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ABSTRACT

The paper deals with a speclal type of reluctance motor
called Anisotropic rotor reluctance motor. As the name im-
plies, advantage is taken of the internal anisotropy of the
rotor magnetic structure. Axially laminated grain oriented
silicon steel is used in the rotor. This unconventional
configuration of assembly of rotor laminations results in a
high ratio of direct axis to quadrature axis reluctance.
Compared to the conventional reluctance motor, pull out torque
of more than three times and a power factor as high as in an
induction motor is obtained. Several motors of ratings up

to 60 HP. were built and tested.

The superiority of these over the conventional or the
commercially available "Synduction Motor" is established both
theoritically and by test results. Combined with the ease of
manufacturing almost akin to the squirrel cage induction
motor, a high power factor and pull-out and pull-in perform-
ance, the Anisotropic motor poses a serious challange to the

brushless synchronous motor for constant speed applications.

In industrial applications, like textile mill appli-
cations and computer power supplies where reliable power
drives are required, this new type of Anisotropic motor is

expected to find greater demand in the future.
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PREFACE

The purpose of this theslis is to make theoretical
evaluation of the performance of the commercially avail-
able Synduction‘motor and the new axially laminated Aniso-
tropic motor. This has been followed by construction and
testing the Anisotropic design. Considerable work has
been done on establishing dynamical equations of the motor
performance and solution to the dynamical equation using a

computer.

I would like to thank Messrs. E. F. Schinman,
B. Barron, and S. Garnett for encouraging me in building
several units of different ratings of the Anisotropic

motor.

My special thanks are to Prof. K. Denno for allowing
me to work on this subject and especially for encouraging
me to make theoretical study on the dynamic performance.
‘Thanks are also due to Mr. N. S. Vishwanath for running a

computer program for the solution to the dynamical equation.

Finally, the author wishes to express deep appreci-~

ation for the meticulous typing work done by Mrs. Pauline R.

Schirner.
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CHAPTER 1
INTRODUCTION

The advantages of using a reluctance motor in place
of excited field synchronous motors are well known. Lack
of any field winding, ease of synchronization and resyn-
chronization in case of pull out are some of the advantages
in performance. Also reluctance motors are cheap, robust,
and reliable when compared to excited field synchronous
motors. On the other hand, lower specific output and poor
power factor limit the application of these motors. The
reluctance torque in any synchronous machine accounts for
not more than 30% of total pull out torque. Even with the
improved saliency by optimizing pole span/pole pitch ratio
pull out torques obtalned are far below that for excited

field machines.

During the last few years, attention has been given
to further improve the performance of the machine. Note-
‘worthy 1s the segmented rotor construction and the develop-
ment of what has come to be known as "Synduction Motor."
By introducing barriers in the quadrature axis magnetic
structure, the ratio of synchronous reactance in the direct
axis to that in quadrature is increased, thereby increasing

the value of pull out torque.

However, though this development has made the reluctance

motor commercially applicable to the extent that several



companies are now offering this as their standard produc-
tion item, poor power factor has been one of the main dis-
advantages of this construction. Some attention is now
being given to improve the performance by now introducing
magnetic anisotropy inherent in the magnetic materials, as
in the case of grain oriented sheet steel, in addition to
the physical barriers in the quadrature axis. These motors,
hereafter referred to as "Axially Laminated Anisotropic
Reluctance Motors" (for brevity called Anlsotropic motor)
have better power factors and specific output than the com-

mercially available "Synduction Motors."

The detailed analysis in the following paper is con-
fined to the two improved versions of the Reluctance motors,

namely Synduction and Anisotropic motors.

Emphasis is particularly on bringing out the advan-
tages of the Anisotropic motor. The constructional features
calculated parameters, calculated performance and comparison
of test values for both types form the topics for different
chapters. For sake of comparison, identical stators are
used in both motors, and rotors of identical diameters and
lengths as well as pole span/pole pitch are chosen. This
would enable the results to be interpreted more accurately
and improvements attributed to the aspect of the intrinsic

anisotropy of the Anisotropic design.

It is to be noted that the performance equations de-



rived in the following chapters hold good for any type of
Reluctance machine whether Synduction or Anisotropic. It
is to be emphasized that the difference 1in their perform-

ance 1s only due to the magnitudes of Xd ratios in either

Xq

case.

Therefore, except for the development of the theory
of the two tyves where seperate chapters are devoted, the
rest of the material dealing with steady state of transient
performance work out to be ldentical equations. However,
as said above, in view of the enormous difference in the
reactance values for the two machines, the magnitude of
performances come out to be different. This is clearly

seen from test results in Chapter 10.

Several Anisotroplic motors were designed, constructed
and tested. For purposes of comparison a commercially
available Synduction motor was used. The performances are
compared in Chapters 10 and 12. A computer program was
developed for solution of the nonlinear differential equa-
tion of dynamic state. The results showing the variation
of torque angle with time for a sudden application of load

is included in Chapter 11.

Scope and Objectives

The thesis is undertaken mainly to elaborate on the

new concept of incorporating intrinsic anisotropy into



reluctance motors. The following logical steps form the
scope of the thesis:
(a) Theory and prediction of performance of the
Synduction and Anisotropic motor.
(b) Design of the two types of motors of identical
physical dimensions.
(¢) Calculation of the direct and quadrature axes
reactances, on which depend most of the steady state
behavoir.
(d) To study the dynamic equivalent circuits and
transient behavoir.
(e) Test results from the actual machines built as
per above.
(f) Comparison of the performance to bring out the
improvement of the performance of the Anisotropic

motor over the Synduction motor.

It is to be noted, again, that the emphasis of this
‘entire work is based on bringing out a new motor which 1is
production worthy and commercially feasible. It would be
of interest to people engaged in industries who always look
for a large ratio of performance to cost and a wide range

of applications.

It 1s realized that considerable work could be done in
transient analysis. While this feature would undoubtedly

be of enormous interest, most of the work done here deals



with the design and steady state analysis for the following
reasons. However, two chapters are devoted to the dynamic

behavolir and equivalent circuits.

Any involved work done using transient analysis would
be meaningful in understanding its actual operation, only
if the phenomenon of saturation is taken into full account.
As can be seen from the oscillogram pilctures of transient
conditions at starting, (see Figure 8.1) and explained in
Chapter 8, the current oscillations at speeds below synchro-
nous are very large, due to the comblnation of asynchronous
torque of induction motor plus synchronous torque of reluc-
tance motor. Also from the test results in Chapter 10, it
can be seen that while the d-axis 1is driven into deep satu-
ration and thereby varying the direct axis reactance, the
quadrature axis 1is in low saturation and the reactance &sso-
ciated is constant. Therefore any prediction of torque in
transient condition, that 1s below synchronous speed involves
calculation of true subtransient and transient direct and
quadrature axes reactances. This again depends on the un-
equal saturations in the two axes due to the large current
pulsations. The author feels that theoretical evaluation
of transient conditions would have no meaningful practical
significance unless the phenomenon of saturation is incor-
porated in full. Unfortunately, the present state of art

in machines has still not produced any reliable factors or



methods of evaluating saturation. Since the use of
Lagranges' equations is limited to only the unsaturated
region, any use of these to predict dynamic behavoilr may
only produce results whose reliability is questionable in
view of the lack of any practical form of predicting satu-
ration particularly in the transient stages. Hence, the
analysis 1s mainly confined to steady state behavoir. How-
ever an attempt was made to run the motor at certaln slip
as shown in the test results in Chapter 10. In view of
the large pulsating torques, the machine was not stable
and behavoir under those conditions 1is not of interest,
except for determining stability and transient frequency

response.

Since no discussion of a new machine is complete with-
out some indication as to the approach of machine behavoir
under dynamic conditions, & section of the work is devoted
for same. Chapter 6 explains the magnitude and time re-
sponse of the machine under dynamic condltion. Mr. Kron's
approach is used in Chapter 7 to develop equivalent circuits
and transient equations uslng impedance matrices. The equa-
tion derived in Chapter 6 was solved using a computer.
Chapter 11 deals with the program developed for solution

of the Dynamic equation.



CHAPTER 2
CONSTRUCTION

Synduction Motor

Figure 2.1 shows the rotor construction of a Synduc-
tion motor. Laminations are punched out like regular in-
duction motor stampings and stacked and die cast in aluminum.
The aluminum filling up the voids in the barrier and inter-
polar reglon helps provide the starting torque for the
motor. Once the motor pulls into synchronism, no current

flows in the squirrel cage "bars" or end ring.

The direct axis and quadrature axis flux paths are
shown in the figure. While the reluctance of the direct
axls path is low, the reluctance in the interpolar space
is high due to the cut out and the barriers. The sections
of aluminum, or any other conductor material in the direct
and quadrature axes, produce torque by linking the d-axis
and gq-axis fluxes in the asynchronous mode, i.e. at start-
'ing or at regions of hunting or any instantaneous disturb-
ances like sudden application of load. The narrow bridges
along the g-axis have been found to be helpful in improving

the stability of the motor for sudden application of loads.

Anisotropic Rotor Motor

Figure 2.2 shows the cross-section of 4-pole rotor.
The core is basically a torold as shown in Figure 2.2 and

cut into four segments and reassembled on a square stainless



FIGURE 2.1

(a) Synduction Rotor
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(b) Anisotropic Rotor

CROSS SECTION OF ROTOR SHOWING LAMINATIONS



steel hub as shown in Figure 2.2. The octagonal toroid
could be replaced by a circular one, but the shape was
chosen as it would provide more space for conductor mate-
rial in the quadrature axis, as can be seen in Figure 2.2,
thereby providing larger pull in torque. The core 1s tape
wound from grain oriented silicon steel strips of a width
equal to axial length of the motor. When cut and assembled,
as shown in Figure 2.2, the reluctance in the direct axis is
very low since flux lines flow along the direction of grain
orientation. The quadrature axis provides high reluctance
path for flux due to the cutouts, barriers, and also due to
the low permeability perpendicular to the direction of roll-
ing. 1In addition, the stacking factor also contributes to
the reluctance. The poorer the stacking factor, the more
the reluctance. One advantage of using this type of con-
struction as against the Synduction motor type is the mag-
nitude of intrinsic magnetic anisotropy. We can lncrease
pole span/pole pitch ratio without unduly increasing the
quadrature axis flux. Although for the purpoée of comparing
the performance of the two rotors, the pole span to pole

pitch ratio has been kept substantially the same.

The four pole segments are assembled on the stainless
steel hub through stainless steel bolts and the subassembly
is die cast in aluminum. The final dimension of the rotor

has been kept the same as in the case of Synduction motor.
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The cross section shown in Figure 2.2 shows four alumi-
num sections in g-axis and four in direct axis. The sub-
stantially increased condutor material in q-axis compared

to Synduction motor is evidenced.

Complete assembly of test rotor. The above construc-

tions were made for a 25 HP motor. For complete evaluation
of the performance of the two types, the two rotors were

assembled with stators identical in magnetic structure and
electrical windings. The motor was coupled to a 15 KW gen-

erator which was used as an electrical dynamometer.

The complete assembly was intended to serve as a 400
Hz. power supply unit. A large flywheel of inertia of 140
ft.lbs. (10 x Normal WK2) was assembled with it. This serves
dual purpose of maintaining output voltage and frequency for
a brief outage of input power as well as to conduct tests on
the pull in capability of the two types of rotor for a 10 x

rotor inertia load connected to the motor.
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CHAFTER 3
THEORY AND REACTANCE CALCULATION FOR SYNDUCTION MOTOR

The Synduction motor shown in Figure 2.1 can be basi-
cally shown as in Figure 3.1l. The symbols used in the

following analysis are given in the following list.

The stator has a three phase winding, but the devia-
tions are generalized by using m phases. The rotor cutout
and the barrier configurations of Figure 2.1 are simulated
by circular and radial lines. The flux lines are assumed
to be perpendicular to the surfaces they enter into. Since
the structure of grain orientation is of no concern, the

permeability or iron is the same in the d-axis and g-axis.

The analysis of the three phase machine 1s done in
terms of d and q axes parameters using the d-q frame fixed
in the rotor as in Park's transformation. This results in
the following assertions:

(1) The stator windings are now replaced by

two windings along d-axis and q-axis and have

no relative motion with respect to the rotor.

(2) Only fundamentals are considered as far

as the phase or d and g axes currents are

concerned.

(3) Saturation is neglected in the basic

analysis. However, since the present state

of art in the study of saturation permit "fudge

factors" to be introduced, comments will be
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FIGURE 3.1 CRCSS SECTIONAL REPRESENTATION OF RCTOR



included on the magnitude of saturation factors
in the d-axis and g-axis later in the paper under

"test results."

14

The magnitude of mmfs in the d and q axis is given by:

Fd = cos E e
P 2 e o [ ) * & 9 3.1
0.9 mI. N P
Fq = g M Sin - ©
P 2 - ® & & & » 9 o 3.2

The magnitude of the stator mmfs are, for convenience,

rewritten de and F - each associated with a cosine and

q
sine function respectively. As far as the rotor is con-
cerned, since no current exists the mmf in the rotor is
considered to be zero. It now remains to evaluate the

flux densities in the cutouts, barriers, and air gap.

The magnitude of each line of force can be deduced
in the barriers, gap and cutouts by taking line integrals

around various closed paths.

f§Hsds = 0.4 W (I), where I is the total current en-

closed and it is the force intensity in the direction ds.

Direct Axis Flux Densities

The flux in the region of barriers and cutouts are
&ll caused by quadrature axis mmf only. Referring to

Figure 3.1 let Wo be the radial and W; is the circumfer-
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ential width of the barriers. Assuming fluxes crossing
perpendicular to the surface of iron at the barriers, and
Bo, By being flux densities, the following derivations are
made. As far as the direct axis is concerned, there is no
flux in the cut out region and the flux flows along the
laminations and the only reluctance in the path is due to

air gap.

As only the flux in the region marked A and B are of

importance, total flux density
_ 0.4 pam \ S
Ba(ap) = ——p—— Cos Lo where 0% 8 < _5.{,

LI IR B A 3.3

Quadrature Axis Flux Densities

As far as the qguadrature is concerned, the mmf is
maximum at the center of cut out and decreases sinusiodally
to zero at the center of the pole. The reluctance offered
to the quadrature axis flux consists of cut out, barrier

regions also.

The 1line integral around any path abcd must be zero,

as\{Hs ds = 0.

i.e. B1w1—52w2=0 where Bl, and B2 are the flux

densities across Wy and W, respectively. cereseees 3.4

The line integrals into stator path along Otso enclose

P
the mmf Fq equal to qu Sin 3 ©. Here again the line integrals
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have to be considered in the region.
(a) Pole center to barrier.
(b) Barrier to pole edge.

(¢) Pole edge and cut out center.

. - . F Tk
i.e. (a) Bqy & = 0.4 NFy, Sin 5 0; 0<6g b

- .. P
(p) Bqy, & + By Wy = 0.4 qu Sin = ©;

Tt o< R
for 5 £ 0L —
(c) Beg (g+he) + Bp Wp = 0.4T Fg, Sin l;. 0;
ror T <o U
P P

s000s 0 3.5

All the flux entering the rotor or a segment must
leave that segment with no gain or loss, since it is
assumed to begin with that rotor potential in zero., Just
considering the cut out region of Figure 4.1,flux entering

and leaving are equal.

TL/p s'—F;‘-

Bq, rde +J}3q3 (r-hc) @6 = Bjh; + Bohy
7ip T
T “FT * & & 0 & 0 0 s 3.6

But since by 3.4, Bq ='jﬁ{‘ 5

Carrying out the integration on (3.6)
- fb2
& — L [ es———

B2W2 Q.4 qu -

ceeeseses 3o



where fb

Co

T
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cos To/2 - cos T /24¢,

1-2he

Fg

(B -1) - (fo + ¢p)

2hl , h2

1-2hc

2r

g

2r

g+hc

o i
2
(1-%)

Substituting 3.4, 3.8 to 3.11

values of:
Bq2

qu

Bq3

Also

Once

generated

il

0.4 R

e

P

am  Sin 5

e s 0000 3'8

®se00s 00 3-9

.

® ¢ 40000900 3.10

® & 00000 00 3'11

in 3.5, we can get

o 0000 820 3.12

flux densities in the barrier region

m

O.h qu 5 be
Wq r N
oo o

0.4 .t*qm 1b2
"J2 w

cvectseceee 3413

ceereeees 3.14

the flux densities in each region is known, the

voltage can be calculated.
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Reactance Calculation

Quadrature axis reactance. The total flux per pole
7 p

D
= L|B rd9=2L-—f 0
gq jq 5 ) Bq ¢
0 °

csesessss 315

The flux linkages of all poles and inductances per

phase are:

A = K Ng

mq W q ® e e 0 e s e 3.16
A -8
L _ g 19
mg = if?
Iq LN 2N BN B T Y Y I 3 3.17

Substituting the values of flux densities in the three

regions as given by equaglons 3.12, equation 3.15 can be

i ), ‘g
rewritten as ﬁ = ID B dO + |[B de + jﬁé de
a2 a3
0 T z/

—Le' e & 0o 2 0 0 0 '18
5 3

Substituting the values given by equations 3.12 and

using equations 3.16 and 3.17, performing integration,

2
1. 6m ID NKW C 10-8

tma g P q ceeeeeees 3.10
, R
where Gy =1 - Cos —— - (-€) £, + L
L = 8 e (1- ]
where Gy [Cos 5 p (1-X)

Direct Axis Reactance

By a similar reasoning like above, the direct axis flux
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R
g = DL f By 4o
0

Substituting for By from 3.3,
.l’\?/p

ga =JDL By(ap) 96-

o
As in the case of quadrature axis reactance evaluation,

using equations 3.16 and 17, and performing integration,
\2

_ 1.6mID | NKw) -8
Lmd = = k B Cd x 10
where Cd = _S_g._r_a:i‘;(_ .

2
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CHAFTER 4
THEORY AND REACTANCE CALCULATIONS FOR ANISOTROPIC MOTOR

Basic work on the Anisotropic rotor motors has been
done by Messrs. J. F. Doughlas, Mathur, and Menzies, where
starting from the segmented lamination tType (as explained
in Chapter 3), attention has been turned into reducing the
magnetic flux in the g-axis by introducing internal anlso-
tropy. Referring to Figure 4.1 which shows one quadrant
of a two pole cylindrical rotor, a series of slits are in-
troduced parallel to the d-axis. Thereby, any flux that
has to travel along g-axis has to encounter several air
gaps. The slits are interrupted by teeth, purely from the
point of view of mechanical configuration of holding the
laminations together. These teeth get saturated even at
low values of quadrature axis flux. The internal aniso-

tropy introduces a certain factor in the ratio EQ_ In

Bq
the above cylindrical rotor 1t is taken as k;. 1In the

absence of slits %% would be equal to 1. However, if pole
Span to pole pitch ratio is less than 1, then a further

factor is introduced in the ratio of gg. Iet this be ks.

!

The total ratio of the permeances in the d-axis and
g-axls is the product of superficial anisotropy ks due to
the pole span to pole pitch ratio, multiplied by the factor
due to internal anisotropy ki.

1
k = kgky 51
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To determine kg, there are well established formulas
for salient pole machines for different pole span/pole
pitch ratio and air gap ratios in the two regions of pole

and interpolar space.

However the internal anisotropy can also be obtained,
instead of using slits, by using cores like in Figure 4,2
where there is grain orientation in the direction of d-
axis. If "g" is the effective air gap introduced in the
g-axis in the stack of laminations due to the stacking
factor, and /, is the permeability in the direction of g-
axis, 1.e. perpendicular to the grain orientation, then ki

can be evaluated as follows:

The mmf drop in the ailr gap along g-axis

. B

/L\CL *® & & 00 00 00 4‘2
where M7 is the mmf of the stator and IMp is the rotor mmf.
Note Ny = O if anisotropy 1is absent, then above equation is

Same as Mj.
For cylindrical rotor in the d-axis

B
Mo = —— R Cos ©
2

/Lk ® 60008 0 58 0 403

Since air gap density is proportional to the density

from 4.2 and 4.3,
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M
ki = 1
M;-Mo
M
= 1 + —2
My-Mp
_ (B//~) R Cos ©
(B/#, ) g Cos ©
= 1 + .B.. _f(f__,
g M

B Y.

Equation 4.4 is the ratio Bp/Bj, where By is the quad-
rature axis density in absence of internal anisotropy and

Bi is in presence of the internal anisotropy.

Now fthat the basis for accounting for structural and
internal anlsotropy is established, let us start with the

analysis of the Anisotropic rotor under consideration.

Figure 4.2 shows the basic tape wound core which is
then cut into four segments and reassembled on a stainless
steel non-magnetic hub and secured with non-magnetic bolts
(Figure 4.2). The tape wound core is wound with C-core

technique using #29 gauge silicon steel strips. The grain
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FIGURE 4.2 ASSEMBLY OF ANTISOTROPIC ROTOR SEGMENTS
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orientation is in the direction of winding. This ulti-
mately results in a strongly d-axis grain oriented pole
structure. As far as the g-axis is concerned, while the
large interpolar air gap cuts down the major part of flux
like in any other reluctance machine, the high reluctance
of the magnetic material in the direction of g-axis and
the interlaminer insulation help cut the quadrature flux
thereby the quadrature axis reactance. The sub-assembly
1s now cast in aluminum and the resulting rotor looks very
much like an ordinary squirrel cage rotor. The conductor
material in the interpolar region and between two sets of
cores in the d-axis form the squirrel cage bars. Complete
with the two end rings, they form the squirrel cage wind-

ing for starting purposes.

In fact, the core could be shaped like a toroid as
tried by Mr. Mathur and colleagues. However, as the pre-
sent design is intended to start up a high inertial load

(10 x Normal WRE) and also be able to pull in at full load

on the motor, the octagonal shape was chosen, as this would
provide more pull in torque. Also, the octagonal shaped
segments are preferred from the point of view of easier

mechanical assembly.

Another advantage of laminated structure is the pre-

vention of flux reversals of quadrature axis flux on the
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pole shoes, which is very common in the case of conven-
tional reluctance motors. The reason is that individually
every lamination assumes its own magnetic potential and the
flux lines from the rotor travel radially across the air
gap into the stator. In consequence not only is it diffi-
cult for quadrature axis flux loops to form from pole to
pole, but even within the pole. This forms an additional
feature in favor of the anisotropic rotor compared to Syn-

duction motor.

In fact, with this construction it is possible to have
a large pole span to pole pitch ratio without appreciably
increasing the quadrature axis flux. However from the
point of view of having a good starting and pull in per-
formance, it was decided to have large conductor material
and a pole span to pole pitch ratic of 0.5 just like in

the Synduction motor which was chosen.

Analysis of Ideal Anisotropic Rotor

For the purpose of analysis a two pole rotor shown in
- Figure 4.3 1s considered. The following assumptions are
made:

(1) Saturation is neglected.

(2) The permeability of iron in the rolling

direction is infinite and in the perpendicular.

direction the reluctance 1is infinite.
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(3) Only fundamentals are considered.

(4) Flux lines cross the air gap radially.

The fundamental mmf of stator is:

F. = F Cos (wt + X - po)
S *e v s 000000 4-5
6NKlI
where ' = —
I( ® & 9 ¢ 0 o 0 0 }_".6
and i, = I Sin (wbt +«)

LI A I A Y MO’T

Consider a lamination situated at an angle Y from the

guadrature axis. Stator mmf opposite on end of lamination

F, = F Cos (wt + - pB + P )
*® & 0 9 " s 0 4.8
and at the opposite end at distance - from the g-axis.
Fg = F Cos (wt +%- pB - Pv )

ceeesees. 4.9

So the total potential across the two alr gaps is

given by the difference of equations 4.8 and 4.9

F,.. = }F C(Cos (W’G-}-Oi—pp-i-P{)_
Cos (wt + < - PB - Pv )

= 2F 8in {(wt + o« - pp) Sin pY A
* € ° & & & 8 0 O .lO
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The rotor lamination between these two stator points
can be assumed to acquire an average potential as above.

As the total air gap is 2g, the flux density

/«L
By = ~—é91? Sin (wt +% - pp) Sin p7
> ® & & 2 ¢ ¢ 4.11

The above is for one lamination, considering all

laminations from X <Y <& o—

b

Sin P7 = 2. bn Sin npp
ﬂ:I * & 8 5 6 0 0 0 0 4.12

where bl = 1%— (2 p® -2 pR - 8in 2 pe + Sin 2 p£ )
T

and b, = 2 I:Sin (n-1) Po-s:'l.n (n-1) P<
it n -

Sin (n+l) Pe=Sin (n+l) P
n+1

L R A 24-13

for n being odd.

Since Y = © —/B > the flux density can now be expressed
in terms of © and is obtained by substituting equation 4.12

in 4,11

—_— + <K o s -
Bg z F Sin (wt + pb) Z bn Sin nP (6 A
> & & 5 @ 0 00 4.14

If rotor rotates at synchronous speed, then the rotor

angle is PFL
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Stator Axis

FIGURE 4.3 CROSS SECTIONAL REFRESENTATION OF 2-POLE
ANISOTROPIC ROTOR
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P /5 =uwt + p/so, fro being the initial angle at t = O.

Expanding the equation 4.14

F
Bg = )A—-—g b, {Cos (wt + X - pe) - Cos (wt - - pg+?_f/5§
g

+b3{Cos (3wt +4 - 3 po + 2 pfbo) -
Cos (3wt-°(-3p9+14-p/30)}

+ b ( )
5 ] 4.15

The total flux over a pole is given by integrating
Bglrde where 1 = axial length and rde is that part of the

rotor circumference facing the stator.
i
= ]
Total flux JBQ ird .‘T/p

0

anf flux linkage )\a = PNK,, 1By lrde

® & ¢ 00 s 00 4.16
0

where N = No. of turns,
K, = winding factor,
P = No. of pairs of poles.
A M
i.e. M= 2NK, =2 Flrb, { Sin (wt + o« ) -
a 1 g 1

Sin (wt - ol + 2pPo)

minimum is obtained by substituting the fundamental com-
ponent only of equation 4.15 in 4.16 and carrying out the

integration.



6NKq I
But since F = = from equation 4.6

w12 /Mo 1rbif..
N, o= 12 () _fg g 1[sln (wt + oL ) -
Sin (wt - oL + 2 pﬁo)] I

s s s 08000 4-17

The induced voltage

- - d A a
= at

Carrying out the differentiation and expressing in

rhasor form

E = K WL, - | WL Cos 2 (PPo - )} I
{J S / o ..., .18

M 1rb
where Ly =4—= 12 (NK,)? _g_l )
{( & & & 6 ¢ o 00 4.19

Direct Axis Reactance

From the above equation one can deduce the direct and

guadrature axis reactance.

When = pfo & 77/2, i.e. when the rotor direct axis

is in alignment with stator maximum mmf

E

1 (L + Iy) I

= ) XmaInm
7 ceeeeeaa. bo20

Here again, like in equation 4.19

2
s R [~ |

Imda =/"o
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Quadrature Axis Reactance

When ol=pfo or Pfo + T, the rotor quadrature axis

alignment is reached and E = J@®(Ly - Ly) = O.

This again shows that for an ideal Anisotropic rotor

the quadrature axis flux is zero and hence the reactance

also is zero.

However, in a practical machine this is far from being

true.

The direct and quadrature axis reactance can be ex-

pressed in forms of the cylindrical magnetizing reactance

2
Xpe Where Xpo = Mo 24(M,)° 1
e ceesesess W22

X :K T =K -:
md a Lme’ fng = Xg Fme ceeeeea.. b.23

Now the leakage reactance X7 has to be accounted for.

If X7 is expressed as X1 = K1 Xyes Lol
o0 0 s s e '02‘

then the torque equation can be expressed in terms of the
above. For purposes of simplification and neglecting the
stator resistance, and where

Xg = de + X13 and Xq = qu + Xl b5

-_ Sin 2 8
a %4
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whereby maximum torque

T o= Y 1 - 1
Kq + K1 Kg + K3

* e s 0020 00 4026

and maximum power factor

X3 /K1
cos¥ = L d 7 3
max (%4 Kq)+1’ ceeeaness bo27

The limitations in the actual motor where the assump-
tions made above for ideal conditions, decrease the maximum
pull out torque as well as power factor. These limitstions
being the assumption of infinite premeability in the d-axis
and infinite reluctance on the g-axls, as well as the sat-
uration of iron etc. In Chapter 7 where some of the para-
meters are evaluated, a closer value of reactance to the

final test figures is attempted.

However, a note with reference to equation 4.26 is
worthwhile. As the quadrature axis magnetizing reactance
becomes less and less, the importance of leakage reactance
' Xy, which is a constant additive factor to the total axis
reactance becomes significant. In fact, when in the pull
out region, torques may be significantly affected by the
per unit value of leakage reactance compared to the X5
and Xmqg. This is not the case in Synchronous machines or

Oother reluctance motors, where leakage reactance 1s always
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assumed to have insignificant, but detrimental effect on

pull out torque.

The above analysis lays down the basis for proving
the superiority of Anisotropic rotors over Reluctance
rotors of conventional as well as segmental type. Further

[0}

notes on this in Chapter J regarding starting performance

will be made.
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CHAPTER 5
EQUATIONS OF PERFORMANCE-STEADY STATE

The equilvalent circuit for both the Synduction as well
as the Anisotropic machine is the same. It is a general

clrcuit for any reluctance machine.

The analytical derivation of the equivalent circuit is
similar to Synchronous machines except for the absence of
field windings. The applied voltage of the machine is used
up in overcoming the stator leakage reactance and resistance,
as well as to create and maintain a flux equal and opposite
to the armature reaction. The armature reaction caused by
the distributed conductors along the stator periphery is ro-
tating at synchronous speed with respect to stator. Hence,
its phase relationship with the synchronously rotating rotor
is fixed. 8Since the rotor has high permeance in one axis
along poles and high reluctance along the perpendicular g-
axis, we can represent armature reaction using Park's trans-
formation. Instead of a three phase rotating armature re-
action, we can consider fixed d-axis and q-axis armature
reactances. The two axes reactances together with the stator

leakage reactance and resistance are shown in Figure 5.1.

In the d-axis, the field winding is replaced by one
turn shorted damper winding, which is actually the conductor

material (aluminum) surrounding the pole. Since there
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FIGURE 5.1 EQUIVALENT CIRCUITS OF RELUCTANCE MOTCRS
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1s no external excitation, this winding may be assumed to
be absent as far as steady state 1s concerned. However,
its presence affects transient performance and this has

been discussed in Chapters 6, 7, and 8.

So confining ourselves to steady state analysis in
this Chapter, since there is no current flowing in the
rotor during steady state, the fleld or damper windings
can be eliminated altogether. So from the equivalent
circuit we can now draw the vector diagram (Figure 5.2)
where the load current I has been shown to be made up of
two components Iy and Iq, 90° electrical degrees apart.

Iq lags behind the voltage vector by torque angle.

From the vector diagram we can see that

V Cos & = I, X4+ I,
VSinQ B I q—Idra * % 5 50 ¢ 0 0 0 5'1
VZd
Solving the above, I, = s— Cos (Bg -8)
(Xqu + 1, )
cerecssss D2
VZq
I; = Sin (g - @)
d (XX, + raz) 4
® ® & 5 0 0 o 09 5.3
X
where g = tan™t _d
Ta
-1 Xq
Q'q—tan 7 3



FIGURE 5.2

VECTOR DIAGRAM OF RELUCTANCE MOTOR
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2 2
Load current IL = Id + Iq 5
® & ¢ & H ¢ 6 s 5'

Note that the effect of iron losses and friction which
can be taken as a parallel branch to Xz5, 1s neglected in
our analysis, 1n view of the order of magnitudes of X4
and the factor due to losses. However, at a later stage
in Chapter 10, while evaluating Xq, the iron and other

losses are accounted for.

Equations of Performance

The phasor dilagram of the reluctance motor under steady

state can be drawn as in Figure 5.2.

From the diagram

Vv COSa = Id Xd +IqI"a
. _ _ .
VSlne Iqu Ida * ® & & 5 0 9 0 5.1
VZd
Solving the above, I, = - Cos -8
g a s g deq+rad (gd )
S 9 & ¢ 9 0 O @ 5!2
VZ
Ig = 2 Sin (g - 0)
d 2
XX, + 1
dq @ LRI Y IR . e 503
' X
-1 “d
where @, = tan T
X
-1 g
= tan —=

The load current I

t

2 2
= Id +Iq 54
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Input Power

The input power is obtained by adding the direct axis
and quadrature axls product of current and voltages in re-

spective axes.
Pi=mv (Iq COSQ "Id Sine ) o000 00 s e 5a5

using equations 5.1, the torque angle is eliminated.

2

P. = mIqu(Xd - xq) +m Ir

eses s v 506

Since the stator loss = mI2ra, the developed

electrical power

p =mI.I (X; -X.);
e dq d q 600080 00 507

Since there is no rotor loss involved, due to absence

of any currents, the above also gives the shaft power avall-

able.

- Shaft Torque

From equations 5.2 and 5.3
2
v Jccoo ;
Ialg= Sin (. -0 ) cCos (&, -6 )
a (,._)Z'Lqu q d
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\/ r, < PN
v () o)
g
e
Xd Xq
Substituting 5.10 in 5.8

—
T =£'11_’_V_(;L..- _1_..> sin (g~ 6 )

Where we

¢ & 00000 5.11

Cos (Zs-6)
® ® 0 s 8 09 5.12

At no load, the machine is assumed to be drawing no
real power from the line. However in actual condition,
the friction and windage losses are supplied by the line
resulting in a small torque angle. For the purposes of

this analysis, ideal machine with no losses in considered.

Torque angle at no load. At no load the equation 5.12

reduces to a value of zero:

X
. _ [- 30 —1 d - [+
Leee 6y = (Pg - 90 ){tan (?a_) 90;)......... 5.13

Torgue at pull out. Pull out torque is obtained by

differentiating equation 5.12 with respect to torque angle

and equating to zero.
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dTe _ « :
T 0 results in the torqgue angle
+
o - u - L5e
po 2 ® & 5 0 0 00 0 Bﬁlu

So pull out torque of reluctance motor is less than

The pull out torque is given by 5.12 in which € is

replaced by 5.14, substituting

. m°p | _ ) g
po I 6321, I PO
alq

cesssssee D15

w =
where bpo

® 86 e 500 0 00 5016

It is to be noted that for most machines except at low
fre@uencies, the value of ﬁd and ﬁq are almost zero. This

~results in simplifying the torque equation 5.12 as follows:

2
mEV 1 1 .
T = —— — e Sin 2 8
€ u‘w [Lq Ld} LI R I A K ) 5o17

No load current. No load torque angle &, = gy - 90°.

Substituting this in equation 5.2 and 5.3 results in
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which gives an easy method of measuring the direct axis

reactance.

However Xg is again a function of saturation.

Its dependence on the current can be easily found out by

running the motor at different voltages at no load.

Development of equivalent circult.

From the phasor

dlagram, component of current in phase with voltage is

I Cos @ where I Cos @ =1

Cos & - I,Sin g

q s e s s e 0 e 5018
Vv (X: Sin © + r, Cos 8 )
But I. = (%4 2 =V
q 2 fq
Xg ¥y + Ty ceesrenee 5.10
V (X, Cesb -r; sinb ) _
Iq = 5 = Vrg
Xd Xq+ra
* & . & 8 ® @ o 5.20

Substituting 5.12 and 5.

20 in 5.18,

% Cos g = f£_Cosl - £q Sin &
Lsing = fq Sin & + £y Cos 6
\

5.21

® ® & & s 8 e 0
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If machine admittance is Y, then

Y = £ and since Y = G-JB
v ceeernnes 5.22
and Cos ¢ = %-;
We have G = T Cos 0 - f4 Siné erenne. 5.23
Similarly since Sin @ = %

We have B = f_ Sinb + £y Cos &
q L N BB A 5.2“
Thus we get the machine parameters in terms of con-
ductance and susceptance. To eliminate f3 and fq from
equations 5.23 and 5.24, substitute for fd and fa from

equations 5.19 and 5.20.
org + (X4 - X4) Sin 2 8

Il

Result is G o
2(Xd Xq+ra ) ® ® o 0 c o 0o 5'25

. (Ad + .Xq )
2 (Xg Xg + rag)
L B B B B B 5!26

- (X4 - Xq ) Cos 26

Note the G and B also include the leakage reactance
and resistance of primary circuit. The third branch of the

equivalent circuit as shown 1n Figure 5.3 is now calculated

W
as =2 _ . this represents iron, friction and windage
o] o ?
mv

losses.
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The above analysis holds good for any reluctance
motor, whether Synduction or Anisotropic. Using the above
method, performance of the two types is calculated and com-

pared to show the differences between the two types in

Chapters 10 and 12.

FIGURE 5.3 MODIFIED STEADY STATE EQUIVALENT CIRCUIT
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CHAPTER 6
DYNAMIC BEHAVOIR OF RELUCTANCE MOTCRS

The chapter is developed as follows: First the induced
voltages produced during sudden loading are considered.
Then the transient reluctance power developed is determined.
To this is added the damper circult developed power. These
parameters all form a function of slip. The final dynamic
equation involving variance of slipS and the torque angle
© with respect to time is derived, with the knowledge of
the transient total power developed, mechanical time con-
stant of the machine and the load conditions prevailing at

the time.

Induced Voltages During Sudden Loading

Unlike in a synchronous machine, there are no field
windings. Hence whatever induced voltages are developed,
will be only in the d-axis and g-axis damper circults. A
more rigorous approach than 1ln synchronous machine is re-
quired, since we have to consider the effect of induced

voltage in d and g axis separately. It is to be noted
than unlike in synchronous machine, here there are only

damper circuits where voltages are induced.

Induced Voltage In The d-aXxis

Equivalent circuit is shown below:

X X
Dd
. r "
V Cos © Xag f Da
: S

|




b7

During steady state the torque angle is © which
changes to (@ + A @) at the end of the interval. So the
applied voltage across d-axis changes from V Cos © to

V Cos (¢ + A G); so the change in voltage

v V Cos (@ + A Q) -V Cos ©

V Cos © Cos N8 -V Sin 6 Sin &4 6 - V Cos ©

it

= -V Sin o (A®)

(Since Ao is small, Cos b6 = 1.)

-
Zq(s)

Additional armature current induced is equal %o

<de )
7 - —3 + JKDd Jxad
= Jk_ . +

da(s) al rzd .

1 T

By definitions of Xd, Xd, and Td, we have

Lo
1 1 +( 1 1 > IS8Ty
= N - PP |

ceseseses DB.3

ad) teeesesse 6.2

{1

V Sin © do 1 4+ jsT

d 'X . 1
! 1+ IS8Ty Cereeees 6.4
i
1+ ST k}
where Zdl = .i - ﬁo 5
(s) 983 1+ J8T, Ceeeseane 6.5

Out of the total current A Iz, the current foliowing

through the d-axis of rotor is



J.Xad

. r
J(Xad + de) + ~Dd
S

Alpg = b1

Substituting the value of A I, we have
. . 1t ,
V Sin © (1 + JSTdO> Xag
. 1
1 + JSTd

AiDd = -

. r .
JXg __]_;_qw (Xad+de)

1 1
Xd 1 + JSTy 'pa 1+3STy4

X 1

il
!
<
@3]
o
o’
o

> ’ r ' . " A g
Xgq Dd (1 + jSTy)

48

ceesiee.. 6.6

) s e !
VSlnG-1+JSTdO' 3 Xad Ao

* O 9 8 00 e 6'7

Armature induced voltage AEd= AiDd Xad

2
X
i.e.AEd-—--vsmeJad- S_, 1 Ao
Xd Thy 1+JSTd

1
Also since ng (Xg - Xg ) (Xpg + Xaq)

we have J{ n)
Ka~Xg) S(Xe1 + Xag)
AEy=-Vsino =24 (Xe1 + ¥aa) -
X X" 'ST“
- J
- -vsine & d do_ ae.
X4 1 + JST
X, - X ST -
= - v sin o6 9= d_ ae.
d 1+ JST4
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The total induced voltage for change of angle © to ©g

at Slip S is given by integrating the above equation,

©
Ey aqq = jﬁ Eg
% 6 1 1"
X - X jST"I
= JﬁJv sin e =& "4d d_ Ao
B £3 1 + jSTy4
14 1
X ST
=-v _@ - d 7> - (Cos 6, ~ Cos ©)
Xd 1+ jSTd

N e

The above is the general expression for the additional

induced voltages in the d-axis. If load conditions change

. pd
suddenly, we can consider S —> & as then - > 0.

Therefore, for the rotor flux to remain constant, we have

1

X X
- - d - d -
Bg aaa =~V —5— (Cos o, Cos ©)
d » @ @ & 0" s e 0 6.10

1t

JsT
as _____g;i. becomes 1 for § —7 > ,
1+ JSTd

It should be noted that the above is the additional

"induced emf during transient in the d-axis.

Induced Voltages In The g-axis

The g-axls circuit 1s given below.

X

r
l Xaq DQ/B

|
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Unlike in a synchronous machine, since we are inter-
ested in finding out in the final analysis the total reluc-
tance torque in the transient state, both due to d-axis and
due to g-axis, it would be only correct if the contrivution

due to g-axis circuit is also evaluated.

Since by inspection the g-axis circuit 1s similar to
the d-axis circult described earlier and only the reactances
1t 1t
XDq’ Xaq’ and resistances rpgand time constant Tq and qu are
encountered in place of their d-axls counterparts, it would
be quite proper to write down the inal equations Jjust by

inspecting those derived for the d-axis.

To start with, the change in voltage at the terminals
of g-axis, AV is equal to V Sin (© + 24 6) - V 8in 6 =
V Sin © Cos A @ + Cos © Sin A© - Sin 6 .

Since A6 is small Cos A © =1 and 8in A6 = b 9
A V = v. COS 9. A GO

From here onwards the rest of the derivations are
identical with the previously derived d-axis equations,

but for substitution of subscript g in place of d.

So in the final analysis,

X -X jST
E ad =V Cos @ 9 9 o
q a X 1 + jJST

0 0 0 000 0 6.11



51

Further integration results in

1
X, - X

E = ....g-._..._..__q_-. 1 - 4]
B q-ada \Y " (Sin © - Sin 6,)
q * s 00000 0 6-12
jST”
As the term —3% — = 1las 5§ — 20 .
1 + jSTq

The above equation gives the induced emf added during

transient stage in the g-axis.

Transient Power Equation

Now that we know the induced additional voltages, it
is possible to evaluate the transient reluctance power de-
veloped. Here again, unlike 1in a synchronous machine, we

have to consider both the d-axis and g-axis separately.

Transient power in d-axis. Let us consider the steady

state equation for reluctance motor:

N = Y2 ( L-.L> Sin 26
D > X, X

v cos o/l¥_). sin 6 - V Sin @.(.'\L_). Cos ©
Xq Xy

it

- v VSInO [ gin (e + 7o) -v. LCOSB 55y g
%y Xq

v — Vq
= V. -2 . 8in (6 + "/R2) -~V — . Sin 0.

Xy X4

pq pd s s e e s 00 e 6013



52

Where Npq and di are the torques produced due to

quadrature and direct axes.
Vg

Now consider Npg = V~§—° Sin ©.

This 1s similar to the torgue equation for synchronous
machine where Ny = V. £_, Sin ©.

S X 6
d ® *e s e * B s e '1)4

By comparison of the equations for di and Ng, we can

say that the term Vg is substituted for induced voltage E

of the synchronous machine.

Now, bringing equation 6.10into the picture where

X, - X,
deadd = - v:..si;__— - (Cos , - Cos 08);

E

We can say that total induced voltage in d-axis

Eg =Vg *+ By-aqd.

]
Q<

!
<

+ (Cos o, - Cos e)

Hence the power developed in d-axis from equation 6.14

Hi
Vv £, - X

Nig =V 4.4 4 y(cos 6, - Cos 6)] Sin o
Xg  ¥g Xg
v _
=V ,,-(3,,-.1._)v00s9-0.sm9
a a *q

se s e e 6015
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Transient power in g-axis. By similar process of

deduction the induced voltage on the g-axis is:

w! =
By Vo * Eqoaaa
4]
X, - X ‘
= Vg ¥ 42 . (sin & - 8in 6)
X

Hence the power developed in g-axis is given by using

equation 6.14,

n

% X, - X
N = v| 9+227 dvy(Sin 6 - Sin 6,)| Cos o
e Xa  *a%q

v
=V_£9r-—(_1_“_-}_>vsm@ Cos ©
q q R EEEREEE 6016

Further simplification of equations 6.5 and 6.16 can be

done by substituting Vg =V Cos @ and Vq =V Sin O,

Total power developed in the two axes are

N'o=ve [ Cese I L1\ cosel sine
and N! = V2 Sin © /1 _ 1 \ gin o Cos ©
pq [}] Xn }" (o]
£q q *q

and the resultant transient power
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1

1 H

lee. N} = Ve (ln - l.} Sin @ Cos © -(.é_ -.l_> Sin © Cos ©

i1
La  Xg Xg Xg

+f L -1\ sin 6, Cos ©
X X
s o0 008000 6-17

From this we can verify that under steady state con-
1" 1

dition when X4 = Xg and Xgq = Xy, we gel back the steady

state equation

>
N, =V (.E_ 1 > . Sin © Cos ©
d d

Damping Power Developed By The Rotor

Damping power in the d-axis. The equilvalent circuit

for d-axis is given below:

a1 Lpa
o )
Zd(S) ! rhmww_~% D4d/8
l Xad

The analogy of the derivation is similar to the syn-

chronous machine except for the absence of field winding.

. T . '
X ( D@@-+J§M>

fats) T a1 Y mpg o
( 5~ T J A T dpg
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therefore the current
A "Dd/S + § (Xug + Xpg)

Z = Vg
als) iX, "pa+y® (x..x_ 4x X )
d = J “al™ad alXDd+ adXDd
o0 ecsee0s 6-19

Tagsy =

The portion of the current flowing through the rotor

portion of the motor is

JXad

pa(s) = Tacs) o

5t (Kyg + Xpg)

Substituting the value of I derived above

da(s)

and
Vd'

1. . =
pa(s) r 2
o = T3 (K %eq a1 %50 aa¥pa)

cerieessss 6.20

1A
Let us define Td as the transilent short circuit time

constant of the rotor direct axis.
Xaa %a1
pa1 +{x3—-x-—
T" . "ad +al

“pa

Using this definition
Xad .1

i = V. il -
pd(s) 4 xq (1 4+ 3STq)  Tpa/s




The damping power of the d-axis winding

r
- 42 DA _
NDd lDd(S) 5 (1-8)
2 ]
lDd(S)’ = for S — &
2
X r
X§ (1 + 52 142) Q‘Dd/s)z‘ S
ng 1 1 1 "
Also we know that . ={ = _ - =\ 8T
x2 (*pass) (x. «x ¢
d d d
it
ST
N = V2 -]-'-— - -;L-—- e
Dd d f l 2 !t2
Xd Xd + 8°T4
* * * 009 0 0 0 6022
2a"2
Since S is very small, S"Tg~ <& 1
_ve |1 1 ",
X3 44
Let Vd =V Sin © in the direct axis.
N = vi@sinfe [ L -1 | s
Dd X" X d
d d ceesesass 6.23

Damping power in the g-axis. It 1s to be noted in the

following derivation of the damping power in the g-axis,
the derivation would be similar to the synchronous machine
since the equivalent circuit in g-axis is the same as for

a synchronous machine.
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Effective impedance

r
J X ( Dad + 5 X
aqg S Dg

D ;
—E? + J (Xaq + Xpq )
® & 0 ® s 82 000 6.24

The armature current Iq flowing in the g-axis at any

Slip S
' ’bdg
+ J (X, +
a Z r
a(s) v Dg . .2
X +
J a s J (Xalxaq+xa1XDq+XaqXDq)

cirerees. 6.25

The position of armature current flowing through the

rotor

I X

r
Da ,

Substituting the value for I ( from previous equation:

a(s)

-

J }‘aq

I =V
Dq(s) 1 "D, 2
— v b4 v T
J A3 J Aalﬂaq+xalx q+Aaql{Iq)



tr
Definition of Tq i1s the same as in a synchronous
machine being:

T” _ KDarq + XDarl + Xaarl

4 r
(Xaq + Xal) Dg

Using this we have:

Xaq 1

cam r
Xq (1 + JSTq) Dg/S

4 = V .
“Dq(s) a

The damping power in the g-axls 1s given by the loss

in damper bars times (1-S)/S.

f.e. N = 1° qu(lS)—ig “Dg as § —>0
"“* "pba T "pa(s) Ts Da(s) 5 °
x° -
= y° ag Dg

a " iy y
Xg (1+STq2)( Dq)2 S
S

X2 1 1 1 1
Also we have -89, = o= ST
Xg X

r - a
D X
29 q a
S cheeeness 6.27
1
ST
son =ve [ i L. .____._9.___‘7._
Dq 4 Xq X 1+ 8272

1"
Since S is small, SgTq<§ 1 and can be neglected

1
N_o=vE ([ lo=1 ) 5T,
Dg a ¥ X a

58
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Since the voltage across g-axis 1is by definition,

i

v V Cos @, we have

N. = v2cos2ef{ Ll _1_ Y\ gp"
Dq X~ X

Total damping power in the two axes. The total avail-

able power from the damping circuit is given by ND = NDd + NDq

Xd Xd it

i.e. Np = V2Sin29<_1.ﬁ. - _1._> STg + VeCos2o (-1-— - £\ s1q.
Xq 4q

ceessasss 6.30

Behavoir Of Reluctance Machine Under Sudden Real Loading

The factors that influence the behavoir under real
loading are:

(a) The inertial time constant of the machine.

(b} The actual load the machine is seeing.

(¢) The damper and transient power available for

acceleration or retardation of the machine.

In the above (c) has been discussed. Let us now
derive equations for the inertial time constant Ty, of

the motor.

(a) 1Inertial time constant (Tp). During steady state

the electrical power delivered to the machine i1s equal to

the mechanical power delivered by the motor to the shaft.
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However, during transient condition, the balance does not
hold good and the difference between the two powers helps
accelerate or retard the motor. The equation for acceler-

ating or decelerating power 1s Na = NpL4 NL

0 & 8 00 0 2 6031
where Np = electrical power input, NL = load connected, and

N, = accelerating/retarding power.

We know that torque T =1 9®Wyhere I = inertia. The

dat

total power required to accelerate the rotor from standstill

to synchronous is

w3
Iw
AP = —_—— AW
v
o
I 2 2.
i.ee P o= S where I = R,
I g
2. 2.
& T ws WR Ws
P g P

¢ e s 08000 6.32

Where, if P = rated KVA, W, = rated speed, then the
inerfial time constant of the machine t seconds is required
to accelerate the inertia VVlerom standstill to rated
speed. EXpressing Vdﬁ‘in pounds-feet2 and Ty the mechan-
ical time constant in seconds, speed in RFM then

PN
WR (REM)®
2,168 (KVA)

-6
n 10 seconds
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Having derived the expression for the mechanical time

constant, we can now express the accelerating power.

Im g2¢

N, = —
a Wg  dte

Vle have fI‘OITl equation 6031,Na = NL - }\Ipocooooo.oo 633

For a gradual load change the electrical real power

2 X; -X
N, =V d__"9 sin 20, therefore
P2 X4 X
q
2 -
N, =ng - L5 . %= *a . sin ce.

For gradual load changes Np, changes slowly and there
is no resultant value of Ng. However for sudden change in
load, we have to consider the inertia and the constancy of
flux linkage. In other words, the transient power Né is

to be used in place of Npe

From equation 6.17we know that

' o 1 1 1 1\
N =V = "7?) Sin 6 Cos © -( =v = — | Sin © Cos @
X, X X
a q d

+<-lw - i— Cos © Sin QO
X X

ceeveee. 6.34



At © = 65, corresponding to the initial condition of

loading, we have from the preceding equation

vt 2 i1 1 1 1 1 1 s
Npo =V = —.7T>-(_T.- __.)4'(_T.- __> Sin @@COS QO
Xq Xq Xq Xa Xq Xq

erieseses D035

Now we have a situation where the transient torque and
load torque are not balanced. This results in an acceler-
ation or deceleration torque Ng, and rotor slips from syn-
chronism. This develops a new torque which is the asyn-

chronous torque due to damper circults of d and q axis.

t
Total electrical power Np = Np + ND. From equation

6.33 the acceleration torque N = Np - Ny

f
=NL-(N

p * Np)

Substitute for Né from equation 6.l17and for Np from

equation 6.30, we have

_ olf1 1 \as 11 g
Ng =N, -V (__r__.>81n 6 Cos © ( ) Sln © Cos Qo

" 1
Xa Xq Xq X4

+(1W - _J;_)I‘Sin 6, Cos ©
" |
a “q

! 1 it
+ 8 lﬁ~£~ Sin2@ Ty + lw-l— T. C0829
X, X X X 1

d “d a *a

ceveesess 6.36
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We have already shown previously that

A=
2

lMaking the above substitutions in equation 6.36, we

have

T 2 A
_E.Q_g = Np- ve lv‘iw Sin GCosg—(lw’l— SineCose +'lﬁ’4;)31ngocosg
Ws dt Xg Xg X3 £g Xq £

1 ({11 "ain2oaf1 1 \q" 2\\d9
+ L (_ﬁ-x i—> T, Sin Q+(3c"r .}._(_.)TQCOS @j g
W a “d q g
e« ® ¢ & 88 ¢ 0 0 6‘37
The above equation 6.37 is the dynamical equation for
sudden and real loading. This equation describes the time

dependence of torque © upon sudden application of load. As

can be seen above, the left hand side of eguation has a term

2
ae : e de . .
962 and the right hand side has a term T This second order

‘differential equation is nonlinear and can be solved using
analogue computer or by numerical integration. However,
even with numerical integration great errors may arise be-

cause of the fact that the Time interval cannot be made

infinitesimally small. Also the contribution damper torques

to the equation cannot be exactly predicted since the sub-
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transient reactances Xg, Xa and time constants Ta and Ta
depend to a great degree on saturation, However on an

2
analogue computer, continuous time varying 8 and E_g can
dt dt

be overcome. In the final analysis, the rotor angle keeps
osclllating about a mean position withygradually decreasing
amplitude and subsequent decreasing damping torque, until
the accelerating or retarding torque becomes zero and the

torque angle will correspond to the new load torque.
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CHAPTER 7T
EQUIVALENT CIRCUITS AND DYNAMICAL EQUATIONS

Development of equivalent circuits and the dynamical
equations for any general class of machines with n windings
in stator, and m windings in rotor, have been developed ex-
tensively by Mr. Gabriel Kron in his treatise on the subject.
In the following, an attempt 1s made to confine the develop-
ment of the circuit to the reluctance motor in question
under balanced input conditions. 1In fact, the analysis
would closely resemble synchronous machine except for ab-
sence of field winding and, of course, the existance of

saliency of the rotor.

The Circuits For Revolving Fleld and Cross Field

First the general case 1s taken up for unbalance volt-
age conditions. Figure 7-1 shows the revolving field and
cross field circuits for forward rotating field. Figure
7-2 1s developed with backward rotating emf, both the re-
volving field and cross field circuits. Note subscript a

refers to armature and subscript D refers to damper circuit.

The reluctance motor being excited only on the arma-
ture stationary axes by an emf rotating at unit speed in
the direction of rotor speed V . In the d-g reference
frame, this emf appears to rotate forward with slip fre-

quency s = f -v during start-up. Hence f in the primitive
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machine becomes s. Here the backward rotating emf ep is

assumed to be zero. (Figure 7-1.)

When only the backward rotating emf is applied, the
in the primitive machine becomes (f + V ) where V is the
forward speed of rotor. Here forward applied voltage is

assumed zero. (Figure T7-2.)

During the course of run-up from standstill the motor
is subjected to both the accelerating and alternating

torque. At half speed at slip § =V , i.,e. S=-V = 0,

The characteristics of equivalent circuit changes and
the new equivalent circuit can be depicted as in Figure 7-3.
Further increase in speed takes the rotor into pull in
region and provides the inertia of the motor rotor and
connected load 1s within the region of pull in torque, the
motor pulls into synchronism and runs at rotor speed v = f
due to reluctance torque developed. The equivalent circuit

for this condition of running can be shown as in Figure 7-4.

It should be noted that Figures T7-1, 7-3, and 7-4 de-
pict conditions of the existance of balanced voltages only.
This is usually the case. However, in case of unbalanced
voltages existing in the incoming lines, the situation may
be taken care of by modifying the equivalent circuits of
Figure 7-2 and 7-4 for backward rotating emf ep and in

which £ is replaced by ( £ + Vv ).
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Combined Equivalent Circult

The Figures 7-1 and 7-2 deplcting the forward and
backward applied voltages can, in fact, be combined into
one with the following difference. The frequency of the
positive sequence voltage egp is f and the negative se-
quence voltage egy 1s f where as in Figure 7-1 and 7-2 they
were f - v and £ + v respectively. It should be noted that
now the armature reference axes are rigidly connected to

the armature. This is shown in Figure 7-5.

Having expressed the equivalent circuit for reluctance
motors under various conditions of impressed voltages, we
can now attempt to establish transient dynamical equations,

as follows.

Dynamical Equations From Eguivalent Circuits

Instead of attempting to write the transient equivalent
circuit directly, it is easier ©o start with a steady state
eguivalent circuit containing variable frequency f feature.

From this the transient equation is easily found by replac-
ing f’by.f.’._z(g;} /il .
' J dat

Figure 7-6 (a) shows the variable frequency network
from which is derived Figure 7-6 (b) showing transient net-
work. These equivalent circuits are derived for condition
of v < f, 8ince £ =S, we can replace f by jp, S by - Jp

and v by Po.
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Self Impedances of Reluctance Motor

Let us wrlite down the voltage equations e = Zi for the

four meshes in the circuit of Figure 7-6 (a).

These networks contain the only reactances Xad’ Xaq’

Xpg s XDq’ and X,7 and their combinations. Let us define

the following self impedances:

Xg T Xag t Xal»
Xg T Faq * Xgps
Xpa = *aa T *pa’
XDq = Xaq + XDq.

s o s s 0000 7.1

In addition to these, we have resistances and reac-
tances as combinations of these. Let us define these impe-
dances with terms using subscripts s for sums and D for

differences of the above.

N _ Tpg * Ipgq
Ds 2

. - .pd” "pg
DD >

. _ ¥pa *¥pg
Ds o

X _ Xpa = *pg
DD

2 8 08000 00 7.2
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Also,
X, + X
X, = d q
2
x = -2 74
D 2
, 3 Xog + xaq
as >
*aa T *aq
XaD - )
® 5 % 8 ¢ 8 s o0 7.3
Equations of Equivalent Circuilt
Voltage equations of all the four meshes can be
written as ey = Z7 17 where ey, Zj, 1j are all tensors.
fD bD fa by
r r
Ds . DD . . _
fD S +J}TS 5 +d}%D “J%s ‘J%D
r r
DD . Ds J X 5 X
— -+ j X ab as
by 5+ J Xpp S J X a
= r
Zq . .
Ty
Ly ~, 1 2 — + 0 X
Py J %D J %8 J %4 S- J
® o 5 0 ¢ 0 00 o0 '/.i}"-.‘
The current vector 17 1s deduced.
fD bD £, b,
i, = irp 1D ‘ra Tpa

0 %000 00

7.5
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Regarding the voltage vector, the only voltage under

consideration is the forward impressed voltage:

b f b

fp D a a

_ Cra

€1 S + V

It is noted from above that the impedance matrix is
symmetrical. The differences of potentials Bf and Bb are

found as products of reactances and currents. The torque

sensor Gl to account for differences of potential B is

expressed as follows:

fD bD fa ba
fq J Xas J Xap J Xs J Xp
G1 =
o, J X3p -3 X5g -J Xy -J X

P A 7.7

The torque developed by the motor is given by

* .
T = il Gl 11

Steady-State Sequence Equation

Let n be the absolute frequency tensor. By multiply-
ing the impedance terms of Z matrix, by the tensor n, is
obtained the steady state impedance tensor Zo. For this
conversion of Zj, it would be necessary to multiply by the
damper impedances by s, and the forward clrcuit impedances

by s + v and the backward circult impedances by X - v.




defined as

7

So the absolute frequency or the speed tensor can bpe

bp

Lal
)]

ba

=h

fD bD fa ba
!
S
s
S + vV
S - v
¢80 00 0w P 7.9
The resultant impedance tensor 22 is
Iy B bp £, [
b + jSXDS pp T JSXDD JSkaS JSkaD
rop t JSXpp | Tps t JS%pg IS¥,p JS¥,_
J (s4v) Xag | J (s4v) Xgp | vg + J(s+v)Xg| J (s+v) Xp
J (s-v) Xap j (s-v) Xas J (s-v) Xp ry + J'(S"V)Xs

® & e 000000 7.10

The voltage vector however has only one term

Pp

Transient Sequence Equations

As earlier explained,

teesesses .11

the transient solution is obtained

by inspection of steady state equations and replacing




78

(a) L vy - JP

J
(b) v by pPe
(¢) x by L.
So the transient impedance tensor becomes

0 by, £, b,

fD ﬁm-f%mP rmf+%mP %SP %DP
by | Tpp * Ipp F| ps * Ips F Lap P Lap P
£ (P+jpe) L, | (P+jPO) L, | r +(P+jPO)L (P+JPO)Ly
bg (P-jP8) Lap| (P-JPO) Las | (P-jPO) ILp r,+(F-jPe)Lg

eos s s 0000 7012

The transient voltage equations are then ey = ZBil'

*

Torque is still by the formula T = 1,Gqi1

Transient Equations Along Physical D-Q AXes

To avoid running into imaginary terms containing Jj in

the above tensorial equations, physical reference frame is

introduced.

Ciq_where the transformation tensor

Iet the seguence currents 1p be replaced by



dD 9p da g
f 1 J
b 1 -J
b 1 -J
LI I B I ] . 70 13
Then we have the new impedance tensor Z, = CzZBC,
de + LDd P Lad P
dq + LDq P I@q P
Lad F --Lad pe + Ld P -Lq PO
Lad Pe Laq P Ld pPe T, + Lq P

® ¢ 9 ® 00 00 7.11"'

(Note the L's correspond to the combinations of self

inductances similar to the X's previously defined.)
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The new e3 becomes e3 = Cte2

80

d
D 9 % e
i.e. e3 = er/J2 -jet/ J2
90880000 7.15
The current vector i2
dD qD da ‘g
1, = 1Dd ;Da ;ad FED
® s e 080000 7016
The torque tensor G2 becomes
dp ap dq a
da —Laq Lq
G2 =
da Lad Ld
* % e 00 0000 7.17

With the help of above tensors, we can obtain the

transient equations along the physical reference frame

Voltage e3
Torque T

During acceleration T

During steady state P

il
=
n

1l
cu,
4

se s 00000 7.18
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CHAPTER 8

STARTING AND PULL IN PERFORMANCE

For reluctance motors starting performance has always
been a great set back for commercial applications. Till now
where motors have %to be connected to high inertia locads, and
as 1s quite often, the motor has to be started with full
load connected to the shaft, synchronous motors have been
preferred in spite of the problems assoclated with synchro-

nizing.

The following discussion on starting performance relates
to any reluctance motor with an additional squirrel cage wind-
ing. Before golng into the mechanism of pulling in, a note
regarding the difference between Synduction rotor and Aniso-

tropic rotor as to the starting performance is relevant.

In Anisotropicrotor, as shown in Figure 2.2, the four
aluminum bars in the quadratvure axis and the barrier regions
on d-axls together with the end sections act as squirrel
cage. While the section of iron relates the synchronizing
torque developed at the pull in region, the space left out
for conductor material decides the speed to which the motor
will accelerate due to asynchronous torgue; so a compromise
between the synchronous and asynchronous characteristics,
which are exclusive to each other, has to be arrived. This
might seriously affect the load inertia that can be toler-

ated on any machine
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In the case of Anisotropic rotor, though the basic
principles as above, of the conflicting requirements of
deslgn parameters still holds good, the problem 1is greatly
eased by the fact that rotor material has intrinsic aniso-
tropy. Because of the increased anisotropy, the pole span
to pole pitch ratio can be reduced for the same synchronous
capability as for corresponding Synduction motor. This
leaves more room for conductor material with conseqguent
reduction of slip and the increased final speed due to
asynchronous torque. Further, the pulling into step is
made easier with the larger synchronous torgue available.
In addition, the special shape of the core chosen for the
design described in this paper, allows more room for con-
ductor material, apart from making mechanical assembly more
rigid, than any other shape of core that has been tried so

far, as far as this author is aware of.

The following analysis broadly explains the criteria
for. pull in performance. The squirrel cage effect of the
rotor contributes to the asynchronous torque, which accel-
erates the inertia to a slip Sy with some load condition
Tr,. A reluctance torque is also produced at the same time.
This reluctance torque which is of pulsating nature in view
of continuously changing of torque angle from -180° to 180°,
averages out during the start up. The pulsating torque is

at 60 Hz. to start with and also has large magnitude due to
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low reactances that are inevitable due to saturation by cur-
rent. As the motor speeds up, the freguency and magnitude of
pulsating torque decreases. After the rotor has reached a
maximum speed corresponding to slip SL, arrived at by psuedo-
constant speed solution, the pull in is possible provided the
reluctance developed is sufficient to accelerate the rotor

to the nearest pole. In synchronous machines the salient
pole has to choose the pole due to stator mmf of same polarity.
On the other hand, in the case of reluctance motors there are
twlice as many alternative positions for rotor to lock into
synchronism. On the other hand, since

Ts = Tgmax Sin 2 6.

¢ & &9 00 00 8‘1
The salient pole has to be lagging within an angle of T /2

of the stator mmf wave in the direction of rotation.

Let Tg = Asynchronous Torque at Slip Sy,
Tg = Synchronous Torque = Tgpgx Sin 2 ©
Ty, = Load Torque connected
Ty = Torque of rotating masses

So T, + T, =Ty +T
a s L M ® & 0 08 0 0 0 0 8‘2

The above condition must hold good during transition
stage from asynchronous speed at slip S; to synchronous

speed at S = 0.
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DIAGRAM SHOWING FOR PULL IN CRITERIA
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Since for small values of slip, the torque speed
characteristic is linear, the asynchronous torque at any

T
slip S is given by Tg = gé S, where T, and Sj, correspond
L

to steady state asynchronous condition. If W,is mechanical

angular velocity, then W= (1-3) ( Ws)/(p/2) .

Let J be the moment of inertia of the rotating mass,
Jdw _-J Wg ds
dt (r/2) at Ceesesenn .4

then T =
M

Substituting (8.1) and (8.4) in (8.2), which describes
the condition for pull in,
Wg ds

T

L
= & g = - ==
7 S+ T, . Sin 2 Lo T 5] at

~
LR B R B A ) 8‘05

where € is the angle at which rotor is lagging behind stator

mmf in a fixed reference axis frame.

ds

Also SQ, =
S at ceeree... 8.6

Substituting (8.6) in (8.5)

Sin 286

2
J aé . L i%‘*qémax
(B/2) 442 sy @ e 8.7

The solution to this equation 8.7 will give the maximum

value of load torque Ty for which the motor will pull in.
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Now to establish the maximum speed or the value of 8§

the motor has to reach for pull in, it is necessary to con-

sider the work required to accelerate the mass from speed

at slip S = §,_ to 8 = O, which has to accomplish during

rotor travel 8 = W/2 to €= 6, , which 1s final torque

angle.

From equation

Ty 4%

il

(8.4) and (8.6) work done is

-J Wg
(p/2)
2

-J s

(2/2)

This expression when

ds

22 8 g dt
dt
S ds
* ¢ & o 0 0 o & 8.8
integrated from § = S;, to S = 0,

vields the total work done during this acceleration.

1 W 2

W=

This work is

IT between limits

Let Tsmax

rated

L

Tsmax

2 F/2

o

S

® 8 20 00 0 0 809

represented by area between curves I and

X =0

= C;

K;

and b<l_= A 1

.10

o
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Where C = per unit pull out torque and K = per unit
load applied, the area between curves I and II, between
limits 6 = 0 and J__ - @

2 B L
T

T _
) - ] — L tl -
Wooo = Taros fSln 2 6do §_( 6L>

0

=Tsmax (1 + Cos 26 ) _TL( T B
2 3 2 L
[} *« e 0 e 00 . 8011
Since Ty = Tgp., Sin 26
T
L
smax

Cos 26 = 21 - K2
* & & & & & * ® @ 8'12

Introducing 8.12 in 8.11, we have

-Ke — -
o _ Tsmax (1 +J1-K7) _ EE M 38in g
- ace o) 3 o o
l.e. I -
W = T 1 +J1- {2 _ .]_._ i _ Sin 1K
acc L oK 3 5 5
Let us designate
1+J1k2 1/ T sintig | "
2K 3 2 2



Then the work done to accelerate from S = SL to S = 0,

j—.e. ‘"JaCc = TL\P , * ® 0 2 00 0 0o 8.14
is given by area between curves I and II, from equation 8.9,
L2
wo=1g ; 52 ;
(—é—) ® 6 & % & s 0 s 8015

(3) S - P L

J' ® 5 08 20000 8.17

T T
L_ =K anda —SMeX - g

Tsmax Trated

TL = K.C. Trated

KCyT
S < LQS * q/ rated ;

L =~
J

Where Sy, = slip at steady state asynchronous condition

at load Ty,
Ws = Synchronous speed rad/sec
J = Inertia in #ft. sec?
Trateq = Rated torque #0t.
KC = Per unit load applied

The above is the criteria for pull in of the motor to

synchronous speed.






CHAFTER 9

DESIGN PARAMETERS

The stator used for both the Anisotropic and the
"Synduction" version is the same. The rotor configurations,

however, are different.

The following deals with design parameters of reac-

tances based on formulas by Mr. Kilgore and Mr. Alger.

Stator
Do = Qutside Diamever
= 1Inside Diameter
L = ILength of Core
g = Alr Gap

No. of Slots
Skew - 1 Slot
Turns/Coil
Wire Size

Connection - 1-Y

Rating

The rating of machine can be elther based on the pull
out (the maximum) power developed or by the temperature
rise of the machine at any load. Since the thermal rating
of a machine is dependent on the cooling methods and capaci-
ty of fan attached, 1t is difficult to establish what can be

called a standard rating. So the pull out power rating has
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come to be recognized as a reliable standard. The full load

rating is taken as 2/3 pull out rating.

The Synduction motor is rated for 25 hp. It is inter-
esting to note from test results that the Anisotropic motor
in the same stator size, develops a much better pull out
power. The machine can easily be re-rated as 40 hp, ex-
hibiting the superiority of the Anisotropic design. How-
ever, since it is intended to bring out comparison of two

types, the same rating of 25 hp is taken as standard rating.
Rating: 25 Hp, 575V, 3 Phase, 60 Hz., 180 RPHM

Stator Leakage Reactance

A sketch of stator slot 1s shown in Figure 9.1. The

leakage reactance is given by the formula

- 6 2
as 107 5g 3w 2 P4, s, 5K J
® s 8 80904 00 9.1
Where f = frequency

(=Y
il

length of core
N = No. of conductors

No. of slots

2
0
1l

=~
w
i

Correction factor because of chording

[o2a)
]

Alr gap

Carter coefficient

2
I

Diameter

o
1



FIGURE 9.1
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Kp = PFitch Factor

Kq = Distribution factor

dys, dy, Wy, W, = Slot dimensions (See Figure 9.1)
P = No. of poles

Substituting actual values in equation 9.1 we obtain

X = 0.35 ohms.

as

Rotor Slot Leakage Reactance

By a similar formula we can calculate the motor slot
reactance also. Since the analysis pertains to synchronous
operation only, where the rotor currents are zgero, the re-

actance is neglected.

Zzlg Zag Leakage

The zig zag leakage reactance for stator is given by

( 2
Xzsz—g‘xm(-g—s-> tesesssss 9.2

Substituting dimensions, X,g = 0.118 ohms.

For the rotor the zig zag reactance 1s assumed to be

zero for synchronous operation.

Therefore, the standstill reactance of stator winding

is given by adding equations 9.1 and 9.2.

i.e. total stator leakage reactance = 0.468 ohms

X = 0.468 ohms
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Magnetizing Reactance

The magnetizing reactance of the two motors, viz the
Synduction and the Anisotropic in the d and g axis are dif-

ferent, in view of the difference in permeability.

However, for the sake of obtaining performances of com-
parable values, the pole span to pole pitch ratios were kept

the same 1in the two machines.

As far as the Anisotropic rotor is concerned, the exact
calculation of the saliency factor involves using permeance
matrix and ladder network of permeances along the d-axis of
grain orientation and reluctances in the g-axis across the
stack and orientation. By going into Fourier analysis and

use of computers a more approximate solution can be obtained.

However, since an estimate of the order of reactance
with a view to compare the two machines is aimed at in this
Chapter, the following approach is resorted to. Accurate

values are obtained from test in Chapter 10.

First the cylindrical magnetizing reactance is calcu~

lated. Account for saliency 1s made in the two cases later

on.

Cylindrical Magnetizing Reactance

For & smooth rotor with uniform air gap, the magnet-

izing reactance is given by
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a 2,22
m
2 8
P § K 10
o ® % 5 & 9 & 0 8 9.3
Where all the symbols are already explained before,

l.e. %y = 31.9 ohms.

Direct and Quadrature AxXis Reactance

The fundamental wave of stator mmf can be split up into

a Sine and Co

and d-axis re
The axes
Xad

and Xaq

Where Cg
below, and xq

rotor uniform
A conven

C

Cy

d =

sine function each associated with the g-axis

spectively.
reactances can be expressed as
= CgXp

and Cq are the reduction factors as defined

is the magnetizing reactance for cylindrical

gap.

tional salient pole machine,
L + sin where'f= Pole arc _ 0.5
4 sin €T /2 Pole Pitch

= 0.925

ceenseess 9.4

For quadrature axis

L . — i £
{0 - sin fir + = Cos fo

4 Sin € 1)/2
= 0.291 serescnss 9.5
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The preceding value of Cq is for a conventional pole
machine with a pole arc to pole ratio of 0.5.

However for a reluctance machine with two barriers,

the parameter

¢ =1-CosTX - (£-4,) 5, +L

q 2 * o 000000 9.6
where = & cos TX - fpy (1 -7)
g+h 2 > & 5 5 5 8 & 907
T4 X
. _ Cos — - Cos—5— +C1
'b 2

terteeeess 9.8

D [ray w2 ceeescess 9.9
. =(l - 2“0). g cos LAY ;
1 D g+h, 2 ceereeees 9010
1 - 2n
Cs =( J & (1 -¥€);

D g+hc * 8 @ 8 00 s e 9.11

Substituting the physical parameters into the above

equations, the following values are obtained:

£, =0.6
¢, = -0.0172
Co = -.0122
> =0.0635

A = 0,01



FIGURE 9.2 CROSS SECTIONAL REPRESENTATION OF ROCTOR
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Substituting these in equation 9.6
Cq =0.163 eereeees 9012
As can be seen, the value of Cq obtalned above is con-
siderably less than for a conventional machine of same pole
arc to pole pitch ratio given by equation 9.5. This results
in higher ratio of xg to Xq resulting in greater torque

than normal reluctance machines.

The unsaturated reactances for the two barrier pole
construction of Synduction motor are given as:
Xaq = CgXm = -925 (31.9)

= 29-5 Ohms s o0 s 0800 9-13

.183 (31.9)
5.95 ohms

Il

e s P e rev e 9.14

To this should be added the leakage reactance 0.468

ohms derived earlier.

Xxg = 29.5 + 468 30.018 ohms

= 30 ohms 9.15

® o % @0 00 s

6.418

il

Xg = 5.95 + . 468

= 6.42 ohms ceesesnes .16

It should be noted at this point that the values de-
rived above are unsaturated values. The value of xg goes

down as the stator current is increased and the value of x



remains substantlally the same, as the guadrature axis flux
density 1s far below saturation. This can be observed from

the test results in Chapter 10.

Anisotropic Rotor

In the case of Anisotropic rotor, the two barriers of
Synduction motor are replaced by many barriers caused by
the interlaminar insulation. Also the permeability of the
material for quadrature axis flux 1s very low resulting in
an effective air gap. The most accurate way of dealing with
the situation happens to be, as pointed out earlier, by
adopting solution for a ladder network consisting of per-
meances along the grain (d-axis) and reluctances across.
This computation involves use of computers and still results
are only as accurate as the present state of art of under-
standing saturation permits. However, an attempt here is
made in the following to obtain a more ready solution with
limitations as stated before. Verification of these with

the test results bears out the validity of method used.

Direct Axis

As far as the direct axis is concerned, the equations

derived earlier for Synduction motor still hold good. Since

the flux pattern or magnitude 1s unaffected, by equation 9.15

X3 = 30 ohms
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Quadrature Axis Reactance

Instead of one barrier, the number of barriers each
constituting the thickness of the interlaminar insulation,

is equal to the number of laminations in the Stack.

Pole width = Depth of Stack

Let thickness of each lamination = w;

No. of laminations = r

Stacking factor = 0.95

The interlaminar insulation = wy (.05) =w

Going back to equation 9.9 where

r = No. of barrilers

wy = Width of barriers,
we can substitute for r and wj. Another term, ;%, has to be
added since there are again barriers the same as above along
the radius. 1In fact h; and h3 constitute the lengths of path
radial and circumferential. In fact, the two terms can be
added together if we take a value of h; = mean length of the
iron.from pole center to pole center and w3 = interlaminar

insulation.

However, one more term in equation 9.9 has to be added
to represent the gap that exists in the center of the pole.
The factor is ;ﬁ, therefore, the final form of modified

4

equation 9.9 is
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2 pg (M1 b My
D rwy Wo wy

.00337 (20.1 + 1.6 + 10.7)

il

= 0.109

All the other factors remain the same as in equations
9.10 and 9.11, since values of g, he and all others remain
as before for the Synduction motor. For calculation of fp,

an equivalent barrier is assumed at the center of Stack.

Therefore from equation 9.8,

Cos gl (.334) - Cos g; (0.0172)

fy =
0.109 + .5 - .335 + .0l22

862 - 707 - 0172
0.2872

1722
= = 0.
2872 5995

From equation 9.7,

= 0.025 [.707 - .5995 (1 - .5ﬂ
1.025

= ,0099328

From equation 9.6,

=1 -0.707 - (.5) (.334) = .00904



102

0.116

Q
Il

%, = 116 (31.5) = 3.65

To this should be added the leakage reactance

3.654 + .468

il

“q

n

4,122 ohms

This value of Xq is lower than in case of Synduction

motor.

However the actual value of Xq in this case will be
lower even because of the fact that permeability in the
g-axis of the laminations, i.e. across the grain orien-

tation, is much higher than d-axis.

From the preceding the reactances of the two types of

reluctance machines are calculated.

Resistance (r,). Stator resistance calculation is

quiﬁe simple since the mean length and wire size and

number of terms are known.

It works out to be 0.25 ohms per phase.

Torque calculations. Knowing the value of xgq, xg, Iy

torque produced for any given voltage and torque angle can
be calculated from the formula

2
T, = MY [Zd_1) sineze
2 Xq
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CHAPTER 10
TEST AND COMPARISON OF RESULTS

The tests conducted on the two experimental designs
viz Synduction and Anisotropic consist of the no load and
load tests at various voltages. The direct and quadrature
axes reactances are computed both from the no load and load
tests for different levels of saturation as well as by the

well known "Slip" test method at low levels of saturation.

For different load conditions, the power factors, cur-
rents and efficiencies at different voltage levels are com-

pared for the two Types of rotor construction.

A test was done under transient conditions of starting
and running up to synchronous speed. With the help of oscil-
lograph recording of the speed through a tach generator at-
tached to motor shaft, speed time characteristic was drawn.
Since torque 1s proportional to derivative of speed, a test
circuit was designed to get a signal proporticnal to deriva-
tife speed. An X-Y plotter was used to plo?b this signal
which is proportional to torque against speed input signal.
Calculations for calibrating the chart for torque in ft.lbs.

and speed in rpm are included.

The test rig consists of a motor being coupled to a
single phase a.c. generator, which is connected to a load

bank. A separate excitation was provided by a variable
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d.c. power supply. A large flywheel (10 x normal WK2) was

attached to the shaft.

Measurements of output power of generator, input power
into motor and input voltage and current were done using re-

cently calibrated laboratory type of instruments.

Measurements of ftorque angle were done by attaching a
calibrated marker strip on the rim of the flywheel connected
and looking at it by a stroboflash synchronized with the in-

put line frequency.

No Load Test

Synduction. Table 10.1 shows the readings taken with

no load on the generator for Synduction motor. The only

losses being supplied to the motor were friction, windage,
and core and hysterisis losses. Knowing input KVA and the
watts, the magnetizing current was derived and a curve of
the terminal volts against magnetizing current is drawn in

Figure 10.1.

Anisotropic. Table 10.2 lists the readings taken for

reluctance motor. Note that identical stators were used in
the Synduction and Anisotropic versions. Calculations of
magnetizing current were made like in the Synduction motor

test. The no load saturation curve is plotted as shown in

Figure 10.2.



Input
yvolts

(V)

400
450
500
550
575
600
650
700
730

Input

Amps
(1)

10.
12,
14.
16.
21.
29.
35.

O b O w0 N N W

TABLE 10.1

NO LOAD TEST

Input
Watts

(¥)
1250
1250
1250
1250
1500
1500
1750
2000

2500

Fower
Factor

(Cos #)

o O O O o o o o o

212
.165
<134
.102
. 104
.088
072
059
-055

105

I Sin g

Amp

S

(Im)

10.
12.
14.
15.
21.
29.
35.
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Input
Volts

(V)

400
450
500
550

575
600

650
700
740

Input

Amps
(I)

9.96

11.76
13.40
15.90
17.4
19.5
24.23
31.23
34

TABLE 10.2

NO LOAD TEST

Input

Watts
(W)
1600
1900
2000
2500
2500
2500
3250
3900
5000

Power
Factor

(Cos %)

c o o o o O o O o

. 232
.207
J172
.165
<145
.123
119
. 103
L1114

107

I Sin ¢
Amps
(1)

15

.68
11.
13.
.68
17.
19.
24,
31.
33.

50
23

79
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5507

500+

450

L4007

350+

300

250

200 -

150

100 +

50

o

1 .
10 20 3 4C

Amps

FIGURE 10.2 NO LOAD SATURATION CURVE (ANISOTRGFIC MOTOR)
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Load Tests

Synduction. Input voltage to motor was varied from

400 to 700 volts and at each voltage level the loads ap-
plied to the generator were 7.5 KW, 15 KW, and 22.5 KW.
The mechanical output torque was based on the average of
watts input to the motor and watts output of the gener-
ator, on the assumption of the efficiencies of motor and
the generator being the same, which is true for this par-

ticular test set.

Torque in ft.lbs. is calculated from

Jatt .0l
_ UatusNz 7.0 ; where

LI I Y AR 1001

Ng = synchronous speed = 1800 RPM

Table 10.3 lists the readings taken. Table 10.4 is
constructed using the calculated torque, average input

current, and the calculated input power factor.

Figure 10.3 describes the current-torque relationship
for different voltages. Figure 10.5 describes the torque

power factor relationship at various input voltages.



Input
Volts

575
575
575

700
700
700

Input
Amps

(1)

21.5
38

4.4
21.5
33

29.3
33
38.5

TABLE 10.3

LOAD TEST DATA

Input
Watts

(W)
1250

9750
16500

1500
9750
18250

2000
10750
19000

Output
Watts

(W)

0

7500
12500

7500
15000

7500
15000

Remarks

FPull out



Input
Volts
(V)
480
480
480

575
575
575

700
700
700

LOAD TEST CALCULATIONS

TARLE 10.4

Input

Amps
(1)
10.5

21.5
38

4.4
21.5

Torque

Developed
(Ft.1lbs.)
2.

33.
56.

33
65

L
73
71

933
.73
.022

0111

35.
66.

788
4887

111

Power

Factor

(Cos #)

.1431962
-SUSHTTT
5222894

. 1045955
14553533
-5553379

. 056301
. 2686882

.LoToLg2
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Anisotropic. On a basis similar to the preceding,

readings of the input power and current were taken for
input various voltages and output power. Note that a
greater load condition could be obtained in the case of
Anisotropic compared to the preceding, in view of the fact
that the motor could develop substantially larger pull out

torques than Synduction motor for same input voltages.

Table 10.5 lists the readings taken and Table 10.6
lists the torque, current and power factor calculations

derived from the above.

Figure 10.4 describes current-torque relationships
and Figure 10.6 describes the torque power factor relation-

ships for different input voltages.



Input
Volts

(V)
450
450
450
450

480
480
b5
W75

500
500
500
500
560

575
575
575
575
575
575

Input
Anps

(1)

11.
17.

30
49

12,
17.

29

ho.

13.

17
27
41
64

17.
19.
26.
36.

Lo
66

76

o O O =

TABLE 10.5

LOAD TEST DATA

Input
Watts

(W)

1900
10000
18500
29000

1850
10000
19000

28000

2000
10000
19500
28000
40000

2500
10500
19000
28000

39500
43500

Output
Watts

(W)

7500
15000
22500

7500
15000

22500

7500
15000
22500
29500

7500
15000
22500
30000
35000

115

Remarks

Pull out at 23 KW

Pull out at 27.5 KW

Pull out at 30 KW

Full out at 37.5 KW



Table 10.5 continued

Load Test Data

Input
Volts
(V)
650
650
650
650
650
650

700
700
700
700
700
700

Input
Amps
(1)
2h.2
25.0
28.4
36
43,4
56

31.25
33
35

39
L6

55

Input
Watts

(W)

3250
11500
19500
29000
37000
L8000

3900
12500
20500
29500
38500
49000

Output
Watts
(W)

7500
15000
22500
30000

37500

7500
15000
22500
30000
37500

Remarks

116



Input

Volts

(v)
450
450
450

450

480
480
R75
W75

500
500
500
500
500

575
575
575
575
575
575

TABLE 10.6

LOAD TEST CALCULATIONS

Input Torque
S
11.76 3.715
17.4 3L.22
30 65.51
2l.5 100.71
12.5 3.813
17 34.22
29 65.51
ho.4 95.75
13.4 3.91
17 34,22
27 67.U46
41 98.75
6L 136.04
17.4 4,88
19 35.2
26 66.48
36 98.75
49 135.9
66 153.51

Power
Factor

(Cos ¥)
. 207
L737
791
759

.187
707
.796
.8026

172

679
.34

)

. 788
7217

L144
.531
.733
.781
.809
666

117
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Table 10.6 continued

Ioad Test Calculations

Input Input Torque Power

Volts Amps Developed Factor
(V) (1) (Ft.1bs.) (Cos @)
650 oh.2 6.35 .119
650 25 37.15 408
650 28.4 67.46 .6101
650 36 100.71 7155
650 43.4 131.02 757
650 56 167.19 761
700 31.25 7.626 .103
700 33 39.111 .3125
‘700 35 69.42 L4831
700 39 101.688 .62308
700 U6 133.955 694

700 55 169.155 <735
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Reactance By Slip Test

It is usual practice 1n the case of synchronous ma-
chines to refer to the direct axis and quadrature axis
reactances by their unsaturated values. One of the methods
to obtain the same by test, as recommended by Mr. Liwschitgz,

is the "slip" method.

This method is basically intended for the synchronous
motor. With appropriate modification the method was used
here for the Anisotropic motor as follows: The motor was
connected to a 480V power supply through a double throw
switch and run at no load at synchronous speed. When steady
state is reached, the switch is suddenly opened allowing
the motor to slip by a few rpm's. The switch was immedi-
ately closed on to the other side connecting the motor to
a low voltage (about 20-25% of nominal) source of the same
phase sequence. An oscillograph of the voltage and current

were taken.

As the slip is only a few rpm's, the rotor pole slips
past the constant frequency stator mmf. Since the stator
mmf has to 1link with the rotor inductances, which exhibits
variation from direct axis to quadrature axis, the input

current modulates at the slip frequency.

Figure 10.7 shows the oscillogram display.
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The current will be minimum when the reluctance is
minimum, i.e. when the d-axis lines up with the stator mmf
and 1t is maximum as the g-axis lines up with the rotating
mmf's The voltage wave also exhibits a certain modulation

in view of the different values of induced voltage.

The d-axis and g-axis reactances are given by the ratio
of voltage to current at the respective positions as shown

in the oscillogram.

Calculation of x4 and Xg. From "Slip Test":

From the oscillogram,

Viax = %39?.7. (17) = 99.238

_ 115 -
Viin = 9.7 (17) = 99.238

11

Tnax = 1o (28) = 16.21

_ 11 _

Unsaturated value of,
_ Vmax 99.238

Xg = Tin = T3 < 22.87 ohms

Unsaturated value of,

Vini .238
Xqg = LS %%—;§~ = 6,122 ohms
Tpox .21
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These are reactances obtained for the particular values
of current. It is interesting to compare results obtained
by this method to the results obtained by computing from

load tests for various degrees of saturation.

Reactance By No Lcad and Load Tests

Direct axis. The method described in the above section

gives the unsaturated values only, which are of lesser sig-
nificance in practical applications where load performances

are to be predicted.

The following method 1s often used to determine the xy
and Xq at various levels, thereby accounting for saturation

also.

&t no load the torque angle 1s very small and is often
neglected for calculation of xg. However, accounting for
the rotational and eddy current and hysterisis losses, the
magnetizing current is already calculated in Table 10.1 and

10.2.

At no load Ig = Ipge = 3

.o.tco‘o. 10.2
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Using the preceding formula, Table 10.7 1s prepared
calculating xg at various levels of saturation. Figure

10.8 and 10.9 shows the variation of Xq with current.

Fuadrature axis. An attempt is made below to exactly

calculate the value of Xqe In Chapter 5 the machine ad-

mittance components were shown in equation 5.25 and 5.26

as:
er, + (xg - Xq) Sin 26
oo ( 2
2 (X4x, + T
d"q A ceeeee.. 10.3
(xg + xq) - (xg - xq) Cos 26 .
B = 2) 3
2 (xgxq + rj
q s o & 8 8 0 0 lO.L!'
These can be expressed as
rg + A Sin 26
G =
D
B = p - Xcos 26
- D
where o = d 5 g = —2—5——g; D = XgXq + rg;
® 5 ¢ 8 8 S e @ 1005
i.e. GD - r = o Sin 26
a * 0 0 0090 0 10-6
BD—/E = - XCos 26

e o000 0 10.7
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Squaring and adding the preceding

(62 + B%) D% - 2(Gr§ + Bp) D + p¥ + r§ -«® = 0

e ¢ & & & 4 » 0 10'8

But G + B = Y"; where Y = machine admittance,
p2 -2 + 18 = p; from equation 10.8,

2ne

therefore, Y°D“- 2(Gr, + Bﬁ) D+D =0

or Y2D - 2(Gry + Bfﬁ + 1 = 0; 10.9

Using resistances, reactances, and impedances in place

of their reciprocals,

Substituting for the above as well as for f and D in

equation 10.9, we have
XgXq + rg - 2Rry - X (xg + xq) + R + X2 = 0.

or (xq = X) xg + (R - ra)2 - X (xqg - X) = 0.

2
R-1r
Therefore, %X, = X -i_____él_

q
(g - X) ceeren.. 10410

Here Z = =

v
I .l..';.' 10.11

R = 7 Cos &, teeseees 10.12
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Kzzsing * 8 & 9 ¢ 0 0 10.13

Knowing the input voltage, current, power factor, and
the stator resistance ry as well as the value of xg as pre-
viously calculated in the preceding section, the values of
Xq can be calculated over the entire range of current. Al-
though it 1s true that Xq is constant over the entire range
since the saturation does not affect g-axis as much as the
d-axis, however, it 1s preferable to use the values for V
and I, near the pull out conditions, as these are found to

yield more reliable values.

Correction for iron and rotational losses. While the

iron and frictional losses have negligable affect on the
value of xg, these will appreciably affect the value of Xqe
If these are to be included, then the admittance value Y,

G, B will change to Y7, Gy, and By as follows:

Let W, = losses due to iron and friction, windage, etc.
then go, the conductance when the parameters are expressed
as parallel branches as shown in Chapter 5 (see Figure 5.3).

W

go = — where W, = Uy, - mIyer,
mv
G = G %g ,
Tl O s & 55 00 8 lool}‘l'
Bl = B EEEEEEE 10.15

Yl = Gl - jBl * o 0000 00 10016
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Substituting for G = G - & in equation 10.6 and then
carrying out the same procedure as described in the preceding
for calculation of Xqs the following expression is arrived
at:

X (xg -X) - (R - ri) - 8o [(zéo- 2R) rg + EraZQJ

*q

2
LI B SN Y 10017

. X (xg - X) - (R -1,)°
4 [} + g5 (80Z° - 2R) xd—%]

® ® 000000 10018

Using the above formula, and by the load test data from
Tables 10.5 and 10.6, using the values of current and other
readings corresponding to near pull out region, the value of
Xq 1s computed. The computed results of xg and Xq are tabu-
lated in Tables 10.7 and 10.8. The reactance values are
plotted in Figure 10.9 along with the xg values for differ-

ent currents for Anisotropic motors.

Similarly the reactance calculations are done for the
Synduction motor from load test data from Tables 10.3 and
10.4. The xg and Xg are tabulated in Tables 10.9 and 10. 10,

The values are plotted in Figure 10.0.
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TABLE 10.7

DIRECT AXIS REACTANCE

(ANISOTROPIC)

\O

15

33.

.68
11.
13.
.68
17.
19.
2k,

50
23

o

.25
.30
.95
.57

.65
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TABLE 10.8

QUADRATURE AXIS REACTANCE (ANISOTROPIC)

V = 575 Volts (L-L); xg = 21 ohms; ry = 0.25; g5 = 0.01;

: “ Cos ¢ 8 g (ZC?sﬁ) (zsﬁng) *a
19 17.47 0.531  .8406 9.27 4.7 2.67
26 12.73 0.733 .6704 9.33 8.53 2.69
36 9.2 0.751  .6211 7.185 5.714 3.1
49 6.77 0.809  .5736 5.477 3.88 2.7
66 5.03 0.668  .7466 3.35 3.75 3.2

X (x4 = X) - (R - r,)?

a - .
[} + 85 (goz;2 - 2R) X4 - x}

X
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DIRECT AXIS REACTANCE (SYNDUCTION)

W 2
X = - 7
a
d \/V(Id)2

27.79
27.15
27.13
25
23.2
22
17.43
13.8
11.75



»
fof
I

Volts

575
700

TABLE 10.10

QUADRATURE AXIS REACTANCE (SYNDUCTION)

23.2; 1, = .25; g, = .005;

I

33
38.5

Z Cos g Sin ¢ R X
(zCosg)  (z8ing)

10.06 555 .835 5.533 8.4

10.5 LLo7 .913 4, 2725 9.6

X (xq - X) - (R - rg)°

[1 + 8, (gOZ2 - 2R) x4 - X;)
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10 20 30 Lo 50 Amps

Current

FIGURE 10.9 D-AXIS AND Q-AXIS REACTANCES (ANISOTROFIC)
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Pull In Test

The generator connected to the motor was excited with
field current corresponding to 12 KW load. The load switch
between the generator and the load was kept closed. The
motor was started at 480V and the motor pulled into syn-
chronism with the load of 12 KW connected to it and a fly-
wheel inertia 140#ft.2 attached to the motor shaft.

As the motor is rated for 575V, the pull in torque
would be equal to:

2
T . = 12 [ 275 = 17 KW
pd ( 480)

and the inertia connected to the shaft is 140#ft.2 which

is 10 x rotor inertia.

So T - 1015 pou.

pull in

As far as the Synduction motor is concerned, the actu-
al load test for pull in could not be taken, but the data
is obtained from the curves of Allis-Chalmers, who produce
thé Synduction motors. From the curves Tyy11 in = 0.2 p.u.

for load inertia being 10 times the rotor inertia.
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CHAFTER 11
SOLUTION TO DYNAMIC EQUATION

The equation for dynamic performance of the reluctance
motor was established in Chapter 6. It was found that the
equation is a second order nonlinear differential equation
and could be solved or analogue computer by numerical inte-

gration.

By numerical integration, solution i1s approximate since
the time interval cannot be made to be sufficlently small

enough to make the step by step integration to be practical.

Since the equation is nonlinear and of the second order,
the solution is best obtained by use of analogue computer.
The program for the evaluation by the computer is in "BASIC"

language using System Simulation Program (S. S. P.).

The various parameters used inthe equations are first

1"
evaluated in the following pages. The time constants Td and
1

q are then evaluated by the equivalent circuits.

T

The following assumptions are made:

(a) Saturation is neglected.

(b) The armature resistance in relation to the
reactances is neglected.

(¢) Core loss component in the equivalent circuit

is neglected.
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The disturbance chosen for the machine consists of 50%
load on the machine running at no load. Hence the initial

torque angle ©45 is taken as zero.

The general expression is

T ols
S gt L

velifl -1 \sinocose - (1 -1 \Sinecose_ +[ 1 _ 1 \ cosesine

v { O 1 o

XT X X" X
d q d d q ol

+

i-) <lrr - L)Tg sin0 + (1_ - -}-1(—)'1‘:1 cos2e ( @) ;

1!
Xy X4 Xq q

Where the various terms are previously explained

substituting ©5 = 0
v = 1
NL = 05

and the various reactances and time constants calculated in
the following pages and expressed in per unit quantities,
the ‘equation becomes after simplification,
25 . .
— = 11.274 - (6.07 Sin20 - 112.8 Sine)

at
- g% (2.427 + .695 Cos20)

Figure 11.1 shows the results of the computer print-

out showing variation of torque angle © against time.
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The system stabllizes to new torque angle ©, in about

nine cycles.

Final angle 1is 6, = .323 radians (mechanical)

= 646 radians (electrical)

This is in excellent agreement with the test results
observed under the above disturbance. However it was ob-
served that there were fewer oscillations. This 1s ex-
plained by the fact that the above approximations were
made and also certain amount of damping in the actual ma-
chine due to pole face losses and other eddy current losses

were not taken into calculation.

However, the pattern of oscillations and the final
torque angle obtained by the computer analysis of dynamical
equation is so close to the test observations, that the cal-

culations and approximations assumed become justified.

Calculation of Parameters From Design Values

In the following pages the following parameters are

calculated:

Rpg = Resistance of damper in d-axis
RDq = Resistance of damper in g-axis
Xg = Transient d-axis reactance
X" = Transient g-axis reactance

q
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Tqg = Short circult time constant d-axis
14

Tq = Short circult time constant g-axis

Tm = TInertial time constant

Rotor circuit.

(a) d-axis resistance

R o
Dd{(bar) P * A Zps
b"'b
2
. _ 2 Yo %
Dd(r‘ing) - Kr‘ Ar i

Substituting physical parameters

_ -5
RDd(total) = (0.538) 107° ohms

(v) q-axis resistance

L
Similarly Ryg(par) = P —— Zg
K Ay
o~ nd
Rog(ring) = P " . 'p "% ‘spi2
q(ring) KAy K A, D

On substitution,
_ -5
RDq(total) (1.635) 107~ ohms
Reducing the above resistances into stator terms by
multiplying by the appropriate reduction factors, the
following direct and guadrature axls resistances are

obtained:
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= ,373 ohms i.e. 0.036 p.u.

= 0.563 ohms i.e. 0.054 p.u.

d-axis reactance

(1) Slot reactance Xogs = (3.25) 10™2 ohms.

(2) End leakage reactance Xpg = (5.17) 10=> onhms.
(3) Harmonic leakage reactance--negligable

Total X3 = (8.42) 10> ohms

t
In terms of stator XDd 1.45 ohms i.e. 0.14 p.u.

g-axis reactance

(1) Slot reactance X (23.10) 10~5 ohms.

il

Dgs
(2) End reactance Xpg = (7.33) 10-5 ohms.

(3) Harmonic reactance--negligable

Total XDq = 30.43 ohms

In terms of stator Xéq = 2.63 ohms i.e. 0.254 p.u.

Parameters of The Eqguivalent Circuit.

Xa1 = 14923 ohms = L0476 p.u.

Xaq = 3.5 ohms = .338 p.u.

Xqq = 14 ohms = 1.3 p.u.

Xpg = 2.63 ohms = .254 p.u.
= 1.45 ohms = .14 p.u.

Xpa
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Ppg = .563 ohms = ,054 p.u.
Thg = .373 ohms = ,036 r.u.
Time constant.
d-axis
Xal Kpat
YYYyy— YYYYY-—
Yod
Xa.d.
1.3 (.0476)
o 4 T3y Louth
d 036

5.16 radians

I

Il

13.7 milliseconds



it

I

Il

Il

g-axis

(.338) (.Ou76)
250 + 3RO

. 054

5.476 radians

14.52 milliseconds

1.35

0.3858

coure + {230 CI) g b o
1.3 + .14

.ou76 + £=338) (.254) _ o 192 .4,
(338 + .254)

141
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Mechanical Time Constant.

WR® = 140#ft.°
2 (180 5
r - WRZ (1800) . | 25 X 7.0k gy
308(T) 1.800
140 (1800)

= = 8,36 seconds
308 (97)

Dynamic Equation (General).

T 42
mo8Te oy
s dte
Ve (EF- . E;)Sin 0Cos6 -(lﬁ.- l—)Sin@COSGO + (iﬁ -.l_) CoseSin
Xy Xg X3 g Xq  Xq

\ 1 1
+ (l_.- l_) Ty Sin°e +(E_.- E;_) T, Costo| 48

Where,
6 = Oat t =0
N, = 0.5
v = 1
W, = 188.5 rad/sec
Tm = 8.36 seconds
T; = 5,16 radians
7' = 5.476 radians



Substituting the preceding values, we have

ico

L0435 £= = .5 - (.2694 Sin 20 - 5.006 Sin 9)
1
- 186.5 3t (30.07 + 5.75 Cos 20)
2
%Eg = 11.274 -  (6.07 Sin 20 - 112.8 Sin 0)
- 99 (2.426 + .695 cos 20) ;
at

The above dynamic equation was set up on a computer

for solution of torque angle © as a function of time. A

disturbance of suddenly applied load of 0.5 p.u. in magni-

tude was applied on a machine running under no load steady

state condition where torque angle 9, was considered equal

to zero. The interval of computation time was chosen as

0.1 seconds and it took a total time of 5 to 7 seconds for

all the oscillations of torque angle to settle down (see

Figure 11.2). The computer print-out has the torque angle

in mechanical radians plotted along Y-axis and time t in

seconds plotted along X-axis.

The program was written 1in S.S.P. (System Simulation

Program). The flow chart in drawn in Figure 11.1.
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Flow Chart

Figure 1l.1 deplcts the flow chart set up for pro-
gramming for the solution of the dynamical equation.
Fifteen function blocks numbering from one to fifteen are
chosen, each representing an algebraic or trigonometric
function as shown on the diagram. The function block
numbers, as well as the function they represent, are shown
on the flow chart. The symbols used are according to the

System Simulator Block definitions of the 5.8.P. language.

Program
Table 11.1 depicts the program written in S.S.P. A
short description and explanation of the program write-up

is in order at this stage.

The program control is accomplished by two lines of
data and a third line for the plot of torque angle © against

time.

The first line consists of the following:
(a) Fixed/free input indicator: 1 for free format
(b) Print interval: O.1 sec.
(c) Total time: 10 sec.
(d) Initial condition of independent variable:
t = 0 sec.
(e) Error criteria:  .00005

(f) Minimum integration interval = print interval/64.
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Second line consists of the following:

(a) Four output block numbers: 15, 14, 5, 10.

(b) Number of runs: 1

(¢) Function generator indicator: O as no arbitrary
function generator is used.

(d) Total program Reset: O for single run.

(e) sSorted sequence print out indicator: 1 for
sorted block sequence print out required.

(f) Number of plots: 1

Third line consists of the following:

(a) The number of output block to be plotted against
the independent variable: 15 in the line indicates
the value of @ to be printed.

(b) Any other output blocks to be printed to a
maximum: In the program these are represented

by O's, as no other block print out was required.

The above three lines of the program form the program
control description, the block description data lines are
written. The free field input format 1s used. Each data

line consists of the following:

(a) Element number: 2 - multiplication by constant

integration

constant

i
6
9

- Sum
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12 - Sin function

13 - Cos function

57 - List program.
(b) Block Number: Number of the block being operated.
(¢) Input Blocks: Three must be specified.
(d) Numeric field: O.

There are as many block description data lines as there
are function blocks, and an additional line at the end having
element 57 to indicate to the computer to list the program

once the program is fed into the machine.

As decided by the second line of the program control
data, the values of output blocks 15, 14, 5, 10 are printed
out against the indpendent variable time from zero to ten

seconds at intervals of 0.1 second.

In this 1instant, only output block 15 consisting of
the dependent variable © agalnst time was desired as dic-
tated by the third line of the program control data. The
output is plotted and 1s shown in Figure 11l.2.

From Figure 11.2 is seen the behavoir of the machine
for a sudden disturbance from no load to half load condi-
tion. The rotor oscillations are depicted as well as the
final position of rotor corresponding to load torqué angle.
The pattern of oscillations and the final torque angle very
closely check with the observation during actual tests on

the machine.
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PROGRAM

:JOB, EE301
:PROG, SSP, 7
S. C. RAQ

ol, ol, lO: O, 3) 1
15, 14, 5, 10, 1, 0, 0, 1, 1
o, 15, 0, 0, 0, O

2, 1, 15, o, 0,2
13, 2, 1, o, 0,0
2, 3, 2, 0, 0, .695
6, 4, o, 0, 0, 2.426
9, 5, 4, 3, 0,0
12, s 1, o, 0,0
2, 7, 6, 0, 0, 6.07
12, 8, 15, o0, 0,0
2, 9, &, 0, 0, 112.8
9’ lo’ 7: 9: O) 0

s 11, 14, 5, 0,0
6, 12, 0o, 0, 0, ll.274
9, 13, 12, -10, -11 O

, 14, 13, 0, 0,0
L", 15) 14, O, O, O
57, 0, 0, 0, 0, O



140

u,l | I 1 3
I 9 -5 (] 26 O
Pt ~1 OS
12 &
- N
; . [
+ 13
—]
il
MuL

FIGURE 11.1 FLOW CHART FOR COMFUTER FROGRAM
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@ (ELECT. RADIANS)

o
W
P

O.48
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o .50 1.0 1.5 2.0 2.5 3.0 3.5 (SECS)

FIGURE 11.2 PLOT OF RESPONSE OF MOTOR FOR SUDDEN
APPLICATICN OF LOAD
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CHAFTER 12

CONCLUSIONS

The superiority of the Anisotropic rotor over the

Synduction is established in more than one aspect.

The torgue of any synchronous machine depends on the
ratio of xd/xq. It has been established both by analysis
in Chapter 9 and tests in Chapter 10 that this ratio is
higher in the case of Anisotropic rotor. In a conventional
reluctance motor (as well as in synchronous moter), the
ratio is 2:1 approximately. In the case of Synduction it
is about 4:1 and in the case of Anisotropic a ratio of 6:1

or even better is obtainable.

Comparison of pull out torques from test data for the
two machines also shows the same trend. At 480V input the
pull out power in Synduction was only 12.5 KW compared to

23 KW in the Anisotropic rotor.

Thirdly, the power factors are compared from test
data. The maximum power factor reached on Synduction motor

at 575 volt operation was only about 0.56 obtained at load

torque of 60 ft.lbs. In the case of Anisotropic, the power

factor was 0.8 for 575 volt operation and a load of 120 ft.

lbs.
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Similarly the input line current for 575 volt opera-
tion and 60 ft.lbs. torque for Synduction motor is about
31 amps, where as in Anisotropic for the same conditions

it is only 26 amps thereby resulting in improved efficiency.

Finally, the pull in characteristic is also consider-
ably improved in the case of Anisotropic rotor. With a
load inertia connected to the shaft, being approximately
10 times the normal rotor inertia, the Anisotropic motor
was able to pull in with 1.15 p.u. electrical load connected.
This compared favorably with the ratio of only 0.2 for
Toull in/Trated ratio for Synduction motor. This latter

number is taken from the curves for commercially available

Synduction motors.

So it is clearly seen that the Anisotropic rotor is
superior in performance to the reluctance or Synduction
motors. In fact the Anisotropic motor can be considered

as a 40 HP in the same frame in which the Synduction motor

developed only 25 HP.

As far as the author is aware of, some of the charac-
teristics obtained above have far exceeded the performance

obtained by any type of reluctance motor built so far.

With rugged and reliable construction and no rotating

windings, this version is a serious challenge to synchronous
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motors for many applications and will easily outweigh the
conventional reluctance or Synduction motor in practically
all applications in view of improved performance. Some of
the many applications include textile mill drives and such
where several motors have to run locked in step and run

synchronously.

Summary of Performance

For the sake of comparison, the performance of the two
types of motors, Synduction and Anisotropic, are listed be-

low in tabular form.

The comparison is made on the basis of tests conducted

and detailled in the previous chapter.

PERFORMANCE SYNDUCTION ANISOTROFRIC
X4
Ratio of = at 15 amps 3.3 6.8
aq

stator current.

Maximum power factor at 0.56 0.8
48OV input.
Input current for 55ft# 37 amps 23.5 amps
torque at 480V.
Pull out torque at 480V. 57TLt# 102ft#
Pull in torque at 48OV 12ft# 58Ft#

with 10 times rotor inertia.
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From the preceding, the superiority of the Anisotropic
motor over the Synduction is clearly established. The
thermal rating of Anisotropic could be almost 1.5 times
and the pull out rating almost two times the Synduction
for the same frame size. Also in view of greatly improved
power factor of the order of 0.8, which is never hitherto
achieved in other reluctance machines, the efficiency of
the Anisotropic motor also works out to be higher, and the

motor more readily acceptable in industrial applications.
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