane with its
center at the origin (see figure 12).

nt ¢ _ The magnetic field (B) measured at the
origin for a loop of radius a, which as in the rectangul ar case represents the
maxi mum val ue, is:

loop in the xy plane.

B = £1,/2a

(3-9]
and, the magnetic field at any point along the z axis is:
B - ula? [2(22 + 82>3/2]-1 [3-10)
wher e
B, = perneability of free space.
| = current.
a = radius of the |oop.
Z =

length along the z axis.

11
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The direction of B and that of the current in the loop will follow the right hand
rule (see 3.4.1.1.1). As in the exanple of 3.4.1.3.1, the magnetic field will be
inthe positive z direction if the current is in the clockw se direction.

X
/|
/ |
rd
Y
z
FI GURE 12. Circular current loop in the xy plane.
3.4.1.4 Summary. In each of the conductor shapes discussed there have been

simlarities in the expressions for the stray nagnetic fields VWiile the formul as
are different, there are common el ements:

(a) The strength of the magnetic field is proportional to the current.
it increases as the current increases and decreases as the current
decr eases.

(b) The magnetic field strength is inversely proportional to the radial
di stance from the source.

3.4.1.5 Exanples. The follow ng exanples of measurement will illustrate
principles set forth in the preceding expl anation.

3.4.1.5.1 A sinple experinent. W can illustrate the stray magnetic field
by use of a sinple experinment. At a point far renoved from nagnetic materials and
electric currents, we place a magnetoneter that neasures vertical, north-south,
and east-west conponents of the nmagnetic field The initial readings of the
magnetoneter will give us the three conponents of the earth’s magnetic field at
the point where the magnetoneter is placed. Next, we wind a coil of wire on a
formand connect one terminal to a dry cell battery, nmaking sure that all
materials used in the wire, form and battery are nonmagnetic. As long as only
one termnal of the coil is connected to the battery, the current in the coil is
zero and the magnetometer will show no change in the nagnetic field even if the
coil is brought close to the nagnetoneter. Now we connect both terminals of the
coil to the battery so that current exists in the coil. The magnetoneter will
show that the nmagnetic field has changed. |f this change is unwanted it is the

12
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stray magnetic field fromthe coil. If we increase the current, the stray mag-
netic field will increase. If we nmove the magnetoneter around, we will find that
the stray magnetic field is large near the coil, is smaller at greater distances
and is too snmall to measure at still greater distances. Now we place the magneto-
meter at a convenient distance fromthe coil, disconnect one termnal so that the
current in the coil is zero, and place an iron core in the coil. The magnetoneter
shows that the magnetic field changes when the iron core is placed in the coil.
The change is not, however, the stray magnetic field. It occurs because the iron

has a pernmanent magnetization and is nagnetized by induction due to its presence
in the earth’s magnetic field. The permanent and induced magnetizations produce a
magnetic field around the iron. Leave the iron core in the coil and neasure the
change to the magnetic field that occurs when the battery is connected, thus
applying current to the coil. This change is the stray magnetic field.

Experinents made with and without the iron core in the coil will show that the
stray magnetic field is different in the two cases. Qher experinments wth
different coils and circuits will show that the stray magnetic field depends upon
the follow ng:

(a) The arrangenent and nunber of current-carrying conductors.

(b) The magnitude of the current.

(c) The distance fromthe circuit or coil

(d) Whether or not magnetic materials are present in the vicinity of

the circuit or the nagnetoneter.
3.4.1.5.2 A large-scale experinment. Suppose that we place the magnetoneter

at the bottomof a ship channel. Wth no ships or other novable sources of
magnetic field around, the magnetoneter will read the earth’s magnetic field at
the bottom of the ship channel. W will call this magnetic field A Next we

bring up a ship having a generator aboard and noor it over the magnetoneter
Suppose that initially the generator is not running and that no electric currents
exi st anywhere in the ship. The nagnetic field at the bottom of the channel will
be different fromfield A because of the permanent and induced magnetization in
the iron of the generator and other magnetic material in the ship. W wll cal
this magnetic field B. Next, we bring to the ship a source of electric current,
which is arranged such that it has no stray nmagnetic field. W connect this
source of current to degaussing coils that are arranged to produce a magnetic
field that is, as nearly as possible, equal and opposite to B - A (B minus A).
When the degaussing coils are energized, we will call this magnetic field C
Finally, with the degaussing coils still energized, we start the generator and
apply current to it and its connected circuits and equipnment. The stray nmagnetic
field fromthe generator and its connected circuits and equi pnment will be
superinposed upon the existing field C, and wlll cause the resultant field to be
different fromC  We will call this magnetic field D. W thus have four magnetic
fields: A for no ship, B for a ship with iron but no current (even in the
degaussing coils), C for a ship with iron and current in the degaussing coils but
nowhere else, and D for a ship with current in the degaussing coils and ot her
electric circuits and equiprent. The differences between these fields can be
identified as follows:

(a) B - Ais the undegaussed magnetic field of the ship.
(b) C - Ais the degaussed magnetic field of the ship.

13
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(c) D- Cis the stray magnetic field of the ship.
(d) D - Ais the total magnetic field of the ship.

3.5 How a magnetic mne works. A magnetic mine has a device to detect the
change in the earth’s nagnetic field that occurs when a ship approaches the m ne.
If the change in the earth’s magnetic field is |large enough to actuate the
detecting device, it fires the mine and destroys or danmges the ship.

3.6 How a magnetic mne can be defeated. A magnetic mine will be defeated
if there is no change in the magnetic field when a ship approaches a mne, that
is, if A C- D Expressed somewhat differently, this condition is that the ship
degaussed magnetic field, C - A the ship stray magnetic field, D- C and the
ship total magnetic field, D - A are all equal to zero. \ere this is the case
the ship is “magnetically invisible" it cannot be detected by the nechanismin a
magnetic mne, and therefore can pass close to the mine in safety. It is
particularly inmportant to make the magnetic field of a mnesweeper as snall as
possi bl e because m nesweepers nmust venture into minefield and perhaps pass
directly over magnetic mnes before sweeping them  The safety of the m nesweeper
and of every man aboard depends upon how well the men who design and build the
ship and its machinery do their part in nmaking the ship nmagnetic field as small as
possi bl e.

3.7 How a ship nmagnetic field can be made equal to zero. Since a ship
magnetic field is caused either by nmagnetic material or electric currents, or
both, in principle it is very easy to nake the magnetic field equal to zero. Al
that we need to do is the follow ng:

(a) Use nothing but nonmagnetic materials in the construction of the
shi p.

(b) Make it inpossible for electric currents to flow anywhere in the
ship.

3.8 Practical ways of minimzing. ship magnetic fields. Mny things that are
very sinple to do in principle are by no neans sinple to do in practice. Take,
for example, a minesweeper that is to be used for sweeping magnetic mnes. The
two conditions that would nake its magnetic field equal to zero are given in the
precedi ng paragraphs, but we can use neither for the m nesweeper. W cannot
elimnate electric current because we need large currents for the m nesweeper to
do its job of sweeping magnetic mines. W cannot elinmnate all magnetic naterials
because the nost feasible way of obtaining the large currents needed is to nmake
use of generators that require magnetic materials for their construction. W can,
therefore, hardly hope to make the magnetic field of a m nesweeper equal to zero.
V¢ can, nevertheless, nmake it very small if we approach this objective as follows:

(a) Use nagnetic materials only where they are indispensable. The
smal l er the ambunt of magnetic materials, the nore nearly field B
is equal to field A, and the | ess the degaussing installation has
to do.

(b) Put in degaussing coils to make the degaussed magnetic field,

C- A as nearly equal to zero as possible

14
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(c) Design all electric equipment and circuits (except degaussing coils
that are intentionally designed to produce a magnetic field) so
that the stray magnetic field caused by current in the equipnent
and circuits is as small as possible. The total magnetic field of
the ship, D- A wll then be as nearly equal to zero as we can
make it.

When these things have been done, we have as close an approxi mation as we can
attain to the desired condition, A- C- D, which protects a ship against
detection by a magnetic mne.

4. MAGNETI C FI ELDS PRCDUCED BY CURRENT LOOPS

4.1 General information. In this section, we will introduce the concept of
stray magnetic fields, specifically those produced by current |oops. The stray
magnetic field produced by a current loop is defined to be the change in magnetic
field outside the |loop that is caused by changing the current in the loop from
zero to a value different from zero, other conditions remaining the sane. Ve will
investigate the magnetic field produced by sinple current |oops and give
mat henat i cal expressions that can be used to calculate the magnetic field at any
point in space

4.1.1 Current loop. A current loop is a closed electric conductor. [t may
have one or nore turns of any size or shape and be arranged in any way. A sinple
current loop is a closed conductor naking one turn in a single plane, or
alternately making a nunber of turns that are in the same plane or in parallel
pl anes and so close together that, to a first approxination, they can be
consi dered to be physically coincident in space. More conplicated current |oops
can be resolved into a conbination of sinple current |oops.

4.1.1.1 Coil. Acoil is a particular type of sinple current |oop
characterized by a relatively large nunber of turns wound closely together, such
as the shunt field coil for a dc nmobtor or generator.

4,1.2 Small and large current | oops

4.1.2.1 Exanple using small and large loop fornmulas. Formulas are given
hereinafter for conputing the magnetic field produced by small sinple current
| oops of any shape and by large current |oops of rectangul ar shape It is assuned
in both cases that no magnetic materials are around, The large current |oop
formul as give correct values for the magnetic field at points both close to and
far fromthe loop. The small current |oop fornulas give a good approximtion to
the correct values for points which are far fromthe |oop, and a poor
approximation to the correct values at points which are close to the loop. This
is illustrated by the followi ng exanple:

(a) Take a horizontal rectangular loop 1.0 nmeter wide and 2.0 neters
long with its center at the origin of coordinates and its |ong
axis parallel to the x axis. Suppose that the current is 1000
anper es.

15
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(b) Now use the large loop formula (see equation 4-35) to conpute the
magnetic field at different points on a line parallel to and 0.5
meter below the x axis. The values conputed by the large | oop
fornula are shown in curve A of figure 13. They are equal (within
the acceptable errors of nmeasurement) to the val ues which would be
nmeasured by a nagnet oneter

(c) Now use the small |oop (or dipole) formula (see equation 4-29) to
conpute the magnetic field at different points on the same |line
parallel to the x axis and 0.5 neter below it. The results
conputed by the small loop formula are shown in curve B of figure
13. It is immediately apparent in this case that the small |oop
(or dipole) fornula gives a very poor approxinmation relative to
the correct values shown in curve A

(d) Now use both the large and snall loop fornmulas to conpute the
vertical conmponent of the nmagnetic field on a line parallel to the
X axis but 10.0 meters below it. The values conputed by the large
and snmall loop fornulas agree to within a few percent.

3000 1 / \

2000 / - \

[
¥ // \\
1000 )\ \ |
V"”——“—\“Q

A

] ,_J_—//

-1.5 ~125 =-i0 -075 -05 ~-0.25 0 6.e5 0.5 6.75 1.0 1.25 1.5
METERS

FI GURE 13 Conparison of large loop (A) and small loop (B) fornulas.

4.1.2.2 Conparison of small and large |oop fornulas. As the above exanpl e
illustrates, at 10.0 neters below a loop 2.0 neters long and 1.0 neter wide, the
smal |l loop fornula gives a good approximation to the correct value: at 0.5 neter
bel ow the loop, it gives a very poor approximation. There is no sharp dividing
line between gspml| and |arge | oops: however, the foll owing exanple nay be used as

16
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a gui de. Suppose it is desired to calculate the magnetic field produced by a
current loop at points on a plane z neters below the center of the |oop, then the

following would apply.

(a) If the greatest distance between any two points on the loop is |ess
than z/10, the small loop formulas will give results correct to a
degree of approximation which is usually adequate fcr stray field
calculations . The smaller the |loop, as conpared to z, the better
t he approxi mati on.

(b) If the greatest distance between any two points on the loop is nore
than z/10, the approximation will not be as good, becom ng worse
as the loop becomes larger. Note, however, that the exanple given
above shows a good approximati on even when the greatest distance
bet ween any two points on the loop is slightly nore than z/5.

4,1.2.3 Small loop fornulas. The snall loop formulas are much easier to use
than the large loop formulas and will give results as needed This is because, in
almost all cases, the greatest distance between any two points on the loop is |ess
than z/10 (usually considerably less). The fornulas for |arge rectangul ar |oops,
given in 4.2.2, are included for the sake of conpleteness so as to be available in
the rather unusual case of having to calculate the magnetic field close to a
rectangul ar | oop.

4.1.3 Coordinate axes. Throughout this handbook, a rectangular (Cartesian)
coordinate systemis used. The coordinate axes are as shown on figure 14

TIGUDE 1%, Locrdi:.ate axiz.

4.1.4 Conventions on sign.

(a) A conponent of magnetic nonent or of magnetic field along a
particular coordinate axis is positive when in the sane direction
as the positive direction of the axis.

(b) A magnetic nmonment with its axis on a line passing through the
origin 01 coordinates is positive if the positive direction of the
moment is away from the origin.

17
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4 1.5 Notation Throughout this section (except as otherw se indicated) the
following notations will be used:

A = area enclosed by a coil or by a turn of a coil, in neters-
squar ed.
a,b,c = the X, y, and z coordinates of a dipole, in neters. May al so

be used with subscripts as a,, t;, ¢, for coordinates of one
di pole and a,, b,, ¢, for the coordinates of another.

B = mgnetic field (magnetic flux density).

I = current, in anperes,
x? y? x? + y?

K? = e— b— - ——
Z2 Z2 22

M = nmagnetic nonment, in anmpere meters-squared.

N = nunber of turns in a current loop or a coil.

r = radius, in meters, of a circle on which dipoles are arranged in
a circular array.

X,¥,Z = X,Y,z coordinates, in meters, of the point at which the

magnetic field is conputed.

4.2 Magnetic field produced by single current | oop.

4.2.1 Small current | oops

4.2.1.1 Sam | current |oops and magnetic dipoles. A bar magnet consists of
a north pole and a south pole with the direction of positive magnetic flux (field)
lines being fromthe south pole to the north pole (see figure 15 (A)). A nagnetic
dipole is the equivalent of an infinitely snall current |oop where one face of the
| oop behaves like the north pole of a bar nagnet and the other face behaves |ike
the south pole of a bar magnet. The nagnetic field produced by a snall sinple
current loop is practically independent of its shape and nearly equal to the
magnetic field produced by a nagnetic dipole that is situated at the right
position, is oriented in the right direction, and has the right strength. The
direction and intensity of field strength lines are dependent on the direction and
amount of current, with the direction of the field in accordance with the right
hand rule (see 3.4 1.1.1). Figure 15 (B) shows the field lines of a magnetic
di pol e nmodel of a current |oop where the current is in a clockw se direction. The
di pol e, insofar as producing the same magnetic field as a small current |oop
will:

(a) Be located at the center of the |oop.

(b) be oriented perpendicular to the plane of the loop with its
positive direction in the direction of the nagnetic field which
the loop produces at its center.

(c) Have a nagnetic nonent that is produced in accordance with 4.2 2 1.
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FI GURE 15, Magnetic di pol e nodel

4.2.1.1.1 Representations of current loops |n the figures used later in
this handbook, a current loop will be represented as foll ows:

(a) In some cases by drawi ngs which show the conductors in the current
| oop; and

(b) I'n other cases by a small arrow for the dipole that is equival ent
to the current |oop insofar as producing the same nagnetic field
i s concerned.

4.2 1.2 Computation of mmgnetic dipole nonent The magnetic dipol e nonent
is a vector whose magnitude is the product of the area enclosed by the | oop, the
number of turns in the loop, and the current in the loop. The direction of the
vector, deternmined by the right hand rule, is normal to the plane of the |oop.

4.2.1.2.1 Current loops of equal area. For current |loops in which each turn
encl oses an equal area, the magnetic dipole nonent is calculated as follows:

M= ANI [4-1)
where
M= Magnetic nonent of the current loop and its equivalent dipole in
anpere meters squared {Am®)
N = Nunber of turns.
A = Area enclosed by each turn in nmeters-squared.
| =

Current in the |oop.

4.2.1.2.2 Current loops of differing areas, For current |loops with a small

nunber of turns enclosing different areas, the nagnetic nmoment is calculated as
foll ows:

M=2Z A, 1

L= Ay Tyt A I+ Lo+ Ay Iy [4-2]
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Area of | oop.
Current in |oop.

4.2.1.2.2.1 Exanpl e. If we have a current of 10 amperes, the nagnetic
nmonent of the four turn |l oop shown on figure 16 is:

= §7M(SM(2)(10A) + (5m (3m (1) (10A) + (3m(1m (1) (10A)

4.2.1.2.2.2 Magnetic nonent of loops of different areas. For loops with a
| arge nunber of turns enclosing different areas, the magnetic nonment can be
conputed just as above but the ampbunt of work involved will be considerable

because of the |arge nunber of turns. An alternate procedure that involves |ess
work and will give a good approxination is as foll ows:

(a) Divide the loop into a number of sections such that all turns in a
section encl ose approxi mately equal areas.

(b) Multiply the number of turns in each section by the current and
average area enclosed by the turns in the section to obtain AND
for the section.

(c) Add all of the values of ANl for the different sections to obtain
the total nagnetic monent for the coil

4.2.1.2.3 Vector character of nagnetic nonent. As nentioned in 4.2.1.2, the

magnetic nonent is a vector having a magnitude equal to ANl and having a direc-
tional orientation. G ven the orientation of the vector, it can be resolved into
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FI GURE 16. Four turn coil
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conponents on the coordinate axes. In the rectangul ar coordinate system the
vector can be resolved into x, y, and z conponents that will be designated as ¥,
M,, and M,. Each conponent can be represented by a dipole parallel to that
particul ar coordinate axis, that is, the M, conponent could be represented by a
dipole parallel to the x axis.

4,2 1.2.3.1 Vertical conponent The vector conponent of greatest inportance
in the design of minesweepers is the vertical (M,) component. The reason for our
interest in the vertical component is that if we design the electric circuits and
equi pnent such that the vertical conponent of their stray magnetic field is snal
at all points on a horizontal reference plane bel ow the equi prent, then we can be
sure that all three conponents of the stray nagnetic field will be snall at al
points below the reference plane.

4.2.1.2.4 Nnagnetic nonent of an inclined current loop. The magnetic noment
of an inclined current |oop can be calculated as foll ows:

(a) Conpute the nagnetic nonment of the equival ent dipole.

(b) Resolve the magnetic q oment into its M., M,, and M, conponents.

(c) Calculate the magnetic fields produced by the X, Y, and Z dipol es
usi ng the correspondi ng nagnetic moment conponent from (b), and
add the results. The sumw |l be the magnetic field produced by
the inclined current loop. Note that the inclined current loop is
first replaced by its equivalent dipole and that this is, in turn
replaced by X, Y, and Z dipoles. The reason for proceeding in
this way is that it enables us to calculate the magnetic field
fromany small, sinple current |oop by making use of the fornulas
for X Y, and Z dipoles. It is not necessary to have speci al
formulas for inclined current | oops.

4.2.1.2.5 Mgnetic fields of noncoplanar current |oops. Consi der the
noncopl anar current |oop ABCDEF shown on figure 17 (A). Part of this loopis in a
hori zontal plane and part in a vertical plane. I magi ne that the loop is opened at
points C and F and that two hypothetical conductors are introduced between C and F
to make two | oops as shown on figure 17 (B), and that the same current exists in
the horizontal |oop ABCF and the vertical |oop CDEF as in the original |oop ABCDEF
of figure 17 (A). The two hypothetical conductors between C and F of figure 17
(B) carry equal currents. Since they are purely hypothetical conductors, they can
be inmagined to be as close together as we wish, Their magnetic fields cance
conpletely if we assume themto be coincident; hence, the magnetic field produced
by the two | oops ABCF and CDEF will be exactly the sane as that produced by the
single loop ABCDEF. W can, “therefore, figure the fields of the two |oops
separately and add themto obtain the field of the original noncoplanar | oop.
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FIGURE 17. Noncopl anar current |oops.

4.2.1.2.5.1 Splitting current loops into smaller loops. The sane nethod of
addi ng two hypothetical conductors that are assumed to be coincident in space, and
that carry equal currents in opposite directions, can be used to split any current
loop into two smaller loops. Each of these can, in turn, be split into two, and
so on until the original loop is split into as many snaller |oops as we desire
By adding the magnetic fields produced by these, we obtain the magnetic field
produced by the original |oop

4.2.1.3 Magnetic field contours. The vertical conponent of a magnetic field
at different points on a horizontal reference plane can be represented graphically
by a contour map. W can construct a contour map as follows: draw a curve (or
curves) through all points of the reference plane at which the vertical conmponent
of magnetic field is zero; draw another curve (or curves) through all points where
the vertical conmponent of magnetic field is 1 microtesla; and, simlarly, for
points where the vertical conponent is 2, 3, 4 nmicrotesla, and so on. Smaller
intervals should be used when necessary. Note that two contours never intersect
because the vertical conponent of nagnetic field at any point has a single
definite value; hence, only a single contour can go through the point. Note also
that values of nagnetic field which are greater than or equal to zero are shown as
solid lines while those values of magnetic field which are less than zero are
shown as dashed |ines. Figures 18 through 20 are exanples of contour nmaps
Figure 18 is for an X dipole (equivalent to a small current loop in the yz plane);
figure 19 is for a Z dipole (equivalent to a small current loop in the xy plane);
and figure 20 is for a dipole that nmakes an angle of 60 degrees with the z axis
(equivalent to a small current loop in a plane that passes through the y axis and
makes an angle of 60 degrees with the xy plane). In each case:

(a) The nagnetic nonent of the current |loop and its equival ent dipole
iis 2835 Am?,

(b) The nunber al ongside each contour gives the vertical conponent of
magnetic field, in mcrotesla, that the current loop or its
equi val ent dipol e produces on a plane 3 meters below the center of
the loop or dipole.

(c) The positive direction of the vertical conponent is taken to be
downwar d

(d) The x and y coordinates are given in neters.
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FI GURE 18. Contour map of the vertical conponent of the magneic field
produced by an X dipole.

4.2.1.4 Magnetic field of a dipole.

4.2.1.4.1 Mgnetic field of an X dipole. Consider a dipole centered at the
origin of the coordinate systemand aligned in the positive x direction. This is
an X dipole. W wll assign the magnetic nmoment of the X dipole the value of M
Because this is an X dipole it has only an M, conponent.
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FI GURE 19. Contour map of the vertical conponent of the nagnetic
field produced by a Z dipole.

4.2.1.4 .1.1 The x conponent of the magnetic field of an X dipole. The X
conponent of the magnetic field nmeasured at point (x,y,z) produced by an X dipole
is as follows:

poMy (2%% - y* -2%)
By(x,y,2z) =~ [4-3]
4w (x? + y? + z%)%3

wher e
B, = the x conponent of the magnetic field in tesla.
., = the x conponet of the magnetic nonent in anpere neters-squared
p, = the perneability of free space, 4= x 1077 Henries/neter.

The maxi mum val ue occurs when
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FIGURE 20. Contour map of the vertical conponent of the nagnetic field
produced by a dipole inclined 60 degrees to the z axis.

x = = [(3/2)(y® + 2))? L-d ]

On the plane y = 0, the maximum value occurs when:
X = & (3/2)% [4-5)

On the plane z = 0, the maximum value occurs when:
xy [6-6 ]

<5 ) Ve B Lo TN
X = X (2/4)Y

4.2.1.4.1.2 The v conponent of the magnetic field of an X dipole. They
conponent of the magnetic field measured at point (X,y,z) produced by an X dipole
is as follows:

BoMy 3xy }
By(x.y,z) = [4-7]
’ e (%2 + yo + z9)° >

where:
where:

B, = the y component oi the magnetic field in tesla.
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The maximum value occurs when:

1
+
=
<

X y? -z [4-8]

On the plane v = 0. the maximum occurs at complex roots.
On the plane z = C, the maximum occurs when:
e [4-9)

4.2.1.4.1.3 The z conponent of the magnetic field of an X dipole. The z
conponent of the magnetic field at point (x,y,z) produced by an X dipole is as
foll ows;

oM, 3xz
B,(x,v,z) = [4-10)

L (XZ + yz + 22)2 5

where:
B, = the z component of the magnetic field in tesla.

z

alue occurs when:

.
X = % (42 - y})¥ [4-11]
Ne s 1 arma = N +hn A it vwres Vsva A AT o S Sappuy
Ll LT P.LCILIC _) oy, LI Uda A 4t Yaluco UCoCeuUdl o wlicii
X = =+ z/2 [{4-121

4.2.1.4.1.4 Total magnetic field produced by an X dipole, To calculate the
total magnetic field produced by an X dipole at point (x,y,y) we sum the contri-
bution from each conmponent. The total vector would be the M, conmponent nultiplied
by the x unit vector plus the M, conponent nultiplied by the y unit vector plus
the M, component multiplied by the z unit vector. Qur concern will generally be
with the vertical (z) conponent. Therefore, we will deal wth conponents
individually rather than collectively, and we will not conpute the total mgnetic
field vector for the X, Y, or Z dipoles.

4 2.1 4.2 The magnetic field produced by a Y dipole Consider a dipole
centered at the origin and aligned in the positive y direction. thisis ay
dipole, As in the previous exanple, we will assign the dipole a value of Mand
wi |l have only an M, conponent.
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4.2.1.4.2.1 The x conponent of the magnetic field of a Y dipole. The x

conponent of the magnetic field measured at point (x,y,z) produced by a Y dipole
is as follows:

by (-3xy) .
B,(x,y,z) = (4-13]
4m (x* + y2 + zH)??
The maximum value occurs when:
y = & (4x? - %)} [4-14]
On the plane x = O, the maximum occurs at complex roots.
A oAy Y n el n mmarfamiarm wralica A msire wshae
Ul L€ pldne < = v, (lie lidAlllul valuct UlLuLls wiicdd
y = % 2% [4-15)

4.2.1,4.2,2 The v _conponent of the magnetic field of a Y dipole The y

conponent of the magnetic field measured at (x,y,z) produced by a Y dipole is as
foll ows:

pM, (-x% + 2y% - 2%)
By(x,y,z) = [4-16]
ax (x% + y2 + z%H)%3

The maximum value occurs when:

y = £ [(3/2)(x* + 2B )% (4-17]
On the plane x = 0, the maximum value occurs when:

y = * (3/2)% (4-18]
On the plane z = 0, the maximum value occurs when:

y = + (3/2)% [4-19)

4,2.1.4.2.3 The z conponent of the nagnetic field of a Y dipole. The z

conponent of the magnetic field measured at point (X,y,z) produced by a Y dipole
is as follows:

Bty 3yz
B (x,y,2z) = [6-20]
br (X2 + y* + z%)?% 3

The maximum value occurs when:

y = & (4z% - X% (4-21)
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On the plane x = 0, the maximum val ue occurs when:
v = + 2z [4-22]
On the plane z = 0, the maxinum occurs at conplex roots.

4.2.1.4.3 The magnetic field Produced by a Z dipole. Consider a dipole
centered at the origin and aligned in the positive z direction. Thisis a Z
dipole . Asin the two previous exanples, we will assign the dipole a value of M
and it will have only an M, component.

4.2.1.4.3.1 The x conponent of the magnetic field of a Z dipole. The X
conponent of the nagnetic field nmeasured at point (x,y,z) produced by a Z dipole
is as foll ows

HoM, 3xz
B,(x.y,2) = - [4-23]

Ly (x2 + yz -+ 22)2 s

The maxi mum val ue occurs when
z = & (WP yHX (4-24]
On the plane x = 0, the maxi num occurs at conplex roots
On the plane y = 0, the maxi num occurs when:
z = 4 2% [ 4-25]
4.2.1 4.3.2 The v conponent of the magnetic field of a Z dipole. They

conponent of the magnetic field neasured at point (x,y,z) produced by a Z dipole
is as follows:

uM, 3yz
B.(x,v,2) = [ 4-26]
4w (xz + yz + 22)2‘5
The maxi mum val ue occurs when:
z = + (4y* - xH)¥ [4-27]

on tne plane x = 0, the maxi mum val ue occurs when.
z - 4 2y [ 4-28]

On the plane y = 0, the nmaxinmum val ue occurs at conplex roots.
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4.2.1.4.3.3 The z conponent of the magnetic field of a Z dipole. The z
conponent of the magnetic field measured at point (x,y,z) produced by a Z dipole
is as foll ows.

p M, (x% + y2 - 2z%)
B,(x,y,z) = [4-29]

The maximum value occurs when:
z = + [(3/2)(x?* + yH]* [4-30])

On the plane x = 0, the maximum value occurs when:

z = =+ (3/D% [4-31)
On the plane y = 0, the maximum value occurs when:
z = + (3/2)% [4-32)

4.2.2 Large current |oops

4.2.2.1 General. Mst of the current |oops that we need to consider in
stray field work are small conpared to the distance at which it is desired to
conpute the stray magnetic field. In such cases. the small |oop or dipole

formulas can be used; however, the dipole formulas give highly incorrect val ues
for large loops. Although it is seldom necessary to conpute the magnetic field
produced by a large loop, fornulas for large rectangular current |oops are given
bel ow to cover the rare case when it is necessary to conpute the field that they
produce. Note that the forrmulas are for large rectangular |oops only, and do not
hold for large | oops of other shapes. It is assuned in both cases (large and
smal | |oops) that no magnetic materials are nearby. The large current |oop
fornul as give correct values for the magnetic field at points both close to and
far fromthe loop. The small current loop fornulas give a good approximtion to
the correct values for points that are far fromthe loop, and a poor approximation
to the correct values at points that are close to the loop. This is illustrated
in the exanple of 4.1.2. Note that in the formulas that follow the perneability
of free space (p,) and the factor of 4x are left out and that the magnetic field
is nmeasured in mcrotesla. This is because g, divided by &4x is 1077 and 1077 tesla
is equal to 0.1 microtesla.

4.2.2.2 Horizontal rectangular loop. Consider a horizontal rectangular |oop
consi sting of N-number of turns with its center at the origin of a rectangul ar
coordi nate system having the horizontal x and y axes parallel to the sides of the
rectangul ar l[oop, as shown on figure 21. Let | be the current, in anperes; 2a and
2b the dinensions of the loop parallel to the x and y axes, respectively, in
meters; and (Xx,y,z) the coordinates, in nmeters, of the point at which it is
desired to neasure the nagnetic field (note that here a and b do not follow the
notation of 4.1.5). The three conponents of the magnetic field, B,, BY, and B,
at point (x,y,z), in nmcrotesla, are as foll ows:
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0.1 IN z [ by
) -
(a-x)? + 27 l [(a-x)2 + (b+y)? + 2%)*
L
1
D-\
. |
({a-x)% + (b-y)? + 22} 1
-
- oamwz [ by
(a+x)2 + 2° L[(a+x)2 + (b+y)2 + zz}*
b-y
+
[(a+x)? + (b-v)? + z*)¥
0.1 IN z r a+x

[

(b-y)* + z L[(a+x)2 + (b-y)? + z%}*

| SS—

[ fa_xwY2 4 (H_uN2 o 21k
- 0.1 IN z Ir a+x
(b+y)? + 22 ,[(a+x)2 + (b+y)? + Z%)¥
| -
a-x -l
+ |
., N2 ,a <2 2k
[(a-x) + (b+ty) + z |~ _]
0.1 IN (a-x)(b-y) [ 1 1
N +
{{(a-x}° + (b-y)° i 2°)7 L{a- )<+ z° (B-y)° + =*
r
0.1 IN (a-x)(b+y) I 1 1
[(a-x)% + (b+y)? + z?)* |(a-x>2 + 22 b+y)? + 22
L
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[ m
0.1 IN (a+x)(b-y) 1 1
.{
[(a+x)? + (b-y)? + z%)? (a+x)? + 2* (b-y)? + 2°
.|

0.1 IN (a+x)(b+y)

1

[(a+x)? + (b+y)? + 2%)*

rect angul ar

| oop.

rectangul ar | oop,

center of the loop to the point where the field is to be conputed,
4.2.2.2 becones difficult to use because terns of nearly equal
We can use the formula for the vertica
field for this case,

subtract ed

B(x.y,z2) =

B, (x,y,2)

where b is small

as follows:

+
(a+x)? + z? (b+y)? + 2 J

For

[4-35]

a narrow hori zontal

conpared to both a and the distance fromthe

the equation in
magni t ude nust be
conmponent of the magnetic

0.2 IN =z r b 1
(a-x)% + 2° ‘ [(a-x)? + y& + z*)? J
0.2 IN z r b ]
(a+x)2 + z? [[(a+x)2 + y2 + zz]* J
[4-36]
i J
0.2 IN (a+x)byz (a+x)? + 3y% + 322 1
(v2 + 25 (a+x)? + y? + 2%)} (a+x)? + y* + 2° |
- -
0.2 IN {a-x)byz (a-x)% + 3y% + 32° 1
(y2 + zH2%[(a-x)% + y* + 2)* (a-x)% + y* + 2% J
[4-37)
- -
0.2 IN (a+x) b 22(a+x)2
2 2
2z° - 5
£ L, _2\2r/_,.N2 , 2 , _2\11k s a2 2 _2
\y T+ <2 ) [ (atXx) ‘f‘)’ "‘Z)J (arx) 1‘)’ +2Z J
[~ - ~
0.2 IN (a-x) b z%(a-x)*
222 - y2 )
(vz + 72\2[{:‘-\(\2 + 2 + S4y X (a-x)2 + v 4_-72
J &~ /LW “~/ J “~ J B \N& oy J & J
[4-38]
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FI GURE 21. Horizontal rectangular |oop

4.2 2 3 Vertical rectangular |oop Consider a N-turn vertical rectangular
loop with its center at the origin of a rectangular coordinate system Let 2cbe
the height of the loop in the direction of the vertical (z) axis, and 2b its
length in the direction of the horizontal (y) axis (note that here b and ¢ do not
follow the notation of 4.1.5). Then the vertical conponent of magnetic field, in
mcrotesla, for current of | anperes at a point (Xx,y,z), in neters, is as
foll ows:

0.1 IN (b-y)(c-2) 1 1
Bx(xyy:2) - - - Py - - + ) 2

[x° + (b-y)° + (c-2)°]? x“ + (b-y)° x° + (c-2)°

0 1 IN (b-y)(c+z) 1 1

+ _ + -

[x* + (b-y)? + (c+z)?)? x? + (b-y)? %% + (c+z)?

0.1 IN (b+y)(c-z) 1 1

+ +

[x2 + (b+y)2 + (c-z)z]}i x% + (b+y)2 x? + (c-z)2 ]

0.1 IN (b+y) (c+2z) 1 1
[x%? + (b+y)? + (c+z)?)* x? + (b+y)? x? + (c+2)? |

N f /. 201
14-37]
0.1 IN x f c+z
By(x,y,z2) =
x% + (b-y)? [x% + (b-y)? + (c+z)?)®
-
c-z
+
(x* + (b-y)? + (c-2)?)* |
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4.2 2.3.1 Narrow vertica
where ¢ is snall
of the loop to the point at which the field is to be conputed,
4.2.2.3 becones difficult to use because terns of nearly equal
The formula that can be used for

gul ar | oop

subtract ed

Bx(x=y;z)
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[ )
l C+Z
l[x2 + (b+y)? + (c+z)¥)*
L
1
c-z i
+
(%% + (b+y)2 + (c-z)zl* l
Jd
{7 N a%]
[&-au
| b+y
| re fh s\ 2 PR A |
LU\ + (D+y)~ + (C-Z2)7 ]
-
b-y I
' I
fv? 4 (howlZ @ (A_>)213
L T \v J T \LTey) ) J
r
l b+y
L[xz + (b+y)2 + (c+z)2]*
. 9
b-y l
-
(x4 (boy)? + (c+2)?)* |
) .
[4-41]
rectangul ar 1 oop. For a narrow vertical rectan-

0.2 IN (b+y) c

conpared to both b and the distance fromthe center

the equation in
magni t ude must be

this case is as foll ows:

(x2 + 29 [x% + (b+y)? + 2?)¥

-
2 2

[ x“(b+y)

%2 - 22 .

l—' x® + (b+y)2 +z°

[ .
N9 TN /hovY o r ~20 0. w2
< NNy, -~ \&" A,/
l 2x% - 2% .
(x* + 2H)%[x% + (b-y)? + 2%)¥ l x* + (b-y)? +z°
| 5
[4-42]
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0.2 IN x i c
By(x,y,2) =
NEI (b-y)z X% + (b-y)2 + zz]h
0.2 IN x| ¢
x% + (b+y)? (x2 + (b+y)? + 2%}
[4-43)
0.2 IN (b+y) cxz 3x% + (b+y)? + 3z2°
B,(x,v,z) = -
(x% + zH)2(x" + (b+y)? + 2B x% + (b+y)? + 2°
0.2 IN (b-y) cxz 3x% + (b-y)? + 32?2
+
24 22 4 (bey)? 4 2 x4 (b 42t
L
[4-64)
4.3 Magnetic field produced by two or ore small current |oops.
4 3.1 Ceneral .
4.3.1.1 Principle of superposition. In a region that is free from magnetic

materials, the stray magnetic field produced by a current. loop is precisely the
sane, regardless of whether the |oop under consideration is the one and only | oop
or whether it is nerely one of a nultitude of loops that are all producing a
magnetic field in the same region, \Were two or nore current |oops are concerned
we can find the resultant field they produce at a point as foll ows:

(a) Calculate the nmagnetic field produced by each loop just as if it
were the only |oop involved

(b) Add the magnetic fields produced by all of the loops to find the
resultant field. Since the magnetic field is a vector quantity,
this addition nust be done vectorially. In other words, sinply
superinpose the magnetic field produced by the different |oops.

4.3.1.1.1 Sinple exanple of superposition. One of the sinplest applications
of the principle of superposition is furnished b) a two-turn loop in which the
turns are very close together. This can be |ooked upon as being sinply two
single-turn |l oops of the sane shape and size in the same position in space. The
magnetic field at any point in space is found by adding the magnetic fields they
produce, or, since each produces the same field for the same current, by doubling
that produced by one loop. Simlarly, the magnetic field produced by a |oop with
N turns of the sane size and shape and in the sanme position in space is N tinmes
the magnetic field produced by one turn, This is the reason for the N factor in
the expression ANl for magnetic nonent of a current |oop (see 4.2.1.2.1).
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4.3.1.2 Principle of conpensation. By the principle of conpensation we
shall mean the use of two or nobre adjacent current |oops with magnetic nonments of
such magnitude and polarity that the resultant nagnetic field produced by some O
the current loops is nearly equal and opposite to the resultant magnetic field
produced by the remining current loops. As a consequence, the magnetic field of
some of the current |oops conpensates that of the others and the net or tota
magnetic field for the whole group can be substantially less than the magnetic
field produced by one of the current |oops alone.

4.3.1.2.1 Conpensation with two current |oops Two current |oops furnish
the sinplest exanpl e of conpensation. Suppose that the current |oops are of
exactly the same size and shape, are in exactly the same place, and carry exactly
equal but opposite currents. In this idealized case, conpensation is perfect and
the resultant magnetic field is zero. Unfortunately , this is better than we can
hope to realize in practice. W can, in principle at least, have two current
| oops of exactly the same size and shape carrying exactly equal and opposite
currents , but we cannot have themin exactly the sanme place. They nust be
separ at ed. If they are widely separated, there is no conpensation and we have
only two single current |oops. If on the other hand, they are close together, the
resultant magnetic field produced by the two |oops is proportional to the magnetic
monent of each times the distance between their centers To obtain the smallest
possi ble stray magnetic field, the follow ng conditions nust be satisfied:

(a) The magnetic q onments of the current |oops nust be equal and
opposite

(b) The magnetic moment of each current |oop nust be as small as
possi bl e.

(c) The separation between the two |oops nust be as snall as possible.

These conditions should always be satisfied when applying the principle of
conpensati on.

4.3 1.2.2 Conpensation with nore than two current |oops Consi der a case
with nore than two current | oops. Start out with a pair of two equal and opposite
current loops, and then bring another pair close to it that produces a nagnetic

field opposite to that of the first pair. The resultant magnetic field of the
four loops will be snmaller than from either opposing pair alone even if the
magnetic nonents of all the individual current |oops are equal. W can go still

further and bring up another array of four |oops that is opposed to the first.

The magnetic field fromthe eight loops will be smaller than that from four.
Qbviously, this process can be continued as far as we |ike, doubling the nunber of
current |oops and decreasing the stray nagnetic field at each step. In the
interest of sinplicity in the design and construction of equipnent, this process
shoul d obviously be carried no further than is necessary to nake the stray
magnetic field as small as required. In many cases, one pair of two opposing
current loops will be enough. W will, however, encounter four |oops or two pairs
in the folded type of disconnect switch boxes or contactor panels, and nore than
four loops in nultipolar generators and notors.
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4.3.1.2.3 Vector character of conpensation. W have, up to now, tacitly
assuned that the nagnetic nonents of the current |oops under consideration were

all parallel. Now, consider a nunber of current |oops grouped close together
w thout requiring that their nmagnetic nonments be parallel. For conpensation we
nust have:.
™ = 0 [4-45)
™M, = 0 [4-46)
™, = 0 [4-47)
where:

M, ZM,, and M, = the sums of the x, y, and z components,
respectively, of the magnetic moments of the
current loop.

4.3.1.2.4 Exanple of conpensation. \What can be done by using the principle
of conpensation is shown in table |I. This gives the maximum val ue of the vertical
conponent of stray magnetic field on horizontal planes 6, 9, 12, and 15 neters
bel ow the centers of the following three different arrangenents of current |oops
di pol es.

(a) A single X dipole, figure 22 (A), with M= 9300 anpere neters-
squar ed.

(b) An opposing pair of X dipoles, figure 22 (B), each with M = 9300
anpere neters-squared and with a separation of 0.3 neter between
centers.

(c) Four X dipoles, figure 22 (C), arranged at the corners of a
horizontal square 0.3 nmeter on a side to make two pairs of
opposing dipoles with M = 9300 anpere neters-squared for each

di pol e.
TABLE |. The effects of conpensation on magnetic field.
Maximum value of vertical component,
Depth below in microtesla
dipoles,
in meters One dipole 1/ | Two dipoles 2/ Four dipoles 3/
6 3.52 0.615 0.0366
9 1.04 .121 .0048
12 0.44 038 .0011
15 .23 .016 .0004
1/ Computed from formula in equation 4-10 with x = z/2, y = O.
2/ Computed from formula in equation 4-51 with x = 0, y = O.
3/ Computed from formula of equation 4-78 with x = 0, v = + 0.408z.
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FI GURE 22. Three different dipole arrangenents.

The preceding table shows clearly the decrease in stray magnetic field that is
obt ai ned by going froma single unconpensated current |oop to an opposing pair,

and the still greater decrease that is obtained by going from one opposing pair to
two opposing pairs. Note al so that the decrease is greater with increasing depth
as shown in table 1|1

TABLE Il. The effects of increasing depth on magnetic field.
Depth below Relative values of magnetic field
dipoles,
in meters One dipole Two dipoles Four dipoles
6 100 17.5 1.04
9 100 11.6 0.46
12 100 8.7 0.25
15 100 7.0 0.17

4,3.2 Ceneral information on formul as.

4.3.2.1 Conveni ence. In order to estinate the stray magnetic field from an
array of current loops, we nust be able to calculate the magnetic field produced
by several current |oops This can always be done by calculating the magnetic
field produced by each loop individually and adding the results. Such a process
is slow and time consum ng, however, and furnishes no inmmediate answer to the two
questions of primary interest, nanely, the position of the point or points where
the vertical conponent of magnetic field has its maxi num value, and the nagnitude
of the maxinum value. Rather than calculating the nagnetic field individually for
each dipole in a group, it is nore convenient to use the approxi mate fornul as
given in 4.3,3 when they are applicable. Note, however, that they are limted to
symetrically arrays of current |oops or dipoles which all have magnetic nonments of
equal magnitude. \Wen the dipoles are not arranged symetrically or are not of
equal strength, the formulas do not apply and it will be necessary to estimte the
magnetic field in other ways.
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4.3.2.2 Validity. The fornulas given in 4.3.3 are valid only when iron and
other magnetic material are absent.

4.3.2.3 Accuracy. The fornulas given in 4.3.3 are approximations based upon
the assunption that each of the current loops is small enough to be replaced by
its equivalent dipole. This neans that the maxi num di stance between any two
points on the largest loops is less than z/10 where z is the distance fromthe
center of the array of |loops to the horizontal plane on which it is desired to
conpute the vertical conponent of magnetic field. Checks made for a nunmber of
cases indicate that the results given by the fornulas for the maxi num val ue of the
vertical component on a plane at a distance z below the center of the array wll
be accurate, when the above conditions are satisfied to wthin a few percent. The
percentage accuracy Wi ll be poor at points where the vertical conponent is nearly
zero, but as we are primarily interested in the maxi mumvalues, this is of little
i nportance.

4.3.2.4 Formulas for dipole arrays. The information provided with the
fornulas in 4.3.3 will include:

(a) A sketch showing the array of dipoles considered and a table
listing the magnetic q oment and the rectangul ar coordinates on the
center of each dipole in the array. In the sketch, each current
loop is represented by a small arrow which gives the position and
direction of the equivalent dipole.

(b) Fornulas giving the conponents of magnetic field produced by the
array of dipoles at a point with rectangul ar coordinates x, y, and
z. By holding z constant and varying x and y, the vertica
conponent can be conputed at all points on a plane at a distance z
below the center of the array. A simlar procedure can be used to
calculate the x and y conponents.

(c) The values of x and y at the points where the vertical conponent of
the magnetic field reaches its greatest magnitude on a plane at
distance z below the center of the array. In many cases, the
vertical conponent of nmagnetic field will have a nunber of maxim
or minima (in the mathematical sense) of different magnitudes.

The values given for x and y are for the points where the vertica
conponent of magnetic field is greater than any of the others.

(d) A formula giving the maxi num val ue of the vertical conponent of
magnetic field on a plane at distance z bel ow the center of the
array.

4.3.2.5 Contour maps of dipole arrays.

4.3.2.5.1 Two dipole arrays . A contour map showi ng the vertical conponent
of the magnetic field, in mcrotesla, on a plane 3 neters below the center of a
specific array is provided for each array with only two dipoles (see 4.3.3.1
through 4.3.3.5). The mcrotesla values on the contour map are for dipole arrays
with M= 2835 am?, a - 0.3 m and z = 3.0 m

4.3.2.5.2 Arrays with nore than two dipoles. A partial contour map show ng
the following is provided for each array with nore than two dipoles
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(a) The contour lines for zero vertical component of magnetic field on
a plane at a distance z meters below the center of the array.

(b) The regions on this plane where the vertical component of magnetic
field is positive (shaded) and the regions where it is negative
(unshaded).

(c) The points where the vertical component of the magnetic field has
its greatest magnitude on the plane at distance z below the center
of the array. These points are indicated by crosses.

4.3.2.5.3 Computation of contour maps. For the arrays with four or more
dipoles, the partial contours shown were constructed from the approximate formulas
in 4.3.3.6 through 4.3.3.26. For the arrays with two dipoles, the magnetic field
produced by each dipole was calculated separately and the contour map was
constructed to show the algebraic sum of the two fields. This procedure gives
rigorously correct results given by the approximate formula for the magnetic field
produced by two dipoles. For this reason, the maximum values of the stray
magnetic field calculated from the formulas will not agree exactly with the
maximum values shown on the contours for arrangements with two dipoles. For the
same reason, the contours shown for the arrays of 4.3.3.3 and 4.3.3.4 are not
exactly alike even though the approximate formulas for the two arrays are exactly
the same. It should also be noted that the difference between the exact and
approximate results are fairly small even though z, the distance from the center
of the array to the plane of the contour, is only five times the distance between
the two dipoles. For larger values of z, the exact and approximate values will
agree even more closely.

4.3.2.6 Dimensions. In all formulas given in 4.3.3, the following will
apply:

(a) Components of magnetic field are in microtesla.
(b) Magnetic moments are in ampere meters-squared,
(c) Distances are in meters.

(d) X+ y? [4-48]
k2 = — 4 —
22 2:2
4.3.2.7 Y dipoles. Formulas are given for X dipoles and Z dipoles but not

for Y dipoles. The reason is that Y dipoles can be changed to X dipoles by
rotating the coordinate axes so that separate formulas are not needed. For a
similar reason, formulas are not given for Z dipoles on the y axis since this case
can be reduced to Z dipoles on the x axis by rotation of the coordinate axes.
There are a number of other cases in which two different arrays can be changed
from one to the other by a rotation of the coordinate axes about the z axis. In
all such cases, a formula is needed and given for only one array.

4.3.2.8 Radial dipole arrays. Formulas are given in 4.3.3.18 through
4.3.3.26 for the magnetic field produced by circular arrays of four, six, and
eight dipoles equally spaced on a circle of radius r in the xz or xv plane. The
magnetic moments are along the radii drawn from the origin of the coordinate
system and are alternately plus and minus; plus for a moment directed away from
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the origin and mnus for a nonent directed toward the origin. [t will be

recogni zed that these dipoles represent in spatial arrangenent and nmagnetic
polarity the field coils of four-, six-, and eight-pole dc generators or notors
For the formulas given in 4.3.3.18 through 4.3.3.23, the axes of the nachines are
hori zontal (along the y axis) For the formulas given in 4.3.3.24 through
4.3.3.26, the axes of the nachines are vertical (along the z axis). Two cases are
consi dered for each number of dipoles

(a) Case 1. The dipoles are oriented so that the z axis (see 4.3 3 18
4.3.3.20 and 4.3.3.22) or the y axis (see 4.3.3.24 and
4.3.3.26) isinline with one pair of dianetrically
opposi te dipoles.

(b) Case 2. The dipoles are oriented so that the z axis (see 4.3.3.19
4.3.3.21 and 4.3.3.23) or the y axis (see 4.3.3.25)
bi sects the angle between two adjacent dipoles

4.3.3 Dipole configurations. Fornmulas and contour nmaps for comon dipole
configurations are given in 4.3.3.1 through 4.3. 3. 26. Paral l el dipole
configurations are covered in 4.3.3.1 through 4.3.3.17. Gircular dipole
configurations are covered in 4.3.3.18 through 4. 3. 3. 26.

4.3.3.1 Two X dipoles on the x axis. Figure 23 shows the configuration and
contour map for the magnetic field of two X dipoles on the x axis. The
coordi nates of each dipole and the magnetic field equations for each conponent of
the combined field of the two dipoles are also provided.
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FI GURE 23. Two X dipoles on the x axis.
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B, = -0.2Maz™* (-6x%27% + 9xy?z™% + 9xz71)(1 + k?¥)7*°
[4-49)
Maximum value = 0.220Maz™* Maxima occur at: x = + 0.131z
y=20
B, = -0.6Maz ™ *(-4x%yz™ + y%272 + y271)(1 + k*)? ®
[4-50]
Maximum value = 0.172Maz”* Maxima occur at: x = 0
vy = + 0.500z
y=-20
B, = -0.6Maz “(1 - &4x%z7% + y%z?)(1 + k?)7*°®
[4-51)
Maximum value = 0O.6Maz™* Maxima occur at: x = 0
y=20
FIGURE 23. Two X dipoles on the x axis. - Continued
4.3.3.1.1 Exanple of the use of parallel dipole configuration equations. In
the example that follows, we shall use equation 4-51 to illustrate a nethod of

calculating the nagnetic field due to an array of parallel dipoles. The nethod
consists of the steps that follow

(a) First, we q ust identify the nunber of coils for which we want to
calculate the nagnetic field and identify the type of dipole (X
Y, or Z) represented by each. For our example, we shall consider
the case of two X dipoles along the x axis Remenber

(1) Acoil in the yz plane is represented by an X dipole.
(2) Acoil in the xz plane is represented by a Y dipole.
(3) Acoil inthe xy plane is represented by a Z dipole.

(b)  Second, we determine the distance between each dipole and the
origin of the coordinate axes. In our exanple, both dipoles are
at a distance “a”.

(c) Third, we determine the magnetic moment (M of each dipole. W use
equation 4-1 (M- ANI) to determne the magnitude of M Next, we
determne the direction of M(+ or -) by using the right hand rule
(see 3 4.1.1.1): curling the fingers of the right hand around the
loop in the direction of the current, the extended thunb points in

the direction of M If that direction points in a positive
direction with respect to the coordinate axes, Mis positive. If
that direction is negative, Mis negative. In our exanple, one is

positive and one is negative.

(d) Next, we nake a sketch of the dipole configuration and conpare it
to those of 4.3.3.1 through 4.3.3.17 to find a match. If a
partial match exists; for exanple, if our configuration consists
of two X dipoles along the x axis and al so two X di poles al ong the
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y axis, we would use superposition to determne the total field.

If there is no natch or no partial match between the configuration
we seek and those of the handbook, then we nust use appendix A to
derive our equations. For our exanple, we use the equations of
4.3.3,1, specifically equation 4-51 since we are interested in the
z conponent of magnetic field. Equation 4-51 is as follows:

- -0.6 Maz (1 - 4x%z72 + y2z72)(1 + k¥)3 5

Bz
- A A 2 y € e m - ann s _ TN - A
For A =2 0Omn°, N=5 turns, I = 900 A, a = 1.0 m, x = C,
y =0, z =10.0 m, the z component of magnetic field is:
n A 7 azvtr __—brq n AN 79 . A+ N\=3 5
B, = -0.6 ANT az "(1 - 0 - 0)(1 + 0 + 0)

B, = (-0.6)(2.0)(5)(900)(1.0)(10.0)™" = -0.54 uT

z

These steps can be followed to calculate the magnetic field due to
any parallel dipole configuration.

4,3.3.2 Two X dipoles on the y axis. Figure 24 shows the configuration and
contour map for the magnetic field of two X dipoles on the y axis. The coordi-
nates of each dipole and the magnetic field equations for each conponent of the
conbined field of the two dipoles are al so provided,
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FI GURE 24. Two X dipoles on the v axis.
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By = -0.6Mbz™" (y°2z7% - 4x®yz™® + yz 1)(1 + k¥)7%°
[4-52]
Maximum value = 0.172Mbz ¢ Maxima occur at -0
y = 2 0.500z
B, = -0.6Mbz ™ “(x%27 - 4xy?z™® + xz'1)(1 + kH)7**
[4-53)
Maximum value = 0.172Mbz"* Maxima occur at: x = + 0.500z
LT - 0
B, = 3Mbxyz 8(1 + k?)735
[4-54]
Maximum value = 0.185Mbz"* Maxima occur at: x = + 0.4472
y - £+ 0.4472
FIGURE 24. Two X dipoles on the yv axis - Continued.
4,3.3.3 Two X dipoles on the z axis. Figure 25 shows the configuration and

contour map for the magnetic field of two X dipoles on the z axis. The
coordi nates of each dipole and the magnetic field equations for each conponent of
the conbined field of the two dipoles are also provided.
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Fl GURE 25. Two X dipoles on the z axis.
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B, = -0 6Mcz™ (-4x%x%z7% + v?272 4+ 1)(1 + k) *°
{4-55]
Maximum value = -0.6Mcz™* Maxima occur at: x = 0
y =0
B, - -3Mexyz (1 + k%)
[4-56]
Maximum value = 0.185Mcz”* Maxima occur at: x = + 0.447z
y = + 0.4472
B, — 0.6Mcxz (4 - E7)(L + R%)72 3
[4-57)
Maximum value = 0.549Mecz™* Maxims occur at: x = + 0.389z
y -0

Fl GURE 25. Two_X dipoles on the z axis - Continued.

4.3.3.4 Two Z dipoles on the X axis. Figure 26 shows the configuration and
contour map for the magnetic field of two Z dipoles on the x axis. The
coordi nates of each dipole and the nagnetic field equations for each conponent of
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FI GURE 26. Two Z dipoles on the x axis.
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B, = -0.6Maz™* (-4x%272 + y2272 4+ 1)(1 + k%733
[4-58]
Maximum value = -0,6Maz™* Maxima occur at: x = 0O
y =20
B, = 3Maxyz ®(1 + k*)7>°
[4-59]
Maximum value = 0.030Maz™* Maxima occur at: x = + 0.103z
v =+ 0.103z
B, - 0.6Maxz (4 - kK*) (1 + k%732
[4-60)
Maximum value = 0.549Maz™* Maxima occur at - + 0.389:z
y =0
FI GURE 26 Two Z dipoles on the x axis - Continued
4.3.3.5 Two z dipoles on the z axis. Fi gure 27 shows the configuration and

contour map for the magnetic field of two Z dipoles on the z axis. The coordi-
nates of each dipole and the magnetic field equations for each conponent of the
conbined field of the two dipoles are also provided.
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FI GURE 27. Two Z dipoles on the z axis.
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B, = -0 6Mcxz™® (k% - 4)(1 + k¥)73°
[4-61]
Maximum value = 0.549Mcz™* Maxima occur at: x = + 0.390z
y -0
B, = -0.6Mcyz °(k% - &4)(1 + k*)7°°*
[4-62)
Maximum value = 0.549Mcz™* Maxima occur at: x = 0
y = + 0.390z
B, = 0.6Mcz™*(2 - 3k%)(1 + k?)73°
[4-63)
Maximum value = 1.2Mcz * Maxima occur at: X = O
y =0

Fl GURE 27 Tw Z dipoles on the z axis - Continued

4.3.3.6 Four x dipoles on the x axis- case 1. Figure 28 (A) shows the
configuration and contour map for the magnetic field of four X dipoles on the x
axis. The coordinates of each dipole and the magnetic field equations for each
conponent of the combined field of the four dipoles are also provided.
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FIGURE 28 (A). Four X dipoles on the x axis - case 1.
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B, = 0 3M(a;? - a,2)z %(8x"z™" + 3y“z™" - 24x%y?z7‘ . 24x%z7?

2

+ 6y2z7% 4+ 3)(1 + K%)74S [4-64]
Maximum value = 0.9M(s,% - a,%)z™> Maxima occur at: x = 0
y =0
B, = 1.5M(a;% - &%)z %(4xPz™" - 3xy®z™" - 3xyz7Z)(1 + k&)743 [4-65)
y \S1 z 7 \ J J J /7 \ / L b
Maximum value = 0.023M(a}2 - azz)z's Maxima occur at: x = + 1 300z
vy = 4+ 0.4502
B, = 1.5M(a;,> - ap2)xz %(-4x%2"% 4+ 3y%2™% + 3)(1 + k¥)™* ° [46-66]
Maximum value = 0.806M(a;? - a,2)z"> Maxima occur at: x = + 0.300z
y =0

FIGURE 28 (A). Four X dipoles on the x axis - case 1 - Continued.

4.3.3.7 Four X dipoles on the x axis - case 2. Figure 28 (B) shows the
configuration and contour map for the magnetic field of four X dipoles on the
axis. The coordinates of each dipole and the magnetic field equations for each
conponent of the conmbined field of the four dipoles are also provided.
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FIGURE 28 (B). Four x dipoles on the x axis - case 2.
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B, = 0.5M(a,® - a;a,2)z %(-8x%2"> - 15xy“z™> + 40x’y%z™% + 40x%z7?

- 30xy?zd - 15xz7Y)(1 + K2)T3P [6-67]
Maximum value = 0.005M(a,” - a,a,?)z"® Maxima occur at: x = + 1.91z
v = 0
B, = 1.5M(a,® - a;a,2)2 8(-y°27° - 8x‘yz™® + 12x%y®27° - 2y327°
- 12x%yz - yz (1 + KB TP (4-68]

Maxima occur at complex roots

B, = 1.5M(a;® - a;3,2)278(8x%2z™* - v*2™ - 12x%y?z™* - 12x%z7?
+ 2y%27% 4+ 1)(1 + k%H)7°° [4-69}

Maximum value = 1.5M{a,® - a,a,?)z’® Maxima occur at:

X 0
vy =0

FIGURE 28 (B). FEour X dipoles on the x axis - case 2 - Continued

4.3.3.8 Four X dipoles on the y axis. Figure 29 shows the configuration and -
contour map for the magnetic field of four X dipoles on the y axis. The
coordi nates of each dipole and the magnetic field equations for each conponent of
the conbined field of the four dipoles are also provided
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FI GURE 29. Four X dipoles on the v axis.
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- ~ 2 -5, 4 , b =4 n9L2. . 2_=-4 n.2_-2
By, = U.3M(D,” - Dby7)zZ "(-4X 2 -4y 'z o+ L/XTYyZ - IX7Z
- 3y%272 4+ 3)(1 + kH T4 [4-70]
. - R N ATcu sy 2 L 2yv.."5 Maulme Anrity >~ v = 2+ 0 RLD7
MaxXimull vdalue = U.U/JnMn{Dy - Dy )< raX 1Liia OCLul ac A T V.0RLL
y = *+ 0.642z
B, = 1.5M(b,% - b,2)z73(-3x%yz™* + 4xy’z"“ - 3xyz 2) (1 + k?)743 {4-71]
Maximum value = 0.023M(b,? - b,%)z"? Maxima occur at: x = + 0.450z
y = + 1.300z
B, = 1.5M(b,?2 - b,)xz 8(x%z72 - 6y%z7%2 + 1)(1 + k%)™3 [4-72]
B, 1.5M(b, 29 ( y ) ( ) { )
Maximum value = 0.360M(b,2 - b,%)z™? Maxima occur at: x = + 0.408z
y =0

Fl GURE 29. Four X dipoles on the vyaxis - Continued.

4.3.3.9 Four X dipoles on the z axis. Figure 30 shows the configuration and
contour map for the magnetic field of four X dipoles on the z axis. The
coordi nates of each dipole and the nagnetic field equations for each conponent of
the combined field of the four dipoles are also provided.
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FI GURE 30. Four X dipoles on the z axis.
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B, = 0.3M(c,? - c,®)z %(-ax"z™ + y'2™ - 3x%fzt 4+ 27x%27?
- 3yPz? - )1+ KBTS (4-731
Maximum value = G.218M(c,? - c,”)z"° Maxima occur at® = = 31 0.471z
y =0
B, = 1.5M(c,? - c)xyz 7(6 - k¥ (1 + k%)™*° [4-74)
Maximum value = 0.395M(c,?® - c,%)z™* Maxima occur at: x = t+ 0.362z
y =+ 0.3622
B, = 1 5M(c,? - c,)xz™®(4 - 3kH) (1 + k)77 [4-75]
Maximum value = 1.140M(c,? - c¢,%)z™° Maxima occur at: x = + 0.319z
y -0
FIGURE 30. Four X dipoles on the z axis - Continued
4.3.3.10 Four X dipoles on the xy plane. Figure 31 shows the configuration

and contour map for the magnetic field of four X dipoles on the xy plane. The
coordi nates of each dipole and the magnetic field equations for each conponent of

the conbined field of the four dipoles are also provided
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FI GURE 31. Four X dipoles on the xy plane.
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B, = 6Mabz'5(hx3yz"‘ - 3xy32"' - 3xy::'2)(1 + k3“3 [4-76)
Maximum value = 0.093Mabz? Maxima occur at: x = + 1.300z
y = % 0.4502
B, = 1.2Mabz (1 - 4k* - 3k* + 27x%y%z74) (1 + k%)™*? [4-77)
Maxima occur at complex roots
B, = 6Mabyz ®(-6x%27% 4 y%z™ +1)(1 + k?¥)™*°? [4-78}
Maximum value = 1.427Mabz”? Maxima occur at: x = 0
y = + 0.408z

FI GURE 31. Four X dipoles on the xy plane - Continued

4.3.3.11 Four X dipoles on the yz plane. Figure 32 shows the configuration
and contour map for the magnetic field of four X dipoles on the yz plane. The
coordi nates of each dipole and the nagnetic field equations for each conponent of
the conmbined field of the four dipoles are also provided
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FI GURE 32. Four X dipoles on the yz plane.
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B, = 6Mvz 7(6x%2z7% - vZz7% - 1)(1 + kBH)74° [4-79]
Maxima occur &t complex roots

B, = &Mxz7(-x%z7% + 6y%zTt - 1)(1 + KH)T43 [4-80)
Maxima occur &t complex roots

B, = 6Mbcxyz 7(6 - k%) (1 + k&)7“° [4-81]

Maximum value = 1.580Mbcz”> Maxima occur at: x = + 0.366z

y = + 0.36¢z

FIGURE 32. Four X dipoles on the yz plane - Cont i nued.

4.3.3.12 Four X dipoles on the xz plane. Figure 33 shows the configuration
and contour map for the magnetic field of four X dipoles on the xz plane. The
coordi nates of each dipole and the nmagnetic field equations for each conponent of
the conbined field of the four dipoles are also provided.
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FI GURE 33. Four X dipoles on the xz plane.
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B, = 6Macxz ®(4x%2™ - 3y2272 - 3)(1 + k%)74° [4-82]
Maximum value = 0.359Macz ™~ Maxima occur at: x = + 1.187z
y =0
B, = 6Macyz™®(6x?z7? - yz7? - 1)(1 + k*)"*® [4-83]
Maxima occur at complex roots
B, = -1.2Macz > (4x“z™ - y'z™* + 3x%y?z7* - 27x%z72
+ 3vizT% 4 4)(1 + K*)T4S [4-84]
Maximum value = -4.8Macz™> Maxima occur at: x = 0
y=20

FI GURE 33. Four X dipoles on the xz plane - Continued.

4.3.3.13 Eour Z dipoles on the x axis. Figure 34 shows the configuration
and contour map for the magnetic field of four Z dipoles on the x axis. The
coordi nates of each dipole and the magnetic field equations for each conponent of
the conbined field of the four dipoles are also provided.
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FI GURE 34. Four z dipoles on the x axis.
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9 1 s~ 2 - 2Ny € s 2.2 N2 -2 AN/ L 1,2v-4& 5 14.Q8)
DX = 1 _)I‘l\d: - da ) X< (A 2 - J_y L - 2)(12 T K J [4-00]
Maximur value = 0.090M(a12 - azz)z'5 Maxima occur at: x = + 1.187z
y =20
By =~ 1.5M(a;% - a,2)yz ®(6x%z7? - y®27% - 1)(1 + K& ° [4-86)
MQ\'1MS foTakol S o o+ hr\mn1ov rantc
LI A A MK VWi Qau &.uwy&pn -V ew
B, = -0.3M(a,? - a,®)z %(4x"z™ - yz™* + 3x%y?z™* - 27x%z7? [4-87]
+ 3y22'2 + 4)(1 + l(z_)“"5
Maximum value = -1 2M(a,? - a,?)z7® Maxima occur at: x = 0
vy =0

FI GQURE 34 Four Z dipoles on the x axis - Continued

4.3.3.14 Four Z dipoles on the z axis - case 1. Figure 35 (A) shows the
configuration and contour map for the magnetic field of four Z dipoles on the z
axis. The coordinates of each dipole and the nagnetic field equations for each
conponent of the conmbined field of the four dipoles are also provided.
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FIGURE 35 (A). Four Z dipoles on the z axias - case 1.
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B, = 1.5M(cy% - ¢ ®)xz™®(4 - 3kH) (1 + k&)™4° (4-88]
Maximum value = 1.1&0.’1((:12 - czz)z“5 Maxima occur at: x = + 0.317z
y=20
B, = 1.5M(cy? - ¢,2)yz 84 - 3Kk%)(1 + k¥)"“3 [4-89)
Mo Socmn <rmlssm T 14N A 2 . 2y_-5 Mot m AAmiie ot n
flaxXiou vdaiue = L.L“Ul‘l\cl - Lz ]< naximda occur 4dcl. X = UV
y =+ 0.317z
B, = -0.3M(c,? - c,2)27°(8 - 24k% + 3k*)(1 + k?)~“3 [4-90]
Maximum value = 2.4M(c,? - c,?)z"° Maxima occur at: x = 0
y -0

FI GURE 35 (A). Four Z dipoles on the z axis - case 1 - Continued.

4.3.3.15 Four Z dipoles on the z axis - case 2. Figure 35 (BP shows the
configuration and contour map for the magnetic field of four Z dipoles on the z
axis. The coordi nates of each dipole and the magnetic field equations for each
conponent of the conbined field of the four dipoles are also provided.
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FIGURE 35 (B). Four z dipoles on the z axis - case 2.
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B, = 1.5M(c.® - cye.f)xz 7(12k% - k' - 8 - 2xyPzTU)(1 + KH)7TP? {4-91]
Ma~imum value = 0.000] 2M(c13 - clczz)z'rJ Maxima occur at: X = + 3.1482
y =0
B, = 1 SM(c;® - ¢y ?)yz 7 (12k* - k* - 8 - 2x%yPz27H (1 + KH)7TEO [4-92)
Maximum value = 0 00012M(c,® - c,c,®)z™® Maxima occur at: x = 0
y = + 3.148z
B, = 0.5M(c,® - c;c,5)z7%(8 - 40K + 15k*)(1 + k%)7%:° [4-93]
Maximum value = &M(c,® - c;c,%)z™® Maxima occur at: X = g
y =

FI GURE 35 (B). Four Z dipoles on the z axis - case 2 - Continued

4.3.3.16 Four Z dipoles on the xy plane. Figure 36 shows the configuration
and contour map for the magnetic field of four Z dipoles on the xy plane. The
coordi nates of each dipole and the nagnetic field equations for each conponent of
the conbined field of the four dipoles are also provided
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FI GURE 36. Four Z dipoles on the xy plane.

56



Downloaded from http://www.everyspec.com

M L- HDBK- 802( SH)

2 July 1990
B, = 6Mabz ®(6x%yz™® - y3273 - yz i) (1 + k?)~+-3 [4-94]
Maximum value = 1.428Mabz™? Maximz occur at: x =0
y = + 0.408z
B, = 6Mabz™3(-x%27% + 6xy?z™® - xz2")(1 + k¥)™*3 [4-95)
Maximum value = 1.428Mabz™> Maxima occur at: x = + 0.4082
y=20
- P P V2N sv . 1L2v-4.5 (4 _0&1
B, = 6Mabxyz /(6 - k*)(1 + k%) 15=55
Maximum value = 1.581Mabz™® Maxima occur at: x = + 0.366z
y = % 0.366z

FI GURE 36. Four Z dipoles on the xy plane - Continued

4.3.3.17 EFour Z dipoles on the yz plane. Figure 37 shows the configuration
and contour map for the nmagnetic field of four Z dipoles on the YZ pl ane. The
coordi nates of each dipole and the magnetic field equations for each conponent of
conbined field of the four dipoles are also provided.
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FI GURE 37. Four Z dipoles on the yz plane.
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B, = 6Mbcz 2(-x%yz™“ - xviz™* + 6xyz ) (1 + k?)“3 [4-97)
Maximum vazlue = 0 038Mbcz™? Maxima occur at: x = + 2.162z
y = + 2.162z
B, = 1.2Mbcz > (x*z™ - 4v'z™ - 3x%yTz™ - 3x%z7% 4 27y%z72 - 4)(1 + KB)TY?

[4-98)

Maximum value = -4.8Mbcz™® Maxima occur at: x = 0

y 0
= P -6, 28 s L2\ -4.8 PPN
B, ~ 6Mbcyz (4 - 3k“)(1 + k)™ [4-99]

Maximum value = 4.573Mbecz™> Maxima occur at: x = 0
y = + 0.319z

Fl GURE 37. Four Z dipoles on the yz plane - Continued

4.3.3.18 Four radial dipoles on the xz plane - case 1. Figure 38 (A shows
the configuration and contour map for the magnetic field of four radial dipoles on
the xz plane. The coordinates of each dipole and the magnetic field equations for
each conponent of the conbined field of the four dipoles are also provided,
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FIGURE 38 (A). Four radial dipoles on the xz plane - case 1.
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B, ~ 0.6Mrz™*(-x%z"2 + y%z72 - 1)(1 + k%)% [4-100)
Maximum value = 0.013Mrz™* Maxima occur at: X = 0
y = + 1.340z
R = 0 EMr>"%(2v3-7"3 _ 2424573 | 2u-"ly/1 o 1,21-3.5 1 _1011
“y Ve Viia o A&y & <A Jo vy< J\d T K | R S P |
Maximum value = 0.024Mrz”* Maxima occur at: x = 0
y = + 1.6%9z
B, = -06Mrz™*(-2y%z"2 - 7x%2°2 + 3)(1 + k¥)73 3 [4-102)
[ VR S I L) o . —4 e - . ~
MmaxXximum vaiue = -} oMIrz Maxima occur at: X = U
Vo= O

FI GURE 38 (A). Four radial dipoles on the xz plane - case 1 - Continued

4.3.3.18.1 Example of the use of radial dipole configuration equations.

the exanple that follows, we shall use equation 4-102 to illustrate a nmethod of
calculating the magnetic field due to a radial array of dipoles. Basically, we
will follow the procedures listed in 4.3.3.1.1. The only change from4.3.3.1.1
woul d occur in the case of a dipole not Iying along one of the coordinate axes.

This situation will be considered in step (c).

(a) Identify the nunber of coils for which we want to calculate the

magnetic field.

(b) Determine the distance between each dipole and the origin of the
coordi nate axes. In our exanple, each dipole is at a distance

urn

(c) Use equation 4-1 (M= ANI) to calculate Mfor each dipole. To
determine the direction of M we shall follow the rules |isted

bel ow.

(1) If all dipoles Ilie along a coordinate axis, we follow the rules

of 4.3.3.1.1(c).

(2) If sonme dipoles do not lie along a coordinate axis then the

dipole is positive if it points toward the origin,
negative if it points away.

(d) Next, we nake a sketch of the dipole configuration and
to those of 4.3.3.18 through 4.3.3.26. As in 4.3.3.1,

and

conpare it

if a

partial match occurs, wuse superposition to construct a conplete

mat ch. If no match occurs, use appendix A to derive the necessary

equations .  For our exanple, we use the equations of 4.3.3.18
specifically equation 4-102 since we are interested in the z
conponent of magnetic field. Equation 4-102 is as foll ows:

€

B, = -0.6Mrz"“(-2y%z"% - 7x%z°% 4+ 3)(1 + k¥)® 3
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For A = 2.0m?, N=5¢turns, 1 =900 A, r=1.0m x =0, v = 0,
z = 10.0 m, the z component of magnetic field is-

B, = -0.6 ANI(1.0)(107“)(0 - 0 + 3)(1 + 0 + 0)™®3
B, = (-0.6)(2.0)(5)(900)(1.0)(107*)(3) = -1.62 uT

These steps can be followed to calculate the q agnetic field due to
any radial array of dipoles,

4,3.3.19 Four radial dipoles on the xz plane - plane - case 2.  Figure 38 (B) shows
the configuration and contour map for the magnetic field of four radial dipoles on
the xz plane, The coordinates of each dipole and the magnetic field equations for
each component of the conbined field of the four dipoles are also provided.

7 -4
P w7
A RN LY.
/ L VAT *
" B ’//AV/ /jy .
s | _of ZRN7 7.
- 7ZNM7Z7Z B
2 22N 7ZZ 748
/z/);, v,/ & .
Mogretic | Coordnates ALY ]
[ ] C707r0.707) A Xl .
- ¢~.707r0.707r> -3 - =3 [} 1 2 ]
™ ¢-.707+0.-.707r> =
- 7070 0,-.7077) z

A fLonfiguration B Lontour man,
B, = 1.2Mrxz %(4 - k2)(1 + k?)7% 5 [4-103)
Maximum value = 1.097Mrz™* Maxima occur at: x = + 0.389z
y =0
B, = -0.6Mrz™“(2 - 3k?)(1 + k*)™3*% [4-104]
Maximum value = -1.155Mrz7* Maxima occur at: x = 0
vo= 4+ N N~
J ; V.V o
B, = 1.2Mrxz™%(4 - k®)(1 + k¥)™33 [4-105)
Maximum value = 1.097Mrz™* Maxima occur at: x = + 0.389:
y=20

FI GURE 38 (B). Four radial dipoles on the xz plane - case 2.
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4.3.3.20 Six radial dipoles on the xz plane - case 1. Figure 39 (A) shows
the configuration and contour map for the magnetic field of six radial dipoles on
the xz plane. The coordinates of each dipole and the magnetic field equations for
each component of the conbined field of the six dipoles are also provided.
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B, = 1.125Mr%z73(15x%2"% - 6xy?z™3 - 13xz7!)(1 + k)43 [4-106]
Maximum value = 2. 668Mr2z~° Maxima occur at: X = + 0.304z
y=20
B, = 1.125Mr%z"3(-21x%yz™® - 7yz ly(1 + k?)™*-* [4-107)

3 Maxima occur at: x = 0

y = + 0.354z

Maximum value = 1.638Mr?z"

B, = -1.125Mr%z °(3x“z™ + 3x%y?z™* . 21x%z2 - 3vy22°2 4+ 4)(1 + K?) 45 (4-108)
Maximum value = -4 5Mr2z9 Maxima occur at: x = 0
y=0

FIGURE 39 (A). Six radial dipoles on the xz plane - case 1.
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4.3.3.21 Six radial dipoles on the xz plane - case 2. Figure 39 (B) shows
the configuration and contour map for the magnetic field of six radial dipoles on
the xz plane. The coordi nates of each dipole and the magnetic field equations for
each conponent of the conbined field of the six dipoles are also provided.
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B, = -1.125Mr?z72(4x"z™ - 3x%y2z7% - 21x%z27% + 3y2z72 + 3)(1 + k%)7*3
[4-109)
Maximum value = -3.375Mr%z"> Maxima occur at: x = 0
y =20
B, = 1.125MrPxyz " (7x%27% - 21)(1 + k%)™ 3 [4-110]
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Maximum value = 3.171Mr2z"3 Maxima occur at: x = + 0.315z
y =0

FIGURE 39 (B). Six radial dipoles on the xz plane - case 2.
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4.3.3.22 Eight radial dipoles on the xz plane - case 1. Figure 40 (A) shows
the configuration and contour map for the magnetic field of eight radial dipoles
on the xz plane. The coordinates of each dipole and the magnetic field equations
for each conponent of the conbined field of the eight dipoles are also provided.
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- 147xz27H) (1 + k23S [6-112])
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FIGURE 40 (A), Eight radial dipole on the xz plane - case 1.
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4.3.3.23 Eight radial dipoles on the xz plane - case 2,  Figure 40 (B) snows
the configuration and contour map for the magnetic field of eight radial dipoles
on the xz plane. The coordinates of each dipole and the magnetic field equations
for each conponent of the combined field of the eight dipoles are also provided.
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FIGURE 40 (B). Eight 1adial dipoles on the xz plane - case .
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4,3.3.24 Four radial dipoles on the xy plane. Figure 41 shows the
configuration and contour map for the magnetic field of four radial dipoles on the
xy plane. The coordinates of each dipole and the magnetic field equations for
each conponent of the conbined field of the four dipoles are also provided.
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morent 3
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A Lonfiguration 3 Lontour man

B, = 0.6Mrz™*(-3x%2"% + 7xy%z2™3 + 2xz71)(1 + K?)™3:5 [4-118])
Maximum value = 0.231Mrz"¢ Maxima occur at: x = + 0.3182
y~0
B, = 0.6Mrz “(3y’z7® - 7x%yz™® - 2yz (1 + k?)73S [4-119]
Maximum value = 0.231Mrz™* Maxima occur at: x = + 0.318z
y =20
B, = Mrz “(x*z7% - y?z"%) (1 + k¥ %53 [4-120])
Maximum value = 0.369Mrz™“ Maxima occur at: x = 0
y = + 0.632z

FI GURE 41. Four radial dipoles on the xy plane.
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4.3.3.25 Six radial dipoles on the xy plane. Figure 42 shows the
configuration and contour map for the magnetic field of six radial dipoles on the
Xy plane. The coordinates of each dipole and the magnetic field equations for
each conponent of the conbined field of the six dipoles are also provided
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y =0
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y =0, + 0.6132

FIGURE 42. Six radial dipoles on the xy plane.
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4.3.3.26 Eight radial dipoles on the xy plane. Figure 43 shows the
configuration and contour map for the magnetic field of eight radial dipoles on
the xy plane. The coordinates of each dipole and the magnetic field equations for
each conponent of the conbined field of the eight dipoles are also provided.
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Maximum value = 0.171Mr’z® Maxima occur at: x = 0.9662
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Maximum value = 0.427Mr’z Maxima occur at:

FI GURE 43. Eight radial dipoles on the xy plane.
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4 .3.4 Summary of fornulas for circular arrays

4 .3.4.1 CGircular arrays in the xz plane . Table Il sumarizes fornulas for
t he maxi mum val ue of the vertical conmponent of the magnetic field produced on a
plane z nmeters below the center of a circular array of dipoles in the xz plane.
Val ues are given for two cases:

(a) Case 1. Dipoles so oriented that the z axis is in line with one
pair of diametrically opposite dipoles

(b) Case 2. Dipoles so oriented that the z axis bisects the angle
bet ween adj acent di pol es.

4.3.4.2 Crcular arrays in the xy plane. Table IIl summarizes formulas for
t he maxi mum val ue of the vertical conponent of the magnetic field produced on a
plane z nmeters below the center of a circular array of dipoles in the xy plane.
Rotating the array in the xy plane will not change the value of the maximum
vertical conponent on a plane below the array, it wll nerely change the position
or the positions where the maxinmum value occurs .

TABLE 111. Maxi num val ues of vertical conponent.

Number of Array in xz plane
dinglee Arrav in xv nlane
dipoles Array in xy pl
in the array Case 1 Case 2
4 -1.8Mrz"" 1.097Mrz"* 0.369Mrz"*
z s w25 N 11w 2_-5 A /1 OMaal =S
(o] -4 .0 Z S3.1/74nMr 2 U.440r1L 2
8 8.750Mr%z"¢ €.677Mr°27® 0.427Mr3z°®
4.3 4.3 Advant ages. It is apparent fromtable Ill that it is of sone

advantage, fromthe standpoint of small stray nmagnetic field, to have nmachi nes
with horizontal axes built such that the z axis bisects the angle between two
adjacent main field poles. The advantage to be gai ned becones |ess as the number
of poles is increased, but since a machine can be built as easily this way as with
two main poles on the vertical axis, it is considered desirable to have the
vertical axis bisect the angle between two adjacent main field poles.

4.3.4.4 Vertical axis machines. Table Ill also indicates that a very
substantial reduction of stray magnetic field fromthe field coils can be obtained
by building generators with a vertical axis such that the main field poles are in
the xy instead of the xz plane. Unfortunately, this kind of construction
introduces nechanical problenms. The use of a sufficient nunber of nain field
poles gives a small stray magnetic field even for generators with horizontal axes;
hence, it is not necessary to go to a vertical axis construction.
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4.3.5 Different arrays of dipoles producing. the same vertical magnetic
field. A study of the fornulas given in 4.3.3 shows that there are a nunber of
cases in which tw different arrays of dipoles produce the sane vertical conponent
of magnetic field to the degree of approxinmation which is considered here If we
consider the formulas of 4.3.3 to consist of three basic conponents as follows

B = CF(x,y,7) [4-127]
where: B = the vertical conponent of the nmagnetic field.
c = a constant factor which does not change in value when x, y, or z is

changed
F(x,y,z) = an equation whose value is a function of x,y, or z

If we consider the array of 4.3.3.3, we find:

C = 0.6Mc [4-128]
F(x,y,z) = xz7%(4 - K (1 + kK373 [ 4-129]
Now consi der other arrays for which F(x,y,z) is identical. W can always nmake C

the sane for other arrays by proper choice of the magnetic nmonments and the

di stances separating the dipoles. Wen we do this, the arrays will produce the
sanme vertical conponent of magnetic field at all points in space for which the
formulas are valid, and to the degree of approximation used herein. Exanpl es of
different arrays which have the same F(x,y,z) as 4 3.3.3 are 4.3.3.4 and 4. 3.3.19.

4.3.5.1 Qher arrayS with sinmlar equations. Oher arrays with the sane
function equation are listed bel ow by equation

(a) F(x,y,z) = vz 8(-6x%z7% + y?z'% + 1)(1 + k¥)™*° [4-130)
(1) The array of 4.3.3.8 rotated bodily through a right angle about
the z axis such that the dipoles arc noved to positions on the

x axis and brought into parallelismwth, the y axis.
(2) The array of 4.3.3.10

(b) (x,y,2) = yz'%(4 - 3k%)(1 + k?)™*°* [4-131)
(1) The array of 4.3.3.9 rotated bodily through a right angle about
the z axis such that the dipoles are parallel to the y axis.
(2) The array of 4.3.3.17,

(P e,y z) = vyz706 - W31+ kTS [4-132]

(1) The array of 4.3.3.11.
(2) The array of 4.3.3.16.
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(d) F(x,y,z) = z 2(4x"z™" - y'z™" + 3x%y%z™* - 27x%z?
+ 3y%z7% 4+ 4)(1 + K&)T43 [4-133)

(1) The array of 4.3.3.12.
(2) The array of 4.3.3.13.

4.3.5.2 Conpensation using arrays of dipoles producing the same vertical
magnetic field. Take two different arrays of dipoles which produce the sanme
vertical magnetic field. By opposing one against the other, they conpensate and
give zero magnetic field to the degree of approximtion considered here. Note,
however, that this does not mean absolutely zero field. The fornulas given above
are based upon a power series expansion for the stray nmagnetic field froma single
dipole or from arrays of dipoles. The only term used in the approximte fornulas
is the first term which does not vanish, At a sufficient distance fromthe
arrays, the higher order terns are small, in conmparison to the first term which
does not vanish, and can be neglected When two different arrays give the sane
magnetic field to the degree of approximation considered, all that is neant is
that they both have the same first termin their series expansion, but the higher
order terms do not cancel and we are left with a magnetic field different from
zero.

4.3.6 Calculation of magnetic field using Taylor's series expansion. The
magnetic field produced by an array of an even nunber of dipoles grouped closely
about the origin of the coordinate system where the distance fromthe dipoles to
the originis small (one-tenth or |ess) when conpared to the radial distance to
the point where it is desired to conpute the magnetic field conponent can be
determ ned by expanding a function, F(x,y,z), in a Taylor series (see appendix A).
The Tayl or series expansion for a function of three variables is given as follows:

F(x,y,z) = f(a,b,e) + (x-a)f,(a,b,c) + (y—b)fy(a,b,c) + (z-c)f,(a,b,c)

+ 1 ((x-a)zfn(a,b,c) + 2(x-a) (y-b)f,(a,b,c)
2t L

+ 2(x-a)(z-c)f,,(a,b,c) + 2(y-b)(z-¢c)f, (a,b,c)

R R N P N Y i b N P N ,.\-I

T AYy-0) Lyyl8,0,0) v (Z2-C) Lzz\a,u,u/J
. 1. 1 - R S . 17 12/
+ nigner oradaer terms {4-124 )

4.2 7 Lecaticn apd mognitede of maximnr Surpose we wart to determine ar
what points on a plane z neters below the center of the array the vertica
conponent of the nagnetic field will have its maxi mum val ue, and what this maxi mum

value will be. To do this, it is convenient to introduce variables C and 6 and
redefine x and y as follows:

x = Czcosf [4-135]
y = Czsinf 14-136]
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We will denonstrate how the redefined x and y values are used to determne
the magnitude and | ocation of the maxi mum by solving equation 4-81 for its
maxi mim By meking this change in variables, the equation becones:

B, = 6MbcC?z 3sinfcosf(6 - C2)(1 + Cc2)™*° [4-137]
or by using the trigononmetric identity (see table XXI11 of appendix A)

2sinfcosfd = sin2éf [4-138]
we obtain:

B, = 6MbcC?z %sin26(6 - C2)(1 + C%)~4-3 [4-139)

z
This equation will have a maxinum val ue when sin26 = + 1 and when C has a

val ue which maximzes C%(6 - c¢?)(1 + c®)™“*.  The maxi num val ue of sin26 will

occur when ¢ - 45 degrees, 135 degrees, 225 degrees, or 315 degrees. To find the

maxi mum val ue of C we nmust first differentiate equation 4-131 with respect to C

and set the derivative equal to zero. The result is:

5C% - 46C* + 12C = 0 [4-140)
The val ues of C which satisfy this equation are:
C=0,C=+0.517, C=+ 2.99

For these values of C equation 4-137 will have either a maxi mum mninum or
a point of inflection. A little consideration shows that it has a mini mum val ue
of zero at C =0, a maxinmum value of 0.0528 at C = + 0.517 and a m ni mum val ue
(maxi num val ue of absol ute magnitude) of -0.00009 at C = + 2.99. The only val ues
in which we are interested are C = + 0.517 and s = 45 degrees, 135 degrees, 225
degrees, or 315 degrees, at which points the vertical conponent of magnetic field
has the greatest magnitude anywhere on a plane z neters bel ow the center of the
array, Making use of the preceding values of C and substituting theminto the
equations relating C and x and C and y vyields:

Maximum value at: x = + 0.366z and y = + 0.366z
B, = 1.582Mbcz™> [4-141)

5. PRINCI PLES OF DESI GNI NG EQUI PMENT AND CI RCU TS FOR M NIl MUM STRAY
MAGNETI C FI ELD

5.1 General The preceding section shows that:
(a) The magnetic field produced by a current loop is proportional to

its magnetic nmonent, AN, where Ais the area enclosed by the
loop, Nis the nunber of turns, and | is the current in the | oop.
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(b) The magnetic field will not be equal to zero unless A= 0O N =0
or I - 0, none of which can be achieved in practice.

(c) The conditions found on nmi nesweepers are such that there will
i nevitably be sone current |oops that individually produce a
magnetic field larger than can be tolerated.

5.2 Principles of design for small stray nmgnetic field. Some of the
i ndividual current loops will inevitably produce a larger stray nagnetic field
than can be tolerated. Such fields nust be conpensated for by adding other fields
that are, as nearly as possible, equal and opposite. This is the principle of
conpensation (see 4.3.1.2). It is so general and has so many ranifications that
there are advantages to splitting it into a nunber of smaller and nore specific
principl es. Doing this, and adding a number of other principles that do not fall
under the general heading of conpensation, we arrive at the following |ist of
principles that have to be kept in mnd when designing equi pnent for small stray
magnetic field:

(a) The principle of simplicity (see 5.3).

(b)  The principles of mnimmmagnetic noment and mi ni num separati on
(see 5.4).

The principle of zero magnetic nmonment (see 5.5).

The principle of series conpensation (see 5.6).

The principle of parallel conpensation (see 5.6 and 5.7)

The principle of self conpensation (see 5.8).

The principle of mutual conpensation (see 5.9).

The principle of conpatibility (see 5.10).

The principle of nininmumdisturbance by nmagnetic materi al
(see 5.11).

(j) The principle of final check (see 5.12).

c
d
e
f
g
h

—e— e~ —~— —
[ NNl N )

5.3 The principle of sinplicity. The principle of sinplicity states that
the nmethods used to ensure snall stray nmagnetic fields should be as sinple as

possible and should do the follow ng:

(a) Make nmexi mum use of the conductors that are needed in a piece of
equi pnent for it to performits function; and

(b) Require mininmum addition of extra conductors and conponents that
have no purpose other than to reduce the stray magnetic field.

5.3.1 Extreme exanple. One conceivable way of getting a small stray
magnetic field froma generator is as follows:

(a) Take a generator that has been designed and built with no regard
for small stray magnetic field.

(b) Measure the stray magnetic field produced by the field current of
the generator. Vary the current and take a nunmber of readings.

(c) Measure the stray magnetic field produced by the armature current
of the generator. Vary the current and take a nunber of readings.

(d) Install two sets of conpensating coils, which we will call stray
magnetic field degaussing coils. Each set would consist of three
coils, one in each of three mutually perpendicular planes. One
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set would be used to conpensate the stray nagnetic field produced
by the field current of the generator; the other, the stray
magnetic field produced by the armature current of the generator.

(e) Install some regulatory systemthat would respond to changes in the
generator field and armature currents and autonmatically adjust the
stray magnetic field degaussing coil currents so as to compensate
the stray magnetic field fromthe generator

W may have to use this arrangenent to conpensate for generators that have already

been built, installed in ships, and found to have large stray magnetic fields, but
which cannot be nodified without a |arge expenditure of tinme and noney. This
arrangenent should, however, be scrupulously avoided in new design. It is

conpletely contrary to the principle of sinplicity.

5.3.2 Exanple of extreme sinplicity. Consider a mnesweeping cable run vith
four single-conductor cables. If the cable arrangenents are such that the
polarities are as follows:

+ -
+ -

then the stray magnetic fields generated by the cable run will be large; if,
however, the cables are rearranged to change the polarities as foll ows:

+ -
-+

then the resulting stray nagnetic field will be small. In the first case, we have
two current |oops that produce stray magnetic fields that add; in the second case,
we have two current |oops that produce stray nagnetic fields that oppose. The
stray magnetic field is significantly reduced by sinply changing the connection of
the cables. The cable run's performance is not affected by the change, and no
addi tional equipment was required to reduce the stray magnetic field. This is an
excel | ent exanple of the principle of sinplicity. In many cases, extrene
simplicity cannot be attained;, but the exanple given illustrates the goal to be
approached as closely as possible.

5.3.3 Example of sinplicity in field poles of generators and notor
Another illustration of the principle of sinplicity is furnished by the cancella-
tion of magnetic fields produced by the field poles of dc generators and notors.
For machines with four or nore poles, the magnetic fields produced by the poles
cancel to an extent that increases with increasing nunber of poles No additiona
coils need be added for the sole purpose of conpensation. This is acconplished by
the field poles thenselves, which are indispensable for the operation of the
machine. To be sure, we may have to use nore poles than would be needed if stray
magnetic field is not a consideration, but this is an increase in the nunber of
el ements of the same kind rather than the addition of elements of a different
ki nd. It illustrates the application of the principle of sinplicity in a case
where we are unable to attain the extreme sinplicity of a cable run with four
cabl es

73



Downloaded from http://www.everyspec.com

M L- HDBK- 802( SH)
2 Jul'y 1990

5.4 Principles of mninmm magnetic nonent and ninimum separation. AS shown
in the fornulas given in 4.3, the magnetic field produced by two equal and
opposite current loops or dipoles is proportional to the magnetic noment of each
times the distance between them Therefore, the nagnetic nonents of individua
current |oops or dipoles nmust be as small as possible, and the |oops nuse be as
cl ose together as possible These are the principles of mninum magnetic nonent
and mininum separation. respectively. Individually and together they point the
way to a reduction in stray magnetic field, For exanple, suppose we have two
equal and opposite dipoles a short distance apart.

(a) If we halve the nagnetic nmoment of each dipole and | eave the
separation unchanged, we halve the magnetic field.

(b) If we halve the separation and |eave the nagnetic noments
unchanged, we halve the nagnetic field.

(c) If we halve both the magnetic moment and the distance, the magnetic
field is reduced to one fourth of its original value,

5.5 Principle of zero net magnetic nmonent. The arrays of dipoles considered
in 4.3 show that the resultant or net magnetic nmonment for each array is zero.
This is the best overall condition for a small stray magnetic field from any
nunber of dipol es. Expressed nat henatically, the principle of zero net magnetic
moment requires the follow ng:

™, =0 [5-1]
™, -0 [5-2]
™, - 0 [5-3)

where =M,, =M, and =M, denote the suns of the x, y, and z conponents,
respectively, of the magnetic nonents of the current |oops or dipoles under

consi derati on.

5.5.1 Application to equipment. Consider a relatively |arge piece of
equi pment, for exanple, one that fills a cube 1.5 neters on a side. Suppose that
there are large but equal and opposite current |oops on two opposite faces of the
cube. The net magnetic nonent is zero, but the stray magnetic field will be large
because of the large magnetic moment of each |oop and the | arge separation between
the loops. Zero net g agnetic q onment alone is not enough to ensure a small stray
magnetic field. The principle of zero net magnetic nonent nust be applied
together with the principles of m nimum nmonent and mini num separati on. I'n other
words , to ensure a small stray magnetic field for a piece of equipnment we nust
meet the follow ng conditions

(a) We nust have zero net magnetic moment for the whol e equi prent

(b) We nust have zero net magnetic nonent for each of a nunber of
subgroups of loops. The loops in each subgroup shoul d be
relatively close together and the conmbination of all the loops in
all the subgroups represents all the loops in the equipment. For
exanpl e, one subgroup mght contain all the current loops in a
single plane or in tw parallel planes very close together; while
anot her subgroup mght include all the loops in a particular cubic
meter of the equipment, and so forth
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5.5.2 Linmitation of the principle. Let us consider the piece of equipnment
of 5.5.1. Divide the 1.5 meter cube into 1000 small cubes, each 15 centineters on
a side. Now suppose that the net magnetic noment for the current loop in each of
the smal|l cubes is zero. The principle of zero magnetic noment is therefore
satisfied for the whol e piece of equipnment and for each of the small cubes.
Furt hernore because of the small size of the cubes, it is to be expected that the
magnetic nonments of the individual current |oops each contains will be snall, and
it is certain that they will be quite close together. Despite this, it is not
certain that the stray magnetic field generated by this piece of equipment will be
small.  For instance, if we suppose that in each of the small cubes the current
| oops are exactly alike and are oriented in the same way, the stray magnetic field
generated by the equi pnment would then be approxi mately 1000 tines as large as the
stray magnetic field generated by one of the small cubes. Wile the stray
magnetic field of one of the small cubes nay indeed be negligible, the magnitude
of the stray magnetic field generated by the entire equipnent could be too large
to be tolerated. Although the preceding exanple is a rather unlikely situation
it is possible. Application of the principles of mninmm magnetic nonent, m ni num
separation, and zero net magnetic noment does not guarantee that the stray
magnetic field generated by the equiprment will be snall. It is, therefore
necessary to make a final check to be conpletely certain

5.6 Principles of series and parallel conpensation. Series conpensation is
illustrated on figure 44 (A), parallel conpensation on figure 44 (B)

5.6.1 Conparison of series and Parallel conpensation. Suppose that on
figure 44 (A) and figure 44 (B) the current |oops are coplanar, have the same
size, shape and nunber of turns, and carry the same current. Wen these
conditions are satisfied, the two loops will generate exactly the same stray
magnetic field, and there is no difference between series and parall el
conpensati on, Nonet hel ess, series conpensation is preferred because of the
greater |ikelihood that the conditions for conpensation will be satisfied (see
5.6.1.1).

5 6.1.1 |nequality of current division

5.6.1.1.1 Series conpensation. There is no problemw th unequal current
division in series conpensation. Let us consider two opposing | oops connected for
series conpensation. The current will, at all times, be the sanme in both |oops;
if the current changes in one loop it nmust change in the other. There is the
possibility that insulation will deteriorate so that the current can |eak out of
the circuit and cause the currents in the two loops to differ. However, if even a
few anperes leak out of the loop the insulation will deteriorate so rapidly and
will be so badly damaged that the circuit cannot be used. Wen two |oops are
connected in series, we can be sure either that the current is the sane in both
loops or that, if it differs by a significant amount, insulation failure will take
the circuit out of use
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5.6.1.1.2 Parallel conpensation. Conditions are different with two | oops
connected for parallel conpensation. Suppose that the two | oops are of equa
area, number of turns, and resistance. They will divide the total current equally
and conpensation should be satisfactory. The difficulty with parallel
conpensation is that so many things can happen to disturb this satisfactory
situation. One loop may heat up nore than the other, its resistance will becone
hi gher, and the current in it will be less than the other |oop. Contact
resi stance may change over the course of tinme, and, since the total resistance of
each loop will be low, a change in contact resistance may be enough to create an
appreciable inequality of current division. In the extreme case, one |oop could
devel op an open circuit, force the other to carry the total current, and
conpl etely destroy conpensation. Furthernore, this condition mght exist for a
consi derabl e period of time before it becomes apparent. In view of this, it is
apparent that series conpensation is preferred to parallel conpensation whenever
series conpensation can be enployed. When parallel conpensation is used, either
because series conpensation is inpractical, or because parallel conpensation has
ot her advantages which justify its use, the precautions given in 5.7 should be
observed

5.7 Use of parallel conpensation. There are a nunber of cases where
paral | el conpensation nust be used. A ninesweeping generator has a nunber of
parallel circuits that are inherent in the construction of the nmachine. Parallel
conpensation is also needed for mnesweeping cable runs. In other cases it has
advantages that justify its use even when series conmpensati on m ght be possible.
It should be kept in mind that while parallel conpensation has drawbacks when
conpared to series conpensation, it has advantages as well and can be used
effectively if the precautions given below are observed

5.7.1 Symmetry Take two circuits that are connected in parallel so that
the stray magnetic field fromone circuit conpensates that fromthe other. These
circuits should be as symmetrical as possible in all respects. Loop areas and
turns shoul d be equal so that equal currents are needed for conpensation.

Resi stances should be equal so that currents will be equal. Time constants shoul d
be equal so that currents in the two circuits rise and fall together at the

begi nning and end of a sweep pul se. If this condition is not satisfied, we wll
have conpensation when the currents in the two circuits reach their steady-state
values, but will lack conpensation during the transients at the beginning and end
of a sweep pul se. Careful design and workmanship are needed to nake sure that the
currents in the two parallel circuits are equal when the equipnent is built, and
that everything possible has been done to nake sure that this condition will not
change in the course of tine.

5.7.2 Precaution to mininmze the eff ects of unequal current division. In
addition to doing everything possible to ensure equal current division between
paral lel circuits, the equi pnent should be designed and built to minimize the
effects of unequal current division if it occurs. For exanple, cable runs are
twisted for this purpose (see 6.2.3); the folded design of disconnect switches
mnimzes the bad effect of unequal current division (see 6.4.8); and proper
desi gn of generator brush rigging gives current |oops that have zero net magnetic
noment regardl ess of whether the total armature current of the generator is or is
not equally divided between the brush sets connected in parallel (see 7,3).
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5.8 Principle of self conpensation. The principle of self conpensation
nmeans sinmply that each individual piece of equipnment should be conpensated by
itself. The principle should be applied to each m nesweepi ng generator,

di sconnect switch box, contactor panel, circuit breaker, or other component used
in the construction of the larger items of equipment. The principle of self

conpensation should be applied to all itens, large and small, because if each item
is Individually conpensated so that its stray magnetic field is smll , then the
stray magnetic field fromall the equipnent on the ship will be small, regardless

of whether some or all of the equipnent is in operation

5.8.1 Oientation. Some equipnent, such as ninesweeping generators, |arge
contactor panels, and sw tchboards are designed and built for installation with
only one orientation. A minesweeping generator, for exanple, is built for
installation with its axis ‘horizontal, and cannot be stood on end and installed
with its axis vertical. Smaller itens of equi pnent, however, may be installed in
several different ways depending on the avail abl e space and the arrangenent of
other equipment on the ship. For all such equipnment, the principle of self
conpensation should be applied so that the stray magnetic field below the
equi pment will be small regardless of its orientation. Normally, the vertica
component of the nmagnetic field at a given distance below the equipment will vary
with the orientation of the equipnent. |t night be extrenely difficult or even
i npossi ble to design the equipnent so that the stray field is independent of
orientation. Fortunately, this is not necessary. Al that is necessary is to
meke sure that the largest stray magnetic field for any orientation is snal
enough to be acceptable. |f this objective is attained, the ship designer and
shi pbuil der will have greater freedomin arranging the equipnent.

5.9 Principle of nutual conpensation. The Principle of nmutual conpensation
is applicable when there are two or nore pieces of the same equi prent installed on
the ship. This involves connecting the pieces of equipment so that the stray
magnetic field of one opposes that of the other

5.9.1 Wility. The utility of the principle of mutual conpensation can be
illustrated by considering the case of a minesweeper with two m nesweeping
generators. The first objective is to use the principle of self conpensation to
make the stray magnetic field of each generator as small as possible. Having done
this, there are still two generators, which can be used either alone or in
paral l el and which have stray magnetic fields different fromzero. These two
generators can be connected so that their stray magnetic fields add, or, in
accordance with the principle of mutual conpensation, so that they oppose. \When
the two generators are used in parallel, we get approximately tw ce the magnetic
field of one in the first case, and perhaps [ess Than the magnetic field of one in
the second case. This has been observed on a nunber of ninesweepers. Therefore,
there is a substantial inprovenent obtained by using the principle of mutua
conpensation. At the sanme tine, the principle of nutual conpensation is secondary
to the principle of self conpensation. The nost inportant concept is that of
meking the stray magnetic field fromeach generator as small as possible. This is
necessary to mnimze the stray nagnetic field when only one generator is in use,
as well as when both are in use. If each generator, individually, has a large
stray magnetic field, the two together could have a stray nagnetic field that
woul d be too large even if we use the principle of nutual conpensation Mne -
sweepi ng generators are | arge nachines: they cannot be placed very close together.
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Consequently, nutual conpensation is not overly effective. [t helps, somewhat,
but not enough to bring a large reduction of stray magnetic field so that two
generators with large magnetic fields could be connected in opposition with the
resulting stray magnetic field small enough to be acceptable.

5.10 Principle of conpatibility. The principle of conpatiblity means
simply that each item of m nesweeping equi pnent shoul d be designed in such a
manner that its termnals are arranged for easy, convenience, and stray-nagnetic.
field-free connection to the cable run that connects it to the rest of the system

For instance, the m nesweeping current will, as a mninum go fromthe m ne-
sweepi ng generator through a cable run to the termnal box and out to the sweep
tail. It may al so pass through a disconnect switch or contactor panel. These

i nterconnections must be easily nmade and not generate a |large stray magnetic
field.

5.10.1 Justification, Wthout the principle of compatibility, it would be
possi bl e to have m nesweeping generators, termnal boxes, and other equipnent that
generate small stray magnetic fields but whose termnals are arranged such that a
large stray magnetic field may be set up at the connection of the equipnent to the
cable run. This situation would have to be corrected by the shipbuilder through
the use of a specially designed and constructed adapter to allow interconnection
of equi pment without the generation of large stray magnetic fields. Qoviously,
this case can be avoided if the principle of conmpatibility is considered during
the design of the m nesweeping equi pnent (see 6.3).

5.11 Principle of mninmumdisturbance by magnetic nateri al

5.11.1 Mnimzation of magnetic material. The use of nagnetic material
aboard a mi nesweeper should be kept to a minimum The greater the anmount of
magnetic material, the larger the undegaussed nagnetic signature of the ship will
be. Therefore, the degaussing systemon the ninesweeper will have to work much
har der . In addition, nagnetic material placed near current carrying conductors
may produce dangerously large stray magnetic fields. Suppose, for exanple that
the positive and negative legs of a circuit pass on opposite sides of a long iron
tie rod or stanchion. This forns a current |oop enclosing a |ong nagnetic core
The stray magnetic field of this loop will be nuch larger than that of a |oop of
the same area that does not enclose a magnetic core (see 3.3.2).

5.11.2 Arrangenent of conductors with respect to magnetic material. \ile
the use of magnetic material on a m nesweeper should be kept Co a m ni num (see
3.3.2), there are some instances where nagnetic material must be used. For
exanple , motors and generators require the use of magnetic circuits to operate
properly, In these machines, the arrangenent of conductors with respect to the
magnetic material is fixed by the need to design the equipnent to function
properly. Specifically, the conductors in the field coils nust formcoils that
encl ose the magnetic field poles, and the armature conductors must formcoils
around the armature core. However, with careful design, notors and generators can
produce only small stray magnetic fields. Current carrying conductors and
magnetic material nust not be arranged in such a way as to enhance the magnetic
field produced by the conductors Suppose for exanple, that the positive and
negative armature | eads of a generator are passed through two holes drilled in the
iron voke of the generator The stray nmagnetic field will be increased for two
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reasons : first, drilling holes in the yoke will destroy its magnetic symretry;
and, second, the iron between the positive and negative |eads forns a magnetic
core for a current loop. To avoid these problens, the armature | eads, as well as
any other leads, should be taken out through the nonmagnetic end bells of the
machi ne The general rules for arrangement of conductors are as follows:

(a) Never arrange conductors and magnetic materials in such a way that
the magnetic material fornms a core for a current loop unless this
arrangenment is dictated by the necessity of designing equipment so
that it will performits intended function.

(b If it is absolutely necessary to pass a circuit through a magnetic
enclosure or other magnetic material, the plus and minus |egs of
the circuit nust be as close together as possible and both nust
pass through the sane hole in the nagnetic naterial

(c) Care must be taken in the arrangement of conductors and magnetic
material to avoid any possibility that the magnetic material will
cause an unnecessary increase in the stray magnetic field
generated by the current in the conductors (see 3.3.2.2).

5.12 Principle of final check.

5.12.1 Need for final check. The principles that have been discussed so far
are guidelines that nuse be followed in order to design and construct a piece of
equi pment having a small stray nmagnetic field. They do not, however, automati-
cally ensure that the stray magnetic field will be small. For example, the
principle of zero net magnetic nmoment can be applied to the entire space occupied
by a piece of equipnent and to each of a large nunber of smaller regions into
which this space can be subdivided, and still have a stray magnetic field that is
too large to be acceptable (see 5.5.2), This possibility requires that a final
check be made after a tentative design is conpleted. The design should be
rejected unless it checks out satisfactorily.

5 12.2 Nature of the check. Ideally, the check calculations should be so
conpl ete and accurate that they give an estimted value for the stray nmagnetic
field to within a few percent of the values that would be nmeasured if the
equi prent were built and tested. This goal should be attainable for relatively
si mpl e equi prent which has no nagnetic material used in its construction, but may
not be attainable for conplicated equipnent, particularly for equipnent in which
magnetic material is used. For such equipnent, a somewhat sinplified check will
have to be used. This will involve a check nade wi thout taking into account the
effect of iron, followed by the best estimate that can be made QL the effect of
the iron. The steps in detail are as follows:

(a) First make a careful analysis of the conplete equipnent to resolve
it into all the current loops it contains. This step is basic to
all the rest.

(b) If a suitable computer is available for use, conpute the vertica
conponent of magnetic field produced by each current loop at a
specified point on a plane at the desired di stance bel ow the
equi prent, and add the results for the different Ioops to find the
total for the whole equipnent. The stray magnetic field from each
| oop nmust be calculated to many significant figures in order to
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give an al gebraic sumwhich will be accurate to a few significant
figures. The large volune of calcul ations makes cal cul ation
wi thout the use of a conputer inpractical

(c) If a suitable conmputer is not available, the check will have to be
made using a sinpler nethod, as foll ows:

1. Divide the total nunber of current |oops into a nunber of
subgroups, each subgroup containing two, four, six, of eight
| oops of equal nagnetic nonent with a symmetrical arrangenent
and polarity so as to give a small magnetic field. This can
al ways be done for equi prent that has been designed wth
opposi ng current |oops so that the net magnetic nonent is zero.
If the net magnetic nonment is alnmbst but not quite equal to
zero, it should be possible to proceed this way: Suppose that
there are four |oops symetrically arranged, and make an array
like that of 4.3.3.10, except that the nagnetic nonments are
100, -100, 100, and -95 instead of -100 for the | oops. At the
-95 loop acid two hypothetical |oops, one with a nagnetic nonent
of +5 and one with a magnetic nmonent of -5. Now divide all the
| oops into two subgroups: one consisting of a symetrical array
of four loops with magnetic nonents of 100, -100, 100, -100,
and the other consisting of a single |oop of magnetic noment
5. In one way or another, the conplete group of loops in the
equi val ent can be broken down into a nurmber of subgroups.

2. Conpute the maxi num val ue of the vertical conponent of magnetic
field produced by each subgroup of current loops. This can be
done using the formulas of 4.3 or, if necessary, by deriving
new formul as for subgroups of a kind not covered by 4.3.

3. Suppose, to be specific, that there are six subgroups and that
t he nmaxi mum val ues of vertical conponent of magnetic field
(without regard to al gebraic sign) are Bz,, Bz,, Bzy, Bz, Bz,,
and Bzg. The worst possible case would be for all six maxim
to occur at the sane place and to have the sane sign. In this
case, the magnitude of the total stray magnetic field would be

Bz, + Bz, + Bz; + Bz, + Bzs + Bzg

If this value is small enough to be acceptable, the design can
be considered satisfactory.

4. If the value conputed above is too large to be acceptable, it
does not nmean that the design is unsatisfactory. It may be
that the maxima for the different subgroups occur at fairly
wi dely spaced locations, or that some of the maxima are of a
di fferent algebraic sign than others. It is very likely that
the correct value for the maxi num for the whole equi pment will
be I ess than the sum of the absolute val ues of the naxi ma of
the subgroups, and may even be |ess than the maxi mum for any
one of the subgroups. This possibility should be checked
before concluding that the design is unsatisfactory.

5. If a careful check shows that the calculated value of stray
magnetic field is too large to be acceptable, the design should
be changed.
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(d) The preceding cal cul ati ons have been made on the assunption that no
iron is present. This will be the case for certain types of
equi pnent, and for these the cal cul ated val ues shoul d be in good
agreenent with those neasured after the equipnent is built. For
ot her equipnent, such as generators and notors, iron wll
inevitably be present. Very little is known about the
quantitative effect of iron. For several small notors, the
nmeasured stray magnetic field is approxinmately twice as large as
the stray magnetic field calculated using the assunption that no
iron is present. It is to be expected, therefore, that with iron
present the stray magnetic field will be several times larger than
that calculated on the assunption of no iron. The design of the
equi prent nust make all owances for this.

5.13 (bjectives of desire. The ultimate objective in designing equiprent
for mnesweepers is to devel op a minesweeper that has a very small stray nmagnetic
field during all conditions of operation, This objective should be net with
certainty and as sinply as possible. To this end there are two internediate
obj ectives :

(a) Each piece of equiprment should have an extrenely small stray
magnetic field (principle of conpensation)

(b) The different pieces should fit together easily and naturally wth
no chance that stray magnetic fields will be caused by the
connections between them (principle of conpatibility).

Wien these internediate objectives are attained, the task of the shipbuilder is
simplified and it is likely that the ultimate objective will be reached.

6. DESI GN OF MAGNETI C M NESVEEPI NG EQUI PMENT

6.1 Ceneral. In this section, we wll consider the design of magnetic
m nesweepi ng equi prent that is used to carry minesweeping current. The equi pnent.
listed below will be considered in some detail. Their designs will serve as

exanpl es for the design of other equi pment not considered here.

(a) The m nesweeping cable runs.

(b) Disconnect switch boxes, contactor panels, or other equipnent that
may be connected in the cable run between the generator and the
termnal box.

(c) The terminal box at which connection is made to the mi nesweeping
cabl e.

(d) The mi nesweeping cable.

6.1.1 |Interfacing equipnent In addition to the equipnent that carries
m nesweeping current, there is also a great deal of other equipnent on a
m nesweeper carrying currents that are considerably smaller (except perhaps for
short internals of time) than the m nesweeping current. Such equi pnent includes

(a, Switchboards and distribution system
(b) Mdtors.

(c) Storage batteries.

(d) Galley ranges.
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6.2 Cable runs. W will consider the arrangenent of power cables so that we
may reduce to a minimumthe stray nagnetic field produced by the current in these
cabl es. The design considerations discussed herein are applicable to shipboard
installation of dc and alternating current (at) power cabl es aboard m nesweepers
and other special installations where stray magnetic fields must be reduced to a
m ni mum

6.2.1 Cable runs nodeled by current |oops. Suppose we have a long cable run
froma generator to a nmotor that consists of a single conductor cable in the
positive leg and a single conductor cable in the negative leg. W can nodel the
cable run by current |oops (see figure 45). If we introduce hypothetica
conductors between A and B and between C and D, we break the cable run into a
smal | current |oop fromthe generator to AB, a long current loop from AB to CD,
and a small current loop fromCD to the notor. The design considerations for
cabl e runs shoul d govern the long current loop fromAB to CD

6.2.1.1 Single current loop. Wth only one single-conductor cable in the
positive and negative legs of the long cable run discussed in 6.2.1, there will be
only one current loop. This will not be a small current |oop (see 4.5) since the
di stance to the point where we are interested in the magnetic field may be |ess
than the length, or large dinension, of the cable run. The nmagnetic field of the
current loop can be calculated by using the fornulas for large |oops (see 4.2.2).
Even if the cables forming the single current loop cable run are placed tightly
together so that the geonetric interior of the current |oop has no area, the stray
magnetic field can be appreciable.

G
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Fl GURE 45. Current loops in cable runs.
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6.2.1.2 Mulitiple current loops. M nesweeping currents are so large that two
or nmore single conductor cables are used in each leg of a mnesweeping cable run

to provide adequate current-carrying capacity. Wth such an arrangenent, the
cable run will have two or nore current |oops Dependi ng upon how the cables are
connected, the magnetic fields fromthese |oops will add or subtract.

6.2.2 Power cables and cable configurations. Power cables and cable
configurations will be in accordance with 6.2.2.1 through 6.2.2.2.2.

6,2.2.1 Dc_power cables. Design considerations for dc power cables will be
in accordance with 6.2.2.1.1 through 6.2.2.1.5.

6.2.2.1.1 Use of single-conductor cables. For best results, we will use an
even nulitple of parallel, single-conductor cables in the positive and negative
branches of a dc cable. Quadded cables consisting of four single-conductor cables
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will be preferred for dc power cable connections. W will avoid cable runs
consisting of only one or an odd multiple of single-conductor cables in the
positive and negative branches of a dc circuit. This is because an odd nunber of
current |oops nakes magnetic field conpensation by arrangenent of the conductors
inpracticable and results in a |large nmagnetic field.

6.2.2.1.2 Use of double-conductor cables. If four single-conductor, quadded
cabl e is unavail able or not practicable, we may use doubl e-conductor cable in a dc
cabl e run. It will be twisted such that the cable’'s conductors are transposed at

regular intervals by the twist of the conductors to formthe lay of the cable or
the conductors are concentric and the size of the cable is small enough to be
handl ed conveniently for the selected application

6.2.2.1.3 Arrangenent of cables for opposing current loops. W wll arrange
paral | el , single-conductor cables in the positive and negative branches of a dc
cable run in a manner that will result in opposing (subtractive) current |oops, so
that their magnetic fields are opposed and sel f-conpensating. Figure 46 illus-
trates typical cable arrangements that are preferred and nonpreferred and gives
their respective magnetic flux density values

6.2.2,1.4 Equal current division anong cables connected in parallel. W
will select and install parallel, single-conductor cables in the positive and
negative branches of a dc cable run so that the resistance of each branch circuit
in parallel is as nearly equal as possible in order for the circuit current to
divide equal |y anong all of the conductors connected in parallel. Figure 47 illus-
trates the effects of unequal current division in cables connected in parallel

6.2.2.1.5 Unequal current division in double-conductor cables. W will not
connect two or nore doubl e-conductor cables in parallel dc cable runs since
unequal division of current between conductors connected in parallel can give rise
to a magnetic field of objectionable nagnitude, If we have a positive conductor
in one cable carrying 1,100 anperes (A) and the negative conductor carrying 900 A,
while in the other cable the positive conductor carries 900 A and the negative
carries 1,100 A, we have an arrangenent that is equivalent to two single conductor
cabl es each carrying 200 AL The center-to-center distance between the cables wil
be considerabl e because of the size of the cables, and the magnetic field produced
by such a division of current will be considerable. This is the reason why double
conductor cabl es connected in parallel should not be used in mnesweeping cable
runs.

6.2.2.2 AC newer cables. Design considerations for ac power cables will be
in accordance with 5.2.2.2.1 through 6.2.2.2.2.

6.2.2.2.1 Phase conductors in a common cable. W need not be concerned with
special cable arrangenents if all phase conductors of an ac circuit are in the
same cabl e

6.2.2.2.2 Phase conductors in separate cable . If we find it necessary to
install ac phase conductors in separate cables, these cables will not be grouped
on the sane cable hangers with cables carrying dc and they will be as close
t oget her as practicable throughout the entire length of the cable run C osed
| oops of mmgnetic nmaterial around a phase conductor cable and the placenment of any
magnetic q aterial between the phase conductor cables will be avoided.
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6.2.3 Spiraling the cable run to mnimze the effects of unequal current
division. A dc circuit cable run array consisting of multiple, single-conductor
cables will be spiraled (twisted) on itself fromone cable hanger to the next
Even when the greatest of care is exercised to ensure equal current division,
absolute equality is difficult to obtain and maintain in |ow resistance parallel
circuits such as those involved in mnesweeping cable runs. Unequal heating of
the cables, for exanple, will cause differences in the tenperatures and
resi stances of the conductors connected in parallel and corresponding differences
in the currents they carry. Spiraling the cable run on itself provides a way to
mnimze the effects of such inequality in current division. Cable runs |ess than
1.5 meters long need not be spiraled

A Typical preferred cable arrangements.

[P P Ao e e mendee Mo mbematdes =
AT SFvengeraiTe FEX WA W TIiWX @SBy TR + € »va

PV Vo

AL en

Cable errangemert Max magnetic Flus densrty - nanotesle

0.0.0.00.0. 90
(e X X)) S70
0900, 280

(£ X=)
0 280
O] 150
lo'e)

0.0.0.900.0. &30

0.0.0.0.0.0, 260
000, =
000
3 =

(O,C] 310
NOTES :

1. Cable arrangement figures illustrate the cross-sectional views of
the single conductor cables in a cable run "+" indicates positive
conductor cables connected in parallel. *-" indicated negative
conductor cables connected in parallel. For a given arrangenent,
if all “+" are changed to “-” and all “-” are changed to “+", the

sane indicated maxi mum flux density will result.

The indicated maxi mum flux density is the vertical conponent
calculated on a plane 7. 5 meters above or below the cable run based
upon cables with an outside diameter of 40 mmthat are touching

Fl GURE 46. Arrangenment of single-conductor dc cables for opposing current |oops
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each other so that the center-to-center distance between adjacent
cables is 40 nm The length of the cable run is 18 nmeters and the
direct current magnitude is 2,000 A (1,000 A per cable for cable
runs with two cables in each branch and 667 A per cable for cable
runs with three cables in each branch). No nagnetic naterials are
assuned to be present anywhere in the region around the cable run
and the total current is assuned to be equally divided between
conductors connected in parallel.

Arrangenent of single-conductor dc cables for opposing
current |oops - Continued.

r Cable §
@ @"‘ Cable 2
Cable arrangement: —~ —
g—‘-) O— Cable 4
L Cable 3
Current division among conductors (amperes) Maximum magnetic
flux density
(nanotesla)
Coble § Cabte 2 Cable 3 Coble 4
1,000 1,000 1,000 1000 1
2,000 2,000 ] b 280
0 1000 1000 2.000 150
S00 900 1100 1100 30
FI GURE 47. Effects of unequal current division in single - conductor

cabl es connected in parallel.
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6 .2.3.1 Spiraling a four cable quad arrangenent. If we have a preferred
guad arrangement (see 6.2.2.1.3) with current unequally divided so that the two
upper cables each carry 900 A, and two |ower cables each carry 1,100 A the
resultant magnetic field will be considerable and directed upward (taking the plus
sign to indicate a current going into the paper) at all points along the |ength of
the cable run. The result, as pointed out in 6,2.2.1.3, is a magnetic field nuch

greater than it would be if each cable carried 1,000 A If we spiral or twist the
qguad array of cables fromone cable hanger to the next, the configuration at five
consecutive cabl e hangers shall be as shown on figure 48. If the magnetic field

caused by an unequal current division is directed upward at the first cable
hanger, it will be directed to the right at the second; down at the third; to the
left at the fourth; up at the fifth, and so on. The cable run is thus broken up
into a nunmber of short |engths of opposing polarity so that their net effect wll
be small.

6.2.3.2 Spiraling eight cables in a circular array. W can nminimnmze the
magnetic field of an eight cable arrangement by forming a circular array of eight
cabl es spiraled around a central core (see figure 48). Just as in the case of the
twisted quad, the direction of the magnetic field caused by any inequality in
current division will turn through 45 degrees from one cable hanger to the next.
The result is that the magnetic field produced by any inequality in current divi-
sion will be less if the cable is spiraled than if it is not. It is immediately
apparent that the sanme conclusion holds for a circular array of any even nunber of
cables, the cables being alternately plus and m nus.

nd Third fourth Fifth
er Hanger Hanger Hanger

A. Four cable array configuration at five consecutive cable
hangers (cross-sectfonal views)

NOTE:

1,2, 2, and 4 Zenct: ezch of the four cableg i~ a guad =vrav Farh ~able

shifts 90 degrees from one cable hanger to the next.

TIGUR: 48. Tyiical spiraling arrangements for Jdc circult ceule orray
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B. Efght cable circular array configuration at nine consecutive
cable hangers (cross-sectional views)

FIGURE 48. Typical spiraling arrangenents for dc circuit
cable array - Continued.

6.2.3.3 Sprialing eight cables in a rectangular array. If we have eight
cables that are arranged in a double quad (see figure 49) the magnetic field will
be small, provided that the currents in all cables are of equal magnitude. [f we

laid the cable run straight and the current is unequally divided, the magnetic
field generated may be appreciable. Spiraling the cable run would mnimze the
field;, however, it would be very difficult, if not entirely inpractical, to spira
a doubl e quad array of eight cables onitself. It will do us no good to spira
the right-hand and | eft-hand quads separately so as to end up with two twi sted
quads lying side by side because the total current may be divided in such a way
that the sumof the currents in the four right-hand cables nay be plus 200 A for
exanpl e, and the sumof the currents in the four |eft-hand cables may be minus 200
A, The two twisted quads lying side by side would then be roughly equivalent (so
far as stray magnetic field is concerned) to two single conductor cables each
carrying 200 A and spaced center to center by a distance approxinmately equal to

t he separation between the centers of the two quads. This can give rise to a
magnetic field of considerable magnitude; consequently, two tw sted quads do not
furnish a solution to the problemthat arises when eight cables are necessary to
carry the current from one generator

SRCECRS)
@006

FI GURE 49. Doubl e quad rectangular array.
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6.2.3.4 Oher nunbers of cables. Any even nunber of cables spiraled about a
central core with the cables alternately plus and mnus will produce a small stray
magnetic field. For convenient connection to three-term nal equipnent the nunber
of cables will be an integral nultiple of four because one-half of the cables nust
be connected to the central termnal and one-fourth of the cables to each of the
two outer termnals. An adapter between the cable run and the equipnent will be
required if the number of cables is not an integral nmultiple of four. This does
not mean that the nunber of cables in the cable run nust be an integral nultiple

of four. It is conceivable that generator rating and available cable sizes m ght
be so related that four cables vould not be enough, six just right, and eight nore
t han enough. In such a case it would be desirable not to throw out six cables

i medi ately in favor of eight, but to make a fairly detailed conparison between a
six cable run with adapters and an eight cable run without adapters. V& mght
di scover that the overall advantage m ght be with the six cable run

6.2.4 Cabl e spacing. Equal ity between two opposing current |oops can be
di sturbed by inequality of current division, a condition that we have already
considered, or by inequality in cable spacing. Suppose we have a quad array in
whi ch the upper two cables are spaced farther apart than the |ower two. In this
case the upper and |lower current loops will not be of equal strength, and the
principle of zero net magnetic nonent (see 5 5) will not be satisfied even if the
loop currents are equal. If we want to avoid the nagnetic field that woul d be
produced by opposing | oops of unequal strength, we nust arrange the cables in a
quad arrangenment so that the cables are pressed tightly together all along the
cable run, with their centers at the corners of a square In a circular array of
cabl es arranged about a central core, we nust have the cables equally spaced
This condition will be automatically satisfied if the cables are all of the sane
diameter, the central core is of the right diameter, and the cables are tightly
cl anped against the core. Figure 50 illustrates the typical effects of excessive
cabl e separation in a quad arrangenent.
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Maxfmum magnetic flux density

Cable arrangement (nanotesla)
0%
adn 0.42
ALY

—*?»
.

7sim 7s|rm 2.62
O 75m o)
75mm r" 31.4

.

1. The indicated maximum flux density is calculated at a distance of 7.5
neters based upon cables with an outside diameter of 50 mllinmeters
(nmm). The length of the cable runis 1.25 meters and the dc magnitude

is 1,500 A (750 A per cable).

NOTE:

FlI GURE 50. Typical effects of excessive cable separation in a
guad arrangenent.

6.2.5 Concentric cable Concentic cable has an inner conductor with its
center on the axis of an annular or cylindrical conductor that carries current in
the reverse direction. The stray magnetic field fromsuch a cable should be very
small. In principle, we would think concentric cable would be ideal for
m nesweepi ng cable runs. There are, however, problems in using it for large

currents:

(a) Only one concentric cable shouldbe used to carry the full output

of one minesweeping generator.
(b)  The problem of unequal current division between. parallel conductors

results if two or nore concentric cables are used in parallel
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(c) A single concentric cable co carry the current fromthe |argest
m nesweepi ng generator will be large in diameter, difficult to
manuf acture, and inconvenient to install

Therefore, the present view is that the mnesweeping cable runs now in use are
satisfactory and that we do not need to use concentric cable.

6.3 Connections between equipnent and cable runs. The design considerations
for connections between equi pnment and cable runs will be in accordance with 6 3.1
through 6.3.4.7.

6.3.1 Conpatibility of cable runs and terninal. In accordance with the
principle of conmpatibility (see 5.10), we will arrange termnals on equiprment for
ready connection to the cable runs that take current to and fromthe equi prent.
In the absence of a terminal arrangenment to which the cable run can be
conveniently connected, we will use adapters between the cable run and the
equi prent

6.3.2 Arrangenent of ternminals and approach by cable run. Terminals for
cable runs will be equally spaced, parallel ternminals in the sane plane arranged
edgewi se (see 6.3.4.1) or flat (see 6,3,4.3) with the cable run approaching the
termnal s endways (see 6.3.4.3), crossways (see 6.3,4.2), or sideways (see
6.3.4.5). Edgewise terminals are preferred since the center-to-center distance
between terminals can be nade snaller than for flat termnals, which results in
smal ler current loops. Edgewi se ternminals can use the same type of cable |ugs as
endways and crossways connections.

6.3.3 Cable runs. W will usually have four, single-conductor cables in a
cable run.  However, on occasion there will be eight single-conductor cables in a
cable run, and it is conceivable that it nmay be advantageous to use a different
nunber in other cases (see 6.2.6.5).

6.3 4 Three-termnal arrangenents. W will make cable connections to three-
terminal arrangements in accordance with 6.3.4.1 through 6.3.4.7. W will orient
the cable run approach either endways, crossways or sideways (see figure 51). If
the terminals rotate into sonme other plane, or in some other orientation in the
sanme plane, the endways, crossways, and sideways directions for cable connections
will rotate with the terminals.
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Crossways cable approach

(P
Endways cable appmach/

A. EDGEWISE ARRANGEMENT

e
Sideways cable approach |
N gﬁ @A Terminals
' -

e
Endways cable approach

B. FLAT ARRANGEMENT

FI GURE 51. Edgewi se and flat three-terminal arrangenents.
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W will connect a four si ngl e- conduct or cabl e run approachl ng endways to edgeW| se
termnals in accordance with figure 52.

1. The cable run will approach the termnals with its axis in the line with
the horizontal axis of the center termnal, T2.

2. The two cables 1 and 3, which lie in a horizontal plane, will be bolted
to the opposite sides of termnal T2.

3. Cable 2 will be bent to the left and slightly down to connect to termnal
Tl. Cable 4 will be bent to the right and slightly up to connect to
termnal T3.

4.  The area outlined by cables 1 and 4 equals the area of the cable run
outlined by cables 2 and 3.

5. The polarity of the current in the |oop nade by cables 1 and 4 is
opposite to the polarity of the current in the |oop nade by cables 2 and

3.

Fl GQURE 52. Connection of an endways cable run with four cables to
edgewi se _termnals.

6.3.4.2 Four-cable connection with crossways approach to edgew se terninals.
We will connect a four, single-conductor cable run approaching crossways to
edgewi se termnals in accordance with figure 53.
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This figure can be obtained fromfigure 52 by rotating through 90 degrees
the cable run (or terminals) about an axis through the points of
attachnment of the cables to the termnals when these points are on a
line perpendicular to the termnals.

The cable run will approach the terminals with its axis inline with the
vertical axis of the center ternminal, T2.

The two cables 1 and 3, which lie in a vertical plane, wiil be bolted to
the opposite sides of termnal T2

Cable 2 will be bent to the left and slightly forward to connect to
terminal T1. Cable 4 will be bent to the right and slightly back to
connect to terminal T3

The area outlined by cables 1 and 4 equals the area outlined by cables 2
and 3.

The polarity of the current in the |oop made by cables 1 and 4 is
opposite to the polarity of the current in the | oop made by cables 2 and
3

FIGURE 53  Connection of a crossways cable run with four cables to
edgewi se termnals.
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6.3.4.3 Four-cable connection with endways approach to flat termnals Ve
wi || connect a four, single-conductor cable run approaching endways to flat
termnals in accordance with figure 54. Cable lugs used for edgew se termnals

can be used with flat termnals.
T1
/-)T2 /

T3

N

W

1. The cable run will approach the termnals with its axis in line with
horizontal axis of the center termnal T2,

2. The two cables 2 and 4, which lie in a vertical plane, will be bolted to
the upper and |ower sides of terminal, T2.

3. Cable 1 will be bent to the left and slightly down to be bolted to the
under side of terminal Tl. Cable 3 will be bent to the right and
slightly up to the upper side of terminal T3.

4. The area outlined by cables 1 and 4 equals the area outlined by cables 2
and 3.

5. The polarity of the current in the loop nade by cables 1 and 4 is
?pposite to the polarity of the current in the |loop made by cables 2 and

Fl GURE 54. Connection of an endways cable run with four cables to flat
term nal s.
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6.3.4.4 Four-cable connection with crossways approach to flat termnals. W
wi || connect a four, single-conductor cable run approaching crossways to flat
termnals in accordance with figure 55. Wth flat termnals, different types of
cable lugs will have to be used for crossways connections rather than those used

w th edgew se connections.
1 X2
(4 (3

//\\\
/| [\

/ \

\

\

NOTES:

1. The cable run will approach the termnals with its axis in line with
vertical axis of the center termnal T2.

2. The two cables 2 and 4, which lie in a vertical plane, will be bolted to
the upper side of termnal, T2.

3. Cable 1 will be bent to the left and slightly forward to be bolted to the
upper side of terminal T1. Cable 3 will be bent to the right and
slightly back to the upper side of termnal T3.

4. The area outlined by cables 1 and 4 equals the area outlined by cables 2
and 3.

5. The polarity of the current in the | oop made by cables 1 and 4 is oppo-
site to the polarity of the current in the | oop made by cables 2 and 3.

FlI GURE 55. Connection of a crossways cable run with four cables to
flat term nals.
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6.3,4.5 Four-cable connection with sideways approach to edgew se or fl at

terminals. We will avoid a four, single-conductor cable run approaching sideways
to edgewise or flat termnals since we will need special bus bar adapters to make
a connection that will result in a mninmmstray magnetic field,

6 3 4.6 Eight-cable connection. W wll connect an eight, single-conductor
cabl e run approaching endways. crossways. Or sideways to flat terminals in accor-
dance with figures 56, 57, and 58, respectively. In each case, the positive and

negative cables will be located symetrically about the axis of the cable run.
The general schenme shown is also applicable to edgew se term nals.

FI GURE 56. i cable run with eight cables to flat
termnals.
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\\ Iy/\‘\\\\\\\/‘ (yptens shom resces
EASNNNNEC
Terntnal (tmm)j@//

FI GURE 58. nn ion of i le run with eigh |
flat term nals.

6.3.4.7 (General connection nmethod for six cables Ve will nmake endways or
crossways connections to three termnals for a cable run consisting of six single-
conductor cables about a central core as follows (see figure 59):

(a) Draw in every other cable and connect it to a single conductor that
is on an extension of the cable axis. This single conductor will
then be connected to the central termnal of the equipnent.

(b) Connect the remaining three cables to a conducting ring that is
concentric with the cable axis.

() Connect two dianetrically opposite points on this ring to the two
outside termnals of the equipnent.
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8. wn cadle run

FlI GURE 59. Connection to an endways and crossways cable run
with six cables.
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This arrangenment will create current |oops of equal area and opposite polarity,
causing the stray magnetic field to be small. A sinple nodification of the above
procedure can accommmodate a sideways cable run

6.4 Disconnect switch boxes and contactor panels. Ve wll consider here the
desi gn of disconnect sw tch boxes and contactor panels that nay be connected in a
magnetic mnesweep cable run between a nagnetic mnesweep generator and a m ne-
sweep cable termnal box. The design considerations may al so be applied to other
control equi pmrent used in dc power circuits such as switchboards, power panels and
motor controllers. The arrangenment of conductors and devices for disconnect
switch and contactor panels will be in accordance with 6.4.1 through 6.4.12. 4.

6.4.1 Basic conductor arrangenent. The basic arrangement of conductors in
di sconnect switch boxes, contactor panels, sw tchboards, power panels and notor
controllers will be a central conductor carrying two units of current in one
direction sandw ched between two synmetrically placed conductors each carrying one
unit of current in the opposite direction (see figure 60). The basic conductor
arrangenment is conpatible with the three-term nal arrangenents for magnetic
m nesweep quad cable runs in accordance with 6.3.4.

1 unit of current
P

2 units of current
el <l

gD ~ Sy

Distance X
equals

Distance Y

1 unit of current
-

P

NOTE: In all figures, quantity of arrows indicates
relative magnitude of current. The direction
of the | rrwa indicates direction of current.

FI GURE 60. Basi rran n f n rs in di nn wi tch X
and contactor panels.
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6 4.2 Conductor bends. Conduct or bends can be one of two types

(a) The conductors lie in different planes on each side of the bend.
(b) The conductors lie in the same plane on each side of the bend

6.4.2.1 Conductors lying in different planes on each side of the bend, W
can bend the basic conductor arrangenent so that the conductors lie in different
pl anes on each side of the bend (see figure 61). [f the line of the bend is
perpendi cular to the original plane of the cables and the two current |oops have

magnetic noment is satisfied. The
the angle of the bend.

peny

~, Y Angle of the bend (angle A)
is the same for all three
~ conductors.
~
~Cal

N
~

/,,/'

A. Conductor bend in two planes.

V \[\
~
~ If the currents in the two
outer conductors are equal
~ and 4f Area A = Ares B and
/ Ares C = Area D, then zero
net magnetic moment of eur-
< \ | ' rent will result.
C
//,//)kN\\
~

/

~
D ~
~
~
B. Resulting current loops.
FIGURE 61 Bend fcr conductors lving in different nlanes on each

side of the bend.
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6.4.2.2 Conductors lying in the sanme plane on each side of the bend. W can
al so bend the basic conductor arrangenment so that the conductors lie in the sanme
pl ane both before and after the bend (see figure 62). The conductor arrangenent
creates opposing current |oops of equal area so that the condition of zero net
magnetic noment is satisfied. This arrangenent is difficult to acconplish in
practice. Consequently , we preferred the use of conductor bends lying in
different planes on each side of the bend for power circuit arrangenents of
di sconnect sw tch boxes and contactor panels.

If the currents in the two outer
conductors are equal and if

Area A = Area B, then there is
zero net magnetic moment of
current.

Fl GURE 62. Bend for conductors lving in the same plane on each side
of the bend.

6.4.3 Parallel conpensation. The basic conductor arrangenment we have
consi dered makes use of parallel conpensation (see 5.6.1.1.2). Zero net magnetic
moment in parallel conpensation is dependent upon equality of current division
bet ween two (or nore) conductors in parallel. Absolute equality of current
division is difficult to ensure in |ow resistance circuits; hence, in order to be
safe it will be necessary to add refinement to the basic conductor arrangenent,
which will guarantee that the magnetic field will not be greatly increased if
nom nal ly equal currents actually depart somewhat from exact equality.

6.4.4 Current loops in power circuits VW will keep the size of current

| oops created by the power circuits as snall as possible to mnimze the magnetic
moments of the current loops. The distance between these current |oops will also
be mnimzed. Conductor and device separation will be kept to the m nimm

6.4.5 Terninals. Three termnals are necessary for connection of a basic
conductor arrangenent. Mst of the equipnent we will use will be three term nal
devi ces; however, sone are two terminal devices. A generator needs only one set
of three terminals. A disconnect switch or contactor panel needs two sets of
three termnals, one set to connect the incomng cable run and one set to connect
the outgoing cable run.
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6 4.6 Shunt box. The design considerations for shunt box connections wll
be in accordance with 6.4.6.1 through 6.4.6. 3.

6.4.6.1 Description of connection Consi der the problemthat arises if we
have to connect an ammeter shunt in a nminesweeping cable run. An obvious solution
is to cut the two positive cables, connect the shunt in the cut, and spread the
two negative cables so that one goes around each side of the shunt (see figure
63). For a nore elaborate arrangenent, put the shunt in a box with three
termnals sticking out of each end of the box for connection to the cable runs
This shunt box is a sinple exanple of three-termnal equiprent that evolves
naturally out of the quad cable run

6.4.6.2 Current loops. The current |oops associated with the shunt box (see
figure 63) are divided into three groups as foll ows:
(a) Loops A, B, I, and J are caused by the cable runs to and fromthe
shunt box.

(b) Loops C, D, G and H start where the cables depart fromthe quad
array and end where connections are made to the termnals, T, of
the box. These |oops are caused by the connection between the
cable run and the box.

(c) Loops E and F are caused by the components and bus work in the box
itself.
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/— iree-terminal device box
//'——— Through conductor, (e.g.,bus bar)
A R

_— -‘ﬁi\““‘-~.__‘
2

LLLLLLLLLLLLL

\\ \//

e
L—Two terminal device

A. Circuit for a two-terminal device in a
three-terminal box.

Current loop £ =

Current Toop € = ~-{current loo0p F)
Current Toop A = -(current loop D) Current loop 6 =
T T

4

~-(current loop B) — -{current loop H) Current loop I =
/1‘ I\A-\ -(current loop J)

-t [N ¢ c ulj T:! At

| | -
“‘“'~..__‘_zj T'I‘_’_,,—-r""

CABLE RUN CONNECTION BOX CONNECTION CABLE RUN

nitm

G
H

B. Resulting current loops for circuit 4in A.

FI GURE 63 Conversion of a two-terninal device to a Three-

t er mi nal
device and resulting current |oops.
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6 4.6.3 Cancellation of nagnetic field. Wth the two outer conductors
arranged synmetrically W th respect to the center conductor and with equal
currents in the outer conductors, |oop Ais equal in strength to loop B and of

opposite polarity. The same is true of loops Cand D, Eand F. Gand H and | and
J. The resultant magnetic field should be snall.

6.4.7 Straight-through disconnect switch box. W wll not use the straight-
through arrangement for a disconnect switch box (see figure 64). The folded (see
6.4.8) and criss-cross (see 6.4.9) arrangements are preferred. The one serious

di sadvant age associated with the sinple straight-through arrangement is that there
is no provision to mninize the effect of unequal current division between the two
outer conductors.

-4
3

{aconnect awvitch box with a straight-
ductor arrangement.

Zero net magnetic moment /\

is not achieved unless / /\

the current in the two A -

outer loops are / /

exactly equal to 8 Area A = Area B
each other. / / /

FI GURE 64. Straight - through arrangement (not to be used) for a
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6 4.8 Folded arrangement, The fol ded arrangement for disconnect switch
boxes and contactor panels will be the preferred arrangement. We will use this
arrangenent in all cases except where special circunstances nmake it indispensable
or highly advantageous to have a disconnect switch box or contactor panel with

i ncomi ng and outgoing termnals at opposite ends of the box or panel. The fol ded
arrangenent inherently requires the inconming and outgoing termnals to be at the
same end of the box or panel. Actual separation of conductors will be the m ninmum

required to neet the applicable electrical creepage and cl earance distances
specified for the disconnect swtch box.

6.4.8.1 Folded arangenent for di sconnect switch box. The design
considerations for the folded arrangenent for a disconnect switch box will be in
accordance with 6.4.8.1.1 through 6.4.8.1.4.

6.4.8.1.1 Description of connection. Using a straight through arrangenent,
we will spread the overload relay and shunt apart longitudinally, and then bend
the bus work between themthrough two right angles so that the conponents are
fol ded upon each other (see figure 65).

,//
&

S o
\PS\H//&%/

0

SWITCH CONTACTS
OVERLOAD RELAY

v
A. Circuit for disconnect switch box with a
folded arrangement.

/ A A~ Nct magnetic moment for loops

A, 3, C and D is equal to sere

Area A = Atea B = [ regardless of equal curreat
Area C » Arex D division between the two outer
conductors. loops E and T will

Ares E = Area T P not be balanced in the case of
W /\ unequal current division; con-
S o seguently, loops I and ¥ shall
be as made as mall as possible,
3 N

B. Resultine current loopes for circuit in A.

FlI GURE 65. Fol ded arrangenment for a disconnect switch box.
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6.4.8.1.2 Advantages. The folded arrangenent is a refinenment of the
strai ght-through arrangenment in that the effect of unequal current division
between parallel circuits is alnost elinmnated. The folded arrangenment (see
figure 65) has six current loops, A B, C, D, E and F. We will design the
di sconnect switch box so that loops A, B, C, and D are all equal in area and the
area of Eis equal to the area of F.

6.4 8.1.3 Equal current |oops. If the current is the same in the outer
conductors of the disconnect switch box, loops A, B, C, and D will be of equa
strength, A and D producing a magnetic field directed down, B and C a magnetic
field directed up. The resultant field fromthese four loops will be small.

Loops E and F will be of equal strength and opposite polarity. The resultant
field fromthese two |oops will be small. Therefore, the resultant magnetic field
fromall six |oops together will be snall

6.4.8.1.4 Unequal current |oops. Suppose that the current is unequally
di vided between the two outer conductors. Loops A, B, C, and Dwll no |onger be
of equal strength, but Awll still be equal to B since the sane current flows in
both, and C will be equal to D The resultant field of loops A B, C, and D will
be smal|l because A is equal and opposite to B, and C is equal and opposite to D
Loops E and F will, however, no longer be equal and opposite. Their resultant
field will be approxinmately equal to that of a single loop with an area equal to
that of loop E or F, and a current equal to the difference between the currents in
the two outer conductors. However, the area of loops E and F in the folded
arrangenent is much less than the area of the two loops in the straight-through
arrangenent . Therefore, the effect of unequal current division will be
correspondingly less than for the straight-through arrangenent.

6.4.8.2 Folded arrangenment for contactor panel. W will form the contactor
panel equiprment into a fol ded arrangement (see figure 66). The design should be
such that current loops AL B, Cand D are equal in area and as small and as cl ose
together as feasible. If the current division is equal or unequal the external
magnetic field will be small No matter how we divide the current, loop Ais
equal and opposite to loop B since they are of equal area and carry the sane
current. The same is true of loops C and D. The net nmgnetic nonent for |oops A
B, C and Dis, therefore, equal to zero regardl ess of whether the current is
equal Iy divided between the two outer conductors or not. The sum of the currents
inloops E and Gis always equal to the current in loop F no matter how we divide
the current between loops E and G Therefore, the net magnetic nonment for |oops
E, F, and Gis equal to zero whether the current is equally divided between the
two outer conductors or not. Loops H and I, however, will not be balanced in the
case of unequal current division, but the areas of the |oops can be nmade very
smal|l by putting the bus bars across the bottom of the contactor panel very close
t oget her. If this is done, the magnetic field fromthe contactor panel should be
smal| for either equal or unequal division of current between the outer
conductors .
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g e A. Circuit for contactor panel with
& a folded arrangement.
A c Net magnetic t for lo
- . monent for loops
ArzA;AruB Area C N\ A, B, Cand D is egqual to zero
ea Na regardless of equal current
Ares E = Area F = Area G division between the two outer
. i - n J‘ conductors; similarly for current
Area H = Area I B 0 T loops E, F and G. loops H and I
# J {ﬂ h will not be balanced fn the case
£ 24 of unequal current division; con-
p I w sequently loops E and I shall be
y 25

#E made as emall as possidle.
~NJ W

% B. Resulting current loops for circuit in A.

Fl GURE 66. Fol ded arrangnent for a contactor panel.
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6.4 8.2.1 Single-pole contactor. W do not discuss single-pole contractors
because if a single-pole contactor is used, it will be put in the center conductor
and the two outer conductors wll be shaped to sinmulate the other two poles of a
three-pole contactor.

6.4.9 Flexibility of folded arrangenent. If we look at a folded dl sconnect
switch box fromthe side (see figure 67), the conductors in the box will |ook |ike
the three sides of a rectangle shown to the right of the termnals T. On figure
67 each T indicates three terminals in a line perpendicular to the plane of the
paper so that only one is visible. W see in 6.3.4.1 that cable runs approaching
and | eaving the box in any of the directions shown can be readily connected to the
three termnals. Furthernore, the incoming and outgoing cable runs do not have to
be either horizontal or vertical but can be at any angle. In addition, all of the
arrangenents can be rotated through 90 degrees (or any other angle) in the plans
of the figure so that there is a considerable degree of flexibility in connecting
the folded arrangenent to cable runs. For this reason it is considered unlikely
that there will be any need for anything but the fol ded arrangement of disconnect
switch boxes or contactor panels. The only exception would appear to be in the
case of special circunstances, which are considered in 6.4.10

OUTGDING . .
CABLE RUN ‘ ‘
—— - —— g

2 § T T T

4 : : .
—& @ @ —
INCUMING Y ‘
CABLE RUN

A B > D

FIGURE 67. Various ways in which cable runs can be connected to a
fol ded di sconnect switch

6.4.10 The crisscross arrangement |n the folded arrangement we will have
the connections to the terminals for the incom ng and outgoing cable runs at the
same end of the disconnect switch box or contactor panel In some cases that will
be an advantage. In other cases it will be of no particular disadvantage because
of the flexibility in connecting cable runs to the folded arrangement.  There nay
al so be cases, however, in which special circunstances nake it indispensable or
hi ghly advantageous to have a disconnect switch box or contactor panel with
incomng and outgoing termnals at opposite ends In such cases, but only in such
cases, the crissscross arrangenent may be used

110



Downloaded from http://www.everyspec.com

M L- HDBK- 802( SH)
2 July 1990

6.4.10.1 The crisscross. W start out with a straight-through arrangenent
of a disconnect switch box. W nove the shunt and overload relay apart a short
di stance longitudinally, and between them place a crisscross (see figure 68). In
actual construction the conductors should be as close together as is consistence
with the provisions of adequate insulation between conductors of different
potential .

6.4.10.2 Current | oops. If we use the crisscross arrangenment we break the
two current |oops of the straight-through arrangenment into eight current |oops
(see figure 68). In the case of unequal current division, the balance of |oops E,

F, Gand Hwll be distributed. However, the area of loops E, F, G and H can be
made very small by using wide and thin conductors for the crossovers and arrangi ng
themwith their flat sides close together and separated only by the insulation
that will be needed where conductors at different potentials cross each other.

Note also that the current carried by each conductor in a crossover is only one-
fourth the total current so that the difference in current, if any, should be only
a small nunber of anperes. For these reasons, the magnetic field produced by

| oops Eto H should be small. W will |eave these | oops out of further
consi der ati on.

6.4.11 Difference between folded and crisscross arrangements. Al though the
four loops Ato Din the folded arrangenment (see figure 66) and the four |oops A
to Din the crisscross arrangenment (see figure 68) have zero net magnetic noment
for both equal and unequal current division, the four |loops of the folded arrange-
ment are arranged to give a better cancellation of nagnetic field than the four

| oops of the crisscross arrangenent. In the folded arrangenent we have two pairs
of equal and opposite current |oops arranged so that the nagnetic field of one
pair is opposed to the nagnetic field of the other pair. In the crisscross

arrangenent we have two pairs of equal and opposite current |loops, but in this
case the loops are arranged so that the magnetic field of one pair adds to the
magnetic field of the other pair. The difference is brought out by the conparison
given in 6.4.12
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o \|
A. Partial circuit for disconnect switch box
with a8 crisscross conductor arrnnﬁment.

Area A = Area B = Area C = G A
Y

hres BT Are ” N\ \ =
Area C = Arca H W / Net magnetic moment for current
F loops A, B, C and D is equal to

/ %/ zero regardless of equal curremnt
- division between the two cuter

/ ¢ // \ \\' conductors. This {s not true for

\ //’ M current loops E and P, and G and

N o} H H; the area of these loops shall
be made very small.

B. Resulting current loops for circuit 4in A.

<

FI GURE 68. Crisscross arrangenent for a disconnect switch box.
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6.4.12 Conparison of folded and crisscross arrangenents, W have conpared

the magnetic fields produced by folded and crisscross arrangenents (see figure 69)
for disconnect switch boxes in 6.4.12.1 through 6.4.12.4. The dinensions are
arbitrarily chosen. In all cases, the total current is taken to be 1000 A The

current |loops are nmodel ed as rectangular in shape and the areas are cal cul ated as
if they were rectangul ar. In the crisscross arrangenent, the four current |oops
in the crisscross (loops E to H have been omtted since these can be made so
small in area that their magnetic field should be negligible.

13CMm

? I3 CM

A. Folded arrangement.

13 ¢C
3CxM
3. Crisscross arrangement.
FI GURE 69.
6.4.12.1 Conparison for I rren ivision n r n r

Fol - current equally divided between the two outer conductors (that is, each outer
conductor carries 500 A while the center conductor carries 1,000 A), we find that
t he maxi mum val ues of the vertical conponent of the nagnetic field in a plane 6
neters below the centers of the two arrangenents are as indicated in table IV.
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(500 anperes in each outer

TABLE | V. Equal division of current

conductor).

Arrangement type

Flux density (nanoteslas)

Folded

0.060

Crisscroscs 1.220

6.4.12 2 Conparison for unequal current division between outer conductors.
For current unequally divided between the two outer conductors (that is, one outer
conductor carries 600 A and the other 400 A while the center conductor carries
1,000 A), we find that the maximum val ues of the vertical component of the
magnetic field in a plane 6 neters below the centers of the two arrangements are

as indicated in table V.

Unequal division of current (600 anperes in one outer

TABLE V.
conductor and 400 anperes in the other outer conductor)

Arrangement type

Flux density (nanoteslas)

Folded

Crisscross

0.700

1.300

6.4.12.3 Comparison for
in the other

anper es

out er

zero current
conduct or.

in one outer conductor

For

and 1.000

the extreme case of current

i nequal ity,

whi ch would arise if an open circuit devel oped so that one of the two outer

conductors carries 1,000 A and the ot her
val ues of the vertica

the centers of the two arrangenments are as indicated in table VI.

carries none, we find that the naxi num
conponent of the nmagnetic field in a plane 6 neters bel ow

TABLE VI. Zero current in one outer conductor and 1.000 anperes in
the other outer conductor.
Arrangement tvpe Flux density (nanoteslas)
Folded 3.000
Crisscross 4.000
6.4.12.4 Concl usions. It is apparent fromtables IV, V, and VI that the

stray magnetic field of the folded arrangenent is the preferred arrangenent
because it has tne smaller field for all conditions
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6.5 Design of induction clutches, W use various types of clutches or
couplings on mnesweepers to transmt torque. If the clutch is of the mechanica
or hydraulic type, no electric currents will be involved and no stray magnetic
field problems arise. [f, however, the clutch is of an electrical or magnetic
type, stray magnetic field problems arise and we nmust design the equi pment to keep
the stray magnetic field as small as possible. I nduction clutches are also known
as el ectromagnetic or eddy current clutches or couplings.

6.5.1 Typical induction clutch. A typical induction clutch design for
application in which a low stray nagnetic field is not required is shown on figure
70.  Because of its excessive stray field, normal or traditional induction clutch
design is never used on mnesweepers. One shaft, the shaft of the inner rotating
menber, for exanple, is connected to the engine, the other shaft to the driven

equi prent . The inner menber has a single doughnut shaped dc supplied field coi
concentric with the shafts, and a magnetic circuit for the flux set up by current
in the field coil. If we look at the upper half of the nachine, the path of
magnetic flux will be up to the right of the field coil, into the finger shown

solid in the figure, across the air gap into the drumthat is nade of nagnetic
material, tangentially in the drumfor a short distance, then across the air gap
into the finger shown dotted, down on the left side of the field coil, and finally
fromleft to right inside the field coil. The interdigitated fingers make it
possible for a single field coil to excite a multitude of field poles on the inner
menber, These poles are long in the direction of the machine axis, narrow in the
tangential direction, and alternately of north and south polarity.
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rDRUM
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== \NTERDIGITATED

FINGERS

TT——— FIELD COIL

‘ SHAFT FOR INNER
. “TROTATING MEMBER

SHAFT FOR
OUTER
ROTATING
MEMBER

FI GURE 70. Typical induction clutch design for applications in which a |ow
stray magnetic field is not required (longitudinal section).
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6.5.1.1 Qperation. Suppose the inner nember is rotated by the engine. The
magnetic field sweeping by the drumon the outer nenber induces electric currents
in the drum and the drumis dragged around. The device thus operates in
essentially the sane way as a three-phase induction notor. In the induction
motor, three-phase alternating current in stationary w ndings sets up a rotating
magnetic field. In the induction clutch, electromagnets excited by dc are
mechanically rotated to set up a rotating nagnetic field we can vary the slip
between the inner and outer nenbers of the clutch by changing the field current.
Thus , such a clutch can be used to obtain either a constant speed output froma
vari abl e speed input or a variable speed output froma constant speed input.

6.5.1.2 Disadvantages . The advantages of the typical induction clutch
construction do not apply for small stray magnetic field applications. There is
one field coil that nmay be of considerable size, a |arge nunber of turns, and a
substantial field current. The induction clutch will set up a considerable stray
magnetic field. This form of construction nust never be used in any induction
clutch that is to be installed on a ninesweeper.

6.5.2 Induction clutch for snmall stray magnetic field. VW will need a
series of long and narrow magnetic poles that are alternately north and south. W
can get these by fixing pole pieces (on the outside of the inner nenber or the
inside of the outer menber) and winding field coil around each pole piece. A
typical design with the pole pieces on the outside of the inner nmenber of the
i nduction clutch is shown on figure 71.  Connections to the field coils should be
nmade as for dc generator shunt field coils (see 6.5.2.1).

OUTER ROTATING M

y/\ \
VAR
Gl TR
e\ P L
L N ) A
N oor—e”
N

“N\f1e0 PoLE
AND COIL

FI GURE 71. Typical induction clutch design with nmultiple field poles for
| ow stray magnetic field (end view).
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W will nake the field coil connections at the sane
The

be arranged to prevent a single concentric turn from being forned
i nterconnection

for an 8-pole field.
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FI GURE 72. Typical inter-pole connections for an induction clutch

design with low stray magnetic field
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6.5.2.2 Advantages of the form The small stray magnetic field formwill
have a nmuch smaller field than the typical induction clutch design for the
following two reasons

(a) First, each of the small field coils in the small stray magnetic
field formw |l have a much smaller nagnetic moment than the

single field coil in the typical induction clutch design. This
will give us a smaller stray magnetic field.
(b) Second, and even nore inportant, is the large nunmber of poles. If

we take coils uniformy spaced on a circle of radius Rwth coils
alternately north and south, the stray magnetic field at a

di stance decreases as the nunber of poles increases, even when the
radius of the circle and the magnetic moments of the individua
coils remain the same. The induction clutch will have a

consi derabl e number of field coils, probably sixteen or nore.

Wth so many field coils, the stray magnetic field will be snal

7. DESI GN OF M NESWEEPI NG GENERATORS
7.1 Ceneral

7.1.1 Introduction. Strong magnetic fields inside a dc motor or generator
are essential for the operation of the machine. These magnetic fields, being
inside the machine, obviously cannot affect a nagnetic mne outside the machine
and are not a source of danger. \What is dangerous, so far as magnetic nines are
concerned, is the external magnetic field or the stray nmagnetic field outside the
machine. This is the difference between the magnetic field when current is
flowi ng and when current is not flowing in any circuit or part of the machine.

This stray magnetic field is zero when all currents are zero. |ts magnitude, when
currents are flowing, depends upon the nagnitudes of currents and the nature of
the particular circuits in which they are fl ow ng.

7.1.1.1 Desire objectives. Depending upon the size and design of a nachine,
its external or stray nagnetic field nay be either relatively large or quite
small; large enough to actuate a mine many feet fromthe machine or snall enough
to be undetected by a mne quite close to the machine. One of the prinary
obj ectives in designing a mnesweeping generator is to make the stray magnetic
field as small as possible.

7.1.1.2 Application to machines other than m nesweeeping generators. The

di scussion in this paragraph is specifically in terms of the design of

m nesweepi ng generators. These must be designed with the greatest of care because
they are large nachines and are used in mnesweepers that may pass directly over
magnetic mnes. Therefore, they must produce only the snmallest stray nagnetic
field possible in order to mnimze the danger of firing a mne under the

m nesweeper . Note, however, that the same principles nust be used in the design
of any \ notor or generator for which snall stray magnetic field is an inportant
consi derati on.
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7.1.2 Cause of stray magnetic field. Electric current is the cause of stray
magnetic field. In a mnesweeping generator there are two principal circuits, the
field circuit and the armature circuit. Current in either one or in both can give
rise to stray magnetic field. Both nust be designed to neke this effect. as snal
as possible. The field circuit is considered in 7.2; the armature circuit, which
carries a much larger current, in 7.3.

7.1.3 Essential features in generator desire. Theoretical studies show that
there are certain essential features that must be incorporated in ninesweeping
generators designed for mninum stray magnetic field. The necessity for some of
these features has been anply verified by experience. The necessity for others
has not yet been tested by experience but is firmy based upon theoretica
st udi es. The essential features are listed below. Details concerning them and
the reasons why they are essential are given in the rest of this section in the
paragraphs to which references are given

7.1.3.1 Frane. M nesweepi ng generator frames will have the follow ng
feat ures:

(a) The frame will be either solid, with no joints, or lam nated (see
7.2.3.4 (a))

(b) The weld in the frame will be at a main pole (see 7.2.3.4 (b)).

(c) The franme will be machined inside and outside, to ensure uniform
cross section throughout (see 7.2.3.4 (c¢)).

(d) The material of the frame will be magnetically honogeneous
t hroughout (see 7.2.3.4 (d)).

(e) The outside of the magnetic material in the frane will be, as
nearly as possible, a snooth surface of revolution with its axis
coincident with the axis of the generator. There will be no
magnetic feet or other mmjor projections of nagnetic material on
the outside of the frame (see 7.2.3.4 (e)).

(f) Current carrying leads are not to be taken through the frame. They
will go through some part of the generator enclosure that is
nonmagnetic (see 7.2.3.4 (f)).

7.1.3.2 Nunber of field poles. The nmachine nust have an adequate nunber of
field poles in accordance with 7.2.3.5 and 7.2.3.6.

7.1.3.3 Symmetry and unifornity. The followi ng aspects of symretry and
uniformty will be applied:

(@) Air gaps Wl be uniform (see 7.2.3.4 (q)) - .

(b) In machines that have commutating poles, there will be as nany
comutating poles as nmain poles (see 7.2.3.4 (h)).

(c) Coils of the same type, such as shunt field coils and commutating
pole coils, will be of the same size and have exactly the sane
nunber of turns (see 7.2.3.4 (i)).

7.1.3.4 Wring around the frame Wring around the frame will have the
following features
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(a) Connections to the shunt field coils will have no net turns around
the shaft and no unconpensated current |oops (see 7.2.3.7).

(b) End connections to the commutating coils and the conpensating
winding will have no net turns around the shaft and no
unconpensated current |oops (see 7.4.3 to 7.4.5 and 7.5.2.1 to
7.5.2.4)

7.1.3.5 Lap-wound armature. Lap-wound armatures will have equali zer
connections in the formof rings of uniformcross section throughout (see
7.3.2.9).

7.1.3.6 Brush collector rigns. Brush collector rings will have the
following features

(a) The brush collector rings will be conplete rings, concentric with
the axis of the machine, and of uniform cross section throughout
the entire circunference (see 7.3.2.18).

(b) There will be either: (1) three brush collector rings equally
spaced in the direction parallel to the axis of the machine, with
the center ring carrying full positive (or negative) current and
each of the two outer rings carrying one-half of the negative (or
positive) current (see 7.3.2.25); or (2) two concentric rings, one
| arger than the other, nmounted in the sane plane perpendicular to
the axis of the machine (see 7.3.2.26).

(c) The current take-off points for the brush collector rings will be
either:

(1) Inline with the axis of the nachine for machines with three
brush collector rings, or

(2) In a plane passing through the axis of the machine for
machi nes with two concentric brush rings in the sane plane
(see 7.3.2.26).

7.1.3.7 Connections for brush collector rings. Connections from brush
collector rings of a machine to the associated circuit will be arranged with a
central conductor carrying full current and two symmetrically placed flanking
conductors , each carrying half current, all so arranged as to avoid unbal anced
current |oops (see 7.3.3.1 through 7.3.3.6).

7.1.3.8 Double-armature machines. Machines with two armatures on the sane
shaft will be designed in accordance with the principle of mutual conpensation
(see 59), The two armatures will be as nearly alike as possible and have their
connections so arranged that the magnetic field of one is in opposition to that of
t he other.

7.1.4 Desirable features in generator desire. In addition to the features
listed above, which are considered essential, there are a nunber of others that
are less well established, which nay not neke much difference, but theoretica
studies indicate they will be desirable
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7.1.4.1 Angular position of takeoff Points. It is probably better to have
the takeoff point fromone brush collector ring at the same point where one set of
brushes is connected to the ring (see 7.3.2.29).

7.1.4.2 Nunber of commutator bars. It is better to have the nunber of
commutator bars equal to an integral nultiple of the number of poles (see
7.3.2.30)

71 4.3 Brush rigging. The brush rigging should be so designed as to force
a well-defined current path froma set of brushes to the brush collector ring. It
will be desirable for this current path to be in a plane that passes through the
axis of the nachine (see 7.3.2.28)

7.1.4.4 Position of brush collector rings. The axial distance from the
brush collector rings to the comutator risers should be so chosen as to nininize
the effect of unequal current division between different sets of brushes (see
7.3.2.28)

7.2 Field circuit design.

7.2.1 Appliability. M nesweepi ng generators are separatel y-excited
machi nes. The following discussion will, therefore, be specifically in terns of
the field circuit for a separately excited nachine. Note, however, that simlar
consi derations apply to the shunt field circuit of a shunt-wound notor or
gener at or

7.2.2 Sources of stray magnetic field. The field circuit consists of two
separate stray magnetic field sources: the field coils and the connections to the
field coils. Design guidelines to minimnmze the stray nagnetic field produced by
the field coils are described in 7.2.3.1 through 7.2.3.5. The design guidelines
to minimze the stray magnetic field produced by connections to the field coils
are described in 7.2.3.

7.2.3 Mninmization of stray magnetic field produced by the field coils. The
field coils set up the useful or working flux that is essential for the operation
of the generator. In a large generator, the field coils are of respectable size
have a considerabl e number of turns, and carry an appreciable field current. One
field coil alone will set up a stray magnetic field that is |arger than can be
tolerated for a minesweeping generator. Al field coils together set up a stray
magnetic field that is smaller (except for a two-pole nachine) than the stray
magnetic field froma single coil. W wll use the term ‘polar |eakage field" to
designate the stray magnetic field that is set up by the field coils alone The
pol ar | eakage field depends upon the foll ow ng:

The magnetic nmorment of each field coil.

The nunber and orientation of the field coils.

The distance fromthe field coils to the center of the machine.

The effect of iron in the nmchine.

The effect of nonuniformty in pole strengths, air gaps, and
magnetic circuit.

NN AN S~
O O O T O
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7.2.3.1 Nunber and orientation of field coils. In order to avoid the
consi deration of the effect of iron, consider four sets of coils; one each with
two, four, six, and eight coils held in nonmagnetic supports in the position that
they would occupy in two-, four-, six-, and eight-pole generators with one pair of
pol es arranged vertically. Let us also conpare these to a single coil. The five
arrays are shown on figure 73, where each coil is represented by a short arrow in
the direction of the coil’s magnetic nonment. Assume that the magnetic nonent of
each coil is 93 square neter anpere turns (1000 square foot anpere turns) and that
each set of coils is arranged in a circle with a radius of 0,3 meter (1 foot).
Fromthe fornula given in 4.3, the maxi num val ues of the vertical conponent of
magnetic field, in nanotesla, for distances 6, 9, and 12 neters (20, 30, and 40
feet) below the center of the arrays will be as shown in table VII

A B C D E
FIGURE 73. Arrays of coils.
TABLE VI I. Magnetic field values of coils with a constant nmagnetic nonent.
Maximum value of vertical component
of magnetic field (nanoteslas)
D = 6 meters D = 9 meters D = 12 meters
1 coil 86.11 25.51 10.76
2 coils 172,22 51.03 21.52
4 coils 35.37 7.35 2.42
6 coils 4 .84 0.64 0.15
8 coils 0.47 0.04 0.01
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The conparison given above shows clearly that the stray nagnetic field decreases
as we go fromtwo to eight poles. The conparison, however, fails to show the ful
extent of inmprovenent to be expected by increasing the nunber of poles. Start out
with a two-pole generator. W would expect that a four-pole generator of the sane
capacity woul d need only about half the magnetic monent, a six-pole machine only a
third, and an eight-pole machine only a fourth. Table VIII conpares arrays wth
magnetic moments of 93, 46.5, 31, and 23.25 square meter anpere turns (1000, 500
333, and 250 square foot anpere turns) for two-, four-, six-, and eight-pole

machi nes, respectively.

TABLE VI 1. Magnetic field values of coils with varying nmagnetic nonent.

Maximum value of vertical component
of magnetic field (nanoteslas)

D = 6 meters D - 9 meters D = 12 meters

2 coils (93) 172.22 51.03 21.52
4 coils (46.5) 19.38 3.83 1.21
6 coils (31) 1 61 0.21 0.05
8 coils (23.25) 0.12 0104 0.002

The actual reduction in stray magnetic field will be somewhere between the val ues
given in tables VII and VIII. It is clear in any event that we get a substantial
reduction of polar |eakage field by increasing the nunber of poles and that the

i nprovement is greater with increasing depth. For exanple, fromtable VII we see
that at 6 meters the ratio of the eight-coil to the tw-coil field is O 00273, at
12 meters it is only 0.00046, substantially less than at 6 neters. It nust be
kept in mind, however, that the inprovenent, which has been calculated for an
increase in nunber of poles, is based upon a number of assunptions that may not be
realized in practice. These are as follows:

(a) Exact symmetry of coil arrangenent.

(b) Exact quality of coil nmagnetic noment.

(c) Conplete absence of iron or other magnetic materials. W will
consi der the effect of departure fromthese idealized conditions
later. The preceding discussion has been based upon conparison of
generators in which one pair of nain field coils is on the
vertical line. Alittle consideration will show that much the
sanme results would be obtained by considering generators so

oriented that the vertical line splits the angle between adjacent
main field poles

7.2.3.2 Effect of radius. The fornulas in 4.3 give the magnetic fields that
will be produced by arrays of coils (arranged on the circunference of a circle of
radius r) on planes z neters below the centers of the arrays. These arrays are
arranged just like the field coils of a generator. The fornulas are valid only
when iron and other magnetic materials are absent and r/z is snall, not nore than
0.1. Wen these conditions are satisfied, inspection of the formulas of 4.3 shows
that we have the stray magnetic field varying with r as foll ows:
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Nurmber of coils Stray magnetic field varies
in array as power of r given bel ow
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Except for a two-pole machine, for which the polar |eakage field is independent of
r to a first approximation, stray nmagnetic field will increase as r is increased,
if other factors remain the sane. In the interest of small stray nagnetic field,
r should be small rather than large. This does not nean, however, that it is
necessary to go to unconventional generator designs of smaller radius and greater
length than are customary. So far as we know it should be possible to have snall
stray magnetic field from generators of normal proportions. Abnormal Iy |ong and
smal | dianeter designs are usually unnecessary, and abnornally short and |arge

di aneter designs should be avoi ded because they will tend to increase stray

magnetic field.

7.2,3.3 Effect of iron. Qur considerations up to now have been based upon
the assunption of an air core (no iron present). The reason for making this
assunmption is that we can calculate the magnetic field that will be produced by an
array of field coils in an air core, but we cannot as yet calculate it when iron
IS present. Nonethel ess, an iron core is present in a machine and even though we
cannot calculate its effect we nust meke sone allowance for it. The assunption of
no iron being present is unrealistic for a generator because it has an iron core.
The field coils have iron poles inside them the pol es are arranged outside the
iron armature, and are in turn surrounded by the iron frame or yoke of the
machine. At first sight it mght appear that the iron yoke will carry the
magnetic flux frompole to pole, keep it from escaping outside the machine, and
cause the stray magnetic field to be less than it would be if no iron were
present. The limted data we have on the effect of iron indicates chat this
expectation is incorrect. For three small two-pole notors, the measured pol ar
| eakage field is about twice as much as the polar |eakage field calculated on the
assunption no iron is present. The available data on machines with six or nore
poles indicate that for these, the nmeasured magnetic field is much nore than twice
as great as the nmagnetic field calculated on the assunption that no iron is
present. As yet we have too little information to warrant any sweeping
general i zation, except that much remains to be |earned about the effect of iron

7.2.3.4 Uniformity and symmetry. The decrease in the polar |eakage field
that is obtained by the use of a |arge nunber of poles is dependent upon a high
degree of uniformty and symmetry in the construction of the machine. W can see
this by referring back to table VII in 7.2.3 1. At 12 meters the cal cul at ed stray
magnetic field for eight coils, each with a magnetic nonent of 93 square neter
anpere turns (1,000 square foot anpere turns), is only 0.00007/0.102 - 0.07
percent as nuch as the stray magnetic field froma single coil of the same
nmagnetic nonent.  Hence, if we start out with an array of eight exactly equa
coils and then slightly strengthen one, even a very slight degree of unbal ance
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wll lead to a stray magnetic field nmany times what it was before and cause us to
| ose part of the advantage that would otherw se be gained by the use of eight

pol es The followi ng features nmust be incorporated in m nesweeping generators to
ensure uniformty and symetry:

(a) Frame construction The frane of the machine consists of two
parts: the magnetic franme and nonmagnetic frane support. The
magnetic frame nust be either of one piece construction or a
radially lam nated construction such that the flux density in the
outer 25 percent of the frame thickness will remain in the |inear
portion of the dc B-H tune of the magnetic material used
t hroughout the operating range of the machine.

(b) Location of weld. The magnetic frane of the machine is usually
made by rolling a steel slab into a ring and wel ding the ends of
the slab together The wel d should be |ocated at the centerline
of the top main field pole for vertically oriented poles, and at
the center of one of the two highest field poles for nachines wth
the vertical equally dividing the angle between the two highest
field poles. Since the main flux splits at the centerline
honogeneity at the weld will have a mnimumeffect if the weld is
| ocated on the centerline of a main field pole.

(c) Mchining After the frame has been welded into a ring and
seasoned, it should be nmachined inside and outside and on the ends
to ensure uniform cross section throughout. If the ring is
machined only on the inside, there will inevitably be differences
in the thickness of the frame at different points and |oss of
symretry,

(d)y Material. The material of which the frane is made nust be
magnetically homogeneous to avoid lack of symetry.

(e) CQutside of frame. The outside of the frane nust be as magnetically
snmooth and synmetrical as possible. Magnetic feet and other ngjor
projections of magnetic materials nust be absent. Pol e bolt heads
should be recessed, and should preferably be cap screws that
al nost conpletely fill the holes drilled in the frame to recess
the heads.

(f) No leads through frane. No current carrying leads will pass
through the magnetic frane or other nmagnetic parts of the machine
These inevitably introduce an elenent of asymmetry. The effects
will be less if the | eads go through nonmagnetic parts of the
machi ne encl osure ,

(g) Ar gaps. Main pole air gaps nust be as nearly equal as possible
Commut ator pole air gaps nust be a nearly equal as possible.
However, main pole air gaps nmay be different than the conmutator
pole air gaps.

(h)  Number of commutating poles . M nesweeping generators will have as
many conmut ating pol es as nain poles. Some small notors or
generators are built, however, wth only half as many commutating
poles as main poles. Such a construction is unacceptable for any
notor or generator, whatever its size, that is intended for
installation on a mnt-sweeper. |f a machine for installation on a
m nesweeper has any conmutating poles at all, it nust have as nany
as there are main poles.
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(i) Coils. Coils of the sane kind (shunt field coils, comutating
field coils, and so forth) will be of the same size and shape and
have the same nunber of turns. Sone engine-starting nmotors have
series field coils with different nunber of turns on the different
poles . Such a construction is unacceptable for nmotors or
generators intended for use on a m nesweeper.

Even when care is used to nake a machine as uniformand symetrical as possible,
there will inevitably be slight departures fromthis desired condition. It is
believed that the equalizer connections on the armature will operate to nininize
the effects of certain sources of nonuniformity. These connections and their
function are discussed in detail in 7.3.2.9. Here, it will suffice to say chat
they function to strengthen weak poles and weaken strong poles, hence, to snooth
out and equalize the main field flux distribution. They should, therefore, tend
to mninmze the effects of such causes of nonunifornmity as difference in air gaps
and field coils that are not of exactly equal magnetic g oment because of
manufacturing tolerances. On the other hand, it is possible that the equalizer
connections would not do much, if anything, to nminimze the effects of lack of
symetry caused by the presence of magnetic feet outside the frame of the
gener at or

7.2.3.5 Mninum nunber of poles in ninesweeping generators. & have seen in
7.2.3.1 that the polar |eakage field is decreased by increasing the nunber of
field poles, other things remaining the same. This raises the question of what is
t he m ni num nunber of field poles pernissible in mnesweeping generators that nust
have a low stray magnetic field. The answer is to be obtained only by a detailed
study of each particular case, taking into account the size of the generator and
the stringency of the magnetic field limts it has to neet. The follow ng
gui delines are to be kept in nmind

(a) Two poles are never enough.

(b) Four and six poles are doubtful Until we have nmore information
than we have at present, neither four nor six poles should be used
for mnesweeping generators.

(c) Eight poles should be enough, but for the |argest nachines nore
woul d be better.

7.2.3.6 Mnimum nunber of poles in other generators and in notors. The
problemis even nore conplicated for these than for mnesweeping generators
because of the great range in size involved. For a small machine, the magnetic
moments of the field coils and their distances fromthe center of the machine will
be less than for a |arge machine. Both effects will tend to give a smaller stray
magnetic field and it should not be necessary to have as many poles as on a
m nesweepi ng generator.

(a) Two-pole notors or generators should never be used on minesweepers
except in very small sizes, 100 watts input or output or |ess.
Even for the very small machines it would be better to have four
pol es. The two-pole nachine is conpletely different from machines
with four or nore poles. In the two-pole nmachine, the nagnetic
fields produced by the two field poles are necessarily additive.

127



Downloaded from http://www.everyspec.com

M L- HDBK- 802( SH)
2 Jul'y 1990

In nmachines with four or nore poles the magnetic fields produced
by the individual poles cancel each other and |eave only a
residual field that is nmuch smaller than the field fromone pole
al one .

(b) Rotary amplifier type exciters that have nore than two physica
poles but only two nmain magnetic poles shoul d never be used on

m nesweepers . These will have the same stray nagnetic field
characteristics as other two-pole nachines, and since they are
necessarily machines of sone size, wll be highly objectionable.

(c) Four poles will probably be enough for nost dc notors and
generators except for the m nesweeping generators. Each
i ndi vidual case nust be carefully studied and nore pol es nust be
used if there is any doubt that four are enough.

7.2.3.7 Mninization of stray magnetic field Produced by the connections to
the field coils. Figure 74 shows the preferred and non-preferred methods of
maki ng connections to the field coils. The advantage of the preferred nethod is
that there is no turn around the shaft of the machine, as there is in the non-
preferred nethod. The turn around the shaft would be a large current |oop that
woul d produce a large stray magnetic field Therefore, the preferred nethod nust
be used. The field connections nust all be on the sane end of the nachine and
should be as close together as possible.
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SRUNT FIELD (interpoles not

CONNECTIONS shown)

A. Preferred method.
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< MAIK POLE (typical)
SHUNT FIELD (interpoles not
CONNECTION shown)

B. NKon-preferred method.

FI GURE 74. Preferred and non-preferred nmethods of mmking of neking connections

to the field coils.
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7.3 Armature circuit.

7.3.1 General. The armature current in a mnesweeping generator is |arge.
It flows in conplicated circuits in the machine and, unless these circuits are
carefully designed, can produce a large stray magnetic field. The armature
current flows in the follow ng:

(a) Armature wi nding.

(b) Commutator risers.

(c) Commutator bars.

(d) Brush rigging.

(e) Connections fromthe brush collector rings to the commutating

wi ndi ng, the conpensating w nding and the machine’s termnals to
an external circuit.

(f) Commutating w nding.

(g9) Conpensating w nding

These circuits will be grouped and treated as foll ows:

(a) The arnmature winding, conmutator risers, commutator bars, brush
rigging, and the brush collector rings will be grouped together
and then divided into the various arrays of current |oops that
will give the same magnetic field as the current actually flow ng
in the machine.

(b) The connections fromthe brush collector rings to the comutating
wi ndi ng, conpensating w nding, and external circuit will then be
di scussed,

(¢) Finally, the conmmutating w nding and the conpensating wi nding wll
be discussed.

7.3.2 The armature circuit fromthe armature winding to the brush collector
- - W will confine our attention to a four-pole generator in our

consideration of the armature circuit fromthe arnmature windings to the brush
collector rings. This does not nean four poles are enough for a m nesweeping
generator. W can use a four-pole nachine as an exanple because it has enough
poles to illustrate the points that are involved. The use of a |arger nunber of
pol es woul d conplicate our equations and di scussion w thout addi ng anything
essential to our insight into the principles of designing a generator having a
smal | stray magnetic field.

7.3.2.1 Sinplifying assunptions. A nunber of sinplifying assunptions are
made in order to bring our problens down to nmanageabl e proportions even for the
fairly sinple case of a four-pole generator. These assunptions include the
fol | owi ng:

(a) The armature has a lap winding but no equalizer connections (also
known as armature cross connections).

(b) The nunber of commutator bars is an integral multiple of the nunber
of pol es.

(c) At all tines, each set of brushes makes contact. with only one
conmut ator bar.

(d) Lath set of brushes touches the comrutator bar with which it nakes
contact at only one point.
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(e) The connection froma set of brushes to the brush collector ring is
directed radially outward fromthe point of contact with a comu-
tator bar to the point of connection to the brush collector ring.

Some of these conditions could be satisfied in an actual machine and sone coul d
not. It is possible that none will be satisfied in a particular mnesweeping
generator. W are, therefore, considering an idealized nmachine for the purpose of
obtaining a sinplified over-all picture of the stray nagnetic fields that will be
produced by the flow of armature current fromthe armature wi nding to the brush
col lector rings, inclusive, Having done this, we can then proceed to exanine what
nodi fications of this sinplified picture would be made necessary by dropping the
sinmplifying assunptions.

7.3.2.2 Developed view of a machine. Consider the armature of the machine
and the brush collector rings. The armature winding and the conmutator are on the
surfaces of two coaxial cylinders The brush collector rings are circles concen-
tric with the cylinders. | magi ne that the whole structure is slit |engthw se,
laid out flat, and that the parts of greater dianmeter than the comutator are
simul taneously shortened so that equal lengths in the direction between points 5
and 8 of figure 75 correspond to equal angular spread between points when in the
positions actually occupied in the machine. This procedure gives us the devel oped
vi ew shown on figure 75. In this view, all comutator bars are shown of short
| ength except those with which the brushes make contact at points 6, 8 9 and 10.
Al bars not touched by a brush carry no current and require no consideration in a
di scussion of current paths. To conplete the circuit and permt current flow in
the armature, commutator risers, commutator bars, and brush collector rings, the
two brush collector rings are connected between points 11 and 12. These are the
points at which the armature current |eaves one brush collector ring and returns
to the other. They will be referred to as the takeoff points. Note that the
takeof f points have an angul ar spread of b-a degrees. It will appear later that
there will be a longitudinal conponent of magnetic moment unless this angul ar
spread is zero

St TP

FI GURE 75. Devel oped view of armature wi nding conmutator
and brush collector rings.
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7.2.2.3 Determination of currents. The straightforward way of deternining
the currents in the armature w nding and other parts of the circuit would be to
assune that e,, e,, e;, and e, are the unidirectional voltages induced in the four
parts of the armature wi nding between adjacent sets of brushes; assune val ues for
the resistances of the four sets of brushes and other elements in the circuit; and
then proceed to calculate the currents. In the ideal case of a perfectly
symetrical generator with exactly equal poles, all four Induced voltages will be
equal in magnitude and alternately plus and minus in sign if voltage is counted

positive in one direction around the armature. In an actual generator the induced
voltages may not all be equal because of differences in pole strength, and they
should , therefore, be assumed to be unequal. Note, however, that the four induced

vol tages cannot all be chosen arbitrarily but are subject to the condition that:
e; +e, +e; +e, =0 (7-1)

This equation says that if we start at any point on the arnmature w nding and
proceed around it until we come back to the starting point, the total induced
voltage will be zero. W can see this in a nunber of ways. Perhaps the sinplest
is as follows. The flux-cutting conductors of the armature winding are
represented by twelve sets of two adjacent vertical lines in figure 75. The two
lines represent two conductors or coil sides in the same armature slot; they cut
the sanme magnetic flux; hence, the sane voltage will be induced in each, The

vol tage induced in one will be in a clockw se direction around the coils of the
armature winding, in the other, in the reverse direction. Since the two induced
vol tages are equal and opposite, the net voltage is zero. The same will be true
for all the other pairs of flux-cutting conductors and the net induced voltage al
around the armature winding will be zero. W can, therefore, assume arbitrary
values for only three voltages, for exanple e;, e;, and e;. The fourth voltage

Will be e, - - e - e;- e,. |f we now proceed in a straightforward manner to
solve for the currents, we will ultimately conme up with expressions for the
currents in terms of e,, e,, e;, and resistances. It can be done this way, but a

consi derabl e amount of algebra is involved and the results are in a |less

i mredi ately usable formthan if an alternative procedure is used. This is to
start out by assuming the currents in three of four brush sets (only three
currents can be chosen arbitrarily, as shown herein) and then solve for all other
currents in ternms of these three. This is the procedure that will be used.

7.3.2.4 Currents in commutator bars. In the ideal case, each of the four
sets of brushes would take the sane current and the currents in the four
conmutator bars they touch (those between points 1-9, 2-6, 3-10, and 4-8) would be
equal in magnitude and have the directions shown on figure 75. In actua
machi nes, however, the different sets of brushes do not take the same current. To
take this into account, we will assume that the currents in the four conmutator
bars touched by the brushes are as shown on figure 75. Three of these four
currents, 8A, 8B, and 8C, can be chosen arbitrarily. The fourth current g ust then
be 8(A+ B - C to make the current returning to the armature winding equal to the
current leaving it. The current output of the machine is 8A + 8B, which is the
current in the connection between points 11 and 12.
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7 .3.2.5 Qurrents in armature winding. Let 1I,, I,, I, and I, be the currents
in the armature winding. These currents can be calculated as follows: The sum of
the currents to point 1 nust be equal to the sum of the currents away hence, 1,6+
I, - 8A  Applying the same consideration to points 2, 3, and 4 we have the four
foll owing equations:

I, + I, - 8A [7-2}

I, + I, = 8C [(7-3)

1, + I, = 8B [7-4]

I, + I, = 8(A + B - C) [7-5)
Here are four equations in four unknowns, but only three of them are independent.
One nore equation is needed. It is obtained as follows: Start frompoint 2 and
follow current I, up and to the right. It ultimately ends at point 1. Doing the

same for other points, we arrive at the sinplified |ayout of armature currents on
figure 76 in which the points 1, 2, 3, and 4 are shown on a circle in the position
they actually have in the machine rather than the positions shown in the devel oped
view of figure 75. Now start at point 2, proceed counterclockw se, and wite the
equation saying that the total potential drop is zero starting from any point and

returning to the same point. This equation is:
R(I, - I, + I - 1,) - E=0 [7-6]
wher e:
R = resistance of that part of the armature wi nding through which

current I, flows. This will also be equal to the resistances
t hrough which 1,, 1,, and I, flow

E= generated enf in the armature wi nding counted positive in a
countercl ockwi se direction frompoint 2 all the way around and
back to point 2.

However, E is equal to zero. The generated enf in one direction is equal to that
in the other with the result that net enf is zero. Putting E = O in equation 7-6,
it reduces to:

I, - I, + I, -1,=0 2 [7-7]
! 3
2 ’
\,_/
4

Fl GQURE 76. Currents in _arnmature winding.
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The equation added to any three of the four equations 7-8 to 7-11 enables us to
find the four armature currents. They are as follows:

I, = 2a - 2B + 4C [7-8)
I, - 6A + 2B - 4C (7-9]

T DA . LoD N ol (7_1Nn1
1y = <A + 0D - 4L L /=1U})
I, = -2a + 2B + 4C [7-111

For the sinple armature wi nding shown on figure 75 the currents in the armature
are uni quely determ ned, as shown above, when the currents in the commutator bars
are known or are assumed. We will proceed with the discussion using these val ues
for the currents in the armature winding, and later on (see 7.3.2.9) consider the
nmodi fications that nmust be nade to take into account the equalizer connections
that an actual lap wound armature will have

7.3.2.6 Currents in brush collector rings. As pointed out in 7.1.3, the
brush collector rings will be conmplete rings of uniformcross section throughout.
When this condition is satisfied, the resistance of a brush collector ring between
any two points is directly proportional to the angul ar separation between the
points.  Consider the brush collector ring that passes through points 5 6, 7, and
8 of figure 75, and wite the equation that states that the total potential drop
around the ring is zero. Since there is no generated enf, the total potential
drop is the sumof the products obtained by multiplying each current by the
resi stance through which it flows, hence

180 rIs + arIg + (180 - a)rI, = O [7-12]
wher e:
I = resistance of one degree arc of the brush collector ring.
a = angular spread in degrees between points 6 and 11 of figure
75.

Now di vi de the above equation by 90 r, and let a/90 - ¢c. The result is
21 + ¢clg + (2 - ¢) 1, = O [7-13]

This equation is used in connection with equations for any two of the three
junction points, 6, 11, and 8, to obtain the three currents in the brush collector
ring. The values obtained are shown on figure 77. The currents in the other ring
are obtained in a simlar fashion and are also shown on figure 89. In the
expression for these currents, d = b/90
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FI GURE 77. Currents the conductors in the armaturecircuit of

a four-pole generator with two brush collector ring.

7.3.2.7 |solation of armature currents. W now have the val ues of the

currents in all the conductors visible on figure 75 and have determ ned them for
the general case in which the four sets of brushes do not take equal currents. It
must be renenbered, however, that the conductors shown on figure 75 are not the
only ones with which we are concerned. In addition to these, there are other
conductors that will be perpendicular to the plane of the paper, and therefore
will be invisible in the devel oped view of figure 75. These invisible conductors
are the comutator risers that connect the comrutator to the armature w nding at
points 1, 2, 3, and 4, and the connections fromthe brushes to the brush collector
rings at points 6, 8 9, and 10. The invisible conductors will be considered
later, For the tine being, we will confine our attention to the currents in the
conductors that are visible on figure 75. Even with this restriction, it is not
easy to visualize the magnetic field that will be produced by the conductors that
are visible on figure 75. To understand this magnetic field, we turn our atten-
tion fromthe currents in the conductors to the systemof current loops that will
give the same current distribution and produce the sane nagnetic field. W then
break the system of current |oops down into several groups that are individually
smal | enough to digest. The first step in this process is the transition from
figure 75 to figure 77. Conparison of these figures shows that they are the same
everywhere except along a line connecting points 1, 2, 3, and 4, Figure 75 shows
that there is no direct (straight line) connection between points 1 and 2; hence,
no current flowing directly between these points. On figure 77, however, there is
a direct connection between these points The current in this connection is

i medi ately adjacent to an equal and opposite current, so the net current, which
flows directly between points 1 and 2, is zero, just as on figure 75. Simlalar
consi derations apply to the connections that run directly between points 2 and 3,
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3 and 4, and 4 and 1. The configurations shown on figure 75 and 77 thus have the
same current distribution at all places and will produce the sane nagnetic field.
The advantage of figure 77 is that there is no electrical connection between the
upper and |lower parts of the figure. W can, therefore, separate the two parts
and study each by itself.

7.3 2.8 Magnetic field produced by armature winding. Let us study the
armature winding, the upper part of figure 77, in nmore detail. The armature
wi nding has four loops, one of which is shown by itself on figure 78. It is a
three-turn loop that will produce a magnetic field directed down, The adjacent
| oops will produce nmagnetic fields that are directed up. In the actual nachine,
the four loops of the armature winding are not in a plane as shown on the upper
part of figure 77, but are wapped around the surface of the cylindrical arnmature
core. Looked at from the end of the machine, we have four |oops carrying currents
as shown on figure 79. In this figure, the positive direction for currents is
taken to be in the counterclockw se direction around the circle, Note that figure
79 is not intended to show the correct orientation of the four |oops with respect
to the main field poles of the machine but only with respect to each other. If
the currents taken by the four sets of brushes are equal, that is, if 8A- 8B - 8C
=8 A+B- C, the currents in the | oops shown in end view on figure 79 will be
4A,  -4A, 4A and -4A. W thus have equal |oops of plus and minus polarity arranged
symmetrically on the armature core, Their net magnetic nmoment will be equal to
Zero . I f, however, the brush currents are unequal, the currents in the loops in
the armature winding will also be unequal, and the net magnetic nonent of the
loops will not be equal to zero. Thus, in a machine having a sinple |ap-wound
armature of the kind we have considered, the net magnetic nonent produced by
currents in the armature winding will be zero if, and only if, the currents taken
by the different sets of brushes are all equal.

/.

N

—\
\)

=/

FI GURE 78. One loop of the armature w nding.
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2A-2B+4C 2A-2B-4C
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~6A-2B+4 2A+6B-4C
4

FI GURE 79. End view showing currents in the current
loops of the armature w nding

7.3.2.9 Effect of equalizer connections. So far, we have been considering a
l ap wound armature without equalizer connections, which are also known as armature
cross connections. An actual lap wound armature will have equalizer connection in
the formof conduction rings at the front or back end of the arnmature w nding.
One ring is connected to all points on the armature winding that are theoretically
at the same potential, zero potential, for exanple. Another ring is connected to
all points that are 20 volts above the zero potential, and so on. In an idea
machi ne, these equalizer connections woul d be unnecessary, as all the pole
strengths end brush resistances woul d be exactly equal. However, this ideal
hi ghly symetrical machine would be all but inpossible to realize. W wll
therefore, use two sinplified cases to illustrate the effect of equalizer
connections on practical machines. These two cases are as foll ows:

(a) A machine that is conpletely symmetrical except that the field
pol es are not of exactly equal strength.

(b) A nmachine that is conpletely symmetrical except that the brush
resi stances are unequal

For the first case let us again consider a four pole machine. [f the pole
strengths are not exactly equal, the voltages induced in the four quarters of the
armature winding will not be equal and the four brush currents will not be equal
even though the brush resistances are all equal. Now let us add equalizer
connecti ons. I n machi nes designed and built for small stray magnetic fields, the
equal i zer connections should be conmplete rings. of uniform cross sections
concentric to the shaft, which are connected to the appropriate points on the
armature.  The equalizing connections provide current paths for alternating
currents that flow in such direction as to magnetize the weak poles, denagnetize
the strong poles, and equalize the flux distribution and induced voltages around
the machine. Although they cannot give perfect equalization, since this would
reduce the induced voltages that cause current to flowin themto zero, equalizing
connections are highly effective, as shown by the following two exanples reported
in the technical literature. In one case, d fourteen-pole generator with
equal i zed arnmature operated reasonably well for several nonths before it was

di scovered that two of the main field-poles were reversed. The equalizer
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connections had equalized the flux distribution to pernit operation of the

machi ne. In the other case, one of the bearings on a generator slipped, allowng
the armature to alnost touch the field poles. Wth the equalized armature that
was on this generator, there was no evidence of magnetic pull or unbal ancing,
except possibly a slight sparking at the comutator. W can conclude, therefore
that with an equalized armature winding, inequalities of field pole strength wll
be al nost completely neutralized.

Let us now consider a four-pole generator with exactly equal pole strengths but
unequal brush resistances. This wll cause the brush currents to be unequal We
can see this nost easily by assuming that one of the two positive brush sets is
conpletely disconnected. W then have one of the positive brush sets taking ful
output current while the other positive brush set takes none. (oviously, the
equal i zer connections on the armature car, do nothing to change this situation.
Therefore, we see that while the equalizer connections can equalize the flux

di stribution and generated voltages, they cannot ensure equality of current

di vi sion between the brush sets. It remains, therefore, to consider the effect
that this inequality of current division will have. For a nonequalized armature

w ndi ng, we have already seen (7.3.2.8) that the four loops in the arnature
winding will have a net magnetic nmonment different from zero when the brush
currents are not equal in magnitude. This net nagnetic noment will give rise to a
stray magnetic field. Now consider an equalized armature winding. Suppose first
that the field poles are exactly equal strength N, SN, S. Now suppose that one
N pole is made a little stronger and that the dianetrically opposite N pole is
made weaker by the same anount. This gives Nen, S, N-n, S. W see that this is
the superposition of four poles of O  The function of the equalizer winding is to
permt alternating currents to flowin such direction as to elimnate the two-pole
field and replace it with the four-pole field, This is what the equalizing

w ndi ng does when an initially symetrical four-pole field is distorted by the
superposition of a two-pole field caused by strengthening one N pole and weakeni ng
the diametrically opposite N pole. Now consider this situation Suppose we cut
off the shunt field current, drive the armature at rated speed, lift the negative
brushes, and from an external source, send current into the armature through one
of the positive brush sets and take it away through the other positive brush sets
(that would have to be reconnected to do this). The current through the armature
will set up a two-pole field. Even though the armature is rotating, the two-pole
field it creates will be stationary in space, just as the armature reaction of any
dc armature is stationary in space. The situation thus appears to be precisely
the same as if the two-pole field were set up by strengthening one field pole and
weakening the diametrically opposite pole. The equalizer connections equalize
such a two-pole field; they should also equalize fields caused by current in the
armture . W conclude, therefore that with an equalized armature, the four-pole
armature will set up a field with N S, N, S poles of very nearly equal strength
and the net magnetic nmonment of the four |oops of the armature will be very nearly
equal to zero regardl ess of whether the brush currents are equal or not.

7.3.2.10 Wave windings. W have considered up to now only |ap wound

armatures , initially without and then with equalizer connections. Wve wound
armatures have no equalizer connections because the winding itself functions as an
equal i zer. It would appear, therefore, that a wave winding will act in the sane

way as a lap winding so far as stray magnetic field is concerned.
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7.3.2.11 Symmetry. One of the sinplifying assunptions (see 7.3.2.1) was
that the nunber of commutator bars is an integral nultiple of the nunber of poles.
This condition is obviously necessary to give a conpletely symetrical machine.
It can be satisfied by lap w ndings, but not by wave w ndings, for a machine wth
four or nore poles. In the interest of symetry, therefore, it would be
preferable to use a |ap wound arnmature having a number of comrutator bars equal to
an integral multiple of the nunber of poles. W do not know how rmuch difference
in stray nmagnetic field there will be between two generators that are identical
except that the armature of one has a nunber of commutator bars equal to an
integral multiple of nunber of poles, while the armature of the other does not.
It may be that the difference is too snmall to be appreciable, but in light of our
present know edge, it would appear that the advantage will be with the machine for
which this condition is satisfied.

7.3.2.12 Need for uniformty of construction. It might appear fromthe
precedi ng discussion that we can build a machine wthout taking pains to have
poles of equal strength and leave it to the equalizer connections to equalize the
pol e strengths. It may be that we can do this without paying any penalty in
greater stray magnetic field than froma machine carefully built to have pol es of
equal strength. As of now, however, we do not know that we can. W have no
experinental tests to prove that inequality of pole strength does not increase
stray magnetic field if the armature has equalizer connections. Until we have
such proof, we nust have our m nesweeping generators built with extreme care to
ensure equal pole strength, Even so, there will be unavoi dable deviations from
exact quality, and the equalizer connections nust be relied upon to nininize their
ef fects.

7.3.2.13 Summary of current loops in the armature w nding.

(a) The equalizer connections will cause the current |oops in the
armature winding to be very nearly equal in strength regardl ess of
whet her the brush currents are equal or not.

(b)  Such equal current |oops, at least eight or nore in a mnesweeping
generator, wll give a small stray nagnetic field.

(c) Mbst minesweeping generators have a conpensating or pole-face
wi ndi ng. This is wound in slots in the pole faces, carries
armature current, and produces a magnetic field that is opposed to
that produced by current in the armature winding, The resultant
field produced by both the armature winding and the pole-face
wi ndi ng should be very small.

(d) For these reasons, the armature winding and the currents in it
should not be a mmjor source of stray magnetic field. This is
fortunate as it is not immediately apparent how they could be
changed, The construction of the armature with the armature
wi ndi ng, commutator, and commutator risers is dictated by the
necessity of having a generator chat will function properly.

7.3.2.14 The rest of the armature circuit. Let us now turn our attention to
the lower part of figure 77. As pointed out in 7.3.2.7 this is inconplete in that
it does not show the commutator risers and the connections fromthe brushes to the
brush col I ector rings. In order to bring these into view, let us change the | ower
part of figure 77 into the devel oped isonetric drawing shown on figure 80. Here
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we see the commutator risers and connections from brushes to brush collector rings
that were invisible on figure 77. Corresponding points in the two figures are
identified by the same nunber on both figures. The current in each conductor on
figure 80 is shown beside the conductor. Remenber that figure 80 is a devel oped
and isometric view of a configuration that is actually bent around in a circle so
that the right- and left-hand ends of the conductors sloping downward fromthe
left meet and connect together For this reason, the current that approaches
point 1 fromthe left is the same as the current that |eaves point 4 and proceeds
fromleft to right. The value is shown only at one end in order to avoid

duplication.

o
CZOZ:D*‘“*Z‘D‘ ./ @QQ\

20y

FI GURE 80. Devel oped isometric view of currents in the armature circuit.

7.3.2.15 Resolution into current |oops. The next step is to break the
circuit of figure 80 down into various groups of current |oops that can be
considered individually. The resolution of a circuit into two or nore current
| oops can be represented in a drawing in at least two different ways. Start out
with the circuit of figure 81 (A). Its resolution into two current |oops can be
represented in a drawing by showing the two | oops conpletely separated as on
figure 81 (B). This was the procedure used in 7.3.2,7 to pernit splitting figure
77 into two distinct parts, which could then be separated and studied individu-
ally. Here, and in various other cases, it is an advantage to do it this way. On
the other hand, the schene of figure 81 (B) has the disadvantage that a draw ng
has to show two |ines along the boundary that separates two current |oops, or
three lines in the case of the three loops with a conmmon boundary, a case that we
will soon encounter. Two, or still worse, three lines along the cormon boundary
between | oops make for conplicated drawings. To avoid this we can use the schene
shown on figure 81 (C) with only a single line along the commbn boundary between
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| oops, regardl ess of whether two, three, or nore |oops abut along this boundary.
The loop currents are represented by numbers or synbols placed near the centers of
the loops with a curved arrow over the expression for the current to indicate the

direction of the loop current. Now use the scheme of figure 81 (C) to resolve the
circuit shown on figure 80 into current loops. The result is shown on figure 82.
W have three sets of loops in vertical planes between lines 1-4 and 1'-4", lines

6-8 and 6'-8, and lines 9-10 and 9'-10"; two sets of loops in a horizontal plane
between lines 1' -4" and 6'-8 and lines 5 -8 and 9°-10; and a single vertica
loop 11-11' -12" -12. W nust also have a loop represented by line 13-14 as we will
see |ater. It renmains to find the loop currents for the loops on figure 82.

Start out with loop 1-1' -2'-2. The only current frompoint 2 to 1 is the |loop
current, hence, the loop current nust be equal to the current shown from point 2
to 1 on figure 80, nanmely, 2A - 2B + 4C. The loop currents for the other |oops
between lines 1-4 and 1' -4 are found in the same way. These loop currents nust
give the correct values for the currents in the commutator risers between points 1
and 1', 2 and 2', 3 and 3", and 4 and 4. A little consideration of figures 81
and 81 shows that they do. The next step is to find the |oop current for |loop 1-
5-6'-2'". Aong line 1' -2 this loop abuts against loop 1-1' -2'-2. Furthernore
there is zero current inline 1' -2° . To satisfy this condition, the |oop current
must be 2A - 2B + 4C for loop 1'-5-6" -2'. The loop currents for the remaining

| oops between lines 1' -4" and 5 -8 are found simlarly and are shown on figure
82.

Y § }
1A A-B} N
A »

| “a + “a )

A B C

Fl GURE 81. Resol ution of circuit into current |oops.

We now nove down to line 5 -8 . W have three |oops abutting along line 6 -11'

two horizontal loops, 2'-6'-11'-7" -3 and 11' -6'-5"-9" -12', and one vertical |oop
6-6'-11" -11 nust be (4-2c)(A+B)+4C to give the right current along line 6-11. W
now know the current loops in two of the three loops abutting along line 6 -11

The current in the third |oop nust be so chosen as to make the current along line
6'-11" equal to zero. This condition gives (6-2c)A+(2-2c)B for the |oop current
in loop 11-6'-5-9" -12. A sinilar procedure is used to find the loop currents in
the other |oops between lines 5 -8 and 9°-10' . The next step is to find the |oop
current in loop 9-9° -12° -12°. Twoloops neet along line 9'-12'; nanely, 9-9' -
12'-12 and 5 -9'-12'-11"-6 Wth loop current directions as shown on the figure
it is imediately apparent that the loop currents in these two abutting |oops mnust

be equal and opposite to nake the current along 9'-12' equal to zero. In a
simlar way, we find the loop currents in the other vertical |oops between |ines
9-10 and 9'-10". There is one nore |oop needed to conplete the loop system  This

is represented on figure 82 by the line 13-14. A straight line does not |ook nuch
like a loop; but it nust be renenbered that in the actual machine this line wll
be bent around in the formof a circle and have its ends connect ed. Line 13-14
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thus represents a circular |oop having the sane dianeter as the brush collector
rings . Let x be the current in this loop. To find x we have the relation that x
plus the current in loop 9-9" -12'-12 nust be equal to the current shown in line
12-9 of figure 80. This gives the equation:

X - (6- 2c)A- (2 - 2c)B=(-6+ 2d)A - (2 - 2d)B [7-14]

wher e:
x = (2d - 2c)(A + B) [7-15]

A careful conparison of figures 81 and 82 shows that the current |oops of figure
82 everywhere give exactly the sane currents that are shown in the conductors on
figure 80. They will, therefore, produce exactly the same magnetic field. The
first step, finding the magnetic field produced by the currents shown on figure
80, has now been completed. W have replaced the currents by a system of current

| oops that will produce exactly the same magnetic field. The next step is to find
the magnetic field produced by the current |oops

& CIVL = CURRENTS IN VERTICAL LOOPS
br e CIHL = CURRENTS IN HORIZONTAL LOOPS

6-6'-11'-U1 C4-2cXA+Br+4C
12~12'-10"-10 R+2C)A6+208
u-1'~12-=12 8LA+D

FI GURE 82. Developed i SOnetric view of current | oops,
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7.3.2.16 Gouping the current loops. For further study it is convenient to
di vide the system of current |oops shown on figure 82 into groups that are
individually small enough to be assinilated. These groups are

(a) Goup 1, The four current |oops between lines 1-4 and 1'-4".
These | oops are in the plane of the commutator risers.

(b) Goup 2. The three current |oops between lines 6-8 and 6’ -8 .
These | oops are in the plane of one of the brush collector rings.

(c) Goup 3 The three current |oops between |lines 9-10 and 9'-10
These | oops are in the plane of the other brush collector rings.

(d) Goup 4. The single current |loop represented by line 13-14 of
figure 82. This is a circular |loop having a diameter equal to
that of the brush collector rings

(e) Goup 5. The four current |oops between lines 1'-4" and 5 -8
These | oops are wapped around the cylindrical surface of the
conmmut at or

(f) Goup 6. The three current |oops between lines 5 -8 and 9 -10
Like those in group 5 these |oops are also w apped around the
cylindrical surface of the commutator.

(g Goup 7. The single loop 11-11" -12' -12

W now have the system of current |oops broken down into a number of groups. It
remains to study these groups individually; to identify those which produce only a
smal | stray magnetic field and those which, on the contrary, may produce a |large
stray magnetic field;, and to deduce fromthis study some ways to design generators
with only small stray magnetic fields.

7.3.2.17 Goup 1. The four loops in group 1 are in the plane of the
commutator risers. If we imagine that figure 82 bent around to bring the | oops
into the configurations they have in the machine, the loops in group 1 will appear
as shown on figure 83 when they are viewed fromthe conmutator end of the machine
The four |oops are of equal areas; hence, their nagnetic noments will be propor-
tional to the loop currents . The al gebraic sumof the loop currents is zero, so,
the net magnetic nonent perpendicular to the plane of the commutator risers is
zero. The loops in group 1 thus satisfy principle (c) (see 5.2), the principle of
zero net magnetic nmonment, for all the loops in the sane plane. Note also that
this condition is satisfied regardl ess of whether 8A, 8B, 8C, 8(A + B - C are
equal or not, that is, regardless of whether the four sets of brushes take equa
currents or not. W thus have the principle of zero net nagnetic nmonment satisfied
at all tines for the loops of group 1. It is not dependent upon equality of
current division between brushes. It is not to be inferred, however, that the
four |oops of group 1 will give a zero stray magnetic field sinply because the net
magnetic nonent is equal to zero. Suppose we assune for a noment that A- B - C
Reference to figure 83 shows that each loop will have a current 4A and that the
polarities will be alternately positive and negative. Now the dipoles that
represent the four current |oops of figure 83 have the same configuration as the
four dipoles shown in 4.3.3.11 for b = c. These produce a magnetic field that is

different fromzero and can be cal cul ated by the fornula given there, It is a
smal | er nagnetic field than woul d be produced by one dipole alone, or by two
opposing dipoles, but it is still greater than zero and can be decreased. It can

be decreased by going to a |arger nunber of poles. Consi der two generators wth
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the same output current and voltage; one with four poles and one with eight poles.

The armatures will be approxi mately the sanme size. In the four-pole machine there
will be four current loops in group 1. In the eight-pole machine there will be

ei ght. Each will have half the area, half the current, and one-fourth the
magnetic ¢q onent of the group 1 loops in the four-pole nachine. In addition, they
will be closer together. Their stray magnetic field will be much |ess than that

of the corresponding loops in the four-pole nachine. W thus see that increasing
t he number of poles is not only advantageous in reducing the polar |eakage field
fromthe field coils, but is also advantageous in reducing the magnetic field from
the group 1 loops in the armature circuit. It is to be noted that in going from
four to eight poles we are nmaking use of two general principles of design:
principle no. 2, reducing the strength of the individual current |oops (see 5.4),
and principle no. 3, bringing the opposing current |oops closer together (see

5.4). The final conclusion is that in a generator with an appropriate nunber of
poles, the loops in group 1 will not be a significant source of stray magnetic

field.
BRUSH COLLECTDOR

aa-2p+4c/ () 2~ () \ea-28-4C
<2

1’ 3
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Fl GURE 83. Loops in group 1.

7.3.2.18 Goups 2 and 3. Now consider the current |oops in group 2, the
three loops in the plane of the brush collector ring closest to the comutator
These | oops will appear as shown on figure 84 when viewed fromthe comutator end
of the machine. At points 6 and 8 the brushes rest on the commutator, at points
6 and 8, they are connected to the brush collector ring. Point 11, at which a
connection is made to the other brush collector ring, is at an angle of "a"
degrees fromthe uppernost brush connection, point 6, These |oops have areas
proportional to their angular spread, 180, a, and 180 - a degrees, or 2, ¢ and 2
- ¢ where ¢ - a/90. Since the magnetic nonents are equal to the products of
currents and areas, we have the followi ng table:
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TABLE | X Current. areas., and magnetic nonents

Current Area Magnetic moment
(4 - 2c) (A + B) - 4C 2 (8 - 4c) (A + B) - BC
(4 - 2¢) (& + B) + 4C c (be - 2¢%) (A + B) + b4eC -
-(4 + 2¢) (A + B) + 4C 2 - ¢ (-8 + 2¢?) (A + B) + (8 - 4¢)C
Total O
=] a !
- = P~
BRUSH COLLECTOR — o/
RING

u”j;f:>~<::f C4-2CXA+B+4C
(4-2c) —(4+2C)

[ =)
a

TN

FI GURE 84. Loops in group 2.

We Ssee€, therefore, that the net nagnetic nonent for group 2 is zero. W see that
this condition is satisfied regardl ess of whether A - B - Cor not; that is,
regardl ess of whether the brushes take equal currents or not. This is obviously a
desirabl e situation since we have a balance that is not disturbed if the brushes
shoul d take unequal currents. W get this desirable feature by using brush
collector rings that are conmplete rings of uniform cross section throughout the
whol e circunference, This is the reason why such brush collector rings are a
necessity in a mnesweeping generator built to have a small stray nagnetic field
Simlar considerations applied to the three loops in group 3 show that for these

| oops the net magnetic nonent is also zero and that this balance is independent of
equal ity of current division between the four brushes. W thus see that the
current loops in groups 2 and 3 satisfy the principle of zero net magnetic nonent.
Further discussion of these groups will be deferred to 7.3.2.29 where they will be
taken up again in connection with the problem of finding the best position for the
takeoff points, points 11 and 12 of figure 80. These are the points from which
current |eaves one brush collector ring, and the points at which it returns to the
other ring
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7.3.2.19 Group 4. Goup 4 is asingle loop inthe formof a circle coinci-
dent with the brush collector ring farthest fromthe arnature. In the machine we
have been considering the angul ar spread between the takeoff points is b - a
degrees. Let b/90 = d, and a/90 = c. The current in the single loop in group 4
is (2d - 2c)(A + B). The preceding conclusion has been reached as a result of
t horough study of the current |oops involved. It can also be derived faster by a
more intuitive approach Wth the takeoff points separated by an angul ar spread
of b - a degrees, we have the full output current nmaking a fraction of a turn
equal to (b - a)/360. Ve can consider this the equivalent of one conplete turn
carrying a current equal to (b - a)/360 tines the total current. The output
current for the nmachines is 8(A + B), hence:

8 (A + B)(b - a)/360 [7-16]

Loop current
= (2d - 2c)(A + B) [7-17]
since we have b/90 - d and a/90 - c

This expression can be witten in terms of the output current, I = 8(A + B) , as
foll ows:

Loop current = (d - c) 1/4 [7-18]

In a mnesweeping generator the brush collector rings are several neters in
diameter and the armature current is large If (b - a)/360 is an appreciable
fraction, the stray nagnetic field fromthe single loop in group 4 will be |arge,
and nust be elimnated.

7.3.2.20 Elinmination of group 4. There is one and only one practical way of
elimnating group 4. The magnetic nmoment of the single loop in this group is as
foll ows:

M=A(d - ¢c) I/4 [7-19]
wher e:
A = area of the loop that has the same dianeter as the brush
col l ector rings.
d - ¢ = angular spread between the takeoff points expressed as a

fraction of 90 degrees.
I = output current of the machine.

The only ways in which we can make M = 0 are to make A = 0, or d
0. W cannot make the area enclosed by the brush collector rings equal to zero.
Ve can nake | = 0 but we then have a generator with zero output current. The
remaining alternative, d - ¢ =0, is the only one that we can use. It means that

there is zero angul ar spread between the takeoff points on the two brush rings, or
that the two takeoff points are in line with the axis of the machine. Therefore,
this condition nust be satisfied in any dc generator or notor designed for m ni num
stray magnetic field.
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Since we nust have the takeoff points in line with the axis of the nachine, it
woul d be futile to spend any nore time in consideration of figure 82 that shows
the current loops for a machine in which this condition is not satisfied. W nust
change figure 82 to correspond to a nmachine in which the zero angul ar spread
condition is satisfied. Al that is necessary to do this is to nove the takeoff
points into alignment with the axis of the machine. The result of the change is
shown on figure 85.  Conparison of figures 82 and 85 shows that we have the sane
groups of current |loops in each, except for the elimnation of group 4 fromfigure
85. Furthernore, groups 1 and 2 are exactly the same in both figures. Therefore
it is unnecessary to retrace our steps to reconsider these groups. A little
consideration will show that the sane conclusion holds for group 3. Goup 4 has
been elimnated, so only 5, 6, and 7 remain to be considered

7.3.2.21 Goup 5. Goup 5 consists of the four current |oops between |ines
1'-4" and 5 -8 of figure 85. These loops are all of the same size. The
al gebraic sumof the currents is zero;, hence, for four |oops of this kind in the
same plane, the net magnetic monent is zero. Furthernore, this condition is
al ways satisfied regardl ess of whether the brushes carry equal currents or not,
Note, however, that while the four loops in group 5 are in a plane on figure 85
they are not in a plane in the machine, Here they are w apped around the
cylindrical surface of the conmutator

Each loop will have a shape simlar to that of the four pieces that would be
obtained by cutting off both ends of a cylindrical tin can and slitting the open-
ended cylinder, which remains in four pieces, by four equally spaced cuts parallel
to the axis of the cylinder. Looked at fromthe comutator end of the machine the
four loops will appear as shown on figure 86 where the |oop currents are shown

al ongside the loops. Now suppose that each current loop is divided into a large
nunber of very small and narrow current |oops of the shape that woul d be obtained
by drawing on the cylindrical surface of a tin can two very closely spaced |ines

parallel to the axis of the cylinder. Consider the particular infinitesiml |oop
of this kind that is shown in end view by the Iine segment hi on figure 86. I'ts
width in the plane of the paper is hi = rdé; where r is the radius of the
commutator and dé is the infinitesimal angle that hi subtends at the center of the
commut at or . Its length perpendicular to the plane of the paper is W where Wis

the distance between lines 1'-4" and 5 -8 of figure 85. The current is 2A - 2B -
4C, since the infinitesimal loop is in the sector where this is the |oop current.

Hence, the nmagnetic nmonent of the infinitesimal |oop is:
dM = rW (2A - 2B - 4C) dé [7-20]

A conparison of figure 85 and 86 shows that the nagnetic nmonent of the
infinitesinmal current loop will be directed outward for a positive [oop current
The horizontal conponent of magnetic nmoment is:

aM, = rW(2A - 2B - 4C) cosé d¢ [7-21]
We find the total horizontal conponent of magnetic nonent for the sector from
point 3' to point 2° by integrating with respect to ¢ fromO to 90 degrees, W

find the horizontal conponent for other sectors in the same way, then add themto
get the total for all four. W find the vertical conponent in nuch the same way,
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except that - sin# is used instead of cosf. (Note: - sinf is used instead of sins
because the positive direction is taken to be down.) Doing this we find for the
total horizontal and vertical conponents of nagnetic nonment fromall four |oops in
group 5:

M, = 8r W(A + B - 2C) [7-22)

7 A

- L ry_221
8r W(A - B) [ /7-23)

M

K‘Ly—'
For both conponents of net magnetic nmoment to be zero, we nust have A - B - C
This nmeans that all four sets of brushes carry the sane current. It would be
desirable to have zero net magnetic nonent regardl ess of whether or not the
brushes carry equal current, but we do not have this situation for the current
loops in group 5. W see, however, in 7.3.2.28 that there are other current |oops
that can be arranged to produce a conmpensating field. These other |oops and group
5 individually do not have zero net nagnetic nmoment unless the total armature
current is equally divided between the brush sets, but taken together the net
magnetic nmonment is zero regardl ess of whether the brush currents are equal or
unequal .

CIVL = CURRENTS IN VERTICAL LDOPS

q}i ‘z\}':\ CIHL = CURRENTS IN HORIZDNTAL LOCPS
Cr \ >
“Z d ‘\\\\\\\\\
Q‘z \ &\'\ o
4

Fl GURE 85. Devel oped isonetric view of current |oops for zero
angul ar _spread between takeoff points.
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7.3.2.22 Goup 6. Goup 6 consists of the three |oops between lines 5 -8
and 9" -10' of figure 85.  Looked at fromthe comutator end of the machine, they
wi |l appear as shown on figure 87. W can find the net horizontal and vertical
conponents of magnetic nonment using the sane nmethod that was used for group 5.
The results for group 6 are:

M, - -8r S (A + B) cos & [7-24)
M, = -8r S (A+B) sina - 8r S (A - B) [7-25]

where S is the distance between lines 5 -8 and 9'-10° of figure 85. Here we have
a group of |oops that does not give zero net nmagnetic nmonent even if A - B. \Wen
A = B, the total net nagnetic nonent is:

M, = (M + M%)¥2 = Br S (A + B) [7-26)
and is perpendicular to the radius vector drawn fromthe center of the circle to
point 12'.

| of

v ¥

~6A-2B+4C 2A+6B-4C

Fl GURE 86. Loops in group 5.

6-20A+(2-20)B ~(2+2COA—6420)8
-(2+2cM+@-BC)B

FI GURE 87. Loops in group 6.
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W have now encountered three different types of groups of current |oops:

(a) Goups 1, 2, and 3. For each of these three groups the magnetic
nmonent is zero regardl ess of whether the current is equally
di vied between the brush sets or not; that is, regardless of the
val ues of the four brushes currents, 8A, 8B, 8c, and 8
(A +B-0.

(b) Goup 5. For this group the net nmagnetic nonent is not equal to
zero for all values of the four brush currents, but is equal to
zero for the norm of machi ne behavior; namely, four equal brush
currents, 8A- 8B - 8C - 8(A+ B - Q.

(c) Goups 4 and 6. For these two groups the net nagnetic nonent is
not equal to zero when the brush currents are unequal, and is also
not equal to zero when the four brush currents are equal. Goup 4
was elimnated by putting the takeoff points in line with the axis
of the machine but this change did not renedy group 6. Sonet hi ng
addi tional nust be done about this group. Before going into the
question of what can be done, however, it will be advantageous to
consi der group 7.

7.3,2.23 Goup 7. This consists of a single loop, 11'-12" -12-11, of figure

85. The current is 8 A + B), that is, the output current of the generator. Its
dinmension in the direction of the axis of the machine is S, the separation between
the two collector rings. Its dinension in the radial direction is R- r, where R

is the radius of the brush collector rings and r is the radius of the commutator.
I'ts magnetic monent is 8(R- r)S(A + B), and will not be equal to zero except for
zero output current. A little consideration will show that the magnetic nmoment of
the loop in group 7 is precisely the same direction as the net magnetic nmoment for
group 6 when A - B. Thus, for nornmal nachine behavior, we have:

Magnetic noment of group 6: 8rS(A + B)
Magnetic moment of group 7:  8(R - r)S(A + B)
Total for groups 6 and 8  8RS(A + B)

Thus for the two groups together we have a magnetic nonent equal to the full
output current of the nachine tines the radius of the brush collector rings tinmes
the distance between them For a m nesweeping generator the current is |large and
the brush collector rings are of fairly considerable dianeter The spacing
between the brush collector rings is small, on the order of centineters, but even
so we are |left with a nagnetic nonent |arge enough to produce an objectionable
stray magnetic field. Therefore, groups 6 and 7 nust be conpensated.

7.3.2.24 Conpensation of groups 6 and 7. We have seen before that with an
arrangement |ike the one shown on figure 88, we always have an unconpensat ed
current loop, but that with an arrangenent |ike the one shown on figure 100, we
have two equal and opposite current loops. A little consideration will show that
in a generator with two brush collector rings we will have the situation shown on
figure 88, and that this situation is responsible for the unconpensated magnetic
nmonent fromgroups 6 and 7.
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A B

Fl GURE 88. Unconpensated and conpensated current |oops.

One renedy is to provide three brush collector rings, the center rings to carry
the sane current as the positive brush collector ring in a two-ring machine, and
the two outer loops each to carry one-half the current in the negative brush
collector ring of the two-ring machine. Figure 89 shows a devel oped flat view of
the three-ring machine with currents indicated in the armature w nding, comutator
bars, brush collector rings, and the connections fromthe takeoff point 12 on the
center ring to the two takeoff points 11 and 13 on the outer rings. In
calculating these currents it is assuned that the two outer rings each take the
same current. W can carry through the analysis w thout making this assunption,
but it would conmplicate the expressions for the currents and would lead to no
other conclusion than what we already know, namely, that for best conpensation the
currents in the outer brush rings nust be equal. Now go from the devel oped flat
view of figure 89 to the devel oped isonetric view of figure 90, which shows the
loop currents. A conparison of these two figures will show that the loop currents
will give in each conductor precisely the current that is shown on figure 89

Now conpare the two devel oped isonetric views, figure 81 for the two-ring machine
and figure 90 for the three-ring machine. This conparison will show that:

F 1 BA-29+4C L 4 BA—-E3-4C 3  BA+6D—4C 4 —6A—B9+4C
1 |
COesTATIR ,Q! XA+ B 2L "as
1]
il @ X B2C 5 o
by CPCXA 32T \ y b ~@ecXA+ DI s @cXA+pEC
184 = el 83 4024300 \
> B’ da - v Zlllo) B o A 208 ha [ Tl e Nl nesse ]
> Gl ]’ Py S SN Sbldudinde § G
7
@A T+ & Q420N+ 23
N« «asD aaum4://
@CXAe =BT u\x B XA TET v /

FI GURE 89. Devel oped view of currents in a machine with
three brush collector rings.
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(a) The current loops in groups 1, 2, and 5 are precisely the sanme in
both .

(b) The current loops in group 3 for the two-ring machi ne have been
split into two exactly equal halves in the three-ring machine.
These two hal ves together will be very nearly equal to the single
group 3 of the two-ring machines

(c) Goup 4 has been elinmnated in a three-brush ring nmachi ne by having
the three takeoff points, 11, 12, and 13, in line with the axis of
t he machi ne

It follows, therefore, that what has been said about groups 1, 2, 3, 4, and 5 in
the two-ring machine is equally valid for the corresponding groups in the three-

ring machine. It is, therefore, unnecessary to consider these groups further.
‘\\\ CIVL = CURRENTS DN VERTICAL LOOPS
CDd & CLRRENTS IN HORIZONTAL LOXPS

\“t \3\

> ‘m\\*\\
T e\‘?\.,\%x(ﬁ\ Wy
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W&:

=121t~ e
I -12-10-13 D
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FI GURE 90. Devel oped isonetric view of current loops in a
machine with three brush collector rings

7.3.2.25 Goup 6 in the three ring nachine. In the two-ring machine, group
6 consisted of three current loops between lines 5 -8 and 9 -10" of figure 82.
In the three-ring machine, group 6 is split into two subgroups

Subgroup 6A: Five current |oops between lines 5 -8 and 9 -10 of
figure 90.

Subgroup 6B: Three current |oops between lines 9'-10" and 16’ -17" of
figure 90.
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(a) Subgroup 6A. These |oops are curved around the cylindrical
surface of the comutator. Looked at end on, they will
appear as shown on figure 91, W can conpute the net
hori zontal and vertical conponents of magnetic moment as in

7.3.2.22:
M. /rS = 4(A + B - 2C) - 4(A + B)cos a [7-27]
e =8(A - B) - 4A + B)sin a [7-28]
wher e:
r = the radius of the conmutator
S = the axial separation between the center ring and the ring on each
side of it.
€
-CcMA-cB-2C
4—cHa ,—l
- —c)¢ec/-?\-d-<«cm—ec
)
5' 71
—4-eA—cpe2C —cA4-0B-2C
g
FI GURE 91. Loops in subgroup 6A.

(b) Subgroup 6B. Looked at end on, the three loops in this
subgroup will appear as on figure 92. The net horizontal and
vertical conponents of nmagnetic nmoment are:

M/rS = 4(A+B- 2C) + 4(A + B)cos a [7-29]
My,.s = 4(A + B)sin a [ 7-30]

(c) Total for group 6. Adding the results attained above for

subgroups 6A and 6B, we have the follow ng for group 6.
M,/rS =8( A+B-2C) [7-31]
L/rS= 8(A - B) [7-32]

Note that the horizontal and vertical conponents of the net magnetic noment of
group 6 will both be equal to zero if the brush currents are equally divided, that
is, A- B=C Note also the difference between two- and three-brush collector
rings for group 6.
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For normal machi ne behavior (brush currents equal) the group 6 | oops have zero net
magnetic nonent for three brush rings, but a net magnetic noment equal to 8rS(A +
B) for two brush rings (see 7.3.2.23). This is the reason why three brush

col l ector rings should be used. It is true that even with three brush collection
rings the group 6 loops do not give a zero net magnetic moment when the brush
currents are not equal. In this respect they are |like group 5 | oops (see

7.3.2.21). W shall see later (see 7.3.2.28) how we can conpensate for this and
arrive at a condition of zero net magnetic nonent regardl ess of whether the brush
currents are equal or not.

16" —2—xA+B>2C
’_, 13
Q

~2-cXA+B)+2C 2+cXA+Br-2C

N

17

FI GURE 92 Loops in subgroup 6B

7.3.2 26 Two concentric brush collector rings. The usual construction for
dc generators has two brush collector rings of the sane dianmeter separated by a
smal | distance in the axial direction of the nachine. W have seen in 7.3.2.23
that this construction leads to current |oops wapped around the comrutator (group
6), which have a net magnetic nmoment equal to rSl square neter anpere turns, where
r is the radius of the conmutator, S is the axial distance between the brush
collector rings, and I = 8(A + B) is the total armature current, W have also
seen in 7.3.2.25 that the use of three brush collector rings of the sane dianeter
equal |y spaced in the axial direction of the machine splits group 6 into two
subgroups and that the total net magnetic nonment for the two subgroups is equal to
zero for equal division of brush currents. W can do the same job by using two
concentric brush collector rings, one slightly larger than the other, in the same
pl ane perpendicular to the axis of the machine. The use of three brush collector
rings splits the group 6 loops into two subgroups that are in opposition. The use
of two concentric brush collector rings in the sane plane elimnates the group 6
| oops conpletely by shrinking their width to zero. Figure 93 is a devel oped
isonetric viewthat gives the currents in the conductors of a machine with two
concentric brush collector rings. The drawing shows the takeoff points, 11 and
12, on the sanme radius in view of the natural expectation that we will have a
fractional turn around the shaft and a |arge stray magnetic field if they are at
any other location. The current |oops shown on figure 94 will give the current
di stribution shown on figure 93. I nspection of this figure shows that the current
| oops between lines 1-4 and 1'-4" are precisely the same as the group 1 |oops
considered in 7.2.2.17, and that the current |oops between lines 1'-4" and 9 -8
are the sane as group 5 loops considered in 7.2.2 21. W are left with group 8,
| oops between lines 6-8 and 9-10 of figure 94, and group 9, |oops between |ines
9-10 and 9'-10" of figure 94. The three loops in group 8 all have the same width -
in the vertical direction (radial direction in the machine) and | engths
proportional to the angles they span. as illustrated by the follow ng table:
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TABLE X Current and magnetic nonent for group B

Length
proportional Magnetic moment
Current to proportional to
(4 - 2¢) (A + B) - 4C 2 (8 - 4¢c) (A + B) - 8C
(4 - 2¢) (A + B) + 4C c (4c - 2c%) (A + B) + 4cC
YA 1 Lo IPRY A I ) < AN 3 N ol n - I o s '1.,2\ /A i D\ I ra AV Yal
(& + £C) (A + D) + 40 L - C (-0 + £C%) (Ao + Bb) + (0 - &C)U
Total O

e
- G
V% 0 2. % N
6 s .o
‘é. 4 e g -

FIGURE 93. Devel oped isonetric view showing currents
for a machine with two concentric
brush collector rings.
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FI GURE 94. Devel oped isonetric view showi ng current
loops for a nmachine with two concentric
brush collector rings

The group 8 | oops thus have zero net magnetic nonment. This condition is satisfied
regardl ess of whether the brush currents are equally divided or not. A sinilar
table for the group 9 |l oops shows that they satisfy the same condition,

7.3.2.27 Conparison of the three ring and concentric two ring constructions .
We can summarize the results for the three brush collector ring and the concentric
two brush collector ring constructions as follows:

(a) For both constructions we have groups of |oops in planes
perpendicular to the axis of the machine. The net magnetic nonent
of each of these groups of loops is zero regardl ess of whether the
brush currents are equal or not. These groups are:

(1) For the three-brush collector ring construction, the |oops in
the plane of the comrutator risers, and the loops in the
pl anes of the three brush collector rings.

(2) For the concentric two-brush collector ring construction, the
loops in the plane of the comrutator risers, and the loops in
t he common plane of the two concentric brush collector rings
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(b) For both constructions, we have groups of |oops wapped around the
conmut at or . The net magnetic nonment of each of these groups is
zero when the brush currents are equal, and different from zero
when this condition is not satisfied. These groups are as

fol | ows:

(1) For the three-brush collector ring construction.

TABLE XI. Three-brush collector ring construction.

Components of net magnetic moment
See W [/
Group paragraph Horizontal Vertical
s 7.3 2.21 QwlI/A 4 R _ 20\ SQ«LI/A . RN
~ . . o oA Viw\n v Ee) L) ViLwn Ly
6 7.3.2.25 8rS(A + B - 2C) -8rS(A - B)
Tntal Qv/WU 4 €Y /A L R _ 950N _R»/U 4 €Y (A _ RN
+VLaa GiL\AWwW T O/ \& ¥ O Lvy Ui\nw T O, (o fe )

(2) For the concentric two-brush collector ring construction:

TABLE XI'l.  Two-brush collector ring construction

Components of net magnetic moment

See
Group paragraph Horizontal Vertical
8 7.3.2.21 8rWw(A + B - 20C) -8rW(A - B)

In both constructions, we have a net nmgnetic nmoment that is not equal to zero
unl ess the brush currents are equal. W shall see in 7.3.2.28 how, by proper
design of the brush rigging and proper positioning of the brush collector rings,
we can arrive at a net nmgnetic noment equal to zero regardl ess of whether the
brush currents are equal or not. There appears to be no clear cut superiority of
either the three-ring or two-ring construction insofar as snall stray magnetic

field is concerned.

7,3.2.28 Best position for brush. rings.of the si nplifying assunptions
made in 7.2.1 were that each set of brushes nmakes contact with a conmmutator bar at
one point, and that the connection to the brush collector ring is nmade along a
line that is directed radially outward through this single point of contact. It
is obviously inpossible to have a single point of contact. Each set of brushes
touches a conmutator bar over a considerable part of its length. A comutator bar
is so narrow that the assunption of line contact will be a good approxination of
physical reality. W wll also assume that current passes radially outward
through a brush then along a conductor parallel to the commutator bars until it
comes to the plane of a brush collector ring, and then passes radially outward to
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the brush collector ring. Current can be forced to flowin such a path by proper
design of the brush rigging. MNow look at a longitudinal horizontal section
through half of the armature and brush collector rings. The heavy line on figure
95 shows the current path fromthe armature winding to the positive brush
collector ring for our initial assunption of point contact between a brush set and
a comutator bar. For our new assunption of line contact, the current paths will
be as shown on figure 96. W obtain this current distribution fromthat shown on
figure 95 by adding a nunber of small current |oops of which loop 1-2-3-4 on
figure 96 is a representative

D DBRUSH COLLECTOR RINGS

—_— ARMATURE
COMLTTATIR WINDING

COMMUTATOR BAR

— I CENTER LINC
s
S
\V L
FI GURE 95.
I}
T j 1 :
; it
{ — —
r Ly Lty
FIGURE 96. Longitudinal section through half of machipne for
line conta.T beiacen Liushes c ¢ ctator tors.

These loops will be in a plane that passes through the axis of the machine. W
shal | assume that the current taken by the brush set for an infinitesinmal elenment
of length dx is idx/(L;+L;), where i is the total current taken by the brush set
and L, and L, are the distances shown, Look at the current that is taken from an
el enment of length at a distance x to the left of the central brush collector ring.
It forns a loop 1-2-3-4 having a length x and width T that will have a nagnetic
nmoment directed down into the plane of the paper. its magnetic nonment is as

foll ows:
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dM = Tixdx/(L, + L,) (7-33)

Integrating this expression to find the total or net magnetic monment for all the
current |oops gives:

0.5 Ti(L? - L,2) /(L + L,) = 0.5 Ti(L, - L) [7-34]

By making L, - L,, that is, by putting the central brush collector ring at half
the length of the brush set, the magnetic noment is q ade zero. At first sight,
this seenms to be the thing to do. Further consideration shows that we can do
better. W can choose T, L,, and L, in such a way that the |oops in the brush
rigging do not have zero magnetic moments but oppose the net magnetic nonent that
we have fromthe | oops on the conmutator when the four brush sets do not take
equal currents. Now | ook at the commutator end of the machine. Figure 97 shows
four brush sets numbered 1 to 4 at positions corresponding to points 1, 2, 3, and
4 of figure 90, and the direction and magnitude of the currents in the four
commut ator bars that are directly under the brush sets. Furt her consideration
will show that the magnetic nonments of the |oops such as 1-2-3-4 of figure 96 will
have the directions shown on figure 97 for L, greater than L,, and will be
reversed in sign if L, is less than L,. The nagnetic moment will be zero for L, -
2» and will be reversed in signif L;is less t-ban L,. The magnetic nonent at
each set of brushes is obtained fromequation 7-34 by substituting in the
appropriate value for the currents, as shown in the follow ng table:

TABLE XI'I1. Magnetic nonments at brush sets.
Magnetic moment for loops at brush sets
Horizontal component Vertical component
Brush set (positive to tight) (positive down)
1 0 4T(L, - LA
2 4T(L, - L,)¢C 0
3 0 -4T(L, - L;)B
4 -4T(L; - Ly)(A + B - 20) 0
Total -4T(L; - Ly)(A + B -20C) 4T(L; - L)(A - B)

Referring back to 7.3.2.27, we see that for the three-brush collector ring
construction we have horizontal and vertical conmponents of net magnetic nonent for
the | oops around the conmmutator as foll ows.
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FIGURE 97. End view of machine
Hori zontal (positive to right)
8r(W+ S)(A + B - 20 [7-35]
Vertical (positive down)
-8r(W+ S)(A - B [7-36]

Add these to the results for the loops at the brush sets and we get:

Horizontal (positive to right)
[8r(W + S) - 4T(L, - LJ(A + B - 2C) (7-37]

Vertical (positive down)
[4T(L, - L;) - 8r(W + S)I1(A - B) [7-38]

W can neke both conponents equal to zero by designing the machine such that:
T(L, - L,) = 2r(W + S) [7-39)

This condition should be the objective of the designer. Wen this condition is
satisfied, the net nagnetic noment for the |oops on the conmutator plus the |oops
at the four sets of brushes is equal to zero regardl ess of whether the currents
taken by the brush sets are equal or not. For a machine with two concentric brush
collector rings, simlar consideration shows that the condition to satisfy is:

T(L, - L) = 2rW (7-40]
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In equations 7-39 and 7-40, T is the distance fromthe center of the current in
the commutator bar to the center of the current in the conductor that collects
current fromthe brushes and conducts it axially to the junction with the
conductor that leads the current radially outward to the brush collector ring. W
is the axial distance between the midpoint of the commutator risers and the

m dpoi nt of the brush collector ring closest to the commutator risers. Sis the
axi al distance between the nidpoints of two adjacent brush collector rings. Wile
t he equations given above are based upon the assunmption that the [oops in the
brush rigging are rectangular, it is not essential that they should be Loop
areas have to be right but the shape is immterial. O course, different fornul as
will have to be used if the |oops are not rectangul ar

7.3.2.29 Best position for takeoff points. W sawin 7.3.2.20 that the
takeoff points, the points fromwhich current is taken fromthe positive brush
ring (or rings) and returned to the negative brush ring (or rings), must have zero
angul ar spread between themto avoid a fraction of a turn around the shaft. Apart
fromthis, we have run into nothing to indicate that any particular angul ar
position is better than any other. There are, however, two considerations,
symmetry and spatial location, which indicate a preferred position. Consider the
three brush collector ring construction. Suppose that the three rings are so
cl ose together that they can be considered as being in the same plane; that the
positive takeoff point is at the same point where one set of brushes is connected
to the center brush collector ring (assumed positive); and that the brush sets
carry equal currents. For this condition the loops in the plane of the center
brush collector ring will be as shown on figure 98 (A). The | oops in the planes
of the outer rings, added together, wll be as shown on figure 98 (B); and the sum
of the loops in the planes of all three rings will be as shown on figure 98 (CQ
On figure 98 (C) we have a perfectly symretrical arrangement of current [oops. It
is true that this perfectly symretrical condition holds only when the four brush
sets take equal currents. Nonetheless , equal brush currents must be considered
nornmal machi ne behavior and, for this reason, we conclude that any position of the
takeof f points that gives the perfect symetry of figure 98 (C) is a preferred
posi tion. Note that this position is with the takeoff point on one ring at
exactly the same place where one set of brushes is connected to the ring. Since
there are a nunber of points where brush sets are connected to a brush collector
ring, there are just as many positions for the takeoff points that should be
equal |y good so far as symmetry is concerned. There is, however, another reason
for choosing the highest of these positions. Starting fromthe takeoff points, we
have connections to the machine and the termnals. These connections, even when
carefully designed, will be a source of stray nagnetic field and it is desirable
to have themas high as possible. W conclude then that one takeoff point shoul d
be at the sanme point there a brush set is connected to a brush collector ring (or
rings). This will put the other takeoff point midway between the points of
connection of two adjacent brush sets to the other brush collector ring (or
rings). Furthermore , the takeoff points should be as high up on the brush
col lector rings as possible.
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Fl GURE 98. End view of loops in the plane of the brush collector rings.
7.3.2.30 Discussion of sinplifying assunptions. In 7. 3: 2.1 we _rrade a nunber
of sinplifying assunptions about the machi ne consi dered. [t is nowtime to con-

sider what effect these sinplifying assunptions have upon the concl usions reached.

(a)

Equal i zer connections. W started out by considering a |ap wound

armature wthout equalizer connections. Any actual armature for a
m nesweepi ng generator wll have such connections. Their effect
has been considered in 7.2.3.4 and 7.3.2.9. The conclusion
reached is that equalizer connections on the armature will help to
reduce stray magnetic fields.

Number of conmmutator bars. W assumed that the nunber of
comut ator bars was equal to an integral multiple of the nunber of
poles . This condition can be satisfied with a lap winding. It iIs
bel i eved that machines in which it is satisfied, other conditions
being the same, wll have a smaller stray magnetic field than
machines in which it is not. The differences, however, wll
probably not be large. Test results would be needed to obtain
conclusive information on this point.

Contact with one conmutator bar. W have carried through the
treatnment on the assunption that at each instant a brush set
touches only one commutator bar. Such an assunption is needed to
make the treatnent neat and sinple. It does not appear that any
nmodi fi cations of our conclusions are necessitated by the fact that
in an actual machi ne each brush set will be in contact with
several comutator bars.

Point contact. W started out with the assunption that each brush
set made contact with a commutator bar at only a single point.
This assunption was later discarded and replaced with the nore
realistic assunption of the line contact (see 7.3.2.28). Hence ,
the initial assunption of point contact does not inpose any
limtations on the validity of our results.

Radi al connection. W assumed initially that the connections from
commutator bar to a brush collector ring are made by a |ine
conductor that extends radially outward fromthe point of contact
with the commutator bar. W then discarded this assunption (see
7.3.2 28) in favor of a nmore realistic assunption that tile
connection is made in a radial plane passing through the axis of
the machine and the comutator bar . The initial assunption thus
does not invalidate our conclusions.
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7.3.2.31 Conclusions on armature current from winding to brush collector
rings. |n a properly designed machine, the armature current fromthe armature
w nding to the brush collector rings should have only a small stray magnetic
field, regardless of whether the current is equally divided between the different
sets of brushes or not.

7.3.3 Connections from brush collector rings.

7.3.3.1 The problem From the brush collector rings the armature current
must go to the follow ng:

(a) The conmutating pole and conpensating w ndings or to the
commut ating pole winding alone if the machine has no conpensating
wi ndi ngs.

(b) The machine termnals.

The problemis to nake the necessary connections in a way that will give rise to
only a very small stray magnetic field. Since these connections carry the whole
armature current, which is considerable in |arge mnesweeping generators , it is
apparent that they must be carefully designed to attain this objective,

7.3.3.2 Ceneral principles of solution. The connections can be designed co
have a snmall stray magnetic field. as follows:

(a) Use three conductors, a central conductor carrying full armature
current in one direction and two outer conductors that are
symetrically arranged on opposite sides of the central conductor
wi th each carrying half current in the reverse direction

(b) Keep the conductors as close together as possible, taking into
consi deration the requirement for insulation between them  This
will keep all current |loops small and mnimze the disturbance
caused by departures from exact equality of current division
between the outer conductors.

For each nachine, the designer nust consider the physical arrangenent of the
different parts, the space available, and innunerable details that will vary from
machi ne to machine. It is inmpossible to suggest designs here that will be
applicable for any and all conditions. The best that can be done is to give two
acceptabl e designs, one for the three-brush collector ring construction and one
for the concentric two-brush collector ring construction. These are to be taken
as very sinple exanples illustrating the general principles involved rather than
as designs for specific machines

7.3,3.3 Connections for three-brush collector ring construction. Figure 99
is an exanpl e of connections that could be used for a three-brush collector ring
machine. The arrows indicate the direction of the current in each conductor.
Figure 99 gives the corresponding current loops. W can see that for every
current loop there is in the sane plane a closely adjacent |oop of the sane
magnetic nmoment but opposite polarity. The total stray magnetic field should be
smal | .
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TERMINALS TO AN EXTERNAL CIRCUIT;
H GENERATOR OUTPUT OR MOTOR INPUT

CONNECTIONS TO
:uHHETER —t COMMUTATING POLES AND
SaUuNT ) ‘ COMPENSATING WINDINGS

CONNECTIORS TO (THREE)
BRUSH COLLECTOR RINGS

A. Connections for a machine with three brush
collector rings. -
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B. Resulting current loops for the connections in A.

Fl GURE 99. Connections and resulting current loops for a machine
with three brush collector rings
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7.3.3.4 -

: E . .
Figure 100 is an exanple of connections that could be used for a machine with two
concentric brush collector rings. It is apparent that this arrangenent can be
readily adapted for use on a machine with three-brush collector rings.

TERMINALS TO AN EXTERRAL CIRCUIT;
CENERATOR OUTPUT OR MOTOR INPUT

o

N

PZANS
i
EL;‘/’—-AMHETER
SHUKT

CONNECTIONS TO
COMMUTATING POLES AND
rﬁ COMPENSATING WINDINGS
ez

S &
CONNECTIONS TO (TWO)
CONCENTRIC BRUSH

COLLECTOR RINGS

FI GURE 100. Connections for a nachine with twy concentric
brush collector rings.

7.3.3.5 Terminals. The machine should have either of the follow ng:

(a) Four termnals arranged at the conmers of a square with positive
termnals at the ends of one diagonal and negative termnals at
the ends of the outer di agonal ; or

(b) Three ternminals equally spaced along a line with a positive (or
negative) termnal at the center and two negative (or positive)
termnals on the outside

Wth the four-terninal arrangement there is one termnal for connection to each of
the cables in the quadded ni nesweeping cable run. Wth the three-termna
arrangement, two diagonally opposite cables in the cable run are connected to the

center termnal; the other two cables are connected to the outside termnals (see
6 3.4)
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7 .3.3.6 Conditions for good desire. The designer has the problemof fitting
to his nachine connections that enbody the principles illustrated on figures 99
and 100. After the design has been conpleted, it should be checked to see if it
satisfies the following conditions

(a) The current loops are individually as snmall as they can be made,
taking into account the physical dinensions of the conductors and
the necessity of spacing to provide roomfor insulation

(b) For each current loop there is in the same plane an i mediately
adj acent | oop, which is as close as possible to the first |oop
and of the sanme magnetic nonent but opposite polarity.

(c) Parallel circuits are and will remain of equal resistance to ensure
equal division of current between the circuits.

Unless all of these conditions are satisfied, the design is not as good as it
shoul d be, If all are satisfied, the design is as good as possible.

7.4 Commutating pole or interpole w nding

7.4.1 General. Commut ating poles are used to inprove comutation. They are
| ocated m dway between the main field poles and are frequently referred to as
interposes . Sone dc generators have interposes but no conpensating or pole-face
winding. This was the case for all of our World War |l minesweeping generators
and is also the case for a few of the minesweeping generators built for the
m nesweepers of today. Other dc generators have interposes and a conpensating or
pole-face winding as well. This is the case for nbst m nesweeping generators
built for the mi nesweepers of today. Current in the interpole circuit is through
the interpole coils and the connections to the coils. The coils thenselves (see
7.4.2) produce only a small stray magnetic field; hence, the probleminvolved in
the design of an interpole circuit is to arrange the connections so that they al so
wi |l produce only a small stray magnetic field. On figures 101 to 102, the
interpole circuit is shown conpletely closed on itself. It is tied into the rest
of the armature circuit by cutting one of the connections between coils and
connecting to the brush collector rings and termnals at the points narked
“CONNECTI ON TO COMVUTATI NG POLES AND COVPENSATI NG W NDI NG' on figures 99 (A) and
100. Only the interpoles are shown on figures 101 to 103. The main poles are
omtted because they are not connected in the interpole circuit.

FI GURE 101. Very bad arrangenent of connections to interpoles
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FI GURE 102. Bad arrangenent of connections to interpoles.

INTERPOLE P
CONNECTIONS
COMMUTATING POLE
(typicald
NOTE: The compensating circuit is shown conpletely closed on itself. It is

tied to the rest of the armature circuit by cutting one of the
connections between coils and connecting to the brush collector rings
and termnals at points indicated on figures 99 and 100. Only the
conpensating poles are shown; the main poles are onitted since they are
not connected in the conmutating circuit

Fl GURE 103. Satisfactory arrangement of connections to
interpoles (commutating poles).
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7.4.2 Nunber of interpoles. |If there are any interpoles at all, there nust
be as many as main poles in machines designed for snall stray magnetic field.
This is the usual construction for nmachi nes of any appreciable size. Wien this
condition is satisfied, the interposes will produce a stray magnetic field of
essentially the sanme pattern as the main field poles. These, as we have seen
before , should produce only a small stray magnetic field if the proper nunmber of
field poles is used. The same will be true of the interposes if there are as many
of themas there are main field poles.

Sonme small machines are built with only half as nany interpoles as main poles.

This gives an unsymmetrical arrangenent of interposes as conpared to main poles,
and the stray magnetic field will be larger than for an equal number of interposes
and main poles. Machines that do not have as many interposes as nain poles should
not be used on mnesweepers, no natter what the size of the machine may be. The
only exception would be very snall nachines that have no interpoles at all

7.4.3 Very bad arrangement of connections. Figure 101 shows an extrenely
bad arrangement of connections to the interpoles. The whole armature current
encloses a large loop around the shaft. The armature current is large for
m nesweepi ng generators and |arge dc generators and notors used for ship
propul sion, and the stray magnetic field produced by such a | oop can be enornous.

During Wrld Var Il, a stray magnetic field of more than 4 nicrotesla was measured
18.6 neters (61 feet) below the waterline. Such a stray magnetic field is far too
large for mnesweepers or other vessels. |Interpole connections such as shown on

figure 101 shoul d never be used on machines for shipboard use.

7.4.4 Bad arrangement of connections. Figure 102 shows an arrangenent of
connections that do not nake a conplete turn around the shaft, but that are stil
bad, though not as bad as those on figure 101. The trouble with this arrangenent
is that the outgoing and return conductors are not close together, but far apart.
They encl ose a | oop of considerable area between them which will inevitably give
rise to an objectionable stray nagnetic field.

7.4.5 Satisfactory arrangenent of connections. Figure 103 shows a satisfac-
tory arrangenent of interpole connections. Connections nust be at the sane end of
the machine and as close together as possible, not separated as shown in the
drawing for the sake of clarity. Note also that with connections arranged this
way, the current loops they formare in pairs with the two loops in a pair of the
same nmagnitude but opposite polarity. The net magnetic nonent for the loops will
thus be zero

7 5 Compersatinc or n - £ wipdi
7.5.1 Ceneral

7.5.1.1 Use. Conpensating w ndings are used on |arge dc notors and
generators, including many of the present day m nesweeping generators, to
conpensate armature reaction and inprove machine performance. A conpensating
winding is used on many notors and generators in which a snall stray magnetic
field is of no consequence whatsoever; hence, it is not a feature that is added to
conpensate or cancel other magnetic fields in order to arrive at a small stray
magnetic field fromthe nachine.
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7.5.1.2 Description. A conpensating w nding consists of the follow ng

(a) Conductors enbedded in slots in the faces of the nain field poles,
the slots being parallel to the axis of the machine.
(b) End connectors to conduct the current to and from the pole-face

conductors .  The end connectors give rise to turns around the
shaft and large stray magnetic fields unless they are properly
arranged

7.5.2 Schematic representation

7.5.2.1 Scheme used. On figures 104 to 106, which show different
conpensating w ndings, it is supposed that we are |ooking straight into one end of
the machine and that the outer end is nmade smaller in diameter. The conpensating
conductors, which are axial in the nmachine, wll then show up as radial lines on
the figures. The end conductors are represented by arcs of circles. On the
figures, the end connectors at one end of the nachine are shown inside; those at
the other end of the machine are shown outside the conpensating conductors.
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NOTE:  The conpensating circuit is shown conpletely closed on itself.
It istied to the rest of the armature circuit by cutting one of
t he connections between poles and connecting to the brush
collector rings and termnals at points indicated on figures 99
and 100.

Fl GURE 104. Conpensating winding for a six-pole nachine
with four shots per pole face.
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Single series circuit conpensating w nding for

FI GURE 105.

an eight-pole machine with three slots per

pol e face.
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NOTE: The two parallel parts of the conpensating circuit are show
conpletely closed on itself. It istied to the rest of the
armature circuit by cutting one of the connections between poles
for each of the parallel parts and connecting to the brush
collector rings and terminals at points indicated on figures 99
and 100.

FI GURE 106. Parallel circuit conpensating winding for an
ei ght-pole machine with three slots per pole

face.

172



Downloaded from http://www.everyspec.com

M L- HDBK- 802 (SH)
2 July 1990

7.5.2.2 Connections to rest of circuit. For the sake of sinplicity, figures
104 to 106 show the conpensating winding as a circuit closed on itself and do not
show the connection to the leads that bring current to and take it fromthe
winding. W can visualize this connection by supposing that a cut is made in one
of the end connectors and that the ends of the connectors on the two sides of the

cut are connected to the rest of the armature circuit at the points marked
" CONNECTI ON' TO COMMUTATI NG poe AND COVPENSATI NG W NDING' OR figures 89 and 90

7.5.2.3 Interpoles. The interpoles, which are connected in series with the
conpensating wnding, are also not shown for the sake of sinplicity. W can
visual ize the connection to the interpoles as follows: Mke a cut through one of
the end connectors of the conpensating wi nding where it passes close to an
interpole, and connect the ends of the connector on the two sides of the cut to
the interpole coil.

7.5.2.4 Separation. It is to be specifically noted that the end connectors
of the conpensating winding are shown quite widely separated for the sake of
clarity in the diagrans. In the actual machine they should be arranged as cl ose
t oget her as possible.

7.5.3 Even nunber of slots per pole face.

7.5.3.1 Tabulation of angles. Figure 104 shows a schematic diagram of a
conpensating winding for a six pole machine with four slots per pole face, [f the
winding is traced through starting fromany point and returning to the sanme point,
it will be seen that the winding is a single series circuit and that the sane
current flows in each of the pole-face conductors and end connectors. Table XV
lists each end connector and gives the angle through which currents flowin it,
either in a clockw se or counterclockwi se direction

TABLE Xl V. End connectors and current angles for
six pole machine

Inner connectors

Clockwise Counterclockwise
1. A+ B 3. A+ B

2. A+ 3B 4., A+ 5B

5. A+ B 7. A+ B

€. . 4+ °Zf €. A : SB

9. A+ B 11. A+ B

10. A + 5B 12. A + 3B
Total 6A + 16B Total 6A + 16B

Net angle = O
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TABLE XIV. End connectors and current angles for

six _pole machine - Continued.

Outer connectors

Clockwise Countercleckwise
3. A+ 2B 1. A+ 2B

4, A 2. A
7. A+ 2B 5. A+ 2B

8. A 6. A
11. A + 2B 9. A + 2B

12. A 10. &
Total 6A + 6B Total 6A + 6B

Net angle = O
7.5.3.2 Balance at both ends. I nspection of table XIV shows that the sum of

the clockwi se angles is equal to the sumof the counterclockw se angles, both for
the inner connections, which represent the end connectors at one end of the

machi ne, and the outer connectors, which represent the end connectors at the other
end of the machine. There are, therefore, zero net turns around the shaft at each
end of the machine. It is to be expected, therefore, that the stray magnetic
field caused by the conpensating winding will be small, provided that the end
connectors at each end of the machine are as close together as possible. This
expectation has been verified by tests on a nachine that has a conpensating

wi ndi ng of this kind and gives a small stray magnetic field. It is vitally
i nportant that the clockwi se and counterclockw se angl es bal ance at each end of
t he machi ne. It is not enough to have a clockwi se angle at one end of the nachine

bal anced b) an equal counterclockwi se angle at the other end of the machine. The
cancel l ation of magnetic field caused by this conbination is not good enough to be
satisfactory. This will be discussed in nore detail in 7.5,4,2. The conpensating
wi nding of figure 116 satisfies the condition of balance at each end individually.
Alittle consideration will show that a single series circuit conpensating w nding
can always be laid out to satisfy this condition when the nunber of slots per

pol e-face is even.

7.5.4 Odd nunber of slots per pole face

7.5.4.1 Tabul ation of angles. Figure 105 shows a pole-face winding for an
ei ght-pole generator with three slots per pole face. The cl ockw se and
countercl ockwi se angles are given in table XV for both the inner and outer
connectors .
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TABLE XV. End connectors and current angles for
eight pole machines.

Inner connectors

Clockwise Counterclockwise

1. A+ B 3. A+ 3B
2. A+ 2B 6. A + 3B
4. A+ B 9. A+ 3B
5. A+ 4B 12. A+ B
7. A+ B
8. A+ 4B
10. A+ B
11. A + 4B

Total 8A + 18B Total 4A + 10B

Net angle = 4A + 8B clockwise

Outer connectors

Clockwise Counterclockwise
3. A 1. A+ 2B
6. A 2. A
9. A 4, A + 2B
12. A 5. A
7. A+ 2B
8. A
10. A + 2B
11. A
Total 4A Total B8A + 8B

Net angle = 4A + 8B counterclockwise

7.5.4.2 Unbal anced at each end. The conpensating wi nding of figure 105
gives a clockw se angle of 4A + 8B at one end of the machine and a counter-
cl ockw se angle of 4A + 8B at the other end. An angle of 4A + 8B is half a turn,
so that at each end of the nachine we have full armature current flow ng through
half a turn. This is equivalent, so far as stray magnetic field is concerned, to
a full turn with half current. W have in effect, therefore, at one end of the
machine a full turn with half current and at the other end a full turn with half
current in the reverse direction. The magnetic fields produced by these turns are
in opposition and will cancel to a certain extent. The turns are too far apart,
however, for the cancellation to be good enough. This has been verified by tests
on a machine with a conpensating w nding of this kind.
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7.5.4.3 Series circuit winding in odd nunber of slots. It may be possible
to lay out a single series circuit conpensating winding in such a way that the
cl ockwi se and countercl ockwi se angles will balance at each end, as was the case
for the winding discussed in 7.5.3 for a machine with an even nunber of slots per
pole face. Unfortunately, however, we do not yet know how to lay out such a
winding and, noreover, it seens probable that this cannot be done. Consequent |y
in all cases where a snmall stray magnetic field is an inportant consideration, a
singl e conpensating w nding nust not be used if the nunber of slots per pole is
odd,

7.5.5 Wnding for an odd nunber of slots per pole face,

7.5.5.1 Conditions for use. |f possible, minesweeping generators should be
desi gned with conpensating windings in an even nunber of slots per pole face. If,
however, the characteristics of the machine are such as to nake an odd nunber of
slots either indispensable or highly desirable, they can be used provided the
nunber of poles is an integral nultiple of four

7.5.5.2 Exanple for an eight-pole nmachine. An exanple of a suitable
conpensating winding for an eight-pole machine with three slots per pole face is
shown on figure 106. There are two conductors per slot instead of only one (or
several conductors in parallel) as in the wi ndings discussed previously. The
conpensating winding has two parallel circuits, each of which carries only one-
half the armature current. One parallel circuit is to the right of the vertica
center line; the other is to the left. Connections to the leads that bring
current to and take it fromthe parallel circuits are not shown but can be made on
the vertical centerline where the two halves are cl ose together. I nspection of
the figure and preparation of tables simlar to tables XIV and XV will show that
each half of the winding is balanced on itself at each end of the nachine.
Cancel I ation of magnetic fields is not dependent upon equality of current division
bet ween the halves and the stray magnetic field should be small. No machines with
conpensating windings like this have yet been tested for stray magnetic fields but
the results should be good. This assunes, however, that the end connectors are
arranged as cl ose together as possible (see 7.5.6)

7.5.5.3 Extension to other cases. A though the winding shown on figure 106
is for the specific case of an eight-pole nachine with three slots per pole face,
further consideration will show that the basic schene can be used for any
generator with eight poles and any odd number of slots per pole face. It can also
be used for any odd nunber of slots and any nunber of poles that is an integra
mul tiple of four If the nunber of poles is not an integral multiple of four, six
poles for exanple, then each half of the conpensating winding will not be
conpletely balanced on itself. For this reason, the basic scheme of the w nding
shown on figure 106 should not be used except for generators with four (too few
for mnesweeping generators), eight, twelve, or sixteen poles.

7.5.6 Loops in transverse Planes. The end connectors at each end of the
machine will formloops in a plane perpendicular to the axis of the machine,
These | oops shoul d be kept small by keeping the end connectors cl ose together
Furthernmore , these |oops should have positive and negative magnetic noments so
that the sumof the magnetic nmoments at each end of the machine is zero
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7.5.7 Summary on _conpensating windings .

(a) The preferable arrangenent is to have conpensating windings in an
even nunber of slots per pole face. A single series conpensating
wi nding that carries full armature current can be used in this
case .

(b) If an odd nunber of slots nmust be used. this can be done provided
the nunber of poles is an integral nultiple of four. Two parallel
wi ndings are used in this case, each carrying half armature
current

(c) The combination of an odd nunber of slots per pole face and a
nunber of poles that is not an integral multiple of four should
not be used in mnesweeping generators.

(d) End connections should be so arranged that the current l[oops in the
pl anes of the end connectors at the two ends of the machine sum up
to zero net nagnetic nonment at each end

8. ARRANGEMENT OF STORAGE BATTERIES FOR LOW STRAY MAGNETI C FI ELDS

8.1 Battery arrangenents. In this section we consider the arrangenment of
storage batteries and the design considerations that will reduce the stray
magnetic field produced by the current through che batteries and their associated
connecti ons.

8.1.1 Batteries on mnesweepers. The design consideration for batteries on
m nesweepers will be as specified in 8.1.1.1 through 8.1.1.6.

8.1.1.1 Use of storage batteries. W use storage batteries on m nesweepers
to supply power for a nunber of purposes, such as starting small engines. It
woul d be preferable to have all engines on mnesweepers started nonelectrically
because this would elimnate all stray magnetic field problens caused by electric
starting. Pending the trial and approval of suitable nonelectrical starting
met hods, however, electric starting will be used for at |east some of the engines
on m nesweepers. Even when electric starting of engines on m nesweepers is
elimnated, we will still use storage batteries for other purposes.

8.1.1.2 Types of battery trays. The three-cell, 6-volt battery tray
arrangenents covered by this section will be of the follow ng types:

(a) Type I - \Wen you | ook down on the top of the tray, with the cells
oriented in the vertical direction, and the top cell termnals
negative-positive fromleft to right, nake the external negative
battery connection at the top of the tray and the externa
positive battery connection at the bottom of the tray (see figure
107).

(b) Type I1- VWen you | ook down on the top of the tray, with the cells
oriented in the vertical direction, and the top cell termnals
negative-positive fromleft to right, nmake the external positive
battery connection at the top of the tray and the externa
negative battery connection at the bottom of the tray <see figure
107).
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W can convert a type | tray to a type |1, or vice versa by shifting intercel
connectors .

8.1.1.3 Design considerations., Ve wll incorporate the follow ng design
considerations in battery circuits in a manner that will create a nininum stray
magnetic field:

(a) Battery circuit arrangenents will be acconplished in as sinple a
manner as possi bl e.

(b) Magnetic moments of equal and opposite current |oops or dipoles
created by the battery circuit will be as snmall as possible. The
di stance between these current |oops or dipoles will be as snall
as possible.

(c) The resultant or net magnetic nonent of all current |oops or
dipoles will be as close to zero as possible.

8.1.1.3.1 Wilization of series and parallel conpensation in the arrangenent

of battery circuit. W wll use series conpensation (see figure 44) in the
arrangement of the battery circuit in order to achieve a mninmum net mgnetic
moment.  Parallel conpensation (see figure 44) will be used in the battery circuit
in order to achieve a mninum net nmagnetic nmoment only when precautions have been
taken to mnimze the effects of unequal current division

8.1.1.3.2 Positioning of battery connecting bus bars. Except for crossover
points, the centerlines of the bus bars connected to the battery will be in the
sanme horizontal plane as the centerlines of the intercell connectors. At Cross-
over points, the bus bar or cables will depart fromthis plane only as much as is
needed, to provide room for insulation clearance

®- -
] INTERCELL CONNECTOR
&- <0

TYPE I BATTERY TRAY ARRANGEMENT

OTE: A type I trav car.

tray, or vice versa,
by shifting intercell
connectors.

Fl GURE 107. Type | and type Il battery tray arrangenents for
three-cell. 6-volt battery trays.
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- +0

®- +

TYPE |11 BATTERY TRAY ARRANGEMENT

FI GURE 107
three-cell. 6-volt battery trays - Continued

8.1.1.4 Battery tray arrangenent. W can formthe battery tray arrangenments
considered in 8.1.1.4.1 through 8.1.1.4.4 by connecting in series an even nunber
of battery trays, each of which contains three storage battery cells. For mini mum
stray nmagnetic field, we nust use an even nunber of trays

8.1.1.4.1 Two-tray arrangenent. The two-tray arrangenent shown on figure
108 is conpletely closed on itself to isolate the current path in the battery from
that in the circuit. W have eight current loops in a basic two-tray arrangenent.
Figure 108 shows the two horizontal current loops, A and B. Since they have equal
areas , carry the same current, and are in series the battery arrangenment will have
a small stray magnetic field

~———  BUS BARS
SANANANNNNY ///5/% CONNECTION POINT TO
\‘ f EXTERNAL CABLES AND

AL R AAIIVE

BATTERY CIRCUIT

A = AREA B l\\\\\\\\\g 3 A
FNAN 77757774 | INTERCELL CORNECTOR

FI GURE 108. Two-tray arrangenent.

8.1.1.4.1.1 Current loops. Figure 109 is an isonetric view show ng the
current path in the cells, intercell connectors, and bus bars. The current
entering a cell at one terminal does not pass directly in a straight line to the
other termnals Instead it ducks down fromthe termnal to the plates connected
to the termnals, passes through the electrolyte to the plates opposite polarity,
and then up to the other term nal In its passage through the cell, the current
is no longer confined to a relatively small metallic conductor but swells out to
become a distributed current filling the cell. Nonetheless, the magnetic effects
of this distributed current will be nearly the sanme, at distant points, as if the
current were concentrated in a small conductor that extends down about half way
into the cell from one ternminal, crosses the cell horizontally, and then rises
vertically to the other terminal. These hypothetical small conductors inside the
cells are shown by the lines below the plus and minus ternmnals indicated on
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figure 109. The current |oops that give the same current distribution are shown
on figure 110. W have two loops in a horizontal plane, A and B, that are also
shown on figure 110 and six vertical loops Cto H  The vertical loops are in
opposing pairs, Cand F, Dand G and E and H, so that the net magnetic noment for
the vertical loops is zero, just as it is for the two horizontal |oops. The
vertical loops, as well as the horizontal, nust be taken into account in designing
battery arrangements for small stray magnetic field, and nust be arranged so that
their net magnetic noment is zero.

FI GURE 1009. | sometric view showing current path.

FI GURE 110. Battery current loops for two-trays.

8.1.1.4.2 Four-tray arrangenents, A typical four-tray arrangenent is shown
on figure 111. In this arrangement we have three horizontal current |oops. Area
A plus area C nust equal area B to create a mninumstray magnetic field.  Four -
trays may be arranged in series, rows or double stacked. Four-tray arrangenents,
except double stacked, nust be in accordance with 8.1.1,3.2.
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AREA A+ &7/ 7* 'f\\\ \\\\
AREA B=
AREA C P/AIA 15\1 \E B/Bd!
| 222 NS IRINSSN R 22
FI GURE 111. Four-trav arrangenent.
8.1.1.4.3 Six-tray arrangenent. A typical six-tray arrangement is shown on
figure 112. In this arrangenent we have four horizontal current |oops. In order

to satisfy the conditions of a mninumstray magnetic field:

(a) The area A nust equal

(b) The area B nust equal

(c) The area of B or C nust
or D.

the area D.
the area C
equal the area of two times the area of A

Si x-tray arrangenments nust be in accordance with 8.1.1.3.2.

BUS BARS

CONNECTION POINT
EXTERNAL CABLES AND

BATTrEAY ATOMAIITY
DAILILKRT LIKLULI

1!

N S N NN T N
‘///////ﬁ 3\\\\\\\\. ‘\\\\\\\\E a////////“‘;.////////g g\\\\\\\“
Uy NHA I N
2221\ I N7 8 777/ ‘\\\\\\\
[/// // NN N 7241V NN

AN WINNNWZZ M AN

AREA A = AREA D AND AREA B = AREAC = 2 X AREAA = 2 X AREA D

FI GURE 112. Six-tray arrangement.

8.1.1.4.4 Qther tray arrangenents .
accordance with 8.1.1.3 through 8.1.1.3.2.

Gt her tray arrangenments mnust be in

8.1.1.5 Estimating magnetic fields. W will estimate the stray nagnetic
fields caused by arrangenents of two, four and six trays by evaluating the basic
unit (see figure 113). The dinensions we will use are approximtely the
di nensi ons of the standard Navy 6-volt battery that mght be used as storage
batteries on mnesweepers. The arrangenents for two, four and six trays (see
figures 108, 111, and 112) are constructed fromthe basic unit and its mrror
image inline CC . The determnation of the magnetic field will be in accordance
with 8.1.1 5.1 through 8.1.1 .5.3 .4. D mensions are in mllimeters
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Fl GURE 113. Basic battery unit.

8.1.1.5.1 Horizontal loops. W can nmodel the horizontal |oop of figure 108
with a vertical dipole |ocated at the center of gravity of the loop. The dipole
morment will be determined as foll ows:

(a) Find the areas in square nmillineters of the four areas shown on
figure 113 and the total area.

(b) Determine the distance fromthe center of gravity of each area co
the line CC (noment arn.

(c) Determine the static noment about line CC for each of the four
areas and determine the total static noment where the static
nmonent is equal to the area nultiplied by the moment arm

(d) Find the distance to the center of gravity for the dipole using the
total static nmonent and total area.

For a current of 1000 A, the magnetic noment will be 44.6 Am? and the dipole will
be located 91.7 mmto the left of line CC.
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8.1.1.5.2 Vertical loops. W wll nodel the vertical loops (C, D and E) of
figure 110 by horizontal dipoles. The dipoles for each | oop associated with the
basic unit of 8.1.1.5 will be determned in accordance with 8.1.1.5.1. The
arbitrary dinensions of each vertical loop will be 110 mm x 200 nm For a current
of 1000 A, the magnetic nonent of each loop will be 22.0 Am? and the dipole will
be located 100 mm bel ow the plane of |oop A

8.1.1.5.3 Muxinum vertical conponent. If we want to find an exact value for
the maxi num vertical component of the nagnetic field at a point approxinately 6
meters below the plane of the basic unit it would require considerable work.
However, we can estimate by dividing the number of loops in the tray arrangenent
into three groups.

8.1.1.5.3.1 TIwo-tray arrangement. W have eight |oops under consideration
inatwo-tray arrangenent. The three groups will be in accordance wth
8.1.1.5.3.1.1 through 8.1.1.5.3.1.3.

8.1.1.5.3.1.1 Goup one. CQur first group will consist of |oops A and B (see
figure 110). These two |oops are equivalent to the vertical dipoles of 4.3.3.4
with M44.6 am?, a = 91.7 mm and Z = 6 neters. The naxi mum val ue of the
vertical conponent using the formula in 4.3.3.4 will be 1.732 nanoteslas (nT).

8.1.1.5.3.1.2 Goup tw. Cur second group will consist of loops C and F
(see figure 110). These two | oops, when rotated through 90 degrees about a
vertical axis, are equivalent to the horizontal dipoles (see 4.3.3.3) with
M= 22.0 Am®, b = 100 nmand z = 5.9 neters, The maxi num val ue of the vertical
conponent using the formula in 4.3.3.2 will be 0,335 nT.

8.1.1.5.3.1.3 Goup three. CQur third group will consist of loops D, E, G
and H (see figure 110). These four |oops, when rotated through 90 degrees about a
vertical axis, are equivalent to the horizontal dipoles of 4.3.3.10 with M= 22.0
Am?, a - 62.5 m™m b - 100 mnm and z = 5.9 neters. The maxi num val ue of the
vertical conponent using the formula in 4,3 3,10 will be O 027 nT.

8.1.1.5.3.1.4 Limts on the maxinmum field. After we determ ne the maxi mum
fields the next problemis to set limts on the field produced by the three groups
acting together. The maxi num val ue woul d be the sumof the three maxima, 1.732 +
0.335 + 0.027 = 2.095 nT.  The m nimum val ue would be the largest maxinm mnus the
other two. The |argest maxi ma would be from group one, which produced 1.732 nT.
The m ni num val ue would be 1.732 - 0.335 - 0.027 = 1.370 nT.  The mi ni mum woul d
occur if the maximum values all occurred at the same point on the plane 6 meters
below, and if the maximum for the first group was of one sign and the maxi ma for
the other two groups were of the opposite sign. The precise value of the nmaxinum
vertical conponent that will be produced by the eight |oops is not known, but will
be bracketed between 1.370 nT and 2.095 nT.

8.1.1.5.3.2 Four-tray arrangenents . Wth four trays we have four horizontal
| oops and twelve vertical |oops, four in each of the three parallel vertical
pl anes, which will be designated plane 1, plane 2, and plane 3. W will divide
the sixteen |oops into three groups in accordance with 8. 1. 1. 5. 3 .2. 1 through
8.1.1.5.3.2. 3.
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8. 1.1.5. 3 .2.1 Goup one. CQur first group will consist of the four
hori zontal |oops (see figure 114). These are equivalent to the four vertical
dipoles (see 4 3.3.13) with M= 44.6 Am?, *1 =~ 291.7 nm a, - 108.3 nm and
z - 6 neters. The maxi mum val ue of vertical conponent is 0.505 nT.

FI GURE 114. Battery current loops for four-trays.

8.1.1.5.3.2.2 Goup two. CQur second group will consist of the four vertical
loops in plane 1 (see figure 114). These four |oops, when rotated through 90
degrees about a vertical axis, are equivalent to the horizontal dipoles (see
4.3.3.7) with M 22.0 Am?, b, - 300 nm b, = 100 nm and z = 5.9 neters. The
mexi num val ue of vertical conponent is 0.088 nT.

8.1.1.5.3.2.3 Goup three. Qur third group will consist of the eight
vertical loops in plane 2 and 3 (see figure 114). The formula for this array nust
be derived by using the nethods given in appendix A W have not shown the
derivation of the fornula due to its conplexity; however, we know t he maxi mum
val ue of the vertical conponent given by the fornula is OnT to the degree of

approxi mati on used here.

8.1.1.5 3.2.4 Linits on the maxinum field. Tile maxi mum magnetic field
produced by the three groups acting together would be the sum of the three naxina.
0.505 nT+ G 088 nT + O nT = 0.593 nT. The mninum -k’slut would be 0.505 nT -
0.088 nT - 0 nT = 0.417 nT.
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8.1.1.5.3.3 Six-tray arrangement. Wth six trays we have six horizontal
| oops and ei ghteen vertical loops, six in each of three parallel vertical planes.
W will divide the twenty four loops into three groups in accordance with

8.1.1.5.3,3.1 through 8.1.1.5.3.3. 3.

8.1.1.5.3.3.1 Goup one. Qur first group will consist of six horizontal
| oops. These are equivalent to six Vertical dipoles.

8.1.1.5.3.3.2 Goup two our second group will consist of six vertica
| oops in one vertical plane

8.1.1.5.3.3.3 Goup three. Qur third group will consist of the renaining
twelve loops in the remaining two vertical planes.

8.1.1.5.3.3.4 Limts on the maxinum fields. The field for each group nust
be determ ned by deriving an equation using the nmethods given in appendix A The
l[imts on the field can be determ ned as denonstrated in 8.1 1.5.3.1 and
8.1.1.5.3. 2.

8.1.1.5.3.4 Inportance of equivalent loop areas. W will deternmne the
maxi mum field values given in 8.1.1.5.3,1.4, 8.1.1.5.3.2.4 and 8.1.1.5.3.3.4 on
the assunption that all horizontal |oops are of exactly equal area and that al
vertical loops are also of exactly equal area. Suppose the areas of the four
hori zontal loops in a four-tray arrangenent are 44,600 square neters (m?), 44,600
m?, 44,600 q 2, and 60,000 q 2. The magnetic field produced by these will be the
sane as that produced by a group of four |oops of 44,600 m?* each plus a single
| oop of 15,400 m*. The magnetic field for a group of four |oops (see
8.1.1.5.3.2.1) is 0.505 nT. The single horizontal |oop of 15,400 m? will, for a
current of 1000 A, produce a field of alnost twenty times the magnetic field of
four loops of equal area. This illustrates the need for keeping | oop area equal
Also, it is better to use bus bars rather than cable for connecting the trays
t oget her because bus bars can be bent into shape with more precision and are nore
likely to stay in shape.

8.1.1.6 External battery circuit connections, W will nmake external battery
circuit connections in order to mnimze the creation of stray magnetic fields.
External battery circuit cable connections to the bus bar intercell connectors
will be nmade at the bus bar termnation points showm on figures 108, 111 and 112
i n accordance with the nethod shown on figure 115.

8.1.2 Batteries in submarines. The design criteria for batteries in
submarines will be in accordance with 8.1.2.1 through 8.1.2.5.
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1 and 2. Bus Bars

3 and 4. Diagonally opposite conductors in 4-conductor cable. (One to-
be connected above and one bel ow bus bar 1 at points
equidistant from the center line of bus bar 2.

5 and 6. Diagonally opposite conductors in 4-conductor cable. One to
pass above and one bel ow bus bar 1 and be connected to upper
and | ower side of bus bar 2.

7. Cable Lugs

FI GURE 115. Connections to the battery.

8.1.2.1 Batteries. The storage batteries used in submarines to supply power
for underwater propul sion have nore than 100 cells connected in series. The cells
are large, roughly one-half neter square and a meter or nmore high. Battery
currents are thousands of amperes. Because of the large size of the individual
cells and the large currents that are possible, a subnmarine storage battery can
give rise to large stray magnetic fields unless the batteries are arranged to
mnimze this effect.

8.1.2.2 (hjectives of submarine battery arrangenent. W have different
objectives for the arrangement of batteries in subnarines. In mnesweepers we
must have as small a stray magnetic field as possible at alnost any cost. In
submarines we nmust have sinple arrangenents that will give a small magnetic field,
hut not necessarily as snall as could be obtained by nore conplicated arrange-
ments. M nesweepers have relatively snall batteries that we nust arrange to have
as small a mgnetic field as possible. Submarines, however, have steel hulls and
degaussed magnetic fields that are large conpared to the degaussed magnetic fields
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of wood hull ninesweepers. It is sufficient to make sure that the stray magnetic
field for submarines storage batteries is snall conpared to the degaussed field of
the submarines. Therefore, it is unnecessary to arrange batteries in submarines
so that their stray magnetic field is as small as that from batteries in

m nesweepers

8.1.2.3 Eval uation of submarine battery arrangenent. W will describe and
evaluate the small stray magnetic field of submarine batteries in 8.1.2.3.1
through 8.1.2.3 10.6,

8.1.2.3.1 Eight cell batteries. W wll use a battery with eight cells
arranged in tw rows of four cells each for the exanple arrangenent. The sinplest
way of connecting these in series is shown in the plan view of figure 116. The
battery is shown short-circuited on itself in order to confine our attention to
the current loops in the battery itself. In any actual installation, connection
to the external circuit would be nade at one end of the battery.
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FI GURE 116. Plan view of series connection.

8.1.2.3.2 Current path. The current in the battery will be distributed over
the cross section of the cells, but to a first approximtion it can be considered
as a concentrated current in a conductor along the center of a row.  This gives
the current path shown on figure 117. The two rows of cells give a single,
horizontal current loop that will have a substantial stray nagnetic field

FI GURE 117. Current path in battery.

8.1.2.3.3 Reduction of stray magnetic field W can substantially reduce
the stray magnetic field by putting in two crossovers (see figure 118), one
betweem the first and second cells in a row and the other between the third and
fourth. This will break the single current loop (see figure 117) into three
current loops (see figure 118). The end loops, 1 and 3, each have half the area
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of the center loop 2 and both have a magnetic polarity opposite that of the center
loop. The net magnetic nonent is thus equal to zero.

1 2 3

Fl GURE 118. Current path for reduction of stray nagnetic field

8.1.2.3.4 Conparative values of magnetic field. Suppose each cell is 0.5
square neter and that the current is 3000 A In this case, the single loop (see
figure 117) woul d have a nmagnetic nmoment of 3000 am® for a current of 3000 A |f
we consider figure 118, it is desirable to view loop 2 as being two equal |oops of
the same length and the same polarity: therefore, the circuit can be nodel ed as
four loops with equivalent dipoles (see 4.3.3.12). The area of each loop will be
0.250% if the small changes in area caused by the crossovers are neglected and the
magnetic moment of each will be 750 am? for 3000 A  For these conditions, the
mexi mum vertical conponent of magnetic field on a plane 15 neters bel ow the | oop
wll be

Single current |oop 177.78nT
Three current | oops 0.59nT

8.1.2.3.5 Vertical current loops. Just as in the case of the batteries used
in mnesweepers, the current in submarine storage batteries does not pass directly
fromone termnal of a cell to the other, rather, it enters at one termnal, ducks
down in the plates, passes through the electrolyte to the plates of opposite
polarity, and then rises to the other ternminal. The current path will thus be
somewhat as shown on figure 119  The equival ent current |oops are shown on figure
120.  There are three current loops, 1 to 3, in the horizontal plane plus eight
current loops, 4 to 11, in two vertical planes. W have already considered the
horizontal loops. Reference to figure 120 shows that |oops 4 and 7 are of one
polarity, 5 and 6 of the opposite. These four |oops are thus in opposition and
should give only a small stray magnetic field, The same is true of loops 8 to 11.
Furthernore, loops 4 to 7 are in opposition to loops 8 to 11; hence, the resultant
stray magnetic field fromthe eight vertical |oops should be quite snall

FI GURE 119. |sometric view of current path in a battery of
ei ght submarine type cells.
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8.1.2.3.6 Rows on different |evels, In a submarine, the outboard rows of

cells are higher than the inboard rows to conformto the shape of the subnmarine.

Al ong the longitudinal centerline we may have two or nore rows of adjacent cells
on the sane |evel. Farther out, adjacent rows of cells will be at different
levels. Refer to figure 120 and suppose that the left-hand row of cells is raised
bodily upward. Current loops 1 to 3 will be tilted out of the horizontal plane
into an inclined plane, but their relative areas will remain unchanged and their
magnetic fields will still be opposed. The vertical loops will remain vertical,
and their magnetic fields will also be opposed. Thus the basic schene used will
give a snall stray magnetic field regardl ess of whether the two rows of cells are
on the sane level or on different |evels.

8.1.2.3.7 Preferred arrangenent. If no restrictions were placed upon our
choice, the preferred arrangement for submarine storage batteries would have 8

rows of cells on the same level, with 4N cells in each row, where Nis an integral
number, The rows would be grouped in four pairs of two adjacent rows, with cross-
overs placed so that each pair of rows would give three current |loops that are N
2N-N cells long. W would have a total of twelve current loops with polarities as
shown on figure 121. The connections fromrow to row (not shown on figure 121)
can be nade all at one end of the battery, or partly at one end and partly at the
other, in such a way as to give the horizontal |oops the polarities shown on
figure 121. The end connections should be as close together as possible to
mnimze the size of the current |loops that they form

N eN N
ovsive[ T X - X ]
vsana[ = X% X =]
rovss e[ = X v X -]
rovs 7 e s T X = X_* ]

FI GURE 121. Schematic representation of Preferred arrangenent
for subnmrine storage battery.
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8.1.2.3.8 Cancellation of magnetic field. The preferred arrangenent
i nherently cancels the magnetic fields at four different levels as foll ows:

(a) Dipole level, Divide the nmddle |oop of three horizontal |oops
formed by current flowin one pair of adjacent rows into two | oops
to give a total of four loops of equal magnitude. Mdel each of
these loops with its equivalent dipole, which is pernissible as a
first approximation provided the I oops are not too |long, and the
arrangenent devel ops magnetic nonments of the foll ow ng signs:

Rows 1 and 2 + - -+

The two dipoles on the left and the two dipoles on the right are
equal and opposite; therefore, the arrangement cancels the
magnetic field at the dipole |evel

(b) Row level. Wth two pairs of opposing dipoles in a pair of rows,
we have opposing magnetic fields, and the arrangenent cancels the
magnetic field at the row | evel

(c) Two pairs of rows level. If we consider two pairs of rows, the
configuration of their dipoles will be two sets of four dipoles
eac , each set balanced in itself and two sets in opposition so
that the magnetic field is cancelled at the two pairs of rows
| eve ,

Rows 1 and 2 + - - +
Rows 3 and 4 -+ 4+ -

Note that this cancellation should be particularly effective
because the two rows of dipoles are quite close together

(d) OQverall level. If we consider all the rows of the arrangenent, the
first two pairs of rows forma bal anced set of eight dipoles and
the last two pairs of rows do the same. These two sets will
oppose and, therefore, the magnetic field is cancelled at the

overall level.
Rows 1 and 2 + - - 4+
Rows 3 and 4 -+ 4+ -
Rows S5 and 6 - 4+ 4+ -
Rows 7 and 8 + - - +

(e) Vertical loops Sinmilar cancellations will apply for the vertical
| oops shown on figure 120

8.1.2.3.9 Advantages. The advantages of the preferred arrangenent are its
relative sinplicity and the small nmagnetic field it will give. Mre conplicated
arrangenents can be devised that will give a smaller magnetic field, but should be
unnecessary unless for special reasons a small magnetic field is extrenely
inportant. Even in such cases, a careful study should be undertaken to make sure
that the nmore conplicated arrangenent will actually give a worthwhile decrease in
magnetic field
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8.1.2.3.10 Modifications of preferred arrangenent. W cannot use the
preferred arrangenent without nodification unless the nunber of cells in the
battery is an integral multiple of 32 (eight rows with 4N cells in each row), and
there is sufficient space available to arrange a battery with eight rows all on
the sanme level. Usually one or both of these conditions will not be satisfied and
the preferred arrangenent will have to be nodified to fit the submarine

8.1.2.3.10.1 Cells on different level. To conserve space, we arrange the
battery in a subnmarine to conformto the shape of the hull. The central rows of
cells are at the lowest level, and the outer rows at progressively higher |evels.
This will not result in quite as effective cancellation of magnetic field as if
all rows were on the sanme level, but, as pointed out in 8.1.2.3.6 neither should
it result in any great increase in magnetic field.

8.1.2.3.10.2 Nunber of cells. The preferred nunber of cells is an integra
multiple of 32. Next in order of decreasing preference are integral nultiples of
16, 8 and 4. An odd nultiple of 2 is undesirable fromthe stray magnetic field
standpoint. Take 126 cells, for exanple. The current loops in the battery wll
have a total length of 63 cells. By suitably positioned crossovers, we can give a
plus polarity to current loops with a total length of 31 cells and a m nus
polarity to current loops with a total length of 32 cells. This creates a net
magneti c nonment corresponding to a current |oop one cell long. At high rates of
charge or discharge, this can give rise to a magnetic field large enough to be
undesi r abl e. For this reason, it is desirable that the total number of cells in
the battery be a multiple of 4 if not a nultiple of a higher power of 2. If the
total number of cells in the battery is 4N, the total length of current |oops wll
be 2N. This can be split by suitably placed crossovers into positive and negative
| oops that each have a total length of N cells. The net nagnetic nonent will be
zero.

8.1.2.3.10.3 Arranging the battery. Space considerations may not permt a
battery arrangenent with eight rows of equal |ength. In such cases we nust
consi der the best choice of nunber of rows, the grouping of the rows , and the
nunber of cells in a row

8.1.2.3.10.4 Nunber of rows. Qur first choice for the number of rows is a
multiple of 8, next, a nmultiple of 4; and last a nultiple of 2. An odd nunber of
rows shoul d never be used except for extrenely conpelling reasons. An odd nunber
of rows will inevitably result in a battery that is poorly arranged fromthe
standpoint of small stray nagnetic field.

8.1.2 3.10 5 gouping of .. It is preferable to have the battery
arranged in groups of 8 adjacent rows of equal |ength; next in order of

preference, groups of 4 adjacent rows of equal length. The reason for wanting to
have groups of 4 adjacent rows of equal length is that with these we can have

current |oops as foll ows:

Loops in rows 1 and 2 --------- +n,, -n
Loops in rows 3 and 5 --c------ -n;, +n,, -Nn,
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where n,, n,, and n, give the polarity and nunbers of cells in the lengths of the
current loops. Note that the net magnetic nonment is zero whatever the val ues of
n,, n,, n,. Note that the current |loops of rows 1 and 2 are quite close to the
equal and opposite loops of rows 3 and 4, so that the cancellation of magnetic
field shoul d be good. If the battery has a total of 10 rows, for exanple, we wll
have one group of two rows left over. This is by no nmeans fatal because by proper
choice of n,.n,, and n,, the three current |oops forned by current flowin the
two adjacent rows can be made quite small, but not as small as they would be if
these three current |oops were adjacent to three others that are equal and

opposi te. For this reason, battery arrangenents with a total of 6, 10, 14, or 18
rows are less desirable froma stray magnetic field standpoint than battery
arrangenments with 4, 8, 12, or 16 rows. It may be necessary to use 6, 10, 14, or
18 rows because of space considerations.

8.1.2.3.10.6 Nunber of cells in a row The preferred number is 4n where n
is any integer. In this case the crossovers would be placed to formthree | oops
n, 2n, and n cells long. Unfortunately, it is not always possible to have rows 4n
cells long; hence, rows that are 4n + 1, 4n + 2, and 4n + 3 cells long nust be
consi der ed. In such cases, the best positions of the crossovers are those that
give current |loops of the polarity and Iength (measured in nunber of cells) as
foll ows:

4n + 1 ----cm-o-n- +n, -2n, + (n+l)
4n + 2 ----------- +n, -(2n + 1), + (n+l)
4n + 3 -------o--- +(n+l), -(2n+l), + (n+l)

Note that it is undesirable if we have only two rows of cells with 4n + 1 or 4n +
3 cells in each row, then we have only three current loops and the net magnetic
monent is not equal to zero. [f, however, we have four adjacent rows of cells
with 4n + 1 cells in each row, then we have six current loops with polarities and
l engths as follows:

+n, -2n, 4+ (n+l)
-n, +2n, - (n+l)

The net magnetic monent is zero. Sinmilar considerations apply to rows 4n +3 cells
long. Wth the arrangenent suggested for rows 4n + 2 cells long, the net nagnetic
nmonent will be equal to zero whether there are only two rows of this length or
four.

8.1.2.4 Cable runs. The batteries and cables carrying large currents in
submarines nust be so arranged that they do not formcurrent |oops that enclose
steel bul kheads, nmasts, or other bodies of magnetic material (see 3.3.2.4). Cable
runs from subnmarine storage batteries, and other cable runs in submarines that
carry large currents, should be arranged as follows:

+ - + - -+
-+ + - -+ -+ o+ -

or in some equivalent fashion to nininize stray magnetic field. Twisting of the
cabl e runs should not be necessary on submarines,
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9. NOTES

9.1 Intended use. This handbook serves as a reference on the principles of
smal | stray magnetic fields methods for deternining the nagnitude of stray
magnetic fields are established and design guidelines are presented which may be
i npl enented to reduce the stray magnetic fields on Naval ships.

9.2 Subject term (key word) listing

Battery arrangenents
Cable, concentric
Cabl e spiraling
Crcuit, armature

Cl ut hes, induction
Coils, field

Col l ector rings, brush
Conductors

Di pol es

Di pol es, circular arrays of
Di poles, radia

Di poles, x, y, and z

Loops, current

Magnetic nonent

M nesweepi ng

Shi el ding, ferromagnetic
Wnding, armature

Preparing activity:
Navy - SH
(Project 1905-N015)
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APPENDI X A

METHOD OF DERI VI NG MAGNETI C FI ELD EQUATI ONS USI NG TAYLOR S SERI ES EXPANSI ON

10.  GENERAL

10.1 Scope. This appendix explains the Taylor’'s series expansion nethod for
deriving equations for two or nmore nmagnetic dipoles, Tables of partial
derivatives , which will be useful when deriving formulas for arrays of magnetic
dipoles, are also provided. This appendix is not a mandatory part of this

handbook.  The information contained herein is for reference only.
20.  APPL| CABLE DOCUMENTS
This section is not applicable to this appendix
30.  GENERAL | NFORMATI ON
30.1 Magnetic field due to one X dipole. Consi der a single X dipole |ocated

at point (a,b,c), The vertical (z) conponent of the magnetic field produced by
this dipole at point (x,y,z) is given by the follow ng expression

B,(x,y,z) = MF(x-a,y-b,z-c¢)

where:
-7 o i o

- M ampere meter

M V g 1 s
i = nagnec

ic moment of the dipole in 10
squared.
F(x-a,y-b,z-¢) = 3(x-a)(z-c)[(x-a)? + (y-b)? + (z-c)?)7%*

30.2 Calculations of magnetic field using Taylor’s series expansion. \Wen
only a single X dipole is involved, the sinplest way of conputing the vertica
conponent of the magnetic fiel at point (x,y,z) is to use the formula of 30 1.

At times, however, it is necessary to find the magnetic field produced by an array
of an even number of X dipoles grouped closely about the origin of the coordinate
system so that the distance fromthe dipoles to the origin is snmall (one-tenth or

| ess) as conpared to the radial distance to the point where it is desired to
conpute the B, conponent. In such cases it is advantageous to expand

F(x-a,y-b,z-c) in a Taylor's series. The Taylor’s series expansion for a function
of three variables is given as follows:

f{x+t,y+u,z7v) = f(n,y,2) + S f{x,y,2)) + (172,38, {f{x,y,2)]
+ . . .+ (1/n!)d,[£f(x,y,2)]
=X d,[f(x,y,2)]

n=0
n!
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where:

d, = !rté + u§ + Vé““
Lé_k Sy 6::_|
For the expression of 30.1, the Taylor's series expansion 1s-
F(x-a,y-b,z-c) = F(x,y,z) - (ap, + bp, + ¢p,)F(x,y,z)

+ (1/2)(ap, + bp, + cp,)?F(x,y.z)
- (1/6)(apy + bp, + cp,)°F(x,y,2)
+ higher order terms

Where p,, py. and p, indicate partial differentiation with respect to x, y, and

respectively. The following notation is used to denote the results of partial
differentiation:

pF - F PF = Fy Py’F - Fry
pyF = Fy PxP F = Fy pxzpy}“ = Fo
p.F - F, P F = Fy PPy’ F = Fry
Pyp.F = Fy p,°F = Fyy

pyp.F = Fy, PiP.F = Fg

p2F = F_, PP, F = Frp

p,°F - Fo

pylsz = Fyyz
pypzzF = I:)rzz
pxpysz = nyz

Tables XVI through XXI| list equations for the partial derivatives of the nmagnetic
fiel components of the X, Y, and Z dipoles. Table XVIII gives analytical
expressions for the preceding functions. Notice that the above functions are

given only up to the third partial, which represents order three. For our

purposes, the contribution of those higher order ternms will be negligible and,
consequently, they will be ignored. However, if a specific application warrants

the inclusion of other higher order ternms, we can calculate those terns by taking
the necessary partial derivatives of the third order equations.
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40.  SPECI FI C | NFORVATI ON

40.1 Taylor's series approximation of the vertical conponent of the magnetic
field due to four X dipoles. Consider an array of four X dipoles. The magnetic
nonents and coordinates of the dipoles are as foll ows:

Magnetic Coor di nat es
Dipole nmonent of dipole
1 M (0,b,c)
2 -M (0,-b,c)
3 M (0,-b,-¢)
4 -M {0,b,-c)

The vertical conmponent of the magnetic field produced by each dipole at point
(x,y,2z) will be:

B,y(x,y,z) = MF(x,y-b,z-c)

B,,(x,y,2) = -MF(x,y+b,z-c)

n P

B,a(x,y,z) = MF(x,y+b,z+c)
B, (x,y,2) = -MF(x,y-b,z+c)

Using the equation from 30.1 and the abbreviations for the partial derivatives
given in 30.2, the Taylor's series expansions are as follows:

R. = MIF - bF. - ¢F. + (1/2)b%F
b S “iy iz N&/ &) -

+ beF.. + (1/2)c?F.. - (1/6)b°F_.
h a4 yz N

N=7 = z 4 Yy

- (1/2)b%cF,,, - (1/2)bc?F,,, - (1/6)c’F,,, + higher order terms]

B,, = -M[F + bF, - cF, + (1/2)b*F,, - bcF

Yz

+ (1/2)c?F,, + (1/6)b°Fy,

2

7" NN L 3
- (1/2)b

2

™ N 79 Lo TN
cF + {(1/2)bc

il 7Y 1N o
r - (1/9,C

F + hig
Trzz 13

B,y - M[F + bF, + cF, + (1/2)b%F,, + beF,, + (1/2)c?F,, + (1/6)b’F,,

+ (1/2)b%cF,, + (1/2)bc?F,,, + (1/6)c’F,,, + higher order terms]

2z

By, ~ -M[F - bE, + cF, + (1/2)b%F,, - bel,, + (1/2)c’Fy, - (1/6)b
+ (1/2)b%cF,,, - (1/2)bc?F,,, + (1/6)c°F,,, + higher order terms]

Summing these values, the total magnetic field measured at point (x,y,z) is:

B, = B;; + By, + B,3 + B,, = M 4bcF,, + higher order terms

L}

i1

(Lhe)(3Y( -Sx3v - Swv?d
(4bhe) (3)(-5x% 5x

cuz2Y [yl 4 oyl o4 ) 4.5
Yy Z7) {2 oy + )

L]

12 (Mbc(-5x%y -5xv® + 30xyz?)(x? + y? + 22)7% 3
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In conparison, the equation for the vertical conponent of the magnetic field of a
single X dipole located at point (a,b,c) and neasured at point (x,y,z) is as
foll ows:

In each case Mis given in 107" an*. The above exanple illustrates the utility of
the Taylor's series expansion. For approximte calculations, the higher order
terms in the equation can be ignored because they will be small in conparison to

the retained ternms, provided that the radial distance fromthe dipoles to the
poi nt at which the magnetic field is neasured is at least ten tinmes greater than b
or c. In order to conpute the vertical conponent of the magnetic field produced
by the array of four dipoles we no |onger need to conpute the field produced by
each dipole separately and take the sum  |nstead, a single fornula gives the sum
d;rectly This has a nunber of advantages. By taking the equation and making use
0

t he equation becones
B, = 60 Mbc xyz 7 (6 - k¥ (1 + k?)™*>

Using this equation it is easy to see the general character of the vertica
conponent of the magnetic field on a plane z nmeters bel ow the center of the array.
I nspection of this equation shows that the vertical conponent of the magnetic
field is zero on the two straight lines, x =0 and y = 0, and on a circle

kK2 = x*2 + y* =6

The above advantages are bought at the price of using an approxi mation instead of
an exact expression for the vertical conponent of the nmagnetic field. I'n most
cases , however, the approximation is quite good and the advantages are well worth
the price that is paid,

40.1.1 Exanple. Consider the array of four X dipoles given in 40.1. As an
exanmpl e, take M- 100,000 Am?, « = O m, b - 0.500, ¢ = 0.250 m g3and calculate the
vertical conponent of the magnetic field at x - 3.66 m y - 3.66 m and z = 10.00
m This is one of four places where the vertical conponent of the nagnetic field
reaches its greatest magnitude on a plane 10 m below the center of the array. The
exact value is obtained by using the equation of 30.1 coconpute the field
produced by each dipole separately and adding the results to yield the total
vertical conmponent. This is then conpared to the approxi mate val ue conputed by
using the equation of 40.1. The results are as follows:

198



Downloaded from http://www.everyspec.com

M L- HDBK- 802( SH)
APPENDI X A
2 July 1990

(a) Exact value

B,, = 70.12 mG

2zl

B,, = -60.36 mG
B,, = 52.40 nmG
B,, = -60.19 nG

B, = 1.97 mG

z

(b) Approximate val ue

B, = 1.98 mG

40.2 Using Taylor's series expansion to conmpute X and v conponents of
magnetic field of an array of four X dipoles. The x and y conponents of the
magnetic field produced by an array of four X dipoles are conputed in a simlar
fashion to that of the vertical component. The difference lies in the specific
table of partial derivatives to be used when conputing the Taylor's series
expansion.  Wen conputing the x conponent we follow the sane procedure as
nmentioned in 40.1 with the exception that the D partials of table XVl would be
used.  For the v conponent, the same procedure nentioned above woul d be used
except that the E partials table XVII would be used.

40.3 Taylor’'s series expansion for arrays of Y or Z dipoles.

40.3.1 Y_dipoles, In conputing the magnetic field produced by an array of Y
di poles, we follow a procedure simlar cothat nmentioned in 40.1 or 40. 2,
dependi ng upon the nunber of dipoles in the array and the conponent of the
magnetic field desired. Tables XIX, XX, and XXI contain the equations of the
partial derivatives of the x, y, and z conponents, respectively.

40.3.2 Z_dipoles. In conputing the magnetic field produced by an array of Z
di poles, we follow a procedure sinmilar to that nentioned in 40.1 or 40.2,
dependi ng upon the nunber of dipoles in the array and the conponent of the
magnetic field desired. Tables XVIII1, XXI, and XXI| contain the equations of the
partial derivatives of the x, y, and z conponents, respectively.

PR/ irci i i c ir +h

40.4.1 Single radial dipole. Consider an array of radial dipoles on a
circle in the xz plane which has a radius equal to r and a center at the origin of
the coordinate system Pick out a particular dipole on a radial line fromthe
origin that nmakes an angle ¢ with the positive x axis. Let Mbe the magnetic
nmonent that will be along the radius. To find the vertical conponent of the
magnetic field produced by this dipole we proceed as foll ows:

(a) Resolve the magnetic moment into two components, M, = M cosé and
M, = M siné.
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(b) Using M, and the rectangul ar coordinates of the dipole, a = r cos$,
b ~ 0, anc ¢ = r sind, calculate the Taylor’s series expansion for
the vertical conponent of magnetic field produced by the z
conmponent of the magnetic nonent,

(c) Using M, and the rectangul ar components of the dipole, a = r cosé,
b = 0, - rsind, calculate the Taylor s series expansion. for the
vertical conponent of the magnetic field produced by the z
conmponent of magnetic nonent.

(d) Add the results obtained in the two preceding steps to obtain the
total vertical conponent of the magnetic field produced by the
radi al dipole.

The result of carrying out the preceding steps and nmaking sone al gebraic and
trigononetric (see table XXII1) reductions is as follows:

B, = MFcos§ - (1/2)Mr{F,{1 + cos(28)) + F,sin(26)]
+ (1/8)Mr?[F,(3cosf + cos(36)) + 2F,_ {sinf + sin(36))
+ F,,{cosf - cos(36)})

(1/48)Mr3[Fp (3 + 4cos(28) + cos(4h))

+ 3F.{2sin(28) + sin(46)} + 3F 1 = cos(46))

XZZ{

+ F,,.(25in(28) + sin(46)))

+

MIsinf - (1/6)Mr{J,sin(2f) + J, (1 - cos(26))]

+

(1/26)IMr?{J, (sinf + sin(36)) + 2J,,(cosf - cos(36))

+ J ,{siné - sin(36)))

+

(L/166)Mr2 [J o 125in(28) + sin(uf)) + 3J, (1 - cos(46))
+ 3J,,,(2sin(26) - sin(46))

+ J 3 - 4cos(26) + cos(46)))

222 (

+ higher order terms

40.4.2 An array of radial dipoles. To find the vertical conponent of the
magnetic field produced at point (x,y,z) by a circular array of four, six, or
eight dipoles in the xz plane:

(a) Wite out the Taylor’s series expansion for each dipole, using the
appropriate angle and sign for the moment of the dipole.
(b) Add the Taylor’s series expansions.
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(c) The lower ternms in z?wll cancel out. The first termthat does
not vanish will involve the partial derivatives and tables
according to 1, 2, and 3 bel ow Refer to the tables for the
val ues of the derivatives in terms of X, y, and z and substitute
theminto the first termthat does not vanish, The result wll be

an approximate forrmula that gives the field produced by the array
interns of M r, and x, y, and z

(1) For the x conponent, the partial derivatives of D and F found
in tables XVI and XVIII, respectively, are used.

(2) For the y component, the partial derivatives of E and | found
in tables XVIl and XXI, respectively, are used.

(3) For the z conmponent, the partial derivatives of F and J found
intables XMII1 and XXI|, respectively, are used.

40.5 Circular arrays of radial dipoles in the XY plane

40.5.1 Single radial dipole. Consider a single radial dipole in the xy
plane at a distance r fromthe origin on a radial line that makes an angle g with
the positive x direction. For this dipole a = r cosg, b =r sing, and ¢ = 0.

(a) Resolve the magnetic nonment into its x and y conponents:
M, - M cosg M, = M sing

(b) Wite out the Taylor’'s series expansion for each conponent and add

them The result of carrying out the preceding steps is as
foll ows:

B, = MFcosg - (1/2)Mr[F,(1 + cos(2¢)) + F;sin(2¢)]
+ (1/8)Mr?[F,,(3cosg + cos(3g)) + 2F, (sing + sin(3g¢))
+ Fy,(cosg - cos(3¢)}))
- (1/48)Mr®[Fpy (3 + 4cos(26)) + 3Fp,{2sin(2¢)
+ sin(4¢)) + 3F, (1 - cos(4g))
+ Fy,y (25in(2¢) - sin(4g))]

+ MIsing - (1/2)Mr[I,sin(2¢g) + I, {1 - cos(2¢))}]

2 £V /0 M2l T fatdemad 4 cdem/2A4NY 4 DT (mrnead PR WV AR
T UL/0) AT 1xy1S1TP + SITN(5P)] + 21,,1CO0Sp - COS(59p)])

+ I,,(3sing - sin(3¢))]
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- (1/48) Mri[1,,.(2sin(2¢) + sin(sg)) + 31,.(1
- cos(4g)) + 31,,,(2sin(2p) - sin(4g))
+ lm(B - 4cos(2¢) + cos(4g))]

+ higher order terns

40.5.2 An array of radial dipoles. To find the vertical conponent of the
magnetic field produced at point (x,y,z) by a circular array of four, six, or
eight dipoles in the xy plane:

(a) Wite out the Taylor's series expansion for each dipole, using the
appropriate angle and sign for the nonent of the dipole

(b) Add the Taylor’'s series expansions.

(c) The lower terns in z* will cancel out. The first term that does
not vanish will involve the partial derivatives and cabl es
according to 1, 2, and 3 below. Refer to the tables for the
val ues of the derivatives in terns of x, y, and z and substitute
theminto the first term that does not vanish. The result will be
an appropriate formula that gives the field produced by the array
interns of M r, and x, y, and z

(1) For the x conponent, the partial derivatives of D and G found
in tables XVI and XI X, respectively, are used.

(2) For the y component, the partial derivatives of E and H found
in tables XVIlI and XX, respectively, are used.

(3) For the z component, the partial derivatives of F and | found
in tables XVIIl and XX, respectively. are used.
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TABLE XVI. Partial derivatives for x magnetic field component of X dipole

(2x2-y2.22) (x24yiez2) 2 5
(- 6x%49xy 24 9xz?) (xP4y2ez?) " 3

(- l2xzy+3y3+3yzz) (x2+y2+z:') "33

(-12x%z+3y22+432%) (x?*+y?+22) 733
(26%*-72x%y2-72x%2249y*+18y22%492%) (x2+y2+22) ™43
(60x3y-45xy3-45xyz?) (x2+y?+2%) 743
(-12x“+81x%y%-9x%22.12y*-9y%z2432") (x%2+y24z?) ™3
(60x3z -45%xy2z-45x%z3) (x%+y2+22) 743

(90x2yz-15y%z-15yz?) (x24+y?+z2) ™4 °

4 022,01 2.79..4 022 104N 72,2, 24 5
SIXTY HOLIXTZTHIY -TUYTZT- ALY ) (XTHYyT42T) -

7

1 ”
(-12x

(-120%°+600x3v?+600%°2%-225%v* - 450xy?22-225%x2*) (x2+y?+22) "33

(60%°-615x3y2+15x3224270xy" +225xy?z2- 65xz") (x%+y2+22) 7> 3
(270x*y-615%x%y3225%x%yz2+60y>+15y32%-45yz“) (x%+y?+22)™3 3

s s

2 e 0u203 2 ub e GOuw2a3 4505y fa2 2 25
¥ 2+4540x°2°-45v 2-90y*2”-4527) (x*+y +z%)

4 ; 2

(- 360x"z+540%

(60x°+15x%y2-615%%22- 45xy “+225xy?22+270x2") (x2+y?+z?) ™ 3

(90x*y+75x%y3- 765x2y2z - 15y°+75y°22490yz*) (x*+y?+22) ™22
(270x*2+225%%y*z - 615%%2 - 45y“2+15y*23+602°) (x2+y°+z?%) "> *

(-630%x3yz+315xy°z+315xyz®) (x2+y?+z2) 753
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TABLE XVII. Partial derivatives for v magnetic field component of X dipole.

™
4

{7

1

p &4

e

m

z2

xzz

Eyee

zaz

Iy (xG4+viez?)2 3

3(-4x%y+yeyz?) (x24+y24z2) 73 0
3(x%-4xylaxz?) (xP+y24z?) 7 3
3(-5%yz) (x2+y?+22)73-3

3(20x3y-15xy3-15xyz?) (x2+y2+22) 7
3(-6x*+27x2y?-3x22%- 4y - 3yPzt4z ) (n+yi4z?) T4 ®
3(-15%3y+20xy>-15xyz?) (»2+y2+z2%)™* ®
3(30x%yz-5y°z-5yz?) (x%+y?+z2)74 3
3(-5%7z+30xy%z-5%z") (x2+y4z=) " °
3(-5%%y - 5xy>+30xyz?) (x24+y24z2) 74 3
3(-120%“y+180x%y3+180x%yz2-15y°-30v322-15yz*) (x2+y?+2%)™5 *
3(20%%-205%3y?+5%322490xy +75xy?z2- 15xz (x2+y2422) > 5
3(90x*y-205x%y°+75%2yz2+20y%+5y%2z2-15yz*) (x2+y2+2z2) "% 3
3(-15x°+180x%y2-30x32%- 120xv*+180xy?z°-15%z") (x%+y?+z?)"° °
3(-210x%°vz+105xy z+105xyz") (x24y2+2®) 7% 3
3(30x“y+25x%y3-255%x%yz2- 5y°+25y°2%+30yz2") (xP4+y?422) 72 3
3(105x%yz-210xy3z+105xyz3) (x%+yi+2z2)~5-5
3(-5%%+25x3y2+25%x32%+30xy* - 255xy?z2+30xz") (x2+y2+2z2) 23

3(105x%yz+105xy°z-210xyz3) (x%+yi+z2) >3

3(30x“z-255x%y%z+25%x%23+30y 2+25y%2% - 52%) (x®+y?+22) >3
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TABLE XVIII Partial derivatives for z magnetic field component of X dipole

and x magnetic field component of Z dipole.

F = 3xz(x%+y2+z?)"2

Fy = 3(-4x?z+ylz+z®) (xP+y?4z2) 33
Fy = 3(-5xyz) (x*+y?+22)73:5

Fl - 3(x3+xy2-4xzz) (x2+>—2+22)'3.5

F = 3(20x°z-15xy%z-15x23) (x%+y2+22)7* 3

Fry = 3(30x%yz-5y°z-5yz®) (x2+y2+z2) "¢

F = 3(-5x%z+30xy?z- 5xz%) (xP+y2+z2) -5

Fpo = 3(-4x“-3x%y2427x%2%4y% - 3y222 - 42%) (xP+y2422) ™" 3
F,, = 3(-5%’y-5xy’+30xyz?) (x%+y?+z?)~*-*

F = 3(-15%%2-15xy%z+20x2>) (x2+y?+z2) 7453

]

27 19N
S(-1Z2Ux

N
(V.

Free = 3(20x°+5x%y2-205%%22- 15xy*+75xy?22490x2*) (x?+y2+z2) ™5 3
Frzz = 3(90x“z+75x%y%2-205%%2%- 15y“2+5y22%+20z2°) (x2+y2+22) 53
Fyy: = 3(-5x°+25x%y2+25x°22+30xy* - 255xy222+30xz") (x2+y2+2z2) 55

F = 3(105x%%yz+105xy3z-210xyz?) (x%+y?+2z2)™3 5

Yzz

Fooo = 3(-15%°-30x%y%+180x%22-15xy*+180xy?z2-120%z*) (x*+y?+22) 55

22

Foyz = 3(30x“y+25x%y>-255x%yz2- 5y>+25y32%+30yz2*) (x%+y?+22) ™5 3
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TABLE XIX. Partial derivatives for x magnetic field component of Y dipole.

G - -3X}‘(.\:2+yz+zz)'2'5

G, - o -axtyryieyzdy (diyiez2y 3

Gy - -3(xT-AxyPHRz?) (xFeyiez?) TRt

G, = -3(-5xvz) (x%+y3+z3) 73

Gy, = -3(20x%-15xy’-15xyz?) (x%+y?+z2) ™42

Gyy = -3(-6x"+27x%y?-3x%27-4y"-3y2z%+2") (x"+y2+2%) ™4 °
Gyy = -3(-15%%y+20x3>-15xyz?) (xF4+y?+ez?) ™

Gy, = -3(30x%yz-5v°z-5Syz®) (x%+y?+z?) ¢°

G,, = -3(-5x%"z+30xy%z-5xz>) (x®+y2+z?) ™" ®

y2
G,, = -3(-57y-5xy +30xvz?) (x%+y2+z%) 4>

Gyrx = -3(-120x%*y+180x%y’+180x%yz?-15y°-30y%2z%-15y2*) (xZ+y?+22) 73"
Crry = -3(20x%-205%%y?+5x%27+90xy +75xy?z?-15xz") (x2+y?+2z%) 753

Gy = -3(90x"y-205x*y?+75x%yz?+20y>+5y%z%-15y2") (x?+y?+2?) 7> *

Gyyy = -3(-15%+180x%y%-30x%z%- 120xy“+180xy~z%-15xz“) (x%+y +z2) ™2
I = .3 .71 0vwur a1l 085w ule a1 0Swurd) fwliyle 2 =5 5

Um VAN L ALUA )’LT.LUJ.AJ LTJ.\JJAJL J\A 'V')' T L

Grpe = -3(30x*y+25x%y3-255x%yz2-5y°+25y322430yz*) (x®+y +42%) 7" 3

Gyyz = -3(105x%yz-210xy’z+105xyz?) (xZ4y?+22) 73>

Gyae = -3(-5%%+25x3y?+25x%22+30xy" - 255xy2z2+30xz") (x%+y*+z?) *-*
Ggee = -3(105%°yz+105xy’z-210xyz®) (x%+y?+z%) >-°

Gry, = -3(30x°2-255x%y2z+25x%2%430y 2+25y22%-52°) (x2+y2+2z2) 733
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E2d htdes P ey A QL \—ée‘ UGLLV‘IL*\LD e # v il E' 1 C L A A Py ey \-Ul“ilull‘:'.lb UL H & .

H - (_x2+2Y2_22) (x2+Y2+22)‘2.5
H = (3x7-12xy%4+3xz?) (x%+y?+z2)73?
H = (9x%y-6y3+9vz?) (x%4y2422)72 *

H = (3x%z-12y%2+32%) (x%+y?+2%)73:3

He = (-12x“+81x%y?-9x%z2-12y*-9y2z24+3z") (x2+y2+z2) 4%
u = (oSt bDwwd L Caual) 22y 02\ "85
Fxy U-8ORTYFOURY™ -5ORyZTj(XT+y™+2%)

Hy, = (-45x%*yz+60y3z-45y2%) (x%+y?+z%)7“ *

-4 S

H = (3x*-9x%y?-9x%2%-12y*+81y222-122") (x®+y2+22)
Heoe = (60%x°-615%%y?+15%322+270xy*+225xy?z%-45xz*) (x2+y?+22) 733

Hegy = (270x%y-615%%y3225x2y2z2460y°+15y322-45yz*) (x2+y2+22)~5:5

H = (-45%°+540x%y?-90x%322-360xy“+540xy22z2-45xz*) (x2+y2+z2) ™53
Hyyy = (-225x“y+600x%y°-450x%yz%-120y°+600y°22-225yz*) (x%+y2422) %2
Hexe = (90x°2-765x%y%z+75x%y34+90y“2+75y223-152%) (x2+y2+2?) "% ®

H = (-15%7+75x%y%+75%%22490xy" - 76 5xy2z2+90xz") (x2+yl+z2)73-3

Hyy, = (-45%x"2+540x%y%z-90x%2%-360y*z+540y%2%-452%) (x3+y2+22)™3 °
Hy,, = (-45x*y+15x%y°+225x%yz%+60y°-615y°224+270yz*) (x2+y?+22) 5%
Hize

H = (315x%yz-630xy°2+315xyz?) (x24+y2+z2) 72>
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TABLE XXI1. Partial derivatives for z megnetic field component of Y dipole

and v magnetic field component of Z dipole.

I = 3vz(xP4y2ez?)T2 3
I, = 3(-Sxyz)(x%+y*+z?)* 3

1 = 3(x%z-4y%z+23) (x%+y24z?) 3 0

1 - 3(x*y+y3-4yz?) (x2+y2+zz) "3.3

I, = 3(30x%yz-5y3z-5yz®) (xZ+y%+2%) "¢ °

Iy = 3(-5.\:3:+30x3 z-5xza)(>:2+y2+zz)"' 5

I, = 3(-15x%yz+20y%z-15yz?) (x®+y?+z%)™* *

I,. = 3(-5x3v-5xy®+30xyz?) (x%+yi+z2) 7" °

I,, = 3(x“-3x%y?-3x%2%-4y'427y%z8-42¢) (xPeytez?) ™42

1 - 3(-15x%%yz-15y32+20yz?) (x2+y2+22)7*-3

I = 3(-210x3yz+105xy3z+105xyz®) (x%*+y?+z2) 7>

I, = 3(30x“z-255x2y?2+25x22%+30y"2+25y?2%-525) (x2+y?+z2) "% °

I = 3(105%x%yz-210xy%z+105xyz3) (x%+y%+z?) " 3

1 = 3(-15x“2+180x%y?z-30x%2%-120y“z+180y?z3-152°) (x%+y2+z?)™* °
1 = 3(30x“y+25x%y*-255x%yz%-5y°+25y322+30y2*) (x%+yZ+2%) > °

1 = 3(105x%yz+105xy’z-210xyz?) (x?+y%+2%) 53

Iy, = 3(-15x“y+5x%y®+75x%yz2+20y>- 205y°2%+90yz") (x%+y2+2?)°:?

1 = 3(-15x“z+75x%y?2+5x%2%+90y 2 - 205y22°+202°) (xZ+y?+22)° *

I,,, = 3(-15x"y-30x%y’+180x2yz2-15y "+180y322-120yz*) (x2+y2+z2) ™5 3

1 = 3(-5%%+25x%y%+25%%22430xy" - 255xy?z%+30xz") (x%+y2+z2) > °
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TABLE XXII1. Partial derivatives for z megnetic field component of Z dipole

Cu

XXz
1)
v xzz

yyz

[

Y22

zz2

< xyz

(9x%z+9y?z-62%) (x%+y?+z2) ™3 *

(-12x%- 9x%y2+3y*4 81x%22-9y222-122") (x2+y?+22) 4"
(-15%%y-15xy°+90xyz?) (x24+yZ+z2) ™" 5
(3x“-9x%y?-9x%z%-12v“+81y*z Fy<4z)
(-45x%z-45xy2z+60x2%) (x2+y2+22) 743
(-45%%yz-45y°2+60y2®) (x2+y?422)™" *
(9x“+18x2y2+9y" - 72x%22-72y2224+242% ) (xP+y?+z?) 745
(60x°+15x%°y?-615x2%-45xy“+225xy?224270xz") (x3+y?+22) ™35

22490yz*) (x3+y2+z22) 733

(270x“2+225%%y?2-615x223- 45y 2+15y22%4+602°) (x24y2+22) 735
(-65%°-90x3y2-45xy“+540%°%22+540xy?22- 360xz") (x2+y2+22) %2

(-45%“24225x%y22+15%%2%+270y 2 - 615y223+6023) (x2+y?+z2) ™3>

M
(=]
0
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rigonometric identities.

2cos?s = 1 + cos(26)

2sinfcoséd ~ sin(28)

2sin?? ~ 1 - cos(28)

4eos3d = 3cosf + cos(368)
4cos?fsingd = sinf + sin(34)
Lcosfsin?é -~ cosf - cos(348)

4sin®g =~ 3siné - sin(36)

8cos'f = 3 + 4cos(28) + cos(4h)

8cos’fsing - 2sin(26) + sin(4#f)

8cos?fsin?s = 1 - cos(48)
8cosfsin’# = 2sin(26) - sin(46)
8sin‘g = 3 - 4ecos(2f) + cos(48)

N
[
(@]
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APPENDI X B

LI ST OF FORMJLAS USED | N M L- HDBK- XX43

10.  GENERAL
10.1 Scope. This appendix provides a listing of all of the nathenatica
fornulas used in M L-HDBK- XX43. Included in the list are the equation nunber, a
brief description of the equation, and the page nunber where it can be found.
This appendix is not a mandatory part of this handbook. The information contained
herein is for reference only.
20.  APPLI CABLE DOCUMENTS
This section is not applicable to this appendix.
30.  GENERAL | NFORMATI ON
This section is not applicable to this appendix.

40.  SPECI FI C | NFORVATI ON

40.1 List of equations. The equations used in ML-HDBK-XX43 are listed in
tabl e XXIV.

TABLE XXl V. Li st of equations

Equation Page
number Description of equation number
3-1 Shielding effectiveness 6
3-2 Approximation of relative magnetic 6
permeability from magnetic fields

3-3 Shielding effectiveness using relative 6

: magnetic permeability

3-4 Magnetic field of an infinitely long 8
straight wire

3-5 Magnetic field of a finite length S
stralght wire

2-6 Sing, 10

3-7 Sinf, 10

3-8 Magnetic field of a rectangular loop 10

3-9 Magnetic field at the center of a 11
circular loop

3-10 Magnetic field along the central axis of 11
a circular loop

4-1 Magnetic dipole moment of current loops 19
of equal area
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List of equztions - Continued.

Equation Page
number Description of equation number
4-2 Magnetic dipole moment of current loops 19
of ciffering areas

4-3 The x component of the magnetic field 24
of an X dipole

4-4 Locations of maximum x component of the 25
magnetic field of an X dipole

4-5 Locations oi maximum x component of the 25
magnetic field of an X dipole on the
plane y = 0O

4-6 Locations of maximum x component of the 25
magnetic field of an X dipole on the
plane z = O

4-7 The y component of the magnetic field of 25
an k dipole

4-8 Locations of maximum y component of the 26
magnetic field of an X dipole

4-9 Locations of maximum y component of the 26
magnetic field of an X dipole on the
plane z = O

4-10 The z component of the magnetic field of 26
an X dipole

4-11 Locations of maximum z component of the 26
magnetic field of an X dipole

4-12 Locations of maximum z component of the 26
magnetic field of an X dipole on the
plane y =

4-13 The x component of the magnetic field of 27
a Y dipole

4-14 Locations of maximum x component of the 27
magnetic field of a Y dipole

4-15 Locations of maximum x component of the 27
magnetic field of a Y dipole on the
plane z - O

4-16 The vy component of the magnetic field of 27
A NV Aie~r~p

4-17 Locations of maximum y component of the 27
magnetic field of a Y dipole

4-18 Locations of maximum y component of the 27
magnetic field of a Y dipole on the
plane x = 0

4-19 Locations of maximum y component of the 27
magnetic field of a Y dipole on the

plane z = O
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TABLE XXIV. List of egustions - Continued
Equation Page

number Description of equation number

4-20 The z component of the magnetic field of 27
a Y dipole

4-21 Locations of maximum z component of the 27
magnetic field of a Y dipole

4-22 Locations of maximum z component of the 28
magnetic field of a Y dipole on the
plane x = 0

4-23 The x component of the magnetic field of 28
a Z dipole

4-24 Locations of maximum X component of the 28
magnetic field of a Z dipole

4-25 Locations of maximum z component of the 28
magnetic field of a Z dipole on the
plane y = 0

4-26 The y component of the magnetic field of 28
a Z dipole

4-27 Locations of maximum y component of the 28
magnetic field of a Z dipole

4-28 Locations of maximum y component of the 28
magnetic field of a Z dipole on the
plane x = O

4-29 The z component of the magnetic field of 29
a Z dipole

4-30 Locations of maximum z component of the 29
magnetic field of a Z dipole

4-31 Locations of maximum z component of the 29
magnetic field of a Z dipole on the
plane x = 0

4-32 Locations of maximum z component of the 29
magnetic field of a Z dipole on the
plane y = 0

4-33 Magnetic field of a large horizontal 30
rectangular loop, X component

4-34 Magnetic field of a large horizontal 30
rectangwiar locp, y component

4-35 Magnetic field of a large horizontal 31
rectangular loop, 2z component

4-36 Magnetic field of a narrow horizontal 31
rectangular loop, X component

4-37 Magnetic field of a narrow horizontal 31
rectangular loop, y component

4-38 Magnetic field of a narrow horizontal 31

| rectangular loop, z component

(o]
—t
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List of equations - Continued.

Equation Page
number Description of equation number
4-39 Magnetic field of a vertical rectangular 32
loop, X component

4-40 Magnetic field of a vertical rectangular 33
loop, y component

4-41 Magnetic field of a vertical rectangular 33
loop. z component

4-42 Magnetic field of a narrow vertical 33
rectangular loop, x component

4-43 Magnetic field of a narrow vertical 34
rectangular loop, y component

4-44 Magnetic field of a narrow vertical 34
rectangular loop, z component

4-45 Condition for compensation of x 36
component of magnetic field

4-46 Condition for compensation of vy 36
component of magnetic field

L-47 Condition for compensation of z 36
component of magnetic field

4-48 Definition of k? in dipole configuration 39
equations

4-49 The x component of the magnetic field of 41
two X dipoles on the x axis

4-50 The y component of the magnetic field of 41
two X dipoles on the x axis

4-51 The z component of the magnetic field of 41
two X dipoles on the x axis

4-52 The x component of the magnetic field of 43
two X dipoles on the y axis

4-53 The y component of the magnetic field of 43
two X dipoles on the y axis ’

4-54 The z component of the magnetic field of 43
two X dipoles on the v axis

4-55 The x component of the magnetic field of A
two X dipoles on the z axis

“-56 The y component oi tue wmagnetic ficiu ol Ll
two X dipoles on the z axis

4-57 The z component of the magnetic field of 44
two X dipoles on the z axis

4-58 The x component of the magnetic field of 45
two Z dipoles on the x axis

4-59 The y component of the magnetic field of 45
two Z dipoles on the x axis

4-60 The z component of the magnetic field of 45

two 4 dipoles on the x axis

D
-
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TABLE XXIV List of equations - Continued
Equation Page

number Description of equation number

4-61 The x component of the magnetic field of 46
two Z dipoles on the z axis

4-62 The y component of the magnetic field of 46
two Z dipoles on the z axis

4-63 The z component of the magnetic field of 46
two Z dipoles on the z axis

4-64 The x component of the magnetic field of 47
four X dipoles on the x axis - case 1

4-65 The y component of the magnetic field of 47
four X dipoles on the x axis - case 1

4-66 The z component of the magnetic field of 47
four X dipoles on the x axis - case 1

4-67 The x component of the magnetic field of 48
four X dipoles on the x axis - case 2

4-68 The y component of the magnetic field of 48
four X dipoles on the x axis - case 2

4-69 The z component of the magnetic field of 48
four X dipoles on the x axis - case 2

4-70 The x component of the magnetic field of 49
four X dipoles on the y axis

4-71 The y component of the magnetic field of 49
four X dipoles on the y axis

4-72 The z component of the magnetic field of 49
four X dipoles on the y axis

4-73 The X component of the magnetic field of 50
four X dipoles on the z axis

4-74 The y component of the magnetic field of 50
four X dipoles on the z axis

4-75 The z component of the magnetic field of 50
four X dipoles on the z axis

4-76 The x component of the magnetic field of 51
four X dipoles on the xy plane

4-77 The y component of the magnetic field of 51
four X dipoles on the xy plane

4-78 The z component of the magneric field of S1
four X dipoles on the xy plane

4-79 The x component of the magnetic field of 52
four X dipoles on the yz plane

4-80 The y component of the magnetic field of 52
four X dipoles on the yz plane

4-81 The z component of the magnetic field of 52
four X dipoles on the yz plane

4-82 The x component of the magnetic field of 53
four X dipoles on the xz plane
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TABLE YXIV. List of equations - Continued.
Equation Page
number Description of equation numbe

4-83 The y component of the magnetic field of 53
four X dipoles on the xz plane

4-84 The z component of the magnetic field of 53
four X dipoles on the xz plane

4-85 The x component of the magnetic field of 54
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Takeoff points
Angular spread must be zero
Best pesition for
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Taylor's
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Vertical rectangular loop

Wiring around frame

Z dipole
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