APPENDIX

COIL PITCH
AND
DISTRIBUTED
WINDINGS

Az& mentioned in Chapier 4, the induced vellage in an ac machine is sinusoidal
only if the harmonic components of the air-gap flux density are suppressed.
This appendix describes two techniques used by machinery designers to suppress
harmonics in machines.

B.1 THE EFFECT OF COIL PITCH
ON AC MACHINES

In the simple ac machine design of Section 4.4, the output voltages in the stator
coils were sinusoidal because the air-gap flux density distribution was sinusoidal.
If the air-gap flux density distribution had not been sinusoidal, then the output
voltages in the stator would not have been sinusoidal either. They would have had
the same nonsinusoidal shape as the flux density distribution.

In general, the air-gap flux density distribution in an ac machine will not be
sinusoidal. Machine designers do their best to produce sinusoidal flux distributions,
but of course no design is ever perfect, The actual 1lux distribution will consist of
a fundamental sinusoidal component plus harmonics. These harmonic components
of flux will generate harmonic components in the stator’s voltages and currents.

The harmonic components in the stator voltages and currents are undesir-
able, so techniques have been developed to suppress the unwanted harmonic com-
ponents in the output voltages and currents of a machine. One important technique
to suppress the harmonics is the use of fracrional-pitch windings.
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Pp = 90° mechanical
180° efectrical

FIGURE B-1
The pole pitch of a four-pole machine is 90 mechanical or 180 electrical degrees.

The Pitch of a Coil

The pole pitch is the angular distance between two adjacent poles on a machine.
The pole pitch of a machine in mechanical degrees is

360°

where p, is the pole pitch in mechanical degrees and P is the number of poles on
the machine. Regardless of the number of poles on the machine, a pole pitch is
always 180 electrical degrees {see Figure B-1).

If the stator coil stretches across the same angle as the pole pitch, it is called
a full-pitch coil. 1f the stator coil stretches across an angle smaller than a pole
pitch, it is called a fracrional-pitch coil. The pitch of a fractional-pitch coil is of-
ten expressed as a fraction indicating the portion of the pole pitch it spans. For ex-
ample, a 5/6-pitch coil spans five-sixths of the distance between two adjacent
poles. Alternatively, the pitch of a fractional-pitch coil in electrical degrees is
given by Equations (B-2):

)
p= f» x 180° {B-2a)
P

where 6, 1s the mechanical angle covered by the coil in degrees and p, is the ma-
chine’s pole pitch in mechanical degrees, or

8P
p= w’%w x 180° (B=2b)
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Air-gap flux density:
Blaty = Bygcos (w? — &)
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FIGURE B-2
A fractionab-pitch winding of pitch p. The vector magnetic fhux densities and velocities on the sides
of the coil. The velocities are from a frame of reference in which the magnetic field is stationary.

where 8,, is the mechanical angle covered by the coil in degrees and P is the num-
ber of poles in the machine. Most practical stator coils have a fractional pitch,
since a fractional-pitch winding provides some important benefits which will be
explained later, Windings employing fractional-pitch coils are known as chorded
windings.

The Induced Voltage of a Fractional-Pitch Coil

What effect does fractional pitch have on the output voltage of a coil? To find out,
examine the simple two-pole machine with a fractional-pitch winding shown in
Figure B~2. The pole pitch of this machine is 180°, and the coil pitch is p. The
voliage induced in this coil by rotating the magnetic field can be found in exactly
the same manner as in the previous section, by determining the vollages on each
side of the coil. The total voltage will just be the sum of the voliages on the indi-
vidual sides.
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As before, assumge that the magnitude of the flux density vector B in the air
gap between the rotor and the stator varies sinusoidally with mechanical angle,
while the direction of B is always radially outward. If « is the angle measured
from the direction of the peak rotor flux density, then the magnitude of the flux
density vector B at a point around the rotor is given by

B =B, cos (B-3a)

Since the rotor is itself rotating within the stator at an angular velocity w,, the
magnitude of the flux density vector B al any angle o around the stator is given
by

B = By cos (@t — a) (B~3b)

The equation for the induced voltage in a wire is
€pa = (VX B)el (1-45)

where v = velocity of the wire relative to the magnetic field
B = magnetic flux density vector
1 = length of conductor in the magnetic field

This equation can only be used in a frame of reference where the magnetic field
appears to be stationary. If we “sit on the magnetic field” so that the ficld appears
to be stationary, the sides of the coil will appear to go by at an apparent velocity
¥,i- and the equation can be applied, Figure B-2 shows the vector magnetic field
and velocities from the point of view of a stationary magnelic field and a moving
wire,

1. Segment ab. For segment ab of the fractional-pitch coil, a = 90° + p/2. As-
suming that B is directed radially outward from the rotor, the angle between
v and B in segment ab is 90°, while the quantity v X B is in the direction of
L. so
Cpg (v X B) ol
vBl directed out of the page

= —vBy cos [wmf - (900 + %)]l

= —vB, cos (wmt - 90" — g} (B-4)

where the negative sign comes from the fact that B is really pointing inward
when it was assumed to point outward,
2. Segment be. The voltage on segment be is zero, since the vector gquantity
v X B is perpendicular to 1, so
e =YX B)ysl=0 (B-5)
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3. Segment cd. For segment cd, the angle @ = 90° — p/2. Assuming that B is di-
rected radially outward from the rotor, the angle between v and B in segment
cd is 90°, while the guantity v x B is in the direction of L, so

&y ™ (Vx B)'l

= vBI directed out of the page

€py = — VB, CO8 [wmr - (90" - *g*)]i
= —vB,J cos (wmr - 90° + g) (B-6)

4. Segment da. The voltage on segment da is zero, since the vector quantity
v x B is perpendicular to 1, so

€y =(vx B)sl=0 (B-7)
Therefore, the {otal voltage on the coil will be

eim‘“—“em“*“edc

= =vB,l cos (w,,,f - 90° — g) + vBpd cos (wmr - 90° + g)
By trigonometric identities,
Ayt ‘____'0‘____2.....“' — 0',.,_p e f — oB
Cos l w,f — 90 5 = Cos (@,,f — 90°) cos 5 4 510 (w,f — 90°) sin 5
{3 g - Oy oy ,!?., : Oy ol E
cosla,t — 9° + 5| = COS(@pf — 907} cos 5~ Sin (wgf — 90°) sin 5

SiN (@8 = 90°) = ~Cos w, I

Therefore, the total resulting voltage is
g = VBud [mcos (w,f — 907) cos% — $in (@t — 90°) s.in‘g

+ ¢os {w,t — 90°) cosg — sin{w,,t — H") sin %]

= —2vByl sin § sin (0, — 909
= JvB,J sin % COS !

Since 2vB,d is equal to ¢w, the final expression for the voltage in a single turn is

P

€4 = dwsin 5 Cos W, f (B-8)
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This is the same value as the voltage in a full-pitch winding except for the
sin p/2 term. 1t is customary o define this term as the pitch factor k, of the coil.
The pitch factor of a coil is given by

. P .
k, = sin (B~-9)

In terms of the pitch factor, the induced voltage on a single-turn coil is

€y = K 9w cOs w7 (B~1)
The total voitage in an N-turn fractional-pitch coil is thus
g = N Ko coOS @t (B-11)
and its peak voltage is

Emaa = NC‘ kpm (B—] 2)
= 2uNg k,¢f (B-13)

Therefore, the rms voliage of any phase of this three-phase stator is

2

E, = SZ Nk of (B-14)
= \/ffrrchp¢f (B-13)

Note that for a fuli-pitch cotl, p = 180° and Equation (B—15) reduces to the
same result as before.

For machines with more than two poles, Equation (B—9) gives the pitch fac-
tor if the coil pitch p is in electrical degrees. If the coil pitch is given in mechani-
cal degrees, then the pitch factor can be given by

6,P
k, = sin =5~ (B-16)

Harmonic Problems and
Fractional-Pitch Windings

There is a very good reason for using fractional-pitch windings. It concerns the ef-
fect of the nonsinusoidal flux density distribution in real machines. This problem
can be understood by examining the machine shown in Figure B-3. This ligure
shows a salient-pole synchronous machine whose rotor is sweeping across the sta-
tor surface. Because the reluctance of the magnetic field path is much lower di-
rectly under the center of the rotor than it is toward the sides (smaller air gap), the
flux is strongly concentrated al that point and the {lux density is very high there.
The resulting induced voltage in the winding is shown in Figure B-3. Notice that
it is not sinusoidal—it contains many harmonic frequency components,

Because the resulting voltage waveform is symmetric aboul the center of
the rotor flux, no even harmonics are present in the phase voltage. However, all
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FIGURE B3

{a) A Terromagnetic rotor sweeping past a stator conductor. (b) The fiux density distribution of the
magnetic field as a function of time at a point on the stator surface. {c) The resulting induced voltage
in the conductor. Note that the voltage is directly proportional to the magnetic flux density at any
given fime.

the odd harmonics (third, {ifth, seventh, ninth, etc.) are present in the phase voll-
age to some extent and need to be dealt with in the design of ac machines. In gen-
eral, the higher the number of a given harmonic frequency component, the lower
its magnitude in the phase output voltage; so beyond a certain point {above the
ninth harmonic or 50} the effects of higher harmonics may be ignored.
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When the three phases are Y or A connected, some of the harmonics disap-
pear from the output of the machine as a resull of the three-phase connection. The
third-harmonic component is one of these, If the fundamental voltages in each of
the three phases are given by

e () = E, sin wt A% (B-~17a)
e,(1) = Eyp sin (o — 120°%) A% {(B-17b)
e = E,, sin (wt ~240°%) A% (B-17¢)
then the third-harmonic components of voltage will be given by
€, = Eyp sin 3t Vv (B—-18a)
em(t) = Eynsin Geof - 360°)  V (B-18h)
€1 = By sin Got — 720°) Vv (B-18¢)

Notice that the third-harmonic components of voltage are all identical in each
phase. If the synchronous machine is Y-connected, then the third-harmonic
vollage between any two terminals will be zero (even though there may be a
large third-harmonic component of voltage in each phase). If the machine is
A-connected, then the three third-harnmonic components all add and drive a third-
harmonic current around inside the A-winding of the machine, Since the third-
harmonic voltages are dropped across the machine’s internal impedances, there
is again no significant third-harmonic compeonent of voltage at the terminals.

This result applies not only to third-harmonic components but also to any
muaitiple of a third-harmonic component (such as the ninth harmonic). Such spe-
cial harmonic frequencies are called triplen harmonics and are automatically sup-
pressed in three-phase machines.

The remaming harmonic frequencies are the fifth, seventh, eleventh, this-
teenth, etc. Since the strengih of the harmonic components of voltage decreases
with increasing frequency, most of the actual distortion in the sinusoidal output of
a synchronous machine is caused by the fifth and seventh harmonic frequencies,
sometimes called the belt harmonics. It a way could be found to reduce these
components, then the machine’s output voliage would be essentially a pure sinu-
s0id at the fundamental frequency (30 or 60 Hz).

How can some of the harmonic content of the winding's terminal voltage be
eliminated?

One way is to design the rotor itself to distribute the flux n an approxi-
mately sinusoidal shape. Although this action will help reduce the harmonic con-
tent of the output voltage, it may not go far enough in that direction. An additional
step that is used is to design the machine with fractional-pitch windings.

The key to the effect of fractional-pitch windings on the voltage produced in
a machine’s stator is that the electrical angle of the nth harmonic is n times the elec-
trical angle of the fundamental frequency component. In other words, if a coil spans
150 electrical degrees at its fundamental frequency, it will span 300 electrical de-
grees at its second-harmonic frequency, 450 electrical degrees at its third-harmonic
frequency, and so forth, If p represents the electrical angle spanned by the coil at its
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Jundamental frequency and v is the number of the harmonic being examined, then
the coil will span v electrical degrees at that harmonic frequency. Therefore, the
pilch factor of the coil at the harmonic frequency can be expressed as

k, = siny*ég* (B—19)

The important consideration here 18 that the pitch factor of a winding is different for
each harmonic frequency. By a proper choice of coil pitch it is possible to almost
eliminate harmonic frequency components in the oulput of the machine, We can
now see how harmonics are suppressed by looking at a simple example problem.

Example B--1. A three-phase, two-pole stator has cotls with a 5/6 pitch. What are
the pitch factors for the harmonics present in this machine’s coils? Does this pitch help sup-
press the harmonic content of the generated voltage?

Solution
The pole pitch in mechanical degrees of this machine is
pp = 25 = 180° (B-1)

Therefore, the mechanical pitch angle of these coils is five-sixths of 180°, or 130°,
From Equation (B-2a), the resulting pitch in electrical degrees is

)
p=—"x 180° = 135 x 180° = 150° (B-2a)

Pp
The mechanical pitch angle s equal to the electrical pitch angle only because this 1s a two-
pole machine. For any other number of poles, they would not be the same.
Therefore, the pitch factors for the fundamental and the higher odd harmonic fre-
quencies (remember, the even harmonics are already gone) are

= sin ’520 — 0.966

Fundamental: k

P
. - e 3(150°) - . .
Third harmonic: kp = §in = = —0.707 (This is a triplen harmonic not

present in the three-phase output.)
Fifth harmonic: k, = sin 2 1;0" = (0,259

Seventh harmonic: kp = gin ? 1200 w (0,259

Ninth harmonic: k, = sin 1300 = —0,707 (This is a triplen harmonic aot

present in the three-phase output. }

The third- and ninth-harmonic components are suppressed only shightly by this coil
pitch, but that is unimportant since they do not appear at the machine’s terminals anyway.
Between the effects of triplen harmonics and the effects of the coil pitch, the rhird, fifth,
seventh, and ninth harmonics are suppressed relative to the fundamental frequency. There-
fore, employing fractional-pitch windings will drastically reduce the harmonic content of
the machine’s output volage while causing only a small decrease in its fundamental
voitage.
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FIGURE B4

The line veltage out of a three-phase generator with full-pitch and fractional-pitch windings.
Although the peak voltage of the fractional-pitch winding is stightly smaller than that of the full-
pitch winding, its output voltage is much purer.

The terminal voltage of a synchronous machine is shown in Figure B-4 both
for full-pitch windings and for windings with a pitch p = 150°. Notice that the
fractional-pitch windings produce a large visible improvement in wavelorm quality.

1t should be noted that there are certain types of higher-frequency harnmon-
ics, called tooth or slot harmonics, which cannot be suppressed by varying the
pitch of stator coils. These slot harmonics will be discussed in conjunction with
distributed windings in Section B.2.

B.2 DISTRIBUTED WINDINGS
IN AC MACHINES

In the previous section, the windings associaled with each phase of an ac machine
were implicitly assumed 1o be concentrated in a single pair of slots on the stator
surface. In fact, the windings associated with cach phase are almost always dis-
tributed among several adjacent pairs of slots, because it is simply impossible to
put all the conductors into a single slot,

The construction of the stator windings in real ac machines is quite compli-
cated. Normal ac machine stators consist of several coils in each phase, distributed
in slots around the inner surface of the stator. In larger machines, each coil is a
preformed unit consisting of a number of turns, each wrn insulated from the oth-
ers and from the side of the stator itself (see Figure B--5). The voltage in any
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FIGURE B-5
A typical preformed stator coil. {Courtesy of General Electric Company.)
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{a) An ac machine stator with preformed stator coils, (Courtesy of Westinghouse Electric Company.)
(b1 A close-up view of the coll ends on a stator, Note that one side of the coil will be outermost in its
slot and the other side will be innermost in its slot. This shape permits a single standard coil form to
be used for every slot on the stator, (Courtesy of General Electric Company.}

single turn of wire is very small, and it is only by placing many of these wrns in
series (hat reasonable voltages can be produced. The large number of turns is nor-
mally physically divided among several coils, and the coils are placed in slots
equally spaced along the surface of the stator, as shown in Figure B-6.
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Phase belt or
phase group

FIGURE B-7

A simpie double-layer full-pitch
distributed winding for a two-pole ac
machine.

The spacing in degrees between adjacent slots on a stator is catled the slot
pitch y of the stator. The slot pitch can be expressed in either mechanical or elec-
trical degrees.

Except in very small machines, stator coils are normally formed into
double-layer windings, as shown in Figure B-7. Double-layer windings are usu-
ally easier to manufacture (fewer slots for a given number of coils) and have sim-
pler end connections than single-layer windings, They are therefore much less ex-
pensive to build.

Figure B-7 shows a distributed full-pitch winding for a two-pole machine.
In this winding, there are four coils associated with each phase. All the coil sides
of a given phase are placed in adjacent slots, and these sides are known as a phase
beit or phase group. Notice that there are six phase belts on this two-pole stator,
In general, there are 3P phase belts on a P-pole stator, P of them in each phase.

Figure B8 shows a distributed winding using fractional-pitch coils. Notice
that this winding still has phase belts, but that the phases of coils within 4n indi-
vidual slot may be mixed. The pitch of the coils is 5/6 or 150 electrical degrees.

The Breadth or Distribution Factor

Dividing the total required number of turns into separate coils permits more effi-
cient use of the inner surface of the stator, and it provides greater structural
strength, since the slots carved in the frame of the stator can be smalier. However,
the fact that the turns composing a given phase lie at different angles means that
their voltages will be somewhat smaller than would otherwise be expected.
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Phase belt

FIGURE B-3
A double-layer fractional-pitch ac
winding for a two-pole ac machine,

To llustrate this problem, examine the machine shown in Figure B-9. This
machine has a singie-layer winding, with the stator winding of each phase (¢ach
phase belt) distributed among three slots spaced 20° apart.

If the central coil of phase a inttially has a voltage given by

E,=EZ0°V

then the voltages in the other two colls in phase a will be
E,=E/-20°V
E;=EL20°V
The total voltage in phase a is given by
E,=E,+E,+E;
=FE 200+ E20°+ E220°
= E cos (-20°) + jE sin (-20°) + E + E cos 20° + iE sin 20°
=E+2Eco820°= 2879 F

This voltage in phase a is not quite what would have been expected if the
coils in a given phase had all been concentrated in the same slot. Then, the volt-
age E, would have been equal to 3E instead of 2.879E. The ratio of the actual volt-
age in a phase of a distributed winding 1o its expected value in a concentrated
winding with the same number of turns is called the breadth factor or distribution
Jactor of winding. The distribution factor is defined as
3 V, actual
~ Vyexpected with no distribution

k, (B-20)
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Phase balt

FIGURE B-9
A two-pole stator with a single-layer winding consisting of three coils per phase, each separated by 20°,

The distribution factor for the machine in Figure B—9 is thus

_ 2.879E _ :
k; = Y 0.960 (B-21)
The distribution factor is a convenient way lo summarize the decrease in vollage
caused by the spatial distribution of the coils in a stator winding.
It can be shown (see Reference 1, page 726} that, for a winding with n slots
per phase belt spaced ydegrees apart, the distribution factor is given by

sin (ny/2)

4= wsin (v/2) (B-22)

Notice that for the previous example with # = 3 and y= 20°, the distribution fac-
tor becomes

sin(ny2) _ sinf(3X20°)2]
47 psin (vw2) T 3sin(20°72)

= (3,960 (B-22)

which is the same result as before.
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The Generated Voltage Including
Distribution Effects

The rms voltage in a single coil of N turns and pitch factor &, was previously de-
termined o be

E, = \/?wNCkquf (B-135)
If a stator phase consists of 7 coils, each containing N turns, then a total of Np =
iNc turns will be present in the phase. The voltage present across the phase will

just be the voltage due to Np turns all in the same slot times the reduction caused
by the distribution factor, so the total phase voltage witl become

Ey = V2aNpk b bf (B-23)

The pitch factor and the distribution factor of a winding are sometimes combined
for ease of use into a single winding factor k.. The winding faclor of a stator is
given by

by = Kok (B24)

Applying this definition to the equation for the voltage in a phase yields

E, = V2aNpk,¢f (B-25)

Example B=2, Asimple two-pole, three-phase, Y-connected synchronous machine
stator is used to make a generator. It has a double-layer coil construction, with four stator
coils per phase distributed as shown in Figure B-8. Each coil consists of 10 tumns, The
windings have an electrical pitch of 150°, as shown. The rotor {and the magnetic fieid) is
rotating at 3000 r/min, and the flux per pole in this machine is 0.010 Wb,

{a) Whatis the siot piich of this stator in mechanical degrees? In electrical degrees?

(&) How many siots do the coils of this stator span?

(c) What is the magnitude of the phase voltage of one phase of this machine’s
stator?

{d) What is the machine's terminal voltage?

{e) How much suppression does the fractional-pitch winding give for the fifth-
harmonic component of the voltage relative to the decrease in its fundamental
component?

Solution
fa) This stator has 6 phase belts with 2 slots per belt, so it has a total of 12 slots.
Since the entire stator spans 360, the slot pitch of this stator is

360°
Y= =0

This is both its electrical and mechanical pitch, since this is a two-pole machine.

(&) Since there are 12 slots and 2 poles on this stator, there are 6 siots per pole. A
coil pitch of 150 electrical degrees is 150°/180° == 5/6, so the coils must span 5
stator slots.
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{¢)} The frequency of this machine is

Bl _ (3000 r/min)2 poles) _ ¢ gy,

F=92% = 120 -
From Equation (B~ 19), the pitch factor for the fundamental component of the
voltage is
k, = sin 22 = sin 030D _ 0066 (B-19)

Although the windings in a given phase belt are in three slots, the two cuter slots
have only one coil each from the phase. Therefore, the winding essentially oc-
cupies two complete slots. The winding distribution facior 18

_ sin{ny/2)  sin[(2)(30°)/2]
47 psin(y/2)  2sin (30°/2)

= 0.966 (B-22)

Therefore, the voltage in a single phase of this stator is
Ey = V2 wNk kibf
= V2 (40 tums)(0.966X0.966)(0.019 Wb)50 Hz)
= |57V
(d) This machine’s terminal voltage is
Vy = V3E, = V3{(15TV) = 272V

(e} The pitch factor for the fifth-harmonic component is

k, = sin 22 = i OU0D _ 4959 (B-19)

Siace the pitch factor of the fundamental component of the voltage was 0.966
and the pitch factor of the fifth-harmonic component of voltage is 0.259, the
fundamental component was decreased 3.4 percent, while the fifth-harmonic
component was decreased 74.1 percent. Therefore, the fifth-harmonic compo-
nent of the voltage is decreased 70.7 percent more than the fundamental com-

ponent 1s.

Tooth or Slot Harmonics

Although distributed windings offer advantages over concentrated windings in
terms of stator strength, utilization, and ease of construction, the use of distributed
windings introduces an additional problem into the machine’s design. The pres-
ence of uniform slots around the inside of the stator causes regular variations in
reluctance and flux along the stator’s surface. These regular variations produce
harmonic components of voltage called tooth or slot harmonics (see Figure
B--10). Slot harmonics occur at frequencies set by the spacing between adjacent
slots and are given by

Vi = S0 | (B-26)
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FIGURE B-10

Flux density varlations in the air gap due to the tooth or slot harmonics. The reluctance of each slot
is higher than the reluctance of the metal surface between the slots, so flux densities are lower
directly over the slots,

where V., = number of the harmonic component
§ = number of slots on stator
M = an integer
P = aumber of poles on machine

The value M = 1 yields the lowest-frequency stot harmonics, which are also the
most troublesome ones.

Since these harmonic components are set by the spacing between adjacent
coil slots, variations in coil pitch and distribution cannot reduce these effects. Re-
gardless of a coil’s pitch, it musr begin and end in a slot, and therefore the coil’s
spacing is an integral multiple of the basic spacing causing slot harmonics in the
first place.

For example, consider a 72-slot, six-pole ac machine stator. In such a ma-
chine, the two lowest and most troublesome stator harmonics are

= 2MS |
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= 2D,y = 93,25
These harmonics are at 1380 and 1500 Hz in a 60-Hz machine.
Silot harmonics cause several problems in ac machines:

1. They induce harmonics in the generated voltage of ac generators.

2. The interaction of stator and rotor slot harmonics produces parasitic torgues
in induction motors. These torques can seriously alfect the shape of the mo-
tor’s torque-speed curve.

3. They introduce vibration and noise in the machine.

4. They increase core losses by introducing high-frequency components of volt-
ages and currents info the teeth of the stator.

Slot harmonics are especially troublesome in induction motors, where they
can induce harmonics of the same frequency into the rotor field circuit, further re-
inforcing their effects on the machine’s torque.

Two common approaches are taken in reducing slot harmonics. They are
fractionai-slot windings and skewed rotor conductors.

Fractional-slot windings involve using a fractional number of slots per rotor
pole. All previous examples of distributed windings have been integral-slot wind-
ings: i.e.. they have had 2, 3, 4, or some other integral number of slots per pole.
On the other hand. a fractional-slot stator might be constructed with 2% slots per
pole. The offset between adjacent poles provided by fractional-slot windings helps
to reduce both belt and slot harmonics. This approach to reducing harmonics may
be used on any type of ac machine. Fractional-stot harmonics are explained in de-
tail in References T and 2.

The other, much more common, approach lo reducing slot harmonics is
skewing the conductors on the rotor of the machine. This approach is primarily
used on induction molors. The conductors on an induction motor rotor are given a
slight twist, so that when one end of a conductor is under one stator slot, the other
end of the coil is under a neighboring slot. This rotor construction is shown in Fig-
ure B-11. Since a single rotor conductor stretches [rom one coil slot to the next (a
distance corresponding to one full electrical cycle of the lowest slot harmonic fre-
quency), the voltage components due (o the slot harmonic variations in {lux cancel.

B.3 SUMMARY

In real machines, the stator coils are often of fractional pitch, meaning that they do
not reach completely from one magnetic pole to the next. Making the stator wind-
ings fractional-pitch reduces the magnitude of the output voltage slightly, but at
the same time attenuates the harmonic components of voliage drastically, result-
ing in a much smoother output voltage from the machine. A stator winding using
fractional-pitch coils is often called a chorded winding.

Certain higher-frequency harmonics, called tooth or slot harmonics, cannot
be suppressed with fractional-pitch coils. These harmonics are especially trouble-
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FIGURE B-11

An induction motor rotor exhibiting conductor skewing. The skew of the rotor conductors is just
equal o the distance between one stator slot and the next one, (Courtesy of Magnelek, Inc.)

some in induction motors. They can be reduced by employing fractional-slot
windings or by skewing the rotor conductors of an induction motor.

Real ac machine stators do not simply have one coil for each phase. In or-

der o gel reasonable voltages out of a machine, several coils must be used, each
with a large number of turns, This fact requires that the windings be distributed
over some range on the stator surface. Distributing the stator windings in a phase
reduces the possible output voltage by the distribution factor £, but it makes it
physically easier to put more windings on the machine,

QUESTIONS

B""'ia

B-2.

B-3.
B-4.
B-5.

B-6.
B-7.
B-8.

Why are distributed windings used instead of concentrated windings in ac machine
stators?

(@) What is the distribution factor of a stator winding? () What is the value of the
distribution factor in a concentrated stator winding?

What are chorded windings? Why are they used 1 an ac stator winding?

What is pitch? What is the piich factor? How are they related to each other?

Why are third-harmonic components of voltage not found in three-phase ac machine
ottpuis?

What are triplen harmogics?

What are siot harmonics? How can they be reduced?

How can the magnetomotive force (and flux) distribution in an ac machine be made
more nearly sinusoidal?

PROBLEMS

B-1.

B-2.

A two-slot three-phase stator armature 1s wound for two-pole operation, If
fractional-pitch windings are to be used, what 1s the best possible choice for wind-
g pitch if it is desired to eliminate the fifth-harmonic component of voltage?
Derive the relationship for the winding distribution factor &, in Equation {B-22).
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B-3.

B4,

B-5.

B-6.

B-7.

B8,

ELECTRIC MACHINERY FUNDAMENTALS

A three-phase four-pole synchronous machine has 96 stator slots. The slots contain
a double-fayer winding (two coils per slot) with four turns per coil. The coil pitch is
19724,

{a} Find the siot and coil pitch in electrical degrees.

(b} Find the pitch, distribution, and winding factors for this machine.

{c) How well will this winding suppress third, fifth, seventh, ninth, and eleventh
harmonics? Be sure to consider the effects of both coil pitch and winding distni-
bution 1n your answer.

A three-phase four-pole winding of the double-layer type is to be installed on a 48-
siot stator. The pitch of the stator windings is 5/6, and there are 10 turns per coil in
the windings. AH coils in each phase are connected in series, and the three phases
are connected in A. The flux per pole in the machine is 0.054 Wb, and the speed of
rotation of the magnetic field is 1800 ¢/min.
{a) What is the pitch factor of this winding?
(&} What is the distribution factor of this winding?
fc) Whatis the frequency of the voltage produced in this winding?
(d) What are the resulting phase and terminal voltages of this stator?
A three-phase, Y-comnected, six-pole synchronous generator has six slots per pole
on its stator winding. The winding itself is a chorded (fractional-pitch) double-layer
winding with eight turns per coil. The distribution factor £; = 0,956, and the pitch
factor &, = 0.981. The flux in the generator is 0.02 Wb per pole, and the speed of ro-
tation is 1200 r/min, What is the line voltage produced by this generator at these
conditions?

A three-phase, Y-connected, 50-Hz, two-pole synchronous machine has a stator with

18 slots. ks coils form a double-layer chorded winding (two coils per slot), and each

coil has 60 turns. The pitch of the stator coils is 8/9.

{a} What rotor flux would be required to produce a terminal (line-to-line) voltage
of 6kV?

{b) How effective are coils of this pitch at reducing the fifth-harmonic component
of voitage? The seventh-harmonic component of voltage?

What coil pitch could be used to completely eliminate the seventh-harmonic com-

porient of voltage in ac machine armature (stator)? What 1s the minimum number of

slots needed on an eight-pole winding to exactly achieve this pitch? What would this
pitch do to the fifth-harmonic component of voltage?

A 13.8-kV, Y-connected, 60-Hz, 12-pole, three-phase synchronous generator has

180 stator slots with a double-layer winding and eight turns per coil. The coil pitch

on the stator is 12 slots. The conductors from all phase belts (or groups) in a given

phase are connected in series,

{a) What flux per pole would be required to give a no-load terminal (line) voltage
of 13.8 kV?

(b) What is this machine’s winding factor £,.?
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