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Preface

In the Air Force, there is a strong need for the lightest

weight electrical generator with the highest possible efficiency.

This brought about a thesis topic. 1In the topic it was proposed
that two students investigate the effects of rotor geometry

on improving the harmonic performance of a synchronous gen-
erator. If the harmonic performance could be improved enough,
it was hoped that wave shaping circuitry external to the
generator could be eliminated.

We chose this thesis topic because of the depth of our
early graduate courses in power systems and our keen desire
to increase our knowledge in this area.

We would like to thank Dr. Frederick Brockhurst for his
guidance throughout all stages of this thesis effort. We
would also like to thank Mr. James Kummeth for his assistance

on the Finite Element analysis computer work.

Cecil Stuerke

David W. Nordquist
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Abstract

The use of rotor geometry as a specification in the
control of generator voltage and flux density harmonics is
studied. The possibility 6f generating a specific voltage
waveform at the load with only a three-phase rectifier between
the AC generator and the load is investigated.

Since the specified load voltage is DC, the internally
generated phase voltage waveform must be one which keeps con-
stant the greatest instantaneous potential difference between
any two phases.

The armature reaction MMF is expressed as an infinite set
of traveling waves (with respect to the stator) with an infinite
set of velocities. It is shown that the rotor MMF cannot can-
cel armature reaction everywhere because the rotor MMF has
only the velocity of the rotor (not an infinite set of velo-
cities).

The MMFs present at all the stator slots of an armature L
coil group are reflected into a single slot in an attempt to
control the air gap flux density harmonics by selectively
positioning increments of rotor reluctance. This method

fails because a general solution for the reflected flux

densities (appropriately synchronized with each other) could
not be obtained. This method can be further investigated if

such a general solution can be found.
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Specifying the air gap reluctance incrementally as the
rotor moves under successive stator slots is also tried as a
means of harmonic control. This method proves unworkable
due to negative MMF requirements and conflicting geometry
specifications.,

Finite Element analysis is intioduced as a computer aid
to the design of a magnetic structure. A specific computer
program, MAGNETIC, is introduced. Another computer program
is developed which generates input data for MAGNETIC. This
input data is for the pole shoe and air gap regions of the
generator. The program allows for a variable air gap shape.

Recommendations are included which may allow the
successful specification of rotor geometry as a means of

harmonic control, or which may prove the concept impossible.
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THE EFFECTS OF ROTOR GEOMETRY
ON THE HARMONIC PERFORMANCE OF
SYNCHRONOUS GENERATORS

I. Introduction

Background

For more than a decade, synchronous AC generators have
been used to supply power to loads that require other than
a pure sinusoidal AC voltage. The circuit configuration of
a typical example is shown in Figure 1.

The AC generator, also called an alternator, allows
sliprings to replace troublesome DC generator commutators.

In the case of brushless AC generators, sliprings are even
eliminated. In high voltage applications, AC generators
have the additional advantages of a more easily insulated
stationary armature (Ref 6:336).

In order to supply a non-sinusoidal voltage, a conven-
tional AC generator requires external wave shaping circuitry.
A DC load voltage requires that the AC generator output be
rectified and also requires a large filter. A DC generator
application may use a smaller filter, but this does not
outweigh the commutator disadvantage.

The relative simplicity, reliability, and insensitivity
to wear, corrosion, and breakage make AC generators beneficial
even in DC applications (Ref 2:76) and (Ref 7). An AC gener-

ator with a tailored voltage output adds to these advantages.




Phase A Phase B

Phase C

Figure 1 Full Wave Bridge Rectifier
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The voltage in each AC generator coil varies in time,
but is not automatically sinusoidal. The voltage wave shape
depends on the magnetic flux density field in the generator's
air gap. The field is distorted due to the effects on salient d
pole geometry, conductor slots, and armature reaction. The a
time variation of the distorted voltage wave shape may be
resolved into the sum of fundamental and higher order Fourier
components.

The harmonics of the voltage time variation must be
controlled. The first few harmonics contain significant
power that the prime mover must supply. If the power from
some of these harmonics must be trimmed from the load, it is
i generally dissipated as wasted heat in a conventional gener-

ator and filter circuit. Without proper control, the voltage

wave shape inside the generator may have peaks that require
increased armature insulation. An undesirably large and
heavy generator is required to solve the preceding problems.

Conventional generator design includes methods for har-
monic control. Generator geometry is normally used to sup-
press the most significant undesired harmonics. Specification
of the distribution, pitch, and skew of the armature coils
as well as the rotor pole arc provides a direct and effective
means of harmonic control. If the wave shape can be trimmed

to its fundamental component, the analysis necessary to
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shape the waveform to the needs of the load is much easier.
For any waveform, the shaping amounts to the reintroduction
of properly sized higher harmonics at the expense of the
fundamental.

When the generator is dedicated to specific load which
requires other than the fundamental frequency voltage and
current, the conventional design procedure is a disservice.
If the voltage wave shape is obtained directly at the gener-
ator terminals, it 1s possible to meet the load power require-
ments with a smaller filter and at the same time reduce
generator losses. Rotor geometry control can help provide

the correct voltage at the generator terminals.

Problem and Scope

The purpose of this thesis effort is to investigate the
possibility of generating a specific DC voltage waveform at
the load with only a rectifier between the AC generator and
the load. Rotor geometry modifications are to be investigated
as the main means of control. This control method is applied
to the generation of specific phase voltages (by controlling
generator flux density harmonics) that will yield the desired
load voltage using only rectification to modify the voltage
wave shape. This effort reviews the theory by which rotor
geometry and the voltage wave shape are related. From this
basis, processes for determining a satisfactory rotor geometry

are studied.
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Assumptions

The attempts at rotor geometry determination through
required reluctance do not account for the cffects of finite
permeability or flux fringing in the generator magnetic
structure. These effects are considered negligible, but are
discussed as they are observed in the finite element analysis
(Section X). The basic generator design and the load para-
meters used in the development of numerical examples are
assumptions taken from the generator design covered in

Appendix I.

Approach and Prescntation

Section I is an introduction. Section II reviews the
theory through which the generator magnetic flux density
is related to rotor geometry. This provides the basis for
harmonic control.

In Section I11, the load voltage requirements are used
to select the waveform of the phase voltage and current. The
specification of the phase voltage waveform determines the
required magnetic flux density versus time in the generator.
The specification of the phasc current allows calculation of
the armature reaction. Armature reaction MMF (magnectomotive
force)is calculated in Section IV,

Section V develops an expression for the rotor MME.
Section VI combines the armaturc rcaction and rotor MME in
an expression for the MMF at the slots of a phase group ver-

sus time. An example is included.




Section VII discusses the limitations in the use of
rotor MMF to cancel certain harmonics of armature reaction.

Section VIII describes an attempt to control the flux
density harmonics with the introduction of selectively posi-
tioned increments of rotor reluctance. Reasons for the
inapplicability of this approach are discussed.

Section IX describes the incremental specification of
rotor reluctance as it is rotated into position under an
armature coil. The insufficiency of this approach is also
discussed.

Section X looks at the effects of finite permeability
and flux fringing. Finite Element analysis is shown to be an
excellent tool in fine tuning generator design to account
for these effects.

Section XI recommends other approaches to the solution

of the harmonic control problem for further research.




II. Theorz

This section reviews the theory through which the
generator magnetic flux density is related to rotor geometry.
This discussion provides a basis for the control of the flux
density harmonics.

In electromechanical energy conversion, the magnetic
field is the intermediate stage. A rotating generator shaft
causes magnetic lines of flux generated by the rotor coils
to cut the armature coils. A voltage is induced in each

coil according to Faraday's Law

Ucoil = -d$ /dt (1)
where
Vcoil is the instantaneous induced voltage
$ is the magnetic flux in webers
t is the time in seconds

The coil voltages combine as coil group voltage which
combine as phase in voltages. The phase voltages are recti-
fied to provide the load voltage.

"At a particular rotating speed, the instan-
taneous volts per conductor are proportional to
the air gap flux density at the conductor. The
wave shape of the conductor voltage versus time
is therefore the same as that of the air gap flux
density vs distance around the periphery.'" (Ref 3:
Chap 6,6)

The phase voltage is shaped by both the flux density and the

layout connection of the armature coils.




The shape of the flux density versus distance may be
described as the sum of harmonic components. Each component
contributes to the phase voltage. The stator coil's pitch,
distribution, and skew determine multiplier factors which
modify the voltage (Ref 5:44-55).

When the coil width is less than the width of a rotor

pole, its voltage is modified by a pitch factor.

W
7) (2)

. _ . v
I\pv = S1n ( T o
where

va is the vth harmonic pitch factor

v is the space harmonic number being considered

W is the winding pitch in radians or slots

T is the first harmonic rotor pole pitch in
P radians or slots - 4

When the coils are not concentrically placed, the

voltage is modified by a distribution factor.

_ sin{(vwr/m)
Kgy = q sin(vn/qm) (3)

where

K4, is the vth harmonic distribution factor '

q is the width of a phase belt in slots

m is the number of internally generated phases

When the coils are skewed with respect to the rotor

axis, the voltage is modified by a skew factor.




wA/2

hsv = sin (X77_) (1)
where

st 1s the vth harmonic skew factor

A is the angle of skew in clectricul radians

The harmonics of the flux density are also controlled by
the pole arc of a salient pole generator (bp as shown in
Figure 2). Reduction of the pole arc reduces leakapge flux,
but also veduces the magnitude of all the {lux density har-
monics as well. Unlike coil pitch, distribution, and skew,
the actual magnetic field arc is affected by leakage and the
level of magnetic {lux saturation.

The typical use of the coil placement and pole arc
factors 1s to eliminate ccrtain undesirable flux density
harmonics with minimum reduction of the fundamental. lHowever,
because these factors may be used to alter the rclative
magnitude of harmonics without cuncellation, they are impor-
tant in tailoring the phase voltage wave shape.

The f{lux density and therefore the phase voltage are
shaped not only by the position of the current carrying con-
ductors, but also by the gecomctry of the generator magnetic
circuit.

Current in the stator coils and in the rotor coils are
both sources of MME rotating with respect to the stator.

The ficld produced by these MME sources may be controlled

through variation of the magnetic circuit reluctance.
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¢ = MMF/R (5)

where

MMF is the magnetomotive force in ampere turns

R is the reluctance in henries !
Reluctance of the magnetic path is:
R = Km/ua (6)

where

u 1is the permeability of the material in henries/
meter

P

Km is the path length in meters

a 1s the area in meters2

Because the permeability for air is much lower than the
permeability of the generator steel, the air gap usually
dominates the reluctance and the MMF drop around the magnet-
ic circuit. The air gap reluctance (above the rotor) travels
with respect to the stator as does the MMF which forces the
flux through it.

If both sides of Equation (5) are divided by the area of
the flux tube (Ref 1:245), in which the flux is found, it is
evident that the flux density is related to the MMF through

the length of the flux tube.

B =u MMF/Zm (7)

where

11




r D

B is the magnetic flux density in webers/meter2 ]
When the reluctance 1s due to the air gap distance, this

becomes
B = u MME/5(x) (8)

where

§(x) 1is the air gap distance in meters

X is the distance along the circumference of the
inside of the stator in meters (stator
coordinates)

The chosen method for tailoring the magnetic flux density

is first to calculate the MMF variation at each slot, and then

to adjust the reluctance through variation of the length of
the air gap at the slots. The magnetic flux density in turn ?
produces a phase voltage that becomes the desired voltage wave

shape when rectified.

12




ITI. Phase Voltage and Current Wave Shapes

This section presents the theory and the selection of an
acceptable phase voltage wave shape. The current wave shape
which follows from the voltage is also presented. The load
voltage requirement is the bhasic criteria on which the selec-
tions are based.

A number of different phase voltage wave shapes can pro-
duce the desired load voltage wave shape after being rectified.
Thus, the harmonic content of the generator magnetic field
that produces the voltage and current wave shapes is a design

option.

Voltage

The generator must supply the required load voltage in-
spite of the generator transmission line impedances. If, as
is shown in Figure 3, the load voltage is specified and the
impedances are known, the required line to line voltage wave

shape may be determined by circuit analysis.

vV =V, + =— (Z_ + ZT) (9)

where
v is the internally generated line to line voltage

U2 is the required load voltage

yA is the load impedance in ohms

13
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Figure 3 Phase Circuit Impedance




z is the internal generator impedance in ohms

Zop is the transmission line impedance in ohms

This analysis is to be accomplished harmonic by harmonic from
the components of the load voltuge. Remember that the impe-
dances are functions of frequency. [t is the phase voltauce
leading to the composite Vg that must be induced in the
armature coils by the aggregate magnetic field.

The shape of the desired load voltage wave shape speci-
fies the phase voltage differcnce (betwecen any two external
generator phases) during the period in which it is applied to
the load. This is because the three-phase rectifier applics
the greatest instantancous potcential difference between any
two phases to the load. If the load voltage is DC, the maximum
phase difference is required to be constant. As the voltage
in one phase falls below the neccessary value, another phase
must rise to replace it.

Equally loaded symmetrical phases will have identical
voltage wave shapes. Successive phases will be cvenly dis-
placed through 2w electrical radians of rotor rotation.

Example phase voltage wave shapes which meet the DC load
requirements arc shown in Figure 4. Notice that in Figure dc¢,
overlapping voltages are possible. In ' :e cases, current is
supplied from more than two phases at a time,

The shape of the phasc voltagesas they transition is

not specified by the load voltage requirements., It is

L5
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unnecessary for the phase voltage transition to encourage
proper current commutation because the current in the load
is controlled by the applied voltage. The rate of change
of the phase voltage may be limited in order to protect the
silicon controlled rectifiers and/or diodes used in the
three-phase rectifier.

Flexibility in the choice of the phase voltage wave
shape is useful because this wave shape must be controlled
by a properly engineered magnetic flux density in the air
gap.

This flexibility may be exploited under rotor geometry
control in order to accomplish flux density control with a
minimum mean air gap. This will decrease leakage and improve
generator performance. Because the phase voltage determines
phase current, its shape also affects the magnetic field
shape resulting from the armature reaction.

The shape of the load voltage during its application to
the load and its transition affects its harmonic content.
The proper choice of the phase voltage wave shape as it is
applied to the three-phase rectifier may improve generator
performance and/or simplify calculations. Once the effective
rotor length, the rotor tip velocity, and the phase voltage

are known, the required magnetic flux density is also known.

v = Bv¢ (10)

coil




where
Vcoil is the required coil group voltage
\ is the rotor tip velocity in meters/second
4 is the effective rotor length in meters

Voltage Example

See Appendix I (Generator Design) for a reference on the

generator specifications used in this example.

For the example carried through this thesis effort, the
desired load voltage is constant (DC). Although the internally
generated phase voltage is properly derived from the desired
load voltage according to Equation (9), this example begins
with the specification of the line to line voltage. The
value of the line to line voltage is chosen as 796.74 volts,
This is /3 times the RMS phase voltage of the sample sinusoidal
AC generator. It is equal to the RMS voltage the generator
could supply toa loadif it were wye connected and if ZT and
Zg were negligible.

The generator phase voltage output comes from the series
connection of four coil groups (two coil groups per pole pair
from the generator's two pole pairs). The selected internal
phase voltage wave shape is shown in Figure 5. The rectifi-
cation applies the maximum potential difference between any

two external phases to the load. Considering that this

difference is across two external phascs and considering the

18




four coil groups in series per external phase, the required

coil group voltage 1is:

*
% coil ~ 796.74/8 = 99.59 volts (11)

where
*

v coil 1S the peak value of V

coil

The rotor tip speed (v) 1s 119.7 meters/second and the
effective rotor length is .6438 meters. The total flux den-
sity which the five conductors in each coil group must cut

has the same shape versus time as VC From Equation (10),

oil”
the maximum flux density is:
*
Vo coil 2
max - T vI - 1.292 webers/meter (12)
where
B is the maximum flux density in webers/meter2

max

Figure 5 gives the voltage versus time (external to the
generator) for the three phases. Phase B lags phase A inter-
nally in the generator by n/3 electrical radians (60 electri-
cal degrees). Because phase B is connected in reverse, it
lags phase A by an additional 7 electrical radians (180
electrical degrees) for a total lag of 4n/3 electrical
radians (240 electrical degrees). The flux density for each
phase has the same shape as the phase vecltage variation.

By Fourier analysis, (Ref 14:Chap 2) the harmonic com-

ponents of the desired total flux density per phase are given by:

19




PHASE

99.59 -]
(1.292) .
:L-J ------------------ - G O b ay wn e T

-99.59—~
(-1.292)

99.59
(1.292) l
R e e L L LT Rt e et B

VOLTS
(webers)

-99.59
(-1.292;

wt=0 at=2n

Figure 5 Time Variation of the Chosen Internal Phase
Voltage and Flux Density
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- 1 )
gzl B ax g cos (gn/6) sin (guwt) (13)
where

w is the frequency in radians/second

g is the time harmonic number being considered

Current

The phase current versus time is determined by the shape
of the phase voltage waveform as well as the circuit impe-
dances. Between current commutation periods, the phase
current is the specified load voltage divided by the speci-
fied load impedance. The value of the phase current during
commutation may be determined by the use of harmonic compon-
ent analysis (Ref 12:400). Because the circuit may have
frequency dependant impedances, each harmonic component of
the current may have a different angle by which it lags the
voltage of the same harmonic. The composite waveform accounts
for the current lag. Another approach is to analyze the com-

posite voltage waveform directly (Ref 7).

Current Example

See Appendix I (Generator Design) for a reference on the
generator specifications used in this example.

Because 1t is necessary to maintain the load power
at 100 kilowatts, the DC load current is 125.51 amperes (100

kilowatts divided by 460:V3 volts). There are no parallel

21
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current paths inside the generator. Therefore, between
commutation periods, the phase current is also 125.51 amperes.

Figure 6 shows the circuit of Figure 1 during a phase B
to a phase A commutation. Phase C is conducting throughout
this time, so no diodes are shown. It is assumed that the
transmission line impedance and the generator resistance are
negligible,

The phase voltage wave shape was given in Figure 5. A
constant voltage (4 - Vcoil) is applied across the inductive
coils of phases A and B. The current in phase B linearly
increases from zero and the current in A linearly decreases
toward zero. The generator phase inductance for this example
is chosen such that the current commutation angle is =/9
electrical radians or equivalently 20 electrical degrees,

The current wave shape of the three phases is given in
Figure 7. Notice how they follow the voltages of Figure 5.
The time variation of the current for the three phases at
selected times is given in Table 1.

The harmonic components of the phase current are:

1(t) = E (36 1

) max/gvrz) {% [cos(gn/9) - cos(g2n/9)]

+ % [sin(g2t/9) - sin(gn/9)]} sin g(wt-n/18) (14)

where
I1(t) 1is the phase current in amperecs

Imax is the maximum value of the phase current
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Figure 6 Equivalent Circuit During Commutation
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Figure 7 Time Variation of the Chosen Phase Current




Table 1 Normalized Current in Six Internal
Phases versus Time

TIME PHASE

(wt) A B c | a | B cr
se/15. | -1 1 1 -1 0
-4 /15 -1 1 1 -1
~31/15 -1 1 1 -1 0
-27/15 o L T S 3
“w/15 11 - 11 .9

0 1 -1 0 -1 1

7 /15 1 -1 0 -1 1
2n/15 1 -1 0 -1 1
3n/15 T A - N
4n/15 .9 1 -1 -9 -1 1
Sv/15 1 o -1 -1 1
6m/15 1 o -1 -1 1
Tn/15 1 o -1 -1 1
gn/15 1 - 7 -1 7
9 /15 1 - -1 -1
107/15 1 -1 o -1 1 0
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IV. Armature Reaction

This section develops an expression for the time varia-
tion of the MMF at each of the stator slots due to armature
reaction.

As magnetic lines of flux inside a generator cut armature
coils, a voltage is induced at the armature terminals. When
a load is connected to the generator, current will flow
through the armature coils generating an MMF known as armature
reaction. Armature reaction MMF opposes the MMF due to the
rotor field. |

When the MMF from the rotor coils is added to the armature
recaction MMF, the total MMF is found. The desired magnetic
flux density can be produced provided that the correct air

gap reluctance is present.

Single-Phase Winding

A single coil from each pole of a single-phase winding
produces a square MMF wave around the air gap circumference.
If the coils span the full width of a pole (Tp), each «coil
has a width of 7 electrical radians. The magnitude of the
MMF wave will oscillate with the frequency of the current in
the coils.

The MMF under the armature coils may be expresscd as
the product of the time variation of the coil current and

the Fourier components of the space variation of the square

26




- —

MMF envelope. If the x coordinate (the distance along the

J circumference of the inside of the stator) is zero at a posi-

tion which corresponds to the center of one of the full
pitch coils, the space variation of the MMF per conductor is

given by:

MMF (for one conductor)= 1

S {te
ne~18

1 . - T 3
Hax . Usln(uﬂ/?_) uOS(\)TTX/Ap) (15)

\Y

Because of the term sin(vn/2), the spacial variation has
only odd harmonics., Because of the symmetry, MMF(-x) = MMF(x),
the coefficient of the sin(vnx/Tp) terms in Equation (15) are
all zero (and not shown).

The current in the coils is the phase current as

described in Section III.

I(t) = Imax gzl (ag sin guwt + bg COs gwt) (16)
where

ag are the coefficients of the sine current harmonics

bg are the coefficients of the cosine current harmonics
Because: a sin(wt+¢) + b cos{wt+¢$) = a' sin wt + b' cos wt

a proper set of coefficients ag and bg may be established

that account for the current lag angle of each harmonic.
1f, as is usually the case, the negative portion of the pericd-
ic current wave is a mirror image of the positive position,

only odd harmonics exist in the time variation of the current.

[§%)
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A generator phase may contain several conductors dis-
tributed over one pole pitch in a single coil group. Since
the current in each conductor is identical, the resultant
MME may be summed using the distribution factor Kdv‘ The

space variation then becomes:

2 0% 1 . ) -
M = MM — = 2 T 7
MMF (x) MMF 3 Vzl S sin(vn/2) Ky cos(vnx/.p) (17)

where

MMF is the maximum value of the MMF
max
\/‘ 3 =

”“Fmax qsImax (18)

where

s 1is the number of turns of a coil group in a
single stator slot

Notice that the coordinate x is now taken to be zero in the
center of a coil group.
The space and time variation of a single phase is the

product of the individual variations.

MMF (x,t) = MMFmax {gzl [ag sin{guwt) + bg cos(gwt)]}

1

g G sin(vi/2) Ky, cos(vix/T) (19)

ne-1 8

where
+ indicates a product

g is the time harmonic number being considered
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Distribution Example

See Appendix I (Generator Design) for a reference on
the generator specifications used in this example.

The distribution factor for this example is:

sin(va/m) _ sin{v1/6) (20)
q sin(vn/mq) = § sin(vn/30) -

Polyphase Windings

If there is more than one coil group above each pole,
the phase of each coil group must be considered in calculating
the resultant MMF. The current in each coil group is depend-
ent upon the connection of the internal machine phases to the
load. 1If there are m internal phases, there will be m possible
different time variations of current in the stator. Each
current wave shape will be equally distributed in time with
a separation angle of 2a/m electrical radians.

As the current reaches maximum in successive phases,
the maximum fundamental MMF occurs at the center of the suc-
cessive coil groups. Successive coil groups correspond to
successive internal machine phases. The MMFs are therefore
distributed 2n/m clectrical radians apart.

The MMF due to all of the phases combined is the maximum
MMF times the product of the time K(t,r) and space K{x,r)

variations for all of the m internal phases.

K(t,r) =
g

ne~—18

[ag sin glwt + r2n/m) + bg cos glwt + r2«/m)] (21)
1




where
K(t,r) 1is the time MMF variation
r is the individual internal machine phase
P
o203 1 . oy 1 X . an
K(x,r) = = ) [ = sin(vr/2) K, cos v(z= + r2a/m)] (22)
T & v dv T
v=1l P
where
K(x,r) 1is the space MMF variation
m-1
MMF (x,t) = MMF Y O[K(t,r) - K(x,71)]) (23)
max
r=0
Example

See Appendix I (Generator Design) for a reference on the
generator specifications used in this example.

The space variation term in Equation (22) converges as it
is summed over the integer v from one to infinity. The
resulting value of the expression for the six internal phases
(r = 0 tor =5) and for the position of the five slots in

phase C (Figure 2) is given in Table 2.

Table 2 Normalized Spacial Component of
Armature Reaction, K(x,r), at Slots
of Phase C (Figure 2)

Phase A B C A B! C'
X \\\r 0 1 2 3 4 )
©/30 .5 5 -.4 -.5 -.5 .4
3In/30 .5 5 -.2 -.5 -.5 .2
57/30 .5 5 0 -.5 -.5 0
77/30 .5 5 .2 -.5 -.5 -.2
91 /30 .5 5 .4 -.5 -.5 -.4
30




With the current wave shape that was established in
Section III, it is possible to evaluate the armature
reaction MMF at each of the slots versus time. According to
Equation (23) and using_data from Table 1 and Table 2, the
products of the time variation and the space variation may
be summed over the applicable phases. The number of internal
phases, m, is equal to six 1n this example.

Notice that both the time and the space variation terms
for phase A' are opposite in sign from the entries for phase
A. The product of the space and time variation terms leads
to a magnetic field from A' which 1s equal to the magnetic
field from A both in magnitude and sign. Likewise the phases
B and B' and the phases C and C' produce similiar results,
From Figure 2, a positive current in phase B produces an MMF
under the slots of phase C which is opposite in direction to
the MMF produced by a positive current in phase A.

The entries in Table 3 (Total Normalized Armature Reaction
MMF) were obtained by changing the sign of the phase B and B!
currents in Table 1 and by multiplying the resultant Table
1 array by the transpose of the array in Table 2. This
multiplication is the direct normaliczed interpretation of
Equation (23). In order to express the actual MMF, the
entries must be multiplied by both the total number of con-
ductors in series per internal machine phasc and by the
current which each conductor carries. Put ancther way, the
entries in Table 3 multiplicd by MMrqu {Equation 18) will

)

yield the actual MME.
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Table 3 Normalized Total Armature Reaction
MMEF at slots of Phase C
{i\tﬂ) X 2730 | 3v/30] sa730] 70730 9n/30
-5n /15 z.00 -2.00 -2.00 ~-2.060 2.00
-4n/15 2.00 -2.00 -2.00 -Z.00 -2.00
-3n/15 2.00 -2.00 -2.00 -2.00 -2.00
-27n/15 1.46 -1.58 -1.70 -1.82 -1.94
-n/15 .38 7 -1.10 -1.46 -1.82
0 .20 - .60 -1.00 -1.40 -1.80
n/15 .20 - .60 -1.00 -1.