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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.

., N




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
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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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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
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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 -1.40 -1.80
2n/15 .20 .60 -1.00 -1.40 -1.80
3n/15 .40 0 - .40 - .80 -1.20
4n/15 1.60 1.20 .80 .40 0
57/15 1.80 1.40 1.00 .60 .2
6n/15 1.380 1.40 1.00 .60 2
7n/15 1.80 1.40 1.00 .60
87/15 1.86 1.58 1.30 1.02 7
9n/15 1.98 1.94 1.90 1 Rg 1.82
10n/15 2.00 2.00 2.00 2.00 2.00
3




V. Rotor MMF

This section develops an expression for the MMF due to
the rotor coils.

The rotor coils are a significant source of MMF in the
generator. Therefore, the affect on the controlled magnetic
circuit must be accounted for.

Two different effects from the rotor are to be investi-
gated in the search for a solution to the problem of harmonic
control. In Section VII, the approach is to use the rotating

rotor field MMF (rotating with respect to the stator) to

cancel certain rotating MMF (again rotating with respect to

the stator) components created by the armature reaction.

This procedure requires a properly designed MMF over the rotor

surface.

In contrast, Section VIII and Section IX capitalize on
ihe reluctance of the rotor for control. For this case,
the assumption is made that most of the MMF drop is across
the air gap reluctance and that the rotor MMF may be repre- A

sented (first order) as a square wave over the rotor surface.

With these assumptions, the development of the rotor MMF
expression and its translation into stator coordinates is
continued.

Without fringing, the width of each square MMF pulse is
equal to the rcotor pole arc bp. Therefore, the pitch factor

va, may be used to form the MMF expression.
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4 S S
MM = — = si 2 !
Frotor —Sy IF VZI 5 sin (vnbp/ Tp) cos (vmx /Tp) (24)
where
MMF is the rotor MMF in ampere turns
rotor b

S, is the number of turns in a rotor coil

Ip is the rotor current in amperes

bp is the rotor pole arc in radians or slots 1

x' is the distance along the outside circum- %
ference of the rotor in meters (rotor Y
coordinates)

The zero (origin) of the rotor coordinate system is taken at
a pole center. 1
The MMF expression for non-constant MMF across the pole

face may also be achieved by Fourier analysis. In this case,

saturation and fringing are the means of achieving the desired
effect. Finite Element analysis (Section X) is an important
tool to use when considering saturation and fringing.

Each harmonic component of the rotor MMF travels with
respect to the stator and has the same velocity as the rotor.
The MMF due to the rotor can be transformed into the stator's

set of polar coordinates by transforming each harmonic compon-

ent into a forward traveling wave.

_ 4 PO
MMF otor = ¥5r Ir vzl v S (““bp/sz) cos [(vnx/Tp)-th]

(23
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The MMF which drives a flux tube may be moved around
that tube without changing the flux density. Thercfore with
radial tlux lines, the traveling square wave can be projected
avross the air gap with the same angular coordinates.

As was true of the armature MMF expression, the rotor
MMF versus time can be evaluated at any x by substitution of
that value. Rotor MMF is opposed by the armature reaction
MMF. The MMFs may be algebraically summed to obtain an

expression for the total MMF along the stator (Section VI1).

Example

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

The chosen pole arc is 2n/3 electrical radians. There
are 533 ampere turns in each rotor winding. The rotor MMF 1is
a square wave which travels with the rotor under the armature
colls. The time variation of the rotor MMP under the slots

of phase C (Figure 2) 1s given in Table 4.

2]
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Table 4 Rotor MIF :

TIME NX{ 7/30 | 37/30 | Sv/30{ 7x/30[ 9n/30
(wt)
5u/15 0 0 0 0 0
~an/15 | 533 0 0 0 0
“3x/15 | 533 533 0 0 0
S2a/15 | 533 533 533 0 0
/15 533 533 5335 533 0
0 535 533 533 533 533
n/15 533 533 533 533 533
2n/15 533 533 533 533 5553
3n/15 533 555 533 533 533
41 /15 533 533 533 533 533
Sn/15 533 533 533 533 533 #
67/15 0 533 533 533 533
77/15 0 0 533 533 533
gn/15 0 0 0 533 533
91/15 0 0 0 0 533
107/15 0 0 0 0 0




VI. Total MMF

Section IV developed an expression tor the armature
reaction MMF and Section V developed an expression f{or the
rotor MME., These MMFs are superimposed in the generator's
alr gap. LEach MMF produces a magnetic flux density with
space and time varilations that are superimposed. This section
develops an expression for the total MMF,

At first glance it secms possible to calculate the flux
density due to armature reaction and then to adjust the rotor
reluctance so the rotor MMF produces a cancelling flux den-
sity. This idea is flawed because a change in the magnetic
circuit also changes the magnetic flux density driven by the
armature reaction MMF. Therefore, instead of the superposi-
tion of flux density, it is the superposition of the MMF
which must be accomplished. The desired flux density may
then be obtained from the total MMF by adjusting the air gap
reluctance.

The total MMF in the generator is the sum of the
expresstons in Equation (23) and Equation (25). Because of
the direction defined for positive current (Figure 2), the
armature reaction MMF and the rotor MME add.

As is shown in Section VII, specification of rotor MMF
is not sufficient to control the generator MMEF for all of the
air gap for all times. The armature reaction MMI° produces

both space and time variations that are not controlled by the




rotor MMF. Substitution of the space or the time into the
expressions however, brings the terms of both the armature

reaction MMF and the rotor MMF to a countably infinite series.

The cecordinates of the stator conductors are important since
it is at these points that the time variation of the flux
density creates the desired voltage wave shape. With this
substitution, control of the harmonics is approached in

Section VIII and Section IX.

Example
See Appendix I (Generator Design) for a reference on
the generator specifications used in this example.
The actual armature reaction MMF is obtained by multi-

plying the normalized armature reaction MMF in Section IV

by MMFmax (Equation 18). The total MMF can be obtained by
summing the armature reaction MMF and the rotor MMF. This is

equivalent to multiplying Table 3 by MMFmaX and adding the

result to Table 4. The total MMF is shown in Table 5.




Table 5 Total MMF at Phase C Slots versus Time
TIMEN\ x
(wt) m/30 3In/30 57/30 7m/30 97/30
-5%/15 }-1255.1 1255.1 -1255.1 -1255.1 1255.1
-4n /185 -722.1 1255.1 -1255.1 -1255.1 1255.1
-3n/15 -722.1 -722.1 -1255.1  -1255.1 1255.1
-2nw/15 -383.2 -458.5 -533.8 -1142.1 1217 .4
-m/15 294.5 68.6 -157.3 -383.2 1142.1
0 407.5 156.5 -94.6 -345.0 -5960.6
m/15 407.5 156.5 -94.6 -345.6 -596.6
2 /15 407.5 156.5 -94.6 -345.6 -596.6
3m/15 784.0 533.0 282.0 31.0 -220.0
41/15 1537.1 1286.1 1035.0 784.0 533.0
5m/15 1662.6 1411.6 1160.06 909.5 658.5
6m/15 1129.6 1411.6 1160.6 909.5 658.5
7m/15 1129.6 378.6 1160.6 909.5 658.5
8m/15 1167.2 991.5 815.8 1173.1 997.4
gn/15 1242.5 1217.4 1192.3 1167.2 1675.1
10w/15 1255.1 1255.1 1255.1 1255.1 1255.1
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VII. MMF Cancellation

This section considers rotor MMF for the cancellation of
selected armature reaction MMF harmonic components. For this
analysis, it is useful to express both the armature reaction

MMF and the rotor MMF as traveling waves.

Armature Reaction MMF

Equation (23) is the expression for the armature reaction
MMF. Symmetry about the time origin causes the cosine terms
in K(t,r) (Equation 21) to be zero. The cosine term due to
asymmetry is subsequently considered. For a given g and v,

several constants from Equation (23) may be combined by letting:

b=
il
1] 0o

qs Imax ag sin (vrn/2) Kdv/v (26)

g\)
where

A is a constant whose value depends on g and v
(=]

Remembering that the cosine coefficient in Equation (21) is
zero, the armature reaction MMF expression from Equation (23)

can be rewritten as:
MMF (x,t) = I A sin g(wt+r2m/m)
* cos v[(ﬂX/Tp) + (r2n/m)] (27)

Using the trigonometric identity

sin(a + R) (28)

£0f bt

sin{a) cos(E) = % sin(a - B) +
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Equation (27) may be rewritten as:

WiE(x,t) = 55 Loy
(x,t) g,;l 031 ¥ gv
{sin [ (gwt) +vwx/Tp] + sin [(gwt) - (vnx/Tp)]
) 2 -
+sin [(guwt) + (an/Tp)-(gWJT?] + sin [(gwt) -(vWX/Tp)-(g-v)zm—]
ssin [(gut) + (urx/T)-(g+v) ]+ sin [(gut) - (vmx/T ) (g-v) 7]

+sin[(gwt)+(vvx/Tp)-(g+v)iﬂi%l§11+sin[(gwt)-(vvx/rp)-(g-v)ﬁﬂtﬁﬁﬁﬂq}
(29)

Equation (29) contains the positive direction (terms in the

right column of the equation) and negative direction (terms

in the left column of the equation) traveling waves.

When ¥ is a multiple of m,

sin 0 + sin (0 + w%%) + sin (0 + w%%) + ...+ sin(®+w£m;%lgw)=m sind
(30a)
When ¢ is not a multiple of m,
- 7
sin @ + sin (0 + wzl) + sin (0 + wil) + ...+ sin(@+w£m—llll)=0
m m m
(30b)

This also holds true for a cosine sum with equivalent arguments.
Because the usc of sines and cosines in K{(t,r) preserves
symmetry about the origin, g and v are both odd integers.

Therefore, their sums and differences must be cven.
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With ¢ analogous to (g + v) or (g - v) in Equations (30a)

and (30b)
MIE(x,t) = ] ] [3 A sin(gets=rR) + 7 A sin(get-Z5)]
g=1 wv=1 Z Tgy ‘p Z “gv T
(31)

where for the first sine term (g+v) is an even multiple of m
and for the second sine term (g-v) is an even multiple of m.
When the cosine term in K(t,r) is not zero, the traveling

waves may also be found. When

2 .
B = - gs Imax bg sin (vin/2) Kdv/v (32)
where

Bgv is a constant whose value depends on g and v

the cosine term in Equation (21) leads to:
% © m-1
°

MMF (x,t)= )}  § Y B__ cos g(wt+r2n/m) cos v[(mx/T )+ (r2n/m)]
g=1 v=1 r=0 &Y P

(33)
The trigonometric identity
21 1
cos(a) cos(8) = 5 cos(a+B) + > cos(a-B) (34)
yields:
T o m uTX m VT X
MMF (x,t)= Z Z [7 Bgv cos(gwt+ T ) + > Bgv cos(gwt - ﬁf—n
g=1l wv=1 P
(35)

where for the first cosine term (g +v) is an even multiple of m

and for the second cosine term (g > an even multiple of m.
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Therefore, the complete expression for the time variation
of the magnetic field (armature reaction MMF only) referenced
to a fixed stator due to the specified mth internal phase

armature current is:

MMF (x,t)= § 70T A sin(get+viX) + B cos(gut+viX)
g=l \)=1 & gv xp Z gv xp
m . TX m X

+ > Agv Sln(gwt-vi) -5 Bg\) COS(gwt'vq)]

(36)
As before, for the first two terms, (g +v) 1s an even multiple
of m and for the last two terms, (g -v) is an even multiple

of m.

Example

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

For m=6, the terms of Equation (36) are non-zero when

(g+v) or (g-v) is a multiple of 6. Therefore,

v=r+6k-g (37)

where
k is an integer constant equaling 0, +1, +2,
Table 6 gives the space harmonic indexes (values of v)

corresponding to the odd harmonics of the time variation of

the armature reaction MMF. A forward traveling wave is
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represented by sin(gut - v%i). The velocity of the traveling
P

wave components relative to that of the rotor is equal to
the negative time harmonic index (-g) divided by the space i

harmonic index (v).

Table 6 Space Harmonic Indexes for Armature
Reaction Traveling Waves

g\k 0 -1 +1 -2 +2 -3  +3

1 -1 5 -7 11 -13 17 -19
3 -3 3 -9 9 -15 15 -21
5 -5 1 -11 7 -17 13 -23
7 -7 -1 -13 5 -19 11 -25
9 -9 -3 -15 3 -21 g -27
11 -11 -5 -17 1 -23 7 -29
13 -13 -7 -19 -1 -25 5 -31
15 -15 -9 21 -3 -27 3 -33
17 -17  -11 -23 -5 -29 1 -38

Comgarison

The traveling wave for the rotor MMF is expressed in
Equation (25). The harmonic index (v) in each component is
the same for the time and space variation.

The cancellation of two orthogonal functions (Ref 10:188)
A sin(at) + B sin(Bt) = 0 (38)

requires that the magnitudes of o and B are equal or that
both A and B are zero. This applies to the cancellation of
armature reaction MMF terms (lquation 36) and rotor MMF terms
Equation (25).
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If cancellation is to apply to all positions (x) and all
times (t), the rotor MMF can only be used in cancellation of
armature reaction MMF terms in which g=v. 1In other words,
rotor MMF will only cancel armature reaction MMF that has the
same relative velocity (g/v); the velocity of the rotor.

Specification of rotor MMF is not sufficient to control
the generator MMF for all of the air gap at all times. The
armature reaction MMF produces both space and time variations
that are not cancelled. This limited cancellation is more
effectively accomplished by the specification of other para-
meters such as pole arc (see Section II).

Another concern with this approach is that the reluctance
function controls the flux density according to Equation (7).
Thus, even if a certain MMF harmonic is cancelled, there must
be protection from the reintroduction of that harmonic through
the variation of the reluctance. Therefore, the use of rotor

MMF is not a favored approach in the control of generator

harmonics.




VIII. Reluctance Harmonic Control

This section describes an attempt to control phase voltage
harmonics by using the reluctance to control the flux density
harmonics.

Neglecting saturation and considering the air gap to be
dominant, the reluctance along the air gap is proportional to
the air gap distance. In addition, because the air gap rotates
with the rotor, the reluctance versus distance has the same
shape as the reluctance versus time at a fixed point on the
stator. Therefore, although the reluctance requirements may
be solved on a time basis, it can be directly related back to
the air gap and thus rotor geomectry, MMEF{(x,t) and MMF(t) refer

in this section to total MMF.

Flux Density from MMF

Just as it is the combined voltage of all the conductors
connected in series in a coil group which is specified as
phase voltage, it is the sum of the flux densities cutting
these same conductors that must be controlled. The f{lux
density at each stator slot is determined by the MMF available
to force the flux through the reluctance at that point.

The MMF({x,t) around the stator is known. It is the
superposition of the MMF(x,t) due to the armature reaction
MMF (Section IV) and the MMFrOtor due to the rotor coils

(Section V). The time variation MMEF{t) at any location along

the stator may be obtained by substituting that lecation's
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coordinates into the MMF(x,t) cxpression. For a given MME(t),
the value of reluctance determines the magnetic flux density.
Therefore, for a given MME(x,t), the desired phasc voltage
(Section IIT) may be had by controlling the reluctance.

The reluctance at any location along the stator periphery
is also a function of time. Therefore, the total magnetic

flux density 1is:

4 ToaMME ()
Bpopw= , B (t) = 7 (39)
) L " L T Are:
ot x=1 X X1 Rx t Arca
where
Arca 1s the rotor surface arca under a =ingle
cotl group

BTOT i1s the total magnetic flux density
Bx(t) 1s the magnetic flux density at slot x

MMFX(t) is the MME at slot x
Rx(t) is the reluctance at slot x

If, during certain periods T, the air pgap distance under
a slot is proportional to the MME,
Sty ] = KeMMF (40
T
where
K 1s a proportionality constant
then the {lux density, Bquation (81, is a constant over that

per i (M] .




B = u/K (41)

If the value of the proportionality constant K is
changed, the magnitude of the flux density is also changed.
The basis for this concept involves a series of these changes

| combined with careful control of the flux density harmonics.

! Reluctance Specification Concept

The magnetic circuit reluctance function is periodic. The
reluctance at any slot is the same function as the reluctance
at a previous slot except for a time delay. If the MMF(t)

expression for each slot is shifted instead, the sum on the

right side of Equation (39) has a common denominator. Using

*
the shifted and summed MMF (t) reflected into the first slot,

the solution of reluctance versus time will be simplified.
A pulse width current modulation technique for control

of line voltage harmonics was presented by Krishnamurthy (Ref

F 11:1269). His technique is reinterpreted for the time varia-
tion of the magnetic circuit. Here permeance is modulated to
control the magnetic field.

The resulting flux density variation B(t) will consist of
a set of symmetrically shaped increments for each set of har-
monic(s) controlled (see Figure 8c). The set of increment

th

centers for the n controlled harmonic is given the name Cn

(see Figure 8b) which corresponds to Bn in Reference 11.
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BV(Cn + At) = Bv(Cn - At) (42)
and
Bv(an+Cn) = -Bv(2kn-Cn) = Bv[(2k+l)n—Cn] = —Bv[(2k+1)ﬂ+Cn]
(43)
where

k 1is an integer constant equaling 0, +1, +2,

The product of the permeance and the MMF will be constant in

magnitude over the increments, but will change sign every =

radians.
The coefficient of the nth harmonic of the flux density
is
5 Brax ¢
bv = —57 — sin vd , sin an (44)
n=1
where
d 1is the width of an increment (maximum At)
¢ is the number of harmonics controlled by the
increments of concern
When the Cn's are chosen such that:
c
. sinvC =0 (45)
n=1
b, can be made ecqual to zero for c different harmonics. There

will be d4c pulses per 2m electrical radians.
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Methodology

The harmonics of the flux density are controlled by
respecitication of the air gap length under the stator slots
during certain periods Tn. The Tn periods correspond to the
non-ze¢vo periods of the modulated wave claculated for no
disturbance of the n previously controlled harmonics. The
air gap length over each period is such that although there
is variation in the MMF, the flux density is constant. The
process 1is accomplished one harmonic at a time with the funda-
mental completed last.

For the first non-fundamental harmonic to be controlled,

Vi, the periods To correspond to the entire pole arc.
Equation (8) is rearrangced to solve for the length of the
air gap over the desired periods.

u MMF(t)R

§(t) = — 5 (46)
Vv

The desired values for the flux density are given by rearrange-

ment of Equation (10).

v
B, = V_[Y (47)

For the second harmonic to be controlled, Vs, the air gap

, of
V1

those periods are chosen in cach fundamental f{requency quarter

is respecified over the periods Tl. The centers, C

cycle so that Equation (45) is satisfied (c¢=1). Therefore,

there will be no contribution to the Y4 harmonic f{rom the
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respecification. The width of the periods is extended to the
point that they meet each other or the edge of the rotor pole.
The respecification (addition of an increment of permeance
over the periods Tl) is done so that the v, time harmonics
of the flux density are the proper value.

Equation (41) is used to calculate the flux density com-
ponent for Vo above the pole arc outside of Tl' The remainder

of the necessary flux density, ABv , must come from the period
1

PR Py

Tl. The flux density to be added over the periods Tl must be
a constant according to the modulation technique.

Reluctance is proportional to §. If the needed reluctance
is &' and the present reluctance is §, the reluctance to be
added is the difference  Returning to the distance domain,

the new air gap length must be 6'- §/(8-8'"). The respecifi-

cation for ABv becomes

§'«6 _
§-6" AB
v

MMF (t) (48)

If Tn extends over the boundaries of previous T, Equation
(48) will be valid as long as the proper § versus time 1is uscd.
Further harmonics are controlled »y additional increments of

reluctance.

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

generator specifications used in this cxample.
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The third harmonic is chosen as the first to be controlled.
The desired flux densitv is zero. From Equation (46), I is
infinite.

T1 15 now determined for control of the fifth harmonic

{the second to be controlled) without disturbance of the third

harmonic. The sum

3
It £~ e

sin ann ¥
is zero for Cn= m/3. The centers, Cl’ /3 radians away {romn
each multiple of m radians are n/3, 2a/3, 4«/3, and 57/3.
The width of each increment may be up to n/3 before they touch,
At this {full width, the outside 1limits of the increments T1
are n/6 to 5n/6 and 7n/6 to 1lw/6. The merged increments arce
2n/3 wide corresponding to the width of the chosen 27/3 pole
arc. In other words, a 2n/3 pole arc constant air gap pro-
duces no third harmonic. This is consistent with conventional
pole arc design (Ref 9:34).

The desired flux density for the fifth harmonic comes from
Section III and Equation (47). All of this flux must come from

T, because the rotor pole arc does not extend past T From

1 1°
Equation (48} and the fact that § is infinite, &', (the limit

of [8'-68/(5-86')] as § goes to infinity) may be found.

Next, T, is determined for control of the next harmonic

2
without disturbancec of the third and fifth harmonics. FPquation
(45) is simultanecously solved for v=3 and v=5 yviclding C3=.233“ ;

[
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“i

and ¢, = .4
5

r.
2
j 2

. The centers of the Bv {(t) pulses are
2

L3537, U500, L T00n, 12330, 1.4330, 1,500, and 1.700x

radians.  The periods meet and extend to the edge of the pole
when thelr width i1s J1006n radians.,  The reluctance and (lux
density waves built with these periods are shown in Figures
8a and 8¢, The air gap length over these periods is adjusted
to provide the necessary flux density not provided outside of
5. The flux density adjustment continues in this manner {or

other harmonics. The reluctance over the {inal periods 1“
which affect none of the previously controlled harmonics is
adjusted for the fundamental component.

A graphical interpretation helps clarity the process.
he periods of non-infinite reluctance, shown in Figure 8b,
are catculated as previously described.  The air gap length
(proportional to reluctance!) 1s obtained during cach period
hy Lgquation (do).  The product of the MME and the reluctance
(the flux density variation) is shown in Figure Sc.

® ®
The components of the since a ~ and cosine b parts of

the cach harmonic ol the {lux density may be calculated Vrom:

B osin vt dot {3y

Iocos vet dat ()

The curved bhonnd of the shaded arcas in Fieure sS4 oand 8¢

represent the inteerand of bquation (401 where w=5 and 5
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respectively. The curved bound of the shaded areas in Figures
8e and 8f represent the integrand of Equation (50) when v=3 and
5 respectively.

The signed shaded arecas in Figures 8d through 8g represent
the integrals from kEquations (49) and (50). Algebraically, the
signed arcas of Figures 8d through 8g sum to zero. This
illustrates that Equations (49) and (50) are zero for v=3 and
for v=5. Thus, the harmonic components are zero for these
harmonic: because of the chosen reluctance values and periods.

The illustration 1s similiar for other higher harmonics.

How Many Harmonics

The process as described, approaches the desired flux
density wave shape one harmonic at a time. To see the
advantage of this approach, consider specification of the
reluctance as a composite wave shape.

U MMF(t)

where

§(t) 1s a time varying air gap
This requires a specific finite reluctance at all times. When
the large air gap between the poles is under the coil group,
the reluctance is not variable. This shortcoming affects all

the harmonics. Therefore, the chosen method, becausc the

important harmonics can be directly controlled has an advantage.
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The number of harmonics which can be controlled is

dependent on those chosen and the pole arc. Equation (45)
vields Cl = .1837, €, = .3447, and Cg = .433nw, for control
of the 3rd, 5th, and 7th harmonics. If the pole arc length

was less than .633w, C3 would be at the pole edge and control

of these three harmonics could not be achieved. Therefore,

the harmonics and the pole arc must be selected consistent

with the methodology.

o A etk

The Contradiction

The concept of harmonic control appears to be practical

once MMFR (the reflected MMF) is obtained and the control

harmonics are selected. However, obtaining MMFRvis not an
easy problem.
The proposed shift of MMF at consecutive slots 1 and 2

is

1
1

MMFl*(t) = MMF, (t-At) (52)

where

*
MMF1 (t) is the shifted MMF

The reluctance at onec slot is the same function as the
reluctance at the previous slot except for a dclay of At.

In other words

R{(t) = Ry(t - &t) (53)

An expression for the flux density at the sccond slot is
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MMF, (t-At)

By(v - at) = R, (t-Lt)

(54)

The shifted MMF and reluctance are then plugged into

Equation (54). The contradiction is that the

Bz(t—At) reflected into the first slot is not

with the flux density at the first slot Bl(t).

makes little sense.

A general solution for a reflected Bz(t)
with Bl(t) and with the knowledgc of MMFZ(t),
exceeds the resources of this thesis effort.

another approach is preferred.
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I¥. Incremental Reluctance Specification

This section describes the final method in which the
rotor geometry specification is analyzed for control of the

generated voltage wave shape.  The reluctance of the air

gap 1s specificd as the traveling rotor is positionced under
consccutive stator slots. Just as in Section VIII, reluc-
tance versus time may also be related to air gap distance
versus time and thus to rvotor gecometry. The specification
progresses with time along with the required wave shape.

Therefore, individual harmenic components are not of concern.

MM to IFlux Density

The total MME versus time which was developed in Scction
VIT is a usceful starting place for this development. The
reluctance must be specified so that the resulting magnetic
flux density will be in accordance with the magnetic flux
density required, as was discussed in Section TI1. Air gap
dominance, the lack of fringing, and the {inite permcance
cffects are assumed here as they were in Section VIII.

The reluctance at any slots 1s the same function as the

reluctance at the previous slot except for a time <delay of At

At = -— (55
\/
ang
where

v 1s the rotor angular velocity

ang

"o is the clectrical angle between slots
H8




Therefore, the total flux density may be expressed as:

TOMME ()
B (1) = [ —T—— (56)
1 n=1 R, (t-nat)

ne1 o

BrAn(t) =
TOT n

where

n 1is the individual stator slot number

Reluctance Specification

When the gap between salient poles is under a slot, the
reluctance at that slot may be approximated as infinite. When
the rotor turns so that its edge is between the first and
second conductor of the relevant coil group, Equation (56)
has a non-zero term only for n=1. The desired increment of
flux density, AB, and the available MMF determine the reluc-
tance required while the rotor edge is between slots 1 and 2.

MMFl(t)
Rl(t) = EVIGON (57)

After a delay of t, that same reluctance will appear

under the second slot. The MMF, at (t+At) and the alrcady

2
specified reluctance will determine the flux density at the
second slot. The remainder of the desired total flux density
must come under the first slot. By using MMF(t+At) and the
residual requirement of reluctance, AB, in Equation (57), the
reluctance at the next increment may be determined. The

reluctance specification process is repecated as the rotor

progesses under the coil group and is completed once the new
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rotor position is 7 radians from where it was when the
specification began.

The specification of the reluctance using this method is
very simple. However, insight is required in the choice of
the phase voltage wave shape. After the trailing edge of the
rotor pole face passes the first slot, the reluctance specifi-
cation 1s complete. The phase voltage and the required mag-
netic tlux density must come from the remaining MME time

variation and the reluctance specified to this point.

Example

See Appendix 1 {Generator Design) for a reference on the
generator specifications used in this example.

The proof that not just any phase voltage wave shape will
work 1s seen by examination of the example developed so far.
Table 5 gives the time variation of the total MMF at cach slot
for the Figure 5 voltage variation. At wt=-57/15, none of
the pole arc is under the phase C coil group. At wt=-4=/15,
the pole will be under the first conductor of the coil group.

The MMEF at w«t=-47/15 is negative. Additional rotor MME
could be added here in order to ensure a positive magnetic
flux density with a realizable reluctance. However, there ix

another difficulty. The desired magnetic flux density and

therefore the desired voltage wave shape i1s flat between t=-2-

and wt=+37/15. At wt=-2n/15, a certain combination of reluc-

-

tances will bhe under slots< 1, 2, and 3 and with the \MYEbs
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(Table 5 entries) will produce the desired magnetic flux
density. However, at wt=-n1/15, the reluctances are exposed

to greater MMFs. The new increment under slot 1 also sees

a positive MMF. Then the reluctances which provide the correct
amount of flux density at wt=-2n/15 are bound to provide too
much at wt=-1/15. Therefore, this choice of a phase voltage
wave shape is not consistent for wave shape control using

only rotor geomectry.

Triangular Phase Voltage Wave Shape Example

The flexibility of the phase voltage wave shapec for a
required load voltage wave shape as discussed in Section III
is valuable. Figure 9 shows a phase voltage wave shape which
produces a DC load voltage. Notice that it has an upward
ramping voltage as the number of slots with finite reluctances
increases and a downward ramping voltage as the number of slots
with finite reluctances decreases. In this example, the peak
phase voltage equals the load voltage and the pole arc is only
m/3 electrical radians, Tables 7, 8, and 9 display the voltage,
the magnetic flux density, the current, and the MMF variation
at each slot versus time.

The reluctance for this new wave shape is introduced
under the first conductor at wt=-37/30. The rotor pole is
centered under phase C at wt=-57/30. It is under only onc

conductor at »t=137/30 as it is leaving the coil group.
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Table 10 shows the progressive calculation of the reluc- !
tances required for the Figure 9a triangular voltage wave shape.
Notice that Table 10 stops with the determination that a nega-
tive rcluctance is required. A rotor MMF of 1400 ampere-turns
was chosen instead of the 533 ampere-turns used previously in
order to prevent the calculation of a negative reluctance for

the very first entry. This wave shape choice is not appropriate

for rotor geometry control.

From the shaded area of Table 9, it is observed that an
equation for the magnetic flux density (similar to Equation
39) may be written for each line (at each time increment).
Nine equations with the specified MMF determine the required
reluctances. Yet, only five reluctances are variable. The
armature current and rotor MMF provide two additional variables.
It is clear that design using the method of this section is a

form of over-specification. There might be a waveform that

fits all of the equations and provides the desired load vol-

tage, but none were found.
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Table 7 Normalized Phase Current and Voltage
(Triangle Wave Shape) (Figurc %a)
TIME VOLTAGE CURRENT
(wt)
A B C Al B’ c!
-51/30 0 1 0 -1 0 1
-3m1/30 0 .8 -.2 -1 .36 .96
-m/30 0 60 -4 ) -1 .64 .84
T/30 0 .4 -.6 -1 .84 .64
3m/30 0 .2 -.8 -1 .96 .36
51/30 0 0 1 -1 1 0
7m/30 .2 0 -.8 -.96 1 -.36
91 /30 .4 0 -.6 -.84 1 -.64
11n1/30 .6 0 -.4 -.64 1 -.84
137/30 .8 0 -.2 -.34 1 -.96
157/30 1 0 0 0 1 -1
17n/30 .8 -.2 0 .34 96 -1
1971/30 .6 -.4 0 .64 84 -1
21n/30 .4 -.6 0 .84 .64 -1
231/30 .2 -.8 0 .96 .36 -1
251/30 0 1 0 1 0 -1




Table 8 Normalized Armature Reaction MMF Phase
C Slots (Triangle Wave Shape)

Eiﬁ? X w730 | 3m/30 ( 5w/30 | 77730 | 9m/30
-51/30 -1.80 -1.40 -1.00 -.60 -.20
-3m/30 -2.13 -1.74 -1.36 -.98 -.59
-m/30 -2.31 -1.98 -1.64 -1.30 -.97
m/30 -2.35 -2.09 -1.84 -1.58 -1.33
3w/30 -2.25 -2.10 -1.96 -1.82 -1.67
Sm/30 -2.00 -2.00 -2.00 -2.00 -2.00
7m/30 -1.67 -1.82 -1.96 -2.10 -2.25
9m/30 -1.33 -1.58 -1.84 -2.10 -2.35
117/30 -.97 -1.30 -1.64 -1.98 -2.31
13n/30 -.57 -.96 -1.34 -1.72 -2.11
157 /30 -.20 -.60 -1.00 -1.40 -1.80
177/30 .18 -.22 -.62 -1.02 -1.42
197/30 .60 .20 -.20 -.60 -1.00
21m/30 1.00 .60 .20 -.2n -.60
231/30 1.40 1.00 .60 21 -.20
251/30 1.80 1.40 1.00 .00 .20
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Table 9 Total MMF at Phase C Slots (Triangle Wave Shape)

RN s l 3-/30 l 55/30 ' 74/30 9+/30
s-/30 | -1129.50 -878.57 -627.55 -376.53 -125.51
S3- /30 63.32 -1091.94 -853.47 -615.00 -370.25
- /30 Ju.0d  157.45 -1029.18 -815.81 -608.72
- /30 3,73 88.42  245.31 -991.53 -834.64
3= /30 1,09 82.14  170.00  257.86 -1048.00
5+ /30 114,90 141.90  144.90 144.90  144.90
~s30 |-1ets.01 257.86 170.00  82.14  -11.99
97 /30 834,00 -001.53  245.31 82.14  -74.74
117/30 608.72 -815.81 -1029.18  157.45  -49.64
137/30 367.70 -602.45 -840.92 -1070.39  75.87
157 /30 125.51 -376.53 -627.55 -878.57 -1129.59
RENET 112.90  -138.06 -389.08 -640.10 -891.12
N S°0.53  125.51 -125.51 -376.53 -627.55
SRR hoc . an 370,53 125.51 -125.51  -376.53
2330 <=5.3°  (27.55  376.53  125.51 -125.51
25730 (14 50 R"8.57  627.55  376.53  125.51
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Figure 9 Trianyle Phase Voltage and Current Wave
Shapes
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X. Other Magnetic Fffects

This section discusses the effects of flux leakage,
flux fringing, and flux saturation on the desired generated
voltage wave shape. Finite Element analvsis, an important
analytical tool, is introduced as a computer-aided design
method used in fine tuning and checking the generator
design. One example of a magnetic finite element analysis

program 1s introduced.

Introduction

All of the procedures, methods, and examples in this
thesis effort assume zero flux leakage, no flux fringing,
and no saturation in the generator's magnetic structurec.
These are important assumptions because calculating {lux
leakage, flux fringing, and saturation require a knowledge
of the complete magnetic structure; something that is not
available in the initial design stages. Generator design
is by nature an iterative process due to these three
problems.

When a generator is designed for a specific load, the
system inductance is an important specification. The sys:
tem inductance depends on the load inductance, the trans-
mission line inductance, and also the gencrator inductance.
The generator inductance can casily be the most significant

of the three inductances. The gencrator inductance depends
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on the geometry of the magnetic circuit., Designing the
magnetic circuit, however, depends on a knowledge of the
system inductance. Normally, a "first cut" design is made
from which a "first cut’ svstem inductunce can he calcu-
lated. Using this inductance, a '"second cut'" design is
made from which a "second cut" system inductance can be
calculated. This process continues until it converges on
a final design.

This thesis effort is concerned only with the "first
cut"” design. The rest of the design procedure is left for

further study.

Leakage Flux

In the generator, the rotor magnetic flux is generated
in the rotor coils. The flux travels through the rotor
poles and into the stator magnetic structure cutting the
armature coils and thus, generating the output voltage.

In a salient pole generator, there 1s a large air gap

between two adjacent poles. The magnetic reluctance is
very high, but '~s have a finite valuce. Since there is
an MMF drop betwe two adjacent poles, there will be mag-

netic flux crossing the gap betwren the poles bypassing
the stator. All of this leakage flux which bypasses the
stater does not have a significant impact on the shape of
the desircd output voltage waveform, althcugh it does

increase the yencrator inductance, Xg' To compensate for
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this leakage flux, all the designer needs to do is increase !

the number of ampere turns in the rotor coils.

Frinoing Flux

Another important assumption made in this thesis
effort is that all the flux generated in the rotor passes
through the air gap, past the armature coils and into the

stator core in a totally radial direction. This is an

d important "first cut” assumption and can be corrected for
in further design iterations.

In a realistic generator, the majority of the magnetic
| flux does go in the radial direction. However, there is
a significant amount of flux which does not. This flux 4
crosses the air gap in directions defined by the magnetic
flux density vector B causing a distortion of the desired
output voltage wave shape. The flux can also short cut
across several armature slots instead of going straight
through.

Accounting and correcting for this fringing flux so
that the correct flux links the armature coils is no simple
matter. Where and how the flux fringes depends on the
shape of the generator's magnetic structure. The correc-

tion for the flux fringing is therefore an iterative design

process.

70




Magnetic Saturation

The last important assumption made in this thesis
effort is that the relationship between the MMF, the
reluctance of the magnetic material, and the resultant
flux density in the magnetic material is linear. This
last assumption said another way means that the analysis
in this thesis effort ignores the effects of saturation of
the magnetic material.

In a realistic generator, this relationship is defi-
nitely non-linear., When the MMF dropped across the magne-
tic structure is a given value, a certain amount of
magnetic flux will "flow'" through the material. As the
MMF increases, the flux flowing through the material also
tends to increase. However, at high enough values of flux
density, the magnetic material saturates and more and more
MMF is required for smaller increases in the flux.

As was true for the flux fringing, the locations and
the severity of the flux saturation are determined by the
structure of the magnetic circuit., Compensating for this

problem can also be an iterative design procedure.

Finite Element Analysis

The calculations involved in designing a generater
can be exceedingly complex and cumbersome. This fact makes
the digital computer a welcome design aid. One particular
procedure ideally suited for computer-aided design is

Finite Element analysis.
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In Finite Element analysis, a cross section of the
generator is taken perpendicular to the axle. Then the
assumption is made that any leakage flux or fringing flux
is in the plane of the cross section. That is, there is
no leakage flux or fringing flux between any two "adjacent,
infinitely thin" cross sections. The two dimensional cross
section is then divided up into triangular finite elements.
Each element is restricted to one particular type of mate-
rial (steel, air, insulation, ...). During the computa-
tions, cach triangular finite element is considered to
have a constant magnetic flux density over the entire
element. See (Ref 8) and (Ref 13) for further information
on the Finite Element method.

MAGNETIC is a computer program that uses the Finite
Element analysis technique (Ref 4) to analyze magnetic
structures. MAGNETIC computes the magnetic fields, induced
currents and losses, and the forces of a magnetic device
that has been represented as a collection of finite cle-
ments.

"MAGNETIC aids the design of magnetic

devices hecausce accurate prediction of devices

performance usually recquires knowledge of the

magnetic field. MAGNETIC is a means of calcu-

lating the {icld that allows for fringing,

saturation, permanent magnets, and complicated

shapes. Because the program includes non-lincar

B-H curves and computes inductances, forces, and

eddy current losses, it can help the designer to

minimize the materials used in a device and maxi-
mize its efficiency." (Ref 4:11)

~1
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Two problems in generator design, flux fringing and

saturation, force the design procedure to be iterative.
MAGNETIC can be a welcome aid in correcting for flux
fringing and saturation as well as flux leakage. After

the designer has completed the '"first cut" design, the
design can be analyzed by MAGNETIC. MACNETIC shows through
its output, where and to what extent flux fringing, satura-
tion, and flux leakage are occurring. With this informa-
tion, the designer is able to take corrective action and
come up with a "second cut" design. This procedure con-
tinues until an acceptable design is obtained.

In addition to tabular listings of the various output
parameters, MAGNETIC produces a Mesh plot and a Flux plot.
The Mesh plot portrays the selected generator cross section
showing all the triangular finite elements. The Flux plot
shows the lines of magnetic flux in the generator cross
section. Figure 10 is the Mesh plot for the sample gener-
ator (Reference Appendix I). The Flux plot of the sample
generator is not shown because that portion of MAGNETIC

currently does not work,
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Sample Generator Mcsh Plot
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XI. Conclusions and Recommendations

Conclusions

The purpose of this thesis effort was to investigate
the use of rotor geometry as a specification in the control
of generator voltage and flux density harmonics. It was
found that armature reaction MMF could be expressed as an
infinite set of traveling waves with an infinite set of
velocities (Section IV) and (Equation 23). Because the
rotor MMFF has only the velocity of the rotor, it cannot
cancel armature reaction everywhere in the generator
throughout all time (Section VII).

Rotor geometry was put to use in a limited control of
flux density harmonics at the stator slots. The reflection
of the MMFs present at all of the slots of a coil group
into a single slot allows the possible calculation of an
appropriate rotor geometry. This reflection turned out to
exceed the resources of this thesis effort and was not
accomplished (Section VIIT).

Specifying the air gap reluctance incrementally as
the rotor moves under successive stator slots was also
tried as a means of hrarmonic control., This method was
unworkable for all wave shapes chosen because it produced

negative MMF requircments and conflicting geometry speci-

fications.

~J
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Recommendations

The control of flux density is an important consid-
eration when working to improve generator efficiency and
performance. Because of the potential that flux density
control has, several recommendations for further study
are presented,

Before any hardware is fabricated, it is recommended
that the designer calculate the benefits due to the flux
density control design. Knowing that energy is conserved
between the input and the output of the generator, the
designer will be able to calculate the design's value.

A recommended approach for reduction of losses 1s to
investigate flux density control at the damper bars instead
of the stator windings. This investigation however, will
not control the generator output harmonics.

A different approach might be to use stator geometry
as a design specification in harmonic control. This will
not control the MMF at all time and all space by itsclf,
but may provide easier control of the harmonics at a given
location.

The methiod in Section VII could be further investi-
gated if a method were derived for the divirion of one
infinite series with progressive harmonic arguments hy
another such serics. The SectionVIII approach could be

further investigated in terms of a general wave shape
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(see the heading "The Contradiction' in Section VII1),

Fither method might provide a workahle wave shape or prove

that the rotor geometry concept is in general impossible.

The general requirement for phase voltage wave shapes
that produce a DC output from a three pbase full wave
bridge rectifier is:

T
Voltage (t) + Voltage (~§’~ + 1) = 4 constant {58)

L

where

Voltage (t) is the wave shape during the
first hall of the period in
which voltage is applied to
the louad

.

Voltaye (—2;1 + 1) is the wave shape during the
second half of the period in
which voltuge is applicd to
the load

T is the period in which the
phasce voltage 1s applicd to
the load

t is the time variable witbin
the first half of the period
7
a

This could be a start in the exploration for a penceral

phase voltage wave shape,

An additional recommendation s to investigate the
shapineg of rotor MME using clectronic control of the

current in the rotor coils., This will aid in the shaping

of the required flux density Parmonics in the air gap.
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The final recommendation is to include the flux
fringing, flux leakage, and magnetic saturation problems
in the calculation {(only if the calculations are successful
without these three problems) for the desired phase voltage
wave shape. It should bhe recognized that the problem will
now be iterative and Finite Element analysis (Section X)

will be helpful.
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Appendix I Sample Generator

Specifications and Dimensions for
the Sample Cenerator
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Appendix T Sample Cenerator

The development of the rotor geometry modification
example in this thesis requires a constant air gap, salient
pole, synchronnus generator to begin the investigation.
The generator selected is basically the one designed for
the final exam in Air Force Institute of Technology course
EE 6.07 (LElectromagnetic Components Design, Spring, 1980).
A few modifications are made due to thesis requirements.
The design procedure for the sample generator is not pre-
sented. Specifications for the sample gencrator are
presented in Table 11. A cross sectional drawing (per-
pendicular to the axle) of the generator is presented in
Figure 11.

Th- design modifications developed in this thesis
apply equally as well to any salient pole, svnchronous
generator as they do in the generator used to begin the
investigation.

Notice that the generator design is in inches. All
units stown in this appendix are converted to the MKS

system for use in the hody of this thesis.
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Table 11
Sample Generator Dimensions and Specifications
Machine Specifications
WYE connected three phase output l

460 volts RMS line to neutral phase voltage
72.464 amperes RMS phase current

Load power: 100 kilowatts

Frequency: 400 hertz

No rotor or stator vents

Straight slot stator design

60 slots

4 poles

0.015 inch constant air gap over the poles
Synchronous speed: 12000 revolutions per minute
Rotor tip speed: 393 feet per second

Rotor MMF: 533 ampere turns per pole

Maximum flux density: 1 Tesla

Pole arc: 60 mechanical degrees, o = 0,667
Rotor length: 25.347 inches p

Trancor "T" steel with 0.007 inch laminations )
Synchronous salient pole design

Winding Specifications

Six internally generated phases, m = 6

Armature conductors have no skew, st = 1.0

q=>5

One series current path per output phase

Full pitch stator winding,. W/T = 1.0, K v = F 1.0
Two layer lap design P )

0.107 by 0.107 inch square conductors

15000 amperes per square inch maximum current density
80 volts per mil minimum insulation thickness

Tp = 15 slots

Assumptions (for "first cut" calculations)

Zero flux leakage
Zero leakage reactance
PF = 1.0
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12.182

1.7932
> |e0.1117

3043 —>A
o 5330 /SX,YL~rL—fL. 0.0150

V .
0.2823

-+

1.32 ////gf\
LI VoA

1.323— 3,36 —> 60 1

- ’ degreces
3.00 \
a0

degrees
r,r gs

Rotor diameter = 7.50 At inside stator diamcter:

Inside stator diameter = 7.53
OQutside stator diameter = 12.182
Axle = 0.50 by 0.50

slot arc = 1.70 degrees
tooth arc = 4.30 decgrces

NOTLS: slot depth 0.5330
slot width 0.1117
air gap = 0.0150

i

1) This drawing is not to scale
2) All dimensions are in inches

Figure 11 (ross Section of the Sample Generator
(Specifications and Dimensions)
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Appendix ITI RGRID and TRIA Card Generation 4

Computer Program to Generate RGRID and TRIA Cards
Required by MAGNETIC (Ref 4) for the Air Gap and Pole
Shoe Regions of the Sample Generator (Appendix I)




Appendix IT RGRID and TRIA Card Generation

The following program listing generates the RGRID and
TRIA cards required by MAGNETIC (Ref 4) for the air gap
and pole shoe regions of the sample generator (Appendix I).

Refer to Figure 12 and to the program listing for an
explanation of how to use the program. Basically, to
modify the program for another generator, the following
must be accomplished:

1) Fill in the appropriate numbers in the three data
statements.

2) Calculate values for the theta and radial coordi-
nates for the points A, B, C, and D.

3) Write a statement function that describes the
surface of the pole shoe.

The internal program structure is not discussed because

it 1s not important for the program's use.
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(')G}O\’()QF)()()‘)L)()&JOt)g)k)ﬂ(')nk?{) CaINILIADDQUIAODIWIIWIIDIVIIOIOD IOV

PROGRAM THESIS1 (INPUT,OUTPUT,PUNCH,TAREE=QUTPUT , ,TAPF?=PUCH)

THTS PRGRAM GENEFLTES ONLY THE AI? 382 AND 2)LE SHIF RGRIN
ANG TRIA CAFDS REZQUIRID BY THE PPOGRAM MAGNZITIC (REF k) FOR
THE SAMPLT GENZIRATCR

VARIARLE NIMENSTIONS
ING - ANGLFE FOR IMOIVIDUAL RGRIN CARDS

KEY « XTv¥=1 DISIGNATES A TRIA IS A%, KZv=" DESIGNATES €T:ItL
LMG = LNG+L FISRTT SRID NUMATR ASSIGNED

LNS « LKNS+1 = LOWIST G ID NUMPE: ON THE STAYDF AIR GEP FOUNDARY
LNT = LNT+1 = FISST TRIA NUM3ER ASSIGNE)D
LPG = LFG*1 = FI+ST GRID NUMBER ON T4Z R\ aR3J

ME e NUMAEZR OF TGRIZ PCINTS 2N SZ5MENT KF (INCLUDES THT INDS)
NFA -« NUMBEF OF PGRID POINTS ON STSMENT KFA C(INCLUJES THE =NNS)

NEG < NUMREY OF RGRID POINTS 0N SISMENT KF3 (INCLUDES THE =NIS)
PG - RGRID NUMREIR T0 3E PUHNCHED

NGL - NUMREX OF FGRIJ POINTS ON SESMENT KGL (INCLUTES THE =NI3)
He =« NUMBFF CF FGRIC POINTS QN SIGMINT KR (IMCLUDIS THFE 2Zu0S)
MPA - NUMIET OF AGRID POINTS ON SIGSMENT KFA (INCLUONES THZ ZHIS)
NPQ - NUMAEF OF RGRIDC POINTS ON SIGMENT XKPZ (INCLUJES THE ZNIS)

NT -« TRIA MUMBEX TO BS PUNCHED

°I SONSTANT 341415926535 4«4

RAD - RADIAL CTSTLNCE TO THE POLE FACI SURFACE

"Gl - RANIAL DISTANCE TO THE MIODLE OF THE AIF GAP

XAB, XCC, XCDy XT, XY, X7, ANN YCC ARE USED TO CALCULATE
THE COORDINRTES FCR THE POINTS A, 3, Z, AND D,

PAy 27y RCy AND RC ARE THE RAPINML ZIJXOINATEZS OF 8, By Cy AND Do
TAy TRy TCy AKND TD ARE THE THETA COOSNINATES OF A, By, C, ANN O,

THE FOLLOWING VARIA3LES ARE USED INTEINALLY [N THF DROGRAM ONLY!

OKTR DNFP ONFPA INFPB DNGFM? DNSG1
I Ke KT NFAMY NFBMY NFMY
NG 1M1 NPAM1 NFB4Y NOMY

THE FOLLOWING ARE PESIGNATED LINE SE39SNTS - SEE FIGURE 12
KF KFA KFB K51 Kp KPA
KP8

SURROUTINES FENUIRED?
TRIAL = PUNCHES TR1IA CARODS FOR TY¥2Z 1 FINITE ELIMENTS
TRIAZ2 = FUNCHES TRIA CARDS FOR TYPZ 2 FINITE ELIMENTS
SEE TRIAL AND TRIN2 FOR FURTHER EXPLANATION,

DOURLE PRECISION TAyTByTC,TO,RA;R3,RZ,RD
DAUSLE FFECISION ANG,RAD,PI
NNUSBLE PFECISICN XYy XZyXTyXCCyYCCyXCD,yXA3

88




(@]

DATA NFLGNFaNFPGNPAZNPyNPByNGL,NS /11,01,11,6923,6,61,61/
DATA RG1 /3.457°5/

TUTS STATEMEANT FUIMCTION REPRESENTS THE SJRFALTI COF THE POLE
SH~Z, IT IS THF DISTANCE VERSUS X (THE JKIGIN IS IN THT

£TNTS2 9F THE FCLE) ABOVE THE 2 AXCe IN “THLS CESE, £ CONSTANT
AT® GAD YAS QESN SFECIFIE0. THT ONLY <ESTKIZTION TS THAT THET
OCLE FAGCZ MAY NOT HAVE ANY PORTIGONS THAT AFRE CONSTANT THETA
LTNES,

CICIWILIC) IR0

SURF (THETA) =7 4212257 07547377287 7ELY 52260

['y]

f LR7T FARMAT("1™)
1749 FORMAT (™ ", HGrID",5XyI13,2(%X,F1%.17))
128 FORMATHL"RGHIN"y5X91342(5XyF15el))

GTYEN THE €NUATICN FNR THE POLF SHOZ SURFACE, CALCULATE THEZ
CNORDINATES FOS THE PCINTS A, 8, Cy AND D,
THZ CONSTRAINIS ARER
1) THE LRC LENGTH 3ETWEEN POINTS A AND 2 MUST 3E of
MECHANICAL DEGREES.
2) THZ LINE SEGMENTS AB AND OC MJST BE 28RALLEL 7O A
LINE THRQUGH THZ CENTER OF THE GENTRATUF DIVIDING
THE POLE IN HALF,

[ONS NSNS NS NS NP NP NS N

: PT=3,161.92€52-897932834625433532235D3
i TA=75,"07 *P1/184,20Y
i TA=1%,°0 *P1/1€7,°D%
XY=DSART(5eED *3,26N5%3,36N0)
X7=0SORT (500" 1,220u%1,3207) -
} XT=DSART (L Di+3,19503%{ ,19500) 1
; XCC=YY X7 +XT |
1 YCC=X7=XT :
S=DSART ((XCC* XCC) +(YCC*YCD))
R1=RC
RA=SURF(TA) +K8 ﬂ
RN=SURF (TD) +RR
XA8=K A*DSIN(30.307*PI/18ue"D )
; T8=(45,000"FI/18:4iD0) ¢DASIN (XA3/37)
? XCD=FN¥DSIN(3L ¢ I05*PI/180e50 1)
TC=(LS,LCC*PI/137 ¢ (Du)=DASINIXCI/RC)

(%

WRITS(641470)

PIUNCH THE RGRID CAKRDS.
AGRID POINTS ARE T0 BE EQUALLY SPACED ON GIVEN SEGMINTS,

WO WO

REMOVE THE C IN COLUMN 1 PRIOR O ALL WRITE(7y eee STATZIMINTS
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(S XY XS K9P

(SRS EP]

()

OO

(9]

(P XS P

(@ N'e R¥ |

IF PUNCHEN CERO OQUTPUT IS DESIREN,

PUNCH R35IN CAFDS FOR SEGMENT K2R = QNLY THE RIGHTHAND END POINT

NG=LPG

NOAM{TMNPR el

03 1 I=1NPAMY

AMG (TS/4PRr1) (I-1)2 (18447 /PI)
N3=NG+1

WRITE(Hy1 17) V'G,RBy ANG
WRTTZ (7,3u2() MGyRByANG
17 CONTINYE

DUNCH ?GRTN CARDS FOR SIGMENT XP = ONLY THE RIGHTHANDG END 20TNT

NOML=NB-1

90 2¢ I=1,NPM1

ANG= (TC+(((TB=TC) /NPML) * (I~1)))*(13yeuDL/PT)
NG=NG +1

WRTTZ (5917 1¢) NGy RBy ANG
WRITE (T91::27) f\'G,Qr,ANG
27 CONTTNUE
PUNCH RG6FIN CARDS FOR SEGHMENT KPA = 30TH END POINTS

NPAMYI=NPA=-1

09 3¢ T=14NPA
AHG=(TS+((((FI/2.:09)=TB)/NPAMLY (I=1)))7(18C,!DP/PT)
NG =N +14

WRITZ (591.547%) NG,R8,ANG
WRITS(7,1.27) NG,RByANG
27 CONTINUE

PUNCH 2GRID CARDS FOR SEGHMENT ¥FB3 « ONLY THE R1IGHTHAND EMD POINT

NG=LNG

NF3IMi=NFEB=1

Do Lr 1=1,NFBM1
ANG=(TO/NFBML)* (I-1)*(183.(0. /P])
NG=NG +1

WRTT=Z(%5,101C) NG4yRDyANG
WRITS (?,1.2") NG,RDyANG
L7 CONTINUE

PINCY RGBID CASDS FOR SEGMENT K& - 33TH END =JINTS
NEML= NF=1
D9 5 I=1,NF ML

ANG=(TO+(((TA-TO) /NFML) *(I-1)))*(132,0057°1)
RAD=SURF (ANG) +£8B
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NG=NG ¢4

WRITF(541417) NGyRAN,ANG

WRITE(741020) NG 9yRADHANG
T OCOANTINUE

O

PUNGH 25~ I0 CAnDS FQO® SEGMENT KF4 - 2374 EMD POINTS

C2¢2 Q)

NEAYL =NFA =1

on &’ I=1,NFA
ANG=(TA«((((PI/24 \DI)=TAY/NFAMDI*(I=1)))* (18 1o N7 /PI)
NG=NG+1

WRITT (551.1") NGyRAyANG
WRITS(7y1.2:) NGyRA,ANG
€7 CONTIMUE

)

PUNCH 2610 CAFDS FOR SEGMENT K51 = 33TH END FOINTS

S NG RWY]

NGLMLi=NGl =1

no 7. I=14NG1
ENG=({(F1/24.0: ) /NGIMI)* (I-1))*(L15L..D7/R])
NG=NG +1

WRTTT (5,1010) N5,RG1,ANG
WRITE(7,1.2°) MGyRG1,ANG
7C CONTINUE

(& ]

FLL DOF THS KGRIO C*"RDS APE NOW PUNTHE)D
PrOCZcd TO PUNCH THE TKRIA CARDS

RT¥QVE THE C It COLUMN 1 PRIOR TO ALL WRITE(7, eee STATEMENTS
IF PUNCHEN CUTRUT IS DESIRED.

PUNCH TRIA CAPDS FCR REGION T4 (RETHZEN THE NUADRATURE AXIS
AND THE KIGHT SIDF OF THE POLE SHOE

COODOVLOVOLOV

Key=1
NT=LNT
KT=1
K3=1
DNFPR=FLOAT (NFR) /FLOAT(NPR)
&n DKTA=FLCAT(KT) /FLCAT (KR)
IF (NKTB.6GT ,NNFPR) 60 T) 9u
IF (KT.ENNFB) 60 TO 109
CALL TRIAL (KTyKB8,LNGyLPGyNT 4KEY)
G2 TO Ar
of CALL TRIA2 (KT ,KB,yLNG,LPGyNT,KEY)
6o 19 8°

SRS XY)

BUNCH TRIA CARDS FOR REGION T2. (THE POLE SHIE)




PRGNS NS

(R NS RS

QO

1 ~

12

OUNCH TRIA C4PNS FCR SEGION T3 (BETWIIN THE JUABFATURE AXIS
AND THS LEZFT SLIPE CF THI POLE SHOE)

12"

1

1"

PINCH TRIA CARDS FOR REGION Tiae (LOWER HALF JF THE £IR GAD)

157

17"

183

PUNCH TRIA CARDS FOR REGION T5, (UPPER HALF OF THE AIR GAP)

i1°on

KEY=
LHG=L NG#NFR=1
LP5=LPG+NPR-1

KT=1

K3z

NIFP=FLCAT(LFY /ZFLOAT (MP)
TKTA=ELOAT(KT) /FLOAT (KP)

I€ (NUTR,GTONFD) 6o T2 12
TE (KT EQLF) GO YO 13°

CALL TRIfF1 (KT4K2yLNG4LPG,NT 4 KEY)
G TN 41

CALL TRI22 (KT,KB,yLNG,LPG,NT,KEY)
G2 *0 11°

KZy=1

LNG=UNG+NF=1

LGz Ph4rP=y

KT=1

KR=1

DNFPA=FLOAT (NFA) /FLOAT(NPA)
DET3I=FLOLTI(KT)/FLCAT (KR)

I€ (DXTR,GT +ONFPA) GO 10 4154
IF (KT ,ENNFBP) G50 To 1f°

CALL TKIE1 (KT,KBy3LNG,LPGyNT,KEY)
GO TO it¢

CALL TRIAZ (KY4K23LNGyLPGyNT,KEY)
GN 1O 1L

KSY=1 :
LNG=LNG#NFA 'h
LOG=LNG=NFA=NF«NFQ+2

KT=1

K3=1
DNGFM2=FLOAT (NG1) 7ZFLOAT (NFA+MNF+NFR=2)
DKT3I=FLOAT (XT) /JFLOAT (K8)

IF (DXTR.GT.ONCFM2) GO TO 18: i
IF (KTJECWNGY) GO TO 132 '
CALL TRIF1 (KT yKByLNGyLPGyNT4KEY)
GO TO 17¢

CALL TRIAZ (KT,KB,LNG,JLPG,NT,KEY)
GO TO 17¢

KEy=1
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LNG=LNS

LOG=LFGH (NFA+NF+NFB-2)

KT=1

=1

ML= CLOAT INS) /FLCAT (NG D)
MLTI=FLCOTA(KT) /FLCAT (KR)

[ (NTB,GT4INTG1) Go 7o 2L
I8 (KT ,E0M8) G0 7O 22

TALw T“(Idi (‘(T,K",LMG,LPG,\”’,‘(EY)
6N TO 2.°

CALL TRIAZ (K1 ,4KPB,LNG,LPGNT,KTY)
69 TO 2¢:

STOoR

INT
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(PNGIPET RS ES RS NS Ne NG NS )

)

-

(]

(9]

THIS SU3BPNUTINE FUNCHES TRIA CARDS FJR TYPE § FINITEZ ELEMENTS.

STZ THEZSTSY FOF AN EXPLANATION JF EL. VARILRBLES,

TIMOVT THIT C IV CCLUMN L PICR T AL, WRLITE(?y +ae“TATTMENTS
TE PUNSHED QUTRUT TS DESIRFD.

Tves f FINTTE ELSTNTS AKE TRIANGLEIS WITH DOWNWAPRD 2CINTING
Ao T X<S,

SHRRJUTINEG TRIAL (KT gKRyLNGyLPGyNTHKEY)

N2=K7 +LNG

Ni=N2Z+1

N3I=K3+LPC

KT=KT +%

NT=NT +¢

IF (KEY.EN.1) Go To 27

WOTTZ (Ryeyd.17) NTyN1ygN2yN3

WRATITS (742.11) NTeHlgHN2yN3
L0717 FORMST (™ "y ™T~iAY,y 2 (52X, I3
17141 FORMAT("TARIAM,L(TXy1I3))

FETURN

WRTTZ (6494.2.) NTyN1yN2yN3

WRITZ (7927210 NTollyN24N?

1727 FORMAT(™ "y "TRTA",4(5X, I3) 45X, "2TR")
1721 FORMAT(“TRIA™,L(FX4I3) 45X, " 4IR")
RTTUSN

END

ny
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NP IR NP NS @ ]

(S N\ RSP NP By O

,

W)

(9]

THIS SURZOUTINE PUNCHES TRIA CARPNS FIR TYPE 2 FIMITI ELEMENTS,
TTC THESIS1 FO- AN EXFLANATION JF 2.L VARIAR_ZS,

2oenyT TUS (IR COLUMN 1 PRIOR TN AL WRITE(7, ., 7 TLTZIMENTS
TS ORUNCHEND CUTPUT IS NESIRID,

TYOT 2 FINITE claoM™NTS ARE TRIANGLES AITH UPAR-D PCTMYING
ACTXES,

SHARIUTINY TR1ILZ2 (KT yKB,LNGyLPGyNTyXKIY)

N1=KT +LNG

N2=K+L PG

NZ=N2+1

K3=K8 +1

NT=NT +1

IF (KZY.FN,1) GO Tn 27

WRITZ (%y1.1t) MT4yN1yN2yN3

ARITE (Ty1.14) NTyN1ynN2yN3
L3517 FORMAT(™ "y"T~IA",4(%X,T13))
1014 FORMAT(™TRIAY,L(5X,I3))

RETYRN
20 WRITZ (591.2{) NTyN1,N2,N3
WRITE(791.21) NTyNiyN2yN3
TR FOPMLT (M Mty UTEIAT A (LXgI3) 45X, ALE")
1721 FORMAT(“TPIA™,l (FX,13) 95X, 4IR"™)
RETUPN
Tl
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