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ABSTRACT - .

- }
Conventional circuit models for balancéJ operation of polyphase

s i
'

induction motors are reviewed and augmented to include second order effects.
Experimental procedures and instrumentation are developed to measure the
- v \ &

characteristics of a machine so that i1ts circuit parameters can be identified.

Analytical solutions based: on curve fitting are cbmpared with parameter opti-—v
. B

mizind technigques based on minimization of an error function. Optimizing

techniljues ére éhowﬂ to yield reliable models which i1nclude effects” of satur-

L)

ation of‘maln and leakage flux paths and skin effect in the bars of a squir-

rel cage rotor. !

«
.

The work on standard machines provides a basis for the develepment

of a dynamic circuit model for pole amplitude m;dulaped machines which norm-

ally have high harmonic mmf eontent and asymmetrical windings.' This model

includes an orthogonal axis equivalent of a squirrel cage rotor. Experimental

- N
results show that harmonic effects are correctly predicted, the difference ‘

between measured and camputed torques being consiBtent with stray loss effects.
4




ABSTRAIT

[, .
1 Les modéles conventionnels des circuits des moteurs asynchrones

polyphasés sont revus et accrus pour inclure les effets de second ordre.

.
-

Des procédures expérimentales et 1'instrumentation sont développéé§ pour
déterminer les caracteristiques d'une machine afin que lesiparamétres du
cilrcuit puissent €tre identifiés. Des solutions analytiques Qgsées sur
l'ajusﬁement d'une courbe sont comparées avec les techniques d'optimisation
des paramétres par la minimisation d'une fonction d'erreur. Il est prouvé
que les techniques d'optimisation produisent des modéles fiables qui tiennent
compte des effets de la saturation du parcours du flux principal et celuil

des fuites, aussi bien que l'effet de peau dans les barres de la cage

d'écureuil.

. Les études sur les machines ordinaires donnent une base pour
I
la développement d'un modéle dvnamique pour les machines a4 fmm modulée qui

normalement possédent de forts harmoniques de la fmm et %gs enroulements

asymétriques. Le modéle employe des axes orthogonaux qui le rendent équi-

valent a la cage d'écureuil. Les resultats experimentaux montrent que l'effet

des harfloniques est prédit correctement, la dﬁf%ﬁ;ence entre les valeurs

2

mésurées et celles des couples calculées est compatible avec les effets

*

des pertes parasites.
/
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PREFACE .

This thesis degc¥2bes a new approach to the barameter identi-
fication problem of standa*d and polé amplitude modulated polyphase, induc-
tion machines. To the best of the author's knowleage, the following are
original contrlbutlons:wf .

1
a) The appllcatlonfof a function minimization technique to optamize a

. .
set of parameter values for a circuit model, and the determination of

the conditions where this may satisfactorily be done. ‘
p :

13

b) The development of a suitable circuit model which 1s enlarged to

v

.

g
include second order effects.
t

c) The usd of an equivalent rectangular bar to model skin effect in the
bars of a squirrel cage rotor, the depth of the bar being determined by,

the parameter ocoptimization procels.

d) The development of i1nstrumentation for the acquisition of the necessary

data. In particular, the instrument used to separate and:measure the in-
/

i
! . -

v ~
hase and reactive components of input current 1s an original design
P

which 1s not commercially -available.

e) . The complete.instrumentation syséem makes 1t feasible to operate a
machine at normal voltage levels while acquiring the experimental data.
As a result 1t 1s now possible to obtain reliable parameters applicable

to normal opération.

£) The 'rg¢view of pole amplitude modulation 1s a novel presentation which

- N
is particularly concise and in which the existing general theorefm of
{
three-phase modulation has been extended to the more general case of g

-

phases

1113 -

v
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)

8) The dynamic circuit model for pole amplitude modulated machines
involves a new transformation of the variables for a ?qulrrel cage
rotor to-those of a quasi-stationary set of two-phase coils. The model

£

mclu&es all airgap mmf harmonic¢s and is directly applicable to machines

I3

having asymmetrical windings.

-
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N CHAPTER I

INTRODUCTION

The formulation of equivalent circuits for induction motors is a
- , "
’

problem which has received much attention. Nevertheless standard models and
the methods used to measure their pargmete; values are not entirely satis-

1
factory in that they produce notiéeable differences between measured and pre-
dicted characteristics. The availability of automatic data acquisition and
reduction systems now offers the possibility of improvin% on existing methods
of parameter identification. The facility and rapidity with which éuch
systems can accurately acquire and store large quantities of informa::on
should result in the ability to usé'a wider range of experimental data, thus
making it p&ss1ble to include second or&er effects in a more detailed model
and to consider the effects of temperature rise on performance more effective-
1y. .

’

Among the effects which may require considerablc experimental data

(1]

for their identification are airgap mmf harmonics, skin effect in the

(2] reduction of leakage reactance due

(3,4]

rotor bars of a squirrel cage machine,

to saturation of the leakage flux paths, incremental losses in the teeth

(5]

dus to leakage flux, and changes in parameter values due to saturation of
the main core. Measurement of parameter values where these effects are sig-
nificant poses many problems for which no satisfactory solutions have yet
been found. For example, the assumption of negligible harmonic effects is
often justifiable in the case of modern standard induction motors and from
this point of view existing models appear to be satisfactory. However, de-

(6,7]

velopment of pole amplitude modulated induction motors in recent years

e




now provides situations where the harmonic content is invariably large, yet
the literature is notably lacking in circuit models. There is therefore a
clear need to develop suitable models and parameter identification techniques
for such situations. Most of these machines have squirrel cage rotors and
therefore skin effect is also likely to be appreciable. The main difficulty
in modelling this effect fram experimental data is that of estimating the
change in part of the rotor resistance and leakage regtance as the speed
changes. Since the leakage flux paths include the geeth of both rotor and
stator, any tendency for these parts to saturate under the influence of wind-
ing currents at high values of slip, irrespective of the terminal voltage,
also results 1n leakage reactances which are speed d;;endent. In addition to
this change in leakage reactance, the leakage flux produces 1in the teeth

incremental core losses which are determined by the winding currents.

The circuit model which is used for the majority of polyphase in-
duction machine problems is based on the similarity between a transformer and

(8]

a machine having balanced windings, voltages and currents. This model is
basically that of a short circuited transformer in which the value of one of
the resistive parameters is dependent on the relative velocity between tne
;wo sets of windings. Standard tests for the measurement of parameter -values
for this model do not provide sufficient information to determine thec va?ia-
tions in parameter values due to some of the second order effects discussed
above. Inclusion of these effects in the model requires additional circuit
elements and additional experimental data from operation over a range gf
speedsrather than at the limitedknumber used in the standard tests. A data

acquisition system therefore seems to offer the best means of gathering and

interpreting sufficient data so that an enlarged model may include these



-~

effects.

Another form of model which is widely used is the set of dynamic
P
circuit equations which results from viewing the machine as a network of
. . : [9,10]
coupled coils, some of which are free to move relative to the remainder.
This model is particularly valuable for situations where windings or source
voltages are not balanced. The vircuit equations for the actual coils are

\\
non-linear and it is usual to seek trafisformations for some of the variables

.
which yield sets of linear equations for which the total power in terms of the
transformed variables is the same as that(given by the original variables.
These transformations are usually obtained by Qpnsiderin; the transformed var-
iables to be associated with another set of coils which produces exactly the
same magnetic effect in the airgap, and whoFe reference frame is chosen to
suit the particular situation. The matrieé; which perform these power invar-
iant transformations are orthogonal, the simplest forms(being those having
only two axes. Since pole amplitude modulated machines often have asymmetri-

(11] a dynamic circuit model is likely to be the most viable

cal windings,
form. This, however, requires the detefmination of a suitable transformation

which includes the effects of airgap harmonics.
L]

i

This thesis pres¢nts a new approach to the parameter identifi-
cation problem. Instrumentation and experimental procedures are developed
to provide for the measurement of parameter values of a circuit model which
is enlarged to include second order effects. An important feature of this
approach is that the time required for a set of measurements is sufficiently
small that a machine may safely §k~operated at its rated voltage, thus making

!

it possible to obtain a reliable seg\Qf parameter values applicaﬁle to normal

operation. In addition, the equ{bment and experimental procedure—are‘weli




suited to the meagazement of all operating characteristics, including those

of machines having significant harmonic content. “

After first describing the instrumentation and experimental pro-
cedure, the relatively simple situation in a wound rotor machine operated at |
low voltage is used to develop the augmented circult model and establish the
validity of both model and procedure. Next, skin effect in the rotor bars ‘
of a squirrel cage machine is added to the model, and the effect of voltage

w

level on parameter values determined by operating a machine over.a range of

+

voltages up to its rated value.

Following a review of the basic principles involved in pole amp=~
litude modulation, a dynamic circuit model is developed for this situvation
91mu1t%qeously involving significant harmonic content aqﬁ'skin effect in the
rotor bars. In this case the stator has three axes on ea;h of which there
are two sets of harmonic coils to model exactly the magnetic properties of
the windings. To complete the model a two-axis equivalent of a squirrel cage
rotor is developed. An 1interesting feature 1s that although the harmongc
coils are electricallyv orthogonal, their relative mechanical positions are .
dependent on the order of the harmonic. It may also bé noted that the normal
simplifications resulting from the absence of groups of harmonics, such a§“
those having even numbers in standard windings, do not apply, and the pres-
ence of sub—harmonic; makes it desirable to think in terms of a two-pole
field which is the fundamental, and a spectrum which has a peak value at the

number of poles which it is intended should dominate the airgap field.

Finally the model is verified by an experimental investigation of two

machines, one having 6/8 poles and the other 6/4 poles.



CHAPTER II -

INSTRUMENTATION

2.1 Introduction

The methods which have been devised to obtain parameter values
depend on the availability of test facilities incorporating some features not
usually found on a dynamoﬁeter. The equipment must provide means for changing

and measuring speed while the in-phase and reactive components of current are

.

measured. If the speed is changed continpously it is desirable that the ac-

celeration be constant in order to simplify the correction for inertia torque.

The speed control system should therefore be capable of providing either s

-

ramp or a constant value of speed. The terminal voltage should be monitored
L)

N
continuously and variations in its value kept td a minimum. To satisfy these

requirements, the instrumentation requires several distinct parts, each of

which is described below. Figures 2.1 and 2.2 show two -views of the system.

o

2.2 The Dynamometer

The dynamometer has a d.c. work machine which is rated 73 HP and

[N
<

may be operated at speeds up to 2500 rpm. Speed control is by means of a
Ward-Leonard system whose basic reference is obtained from a chopper stabilized
operational amplifier which can be operated either as an integrator to pro-
vide the ramp reference or aé‘an invertor to provide the constant reference.

A thyristor bridge circuit and a motor-generator set provide the necessary
pow:r amplification for the d.c. work machine which provid?s an excellent

ramp of speed whose only defect is a slight change of slope on passing

through the synchronous speed of the induction machine under test; this is

t

‘ 5
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2.1 View of Dynamometer

Fig.
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due to hysteresis in the d.c. machines when the power flow reverses.

To achieve the large acceleration required when operating a
machine at full voltage, and to overcome the pull-out torque, it is necessary
to have a large margin of power reserve in the dynamometer. The speed control
of this 7% HP dynamometer is at the limits of 1ts capability in handling the
full voltage pull-out torque of a 2 HP inducllon motor. Larger machines were
operated at reduced voltagés where the limiting factor was the current
capability of the voltage regulator. R

The controller has two ranges for both of its modes of operation.

For continuous speeds the maximum values are 250 and 2500 rpm. *For ramps of

speed the maximum values are 250 and 2500 rpm/sec.

Ad.c. tachogenerator\provides the measurement of speed. ‘It has
an output of 50 V per 1000 rpm and although it has high power capability, 1t
can deliver its rated accuracy of 0.15% only when the load is at least 1 MQ.
A high voltage operétional amplifier 1n simple inverting mode 1s therefore

used as a buffer. The signal is then brought down to a level suitable for

\

the solid state amplifiers which are used throughout the other.parts of the

system.

-

Measurement of torque is accomplished by means of a torquemet!’

¢

of the magnetic anisotropy type which has been developed in previous projects

at McGill Universxty.[lz] It is excited at 200 Hz to reduce the influence
N

of stray 60 Hz fields and the excitation current is controlled to improve its

stability. //J

To measure stalled torque as a function of position, it 1s
A Y




9
. &-/
necessary to rotate the machines very slowly with minimal fluctuations in

, .
speed. The effect of tooth ripple 15 such that the main speed control svstemg,
1- unsuitable, and an auxiliary drive system 15 used for this purpose. It 1«

o

shown 1n Figure 2.3.

2.3 Electrical Measurements

The problem of determining parameter values for a circuit model

a

1s basically that of measur{ng e1ther the i1nput impedance or admittarce of a

machine. If the machine 1s operated at constant voltage, the real and 1mag-
4

inary components of the input admittance caé be determined directly from the
«n-phase and reactive components of the input current. Since there 15 no
standard instrument capable of performing this function at power frequencies,

1t was necessary to design and make one having the required accuracy.
4

A

The components of input current are detected by two sets of scolid
state, chopper type, phase sensitive detectors connected to the outputs uf
three current transformers. One set 1s switched i1n phase with the linc-to-

neutral voltagé, and the other set at a phase angle of 90°, this shift teing

¢

accomplished by a set . three integrators. The components of any one of

the three currents or their arithmetic mean are 1ndicated on two d.c. milli-

N

ammeters and there are corresponding signals available for recording.
|

Voltage control i1s by means of a three-phase autotransformer unit.
The voltage is measured by a three-phase diode bridge circuit and compared
with a zener diode reference. A thyristor bridge circuit provides the nec-

essary amplification of the error signal to operate the drive motor. The

rating of the unit is 120 volts (line-to-neutral), 50 amperes.
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To determine the temperature of the machine, the d.c. resistance
of the stator-winding is measured immediately before and after each set of
measurements. The method used is the simple one of measuring current and
voltage, but for reliable data acquisition the signals must be filtered to

eliminate the effects of remanence induced voltage.

2.4 Data Acquisition :

N

1 Normally the choice of a,data acquisition svstem is determined to
a large degree by the quantity of data to be recorded. The data for simul-
taneous measurement of several characteristics may be recorded in analog or
digital form. In this context, the advantages of an analog system include 1te
relative simplicity and the ease of visually smoothing out 1rrelevant perturb-
ations. Those of a digital system i1nclude the possibility of computer control,
the fact that the data is alre;d§\in a form suitable for processing by comput-
er, resulting in reduced time betw;en the measurements and final results, and
greater resolution which should be of part;cular value in determining values
for those parameters mpdelling second order effects. Unfortunately a computer
controlled system requires considerable time to set up and must have much
repeated use if it is to justify the increased cost of preparation. Never-
theless it seems desirable to use such a system'with a view to éasessing the
feasibility of automatic measurement of parameter values. Digital data ac-
quisition has therefore been used for the development of the parameter deter-
mination techniques described in Chapter 4 and also for the experimental

study of pole amplitude modulated machines described in Chapter 9. Analog
data acquisition has been used for measurements of parameter values at volt-

age levels up to the rated value, since they must be brief on account of the

very rapid rise in temperature. This has provided an opportunity to deter-
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mine the effect of the lower resolution.

Both the analog and the digital system have difficulty in dealing
with one of the natural mod;s of torsional oscillation of the dynamometer.
For example, when coupled to the wound rotor machine there is a natural mode
of approximately 30 Hz which appears at several Yiscrete values of speed with-
in the range to be measured. The resulting oscillation in torque is suffic-
iently high to be hazardous to an X - Y plotter. In addition, there is an
oscillatory torque due to mechanical difficulties in aligning the shafts, the

fzgquencv being the same as the shaft speed. The torque and speed signals

[13]

are therefore passed through low-pass active filters. To minimize time

:
4

lag errors in the recorded data, the signals for the in-phasggand reactive
' 2
components'of current are also passed through low-pass filters having the
-
same break point as the speed signal. Since the oscillatory ts?hue is the
larger and more troublesome, its filter is fourth order and its break point
adjusted so that for the range of frequencies in the signals the time 1ag 1s

the same as those of the second order filters in all other channels.

N

—~

., In the digital system all the ,signals derived from the instrumen-

[N

tation are measured by a digital voltmeter and multiplier which are controlled

by a Generél“&lgctrxc model 4020 process control computer. Range, integra-

tion time and scanning rate are programmed to suit the experimental conditions.
1 &

$
In the analog 'system the signals are measured and recorded by -a

hmulti—channel optical recorder. Transcription of the recorded data to

digital form is simélified by including the necessary calibratio Tdctors in

the, main computer program. C

i

- 3
R}
v
o -
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CHAPTER III

EXPERIMENTAL PROCEDURE R

3.1 Introduction

In any process of parameter identification there are two main
aspects which are closely interrelated. These are the experimental procedure
and the general strategy of computing the parameter values from data obtained
bv measurement. The developq;nt of novel instrumentation specially for the
task of measuring parameter values of a novel model inevitably leads to an
experimental procedure which has novel features. Although thls proceqdure was
developed primarily for use with the models and computational methods descri-
bed in Chapter 4, it is suitable for the more general task of measure;ent ot
all of the characteristics of an 1nduction machine since the conditions
applying to these characteristics must be clearly defined. It has therefecre
been used for the measurement of the characterjstics of the pole amplitude
modulated machines shown in Chapter 9. An 1mportant aspect of any experimen-
tal procedure is the error which it introduces. After the detailed descrip-
tion which follows, the remainder of the chapter is devoted to consideration
of those effects which are most likely to result in serious experimental

1

error specifically introduced by the procedure.

3.2 Details of the Procedure

The d.c. resistance of the stator winding is measured just before

Beginning a set of measurements. This is done with the set running at the

[
-

_ desired initial speed in order to minimize the time elapsed between the:re-

sistance measurement and the ﬁiist measurement after the machine has been
a ¥ -

—,

- A\

13
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switched on. Measurement of the d.c. resistance while the machine is running
minimizes errors in esti@ating the temperature of the wi?ding during a set of
measurements, but unfortunately the effect of remanence in the rotor core re-
sults in significant ripple in the voltage which appears across the winding
terminals. The elapsed time is measured in the digital system by storing the
computer time count at the end of each scan. In the analog system it is meas-
ured directly from the recording. After allowing a short time for conditions
to become steady, the ramp is switched on or the speed changed point by point

s
and data acquired over fhe desired range of speed.

T
’-

Immediately after the machine has reached the ultimate value of
speed or, in the case of the digital svstem, the last scan has been completed,
the d.c. resistance 1s again measured. The speed is then returned to the ini-
tial value so that it may be changed again over the same range under the same
conditions to determine the inertia and friction torque. With the analog
system the data is already recorded on photogfaphic paper and is transcribed
to digital form later. With the digital system t data is stored on disc
and, if required, the procedure repeated, the on limit being that imposed by
the space available on disc. The data is retrieved from the disc after the

system has been shut down, and computation follows.

There are two effects which may cause difficulty with the inter-
pretation of the data obtained with this procedure. The expressions given 1n
Appendix A and the normal computation of induction machine characteristics

assume‘ﬁpat the temperature is constant. This is not correct during a set of

-

\
measuremebts and the d.c. resistance is measured so that the temperature vari-
©
ation may be estimated by the method described below. It is also assumed that

the machine 1is electrically in the steady state. If the speed is being chang-

Rl .
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ed continuously in the form of a ramp, the slope of the ramp must be small

enough that its electrical effects are negligible. This is also considered

a

below.

3.3 Temperature Compensation

) One feature of this procedure is the ability to take a complete

set of experimental data in a time period sufficiently small that the riSe in
=

temperature is kept to a reasonable, value. It is tempting to conclude that a
change of only a few degrees ought to be negligible. However, the fact that
there is a deterministic change in temperature as the measurements proceed
rather than a random fluctuation about a mean value results in a swing of some
of the characteristics which leads to erroneous results when using the curve
fit method described in Appendix A. The swing in the ROS characteristic can
be seen by inspection of Figures 4.5 and 4.6; the uncompensated points show a
significant difference in curvature and 1inspection of the intercepts shows
that 1n one case there is an increase but in the other there is a decrease,
leading to values of rotor resistance which are significantly different. For
the wound rotor machine used in the investigation it may be noted that the
effect of a 5°C increase in temperature is to increase the input conductance
by 1% and the torque by 1% when stalled. These are significant errors and

it is therefore essential to model the variation in temperature and to compen-—
i

sate for it when using measured data to obtain parameter values.

3.3.1 The Thermal Model

.
Accurate prediction of temperature variations in a rotating

machine over a long period of time has been the subject of much investigation

in the past [14—16]. A detailed thermal model is complex and experimental
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determination of its parameters is lengthy and difficult However, in
this case, because of the short time periods involved 4pd the relative con-
stancv of conditions, a simple model in which the machine is regarded as a
single homogeneous body with cooling dependent on speed should be sufficiently
accurate. Any errors can be minimized by using cooling curve data measured

at two or more values of speed to provide the thermal conductance and its
speed dependence, and then iterating the computation of the temperature res-
ponse to seek the thermal capacitance which matches the calculated and measur-
ed values of temperature ,at the end of the measurements.

The basic expressiot for the temperature variation of a homogen-

eous body in which the losses are P watts is

<} -
P=Cor+ Db -9¢) (3.1)

where ¢ 15 the temperature, ¢a the ambient temperature, C the thermal capaci-

3

tance and D the thermal conductance. Hence

a 15 - _ :
Tt - c [P -D( -9 (3.2)

Since the voltage 1s constant during measurements,and the core losses form a

significant part of the total loss during only a small part of the character=
istics, the losses may be assumed proportional to the square of the input

current, and thus

d¢ _ 2. -
ar = K7 - K (6 = 0] (3.3)

where KC and K, are revised thermal parameters due to the change of variable

d
from power to current. The initial slope of the cooling curve is therefore

given by

de; . -
(@E] = KK~ 4 (3.4)

&
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-K (¢ - ¢ ) at speed N
N "o a (3.5)

il

-Ks(¢O - ¢a) when stalled

The values of KN and KS are obtained by direct measurement and the initial

slope of the cooling curve at any other speed n 1s given by

d¢
(5]
at’

_ Cx . In )
[KS + (KN KS) N ] (¢O ¢a)

-Kn(¢o - ¢a) (3.6)

t

4

This value of Kﬂ replaces KCK in Equation 3.3 and the change in temperature

d
during a time i1nterval can be calculated using the mean value of the square

of the current during the interval.

3.4 Acceleration Effects

It has been common“practlce until recently to assume that any

N

mechanical transient associated with an induction machine would take place so
slowly relative to the resulting electrical transients that the electrical

transients could safely be i1gnored and the machine regarded as bel?g in a

quésx-steady-state condition. However, recent studles[la’lgl have indicated

that such a condition does not necessarily exist, especially for the common ///N‘

switching-on transient. \It 1s therefore necessary to establish the errors

likely to be i1gtroduced by a ramp of speed and note the parts of the charac-

teri1stics which should be dlscounﬁﬁf 1n the modelling process.

The approach used here i1s to consider the application of a small
perturbation, 1n the form of a ramp, to the normal two-axis model transformed

to synchronous reference axes. The machine electrical equations in this ref-

*

erence frame are

, di
v = (R + wFF + me)l + L ar (3.7

-~




* 1g

!

where R, F, G and L are respectively the resistance, reference frame, torque
and inductance matrices of the machine, w, 18 the velocity of the rotating
reference frame, wm 1s the rotor velocity and v and 1 are the voltage and cur-

rent vectors. For steady-state conditions

<
]

(R+ @ F + 0 G)Y1 =21 (3.8)
F m ;

1 =2ty (3.9)

where upper case letters signify the quiescent values. For small perturb-

ations v, 1 and mm

di
v =21+ meI + L It . (3.10)

In this case the perturbation 1s a ramp of slope «, and v = O since the ap-
plied voltage 1s constant. Thus
21+ L & = —aGlt (3.11)
1 , T = - .
dt

The steady-state solution has the form

L = At + B ‘ (3.12)
-1 N ,
where , A= ~-aZ GI
_l =
, B = oz ‘vz Y61 (3.13)
Fl = the error in current due to the ramp.

Computer solutions show errors in current which are completely

negligible for tne ramps used at all speeds other than close to synchronous

speed. A typical ‘set of results for an acceleration of approximately
§

-450 rpm/sec. as used with the experiments on the 2 HP squirrel cage machine
15 shown in Figure 3.1 for the only range of speed over which the effect 1is
appreciable. It can be seen that the differences between points which 1in-

clude the effect of the ramp and the curve, which 1s the normal steady-state

2

response, are quite small. At lower values of ramp slope, such as those used
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with the wound-rotor machine, the effect is, of course, less and the only

<%
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points which need to be discounted are thoge at very small values of slip.




CHAPTER IV

PARAMETER IDENTIFICATION FOR WOUND ROTOR MACHINES

~

4.1 Introduction H o ~

/ N

RS

To complete a process.of parameter 1dentificgthon, there must be
a satisfactory method of using measureq‘data to calculate numerical values for
each of the parameters. 1In general, it geems desirable to work with an anal-
ytical solution for the parameters, but the nature of the model, even in 1its
simplest form, results in sets of non-linear equations which usually are nct
written explicitly, vet nevertheless are made to yleld approximate solutlogé

) ' !

by means of judicious Smellflcatlons[zol. rAlso, the adequacy of any set of
parameters can only be judged 1f the experimental procedure has included oper-
ation over a reasonable range of speeds, preferably 1ncluding opexation 1in
generating, motoring and braking modes. Thus, the computational process

should be based on data obtained from the three modes of operation, rather

than at a limited number of speeds such as no-lcad and stalled.

4.2 Circuit Models

The conventional model for balancedoperation of a polyphase in-

@actlon machlne 15 essentially that of a transformer having relative motion

\/ .

between primary and secondary winding$. The two most common circuit repre-
sentations are shown in Figure 4.1 where, for simplicity, all guantities are

referred to the primary. The representation of the core loss in Figure 4.1(a)

~corresponds more closely to physical realaity but, 1f the excitation frequency
b

1s constant, the use of the series equivalent magnetizing impedance of Figure

4:1(b) results 1n somewhat simpler expressions. |

21

‘
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a o

This elementary model has certain deficiencies which are related

7
to core losses and saturation of the leakage flux paths 1n an actual machine.

‘

i ta)

(b)

Dy
D
b

Fiqg. The simple Zguavalent Cirrcuit

wlx

R Xy Xy
ML/ LYY

Bo 326G,

wim

o~

! (b)

o

Fi1g. 4.2 The Additional Core Loss Parameters

Gc = Gh + GeS

R
RC Rh + gs
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4.2.1 Core Losses

'In a transformer the conductance GO or resistance Ro of Figure
4.1 represents the total core loss. In an induction motor, because of the
energy conversion process applied to all power crossing the airgap, it 1s nec-
essary to consider separately the pramary and secondary core losses. The most

recent circult proposed to model this effect 1s that shown in Figure

(21]

4.2(a). The secondary core loss 1s represented by a conductance,

G =G, +G s (4.1)
c h e

the component Gh representing the loss due to hysteresis and Ge representing

-

that due to eddy currents; G, changes sign at’synchronous speed. Such a form-

h

ulation, while superficially attractive, 1s not in accord with observed iron
loss behaviour since 1t suggests that, at constant peak flux density, the eddy
current loss increases without limit as the frequency increases.. If the fre-
quency dependence of the losses in magnetic sheet steel is to be modelled
without any inductance parameter, the series resistance arrangement of Figure

i

4.2(b),
R

e
= + = 4.2
Rc Rh s ( )
appears to fit the observed behaviour more closely and this representation has

therefore been adopted. As for G the hysteresis component of resistance,

hl

Rh, changes sign at synchronous speed, being positive for positive slip and

negative for negative slip.

4.2.2 Losses Associated with Leakage Fluxes

Since the leakage fields prbduce significant flux densities in
the teeth, a small core loss 1s associated with them. This can be included in

the equivalent circuit by a resistor such as Rc of Figure 4.2 (b} in parallel
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with the leakaye reactance. However, this 1s a small effect and 1t 1s more -
convenient to employ a series cquivalent. Since eddy current losses at 60 Hz
are usually much smaller than hysteresis losses and the whole effect 1s small,
it 1s suffilcient fo take the equivalent primary resistance directly propor-
tional to frequency and the equivalent secondary resistance numerically con-

stant, but hav'ng tﬁe same sign as the slip.
.

4,2.3 Lffect of Saturation on Leakage Keactance

In addition to the incremental losses described above, the rel-
atively large flur densities in the teeth cause the leakage paths to saturate

at high values of current even though the main flux path 1s well below the

(3]

knee of 1ty magnetization characteristic. The leakage reactance 1s there-

fore reduced as the current increases and this effect can be modelled by the

-

introduction of a negative reactance parameter. bHince slip 1s used as tli

independent variable with the other variable parameters, 1t can also be usad
4

with this one, the c¢ffect being taken as proport:onal to the magnltude‘of the

-

slip. Also, since the distribution of the leakage reactance between irimary
and secondary in the conventional model produces very little difference in
calculated performance, 1t should be sufficient to model this effect using

only one parameter 1in the seconaary.

4.2.4 The Equivalent Circuilt

Based on the above arguments, the equivalent circuit used for the

parameter i1denfification studies 15 shown in Figure 4.3, where hcl and PC2

represent the rotor core losses associated with the main flux and Rlc and R20

represent the core loss associated with the leakage fluxes. Direct applica-

tion of this circuit 1s limited to the wound rotor machine, and situations
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where harmonic and skin effects, are likely to be significant require further
i

consideration.

\

4.3 Strategy of Computation
&

2

The essential purpose of computation 1s to match a set of data
calculated from thé parameters of the model with the measured data. There are

two ways 1n which a digital computer may readily be used to achieve this end.

The data points can be considered as a known function of speed or

.

slip ‘and a strategy of least squares curve fitting used to determine the
. L4

values of the parameters. This proces$ 1s especﬁallx,51mple when the function

.

1s a polynomial although other forms are readily solved, the basic forms being

[22] -

well known. Unfortunately, neither the conventional model of Fiqure 4.1

nor the more detailed mgdel of Figure 4.3 produces a form of input admrttance

or impedance expression which 1s amenable to this approach.

5

There 1s, however, an alternate form of the conventional model[23]

. 24
which has parameters obtainable from simple linear regression. If the (24]

same transformation i1s applied to the model of Fiqure 4.3 the resulting model
3

4 L 4

18 shown 1in Figure 4.4 and a quadratic curve fitting process yields a set of
parameters. Although the model can be used directly in this form, 1t suffers
from the fact that some of 1ts parameters cannot be associated directly with
phy51callcqncepts such as the resistance of a particular winding or with the
leakage flux. It 1is therefore desirable to transform this model to the ;o;m

of Figure 4.3. Details of this transformation are given in Appendix A.

This procedure, alfhough rather cumbersome in many respects,

therefore provides an analytical solution to the parameter identification

e

<

==
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préblem once the modifieg input data has been modelled on the statistical

.

basis of the quadratic curve fitting process. Unfortunately, it is of limited

value 31nce,it 1s not applicable to a squirrel cage machine in which there 1is

l\su;n,lflcam; skin effect in the rotor bars. >

- .

The other way 1in which a digital computer may be used to obtain

-
hY

a set of parameter values which will match®the calculated characteristics ‘with

N -

1
the fneasured data 1s to define am error function of the parameters and minimize
'z~ - N ' N ~
i1t 1n a process of parametef optlmlzatloﬁ: @f the several methods available
) c » & ' [25])
one 1nvolving the use of gonjugate gradients was used. for the study.

>

[24]

\Y

N -

. PR, .

In addition, some of the initial results were checked by.using a simpler algor-
. - [26] . -

ithm based on the method of steepest descent. 'Since this procedure does

\
” 1
not yield an analytic solution, 1t 1s prudent to bxercxse'sqme cautld% due to

the possibility that 1t ﬁay seek and obtalh an undesired turning point of the

" error function. 'The choice of function 1s to some extent arbitrary, but 1s

likely to be some form of tle standard error, N
52 = %-L A2 . (4.3)

where A 1s the difference between measured and calculated values, and n 1s the

number of data points. The experimental study’of the wound rotor machine has

e .
shown that such a function produces a minimum which 1s sufficiently well de- |, -
2

fined that an 1nitial parameter set based on exfremely crude 1interpretation of
the input admittance at synchronous and zexro speeds, together with the arbit-

rary assignment of initial values to| the second order parameters,"ylelds a -

l
final set substantially in agreement'with the results of the analytic solution’

°

above.
3
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4.4 Experimental Results .

- ) Tests were carried out on a 74 HP wound rotor induction motor, de-

"tails of which are given in Appendix B. 'The sliprings were short-circuited by

\

means of a bolt to ensure consistency in the value of the rotor resistance. A

typical experimental run covered a speed range of -1800 rpm to +2400 rpm at

rates ranging from 12.5 to 50 rpm/sec. readings being taken at 100 rpm inter-

-~
1

vals. The current rating of the voltage regulator limited the applied voltage

te approximately 40% of the rated value. This, however, was sufficient to in-

dicate csome degree of saturation of the Ieakage flux paths.

- -~
? A

¥
" Typical plots of the characteristics R s and X s used for the
curve fitting orocess are shown in Figures 4.5 and 4.6, the res1st1ve ones
, v -
being~shown with’ and without t pexature compensation. The nece551ty for~temp-

’ ~

erature compensation can be seen bt notlng that the c vature of’ the uncompen-’

sated R”s characterlstlc 1s depngent en the initial speed. The most important

. . o R
cffect on the resulting pataneter values is a significant difference in tne in-
. - o’
dicated valwe o Rz. Vﬂwg%the initial €lip 1s approximately -0.3, indica-
& * .

ted value of R2 is slightly low, but an jpitial slip of approximately 2.0 pro-

&

duces a value Qf Rz of the order of 10% above the correct value. In addition

\

.

to Epese curves the stalled torque 1s required for the evaluation of RZO' Un-

J

-('b\\u, “ .
fortunately 1t 1s i1mpractical to measure the stalled torquegwhen the machine is

7]

Qtatlonarytz as can be seen by inspection of Figure 4.7 which is a reproduc-
tion of a measurement of stalled torque as a function of s%aft position. It 1s
théréfore necessary to extrapolate the torque-speed characteristic, Figure 4.8,
from both sides of zero speed noting that there is a discontinuity due to

Coulomb friction. The apparent oscillatory torque is that due to mechanical

difficulties 1n the alignment of the shafts. The effect {s the same when the
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ot
+ \

machines are unexcited and the effect i1s troublesome only when the machine is
operated at low voltages which result in small developed torques. At higher
speeds this effect can be filtered but 1t is impractical to do so at the low-

est speeds and therefore measured torques in this region are unreliable.
[}

Camparison of calculated and measured values for the purpose of
erxror function mlnlqizatlon 1s based on the i1nput conductance and susceptance.
To make the value of the function more meaningful, the differencés are expres-
sed as a ratio of the admittance corresponding to full scale defi%ction of the
ammeters. An alternate form i1n which the differences are expressed as a ratio
of the measured value 1s also meaningful and has been used successfully.

Since the stalled torgue 1s used 1n the curve fitting method 1t can also be
1included i1in the error function. However, 1t 1s then a small component and

makes only a small difference to the final result, this being praimarily in the

value of the stator resistance, (Rl + Rlo)'

and R are
fo!

2

The results regarding the core loss parameters Rcl

rather i1nconclusive 1n that although there i1s a tendency to reduce the wvalue
of the error function, it 1s gquite 1insensitive to the values of Rcl and Rc2
and therefore the optimization process 1s unable to change them from their
initial arbitrary values. Most of the computation has therefore been done

with the 8-parameter model of Figure 4.9 and camparison made with the conven-

tional 6-parameter model of Figure 4.1(b).

A summary of the errors corresponding to different models is
shown in Table 4.1. The errors for several possible initial models and those

obtained after five searches are shown. The sets of parameter values after

’

the five searches are shown in Table 4.2. The effect of using the value of

'
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TABLE 4.1

COMPARISON OF MEAN ERRORS OF
DIFFERENT MODELS

8-parameter Initial Mean Mean Error after
model Error (%) 5 Searches (%)
A , 12.75 1.28
B 2.32 0.98
c 2.97 © 0.65
. K
D 0.89 0.59
E 3.88 ' . 1.06
F 1.32 % 0.68
6-parameter
model
A 13.12 1.88
B 3.05 1.79
C 4 2.77 1.26
D - 1.53 0.59

4

Initial model based on crude interpretation of data at synchronous

and zero speeds.

%

Initial model incorporating common refinements to the interpretation

of the zero speed data. (201

Same a B, but value of stalled torque obtained from X ~ Y plot of

Figure 4.8 used. .
Same as B,  but stalled torque is not included in the error function.
Result of quadratic curve fit used as initial model.

Same as E, but value of ‘stalled torque obtained from X - Y plot of

Figure 4.8 is used.



8-parameter (R, + R

model

6-parameter
mode l

A

1

0.2015

. 0.1967

0.207¢0
0.2120
0.1907

0.2106

0.2004
0.1985
0.2067

0.2337

1o

PARAMETER VALUES AFTER 5

)

R

0.2956

0.3014

0.2950

0.2905

0.3001

0.2945

0.3274

0.3296

0.3156

0.2983
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TABLE 4.2

20

0.0599

0.0449

0.0325

0.0298

0.0449

0.0335

1.051
1.051
1.051
1.051
#1.059

-1.059

1.051
1.051
1.051

1.051

SEARCHES

1o

0.5527

0.5606

0.5615

0.5601

0.5562

0.5581

0.5362

0.5392

0.5427

0.5521

20

0.6055

0.5601

0.5612

0.5601

0.5558

0.5580

0.5353

0.5396

0.5434

0.5530

-

0.0396

0.0131

0.0155

0.0147

0.0078

'0.0093

le.11
16.10
l16.10
16.10
16.10

16.10
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. the stalled torque interpolated directly from the data, or of using a value
obtained from the X - Y plot of Figure 4.8, or of ignoring the stalled torque
can be seen. In general, these are not the minima of the error function which
can be further reduced although convergence may be slow. For example, the
8-parameter model 1n Table 4.1 having an error of 0.68% after five searches
has an error of 0.67% after ten searches, and 1t 1s the results of this model
which are shown in Figure 4.10. The parameters, in ohms at 60 Hz normalized

to 50°C, of this model are

R, = 0.2045
' R = 0.0061 X = 0.5580
lo lo
= 0,2041 ) -
R2 0.2
R = 0.0340 X. = 0.5590
20 20
1
= 0.009
x3 0.0093
R = 1.0592 = .
. o 1.0 , xO 16.0998

it .

the average value of the terminal voltage during the measurements being 30.2
volts (line-to-neutral). The parameter values vary somewhat with voltage
level, but the main 1nvesglgatlon of this aspect has been done on a smaller
~;a;1rre} cage machine and 1is degcrlbed in Chapter 5. A further comparison of
measured and calculated values, using the input cui;ﬁnt and bower factor, 1is
shown 1n Figure 4.11. Camparison of developed torque 1s shown in Figure 4.12
and 1t can ke seen that 1f allowance 1s made for the effect of the oscillatory
torque at low speeds by extrapolating a smooth curve from the points at higher
speeds, the agreement 1s very good at zero speed since the stray loss torque

1s zero. At other values of speed the differences are typical of stray loss-

es 1n a machine of this size and type.

‘ ’ Optimization of the 6-parameter model generally produces values
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of error function which are ldrger than the corresponding values of the

.

8-parameter model. The exception 1s model D in Table 4.1 but the fact that

Rl0 1s 18% of Rl suggests that this model may not really be satisfactory and

this has been confirmed by observing that the stray loss torques implied are

guite unreasonable.

t

Unfortunately, inspection of Table 4.2 makes it clear that unless
the stalled torque is very accurately known, both the 6-parameter and 8-para-

meter models may yield values of R which are negative. However, the

1o

B-parameter model D 1s very close to the model obtained directly from the
curve fitting method, using the best estimate of the stalled torque, in which

the parameter R 1s obtained i1ndirectly fram the stalled torque, the differ-

1o

ence 1n the two calculated values being less than 1l%.

Thus, 1t 1s unnecessary to include the stalled torgque in the
AY

error function of an optimizing process provided the model includes a para-
meter such as R2J which 1s capable of matching the calculated and measured

values. The measurement of stalled torque 1s therefore not required when

using parameter optimization. to ob%eln values for the elements of the circuit

model of a machine. ;



CHAPTER V

PARAMETER IDENTIFICATION FOR SQUIRREL CAGE MACHINES

]

5.1 1Introduction ' - .

" N
In addition to the‘effects which have been 1included in the model
of the wQund rotor induction machine described in Chapter 4, a squirrel cage
machine may also have significant skin effect in the rotor bars. Although
harmonic effects may be appreciable 1n squirrel cage machines, they were found

.

tg/Hé negligible 1n the motor used for the experimental investigation and are
¥
considered separately in the study of pole amplitude modulated machines which

have substantial harmonic céntent. The experirental and analytical techniques
developed for the i1dentification of the.equ1valent circuit parameters of a
wound rotor machine can now be extended to the squirrel cage machine, for
which the circuit model must include the skin effect. Also, the Use of a

smaller machine has enabled this stud§ to include the effect of magnetic sat-

uration of the main flux paths at full voltage.

’

5.2 The Circuit Model

Th; circult which proved most suceessful in moéelling the wound
"rotor machine 1s that shown in Fiéure 4.9. Inclusion of skin effect requf%es
the introduction of at least one more parameter. Among the standard approach-
es, one which 1s suitable 1s the model of a double cage rotor. This requires

two additional parameters and 1s essentially a first approximation to the lad-

der network representation of a deep bar secondary[28'29]. This has been re-

jected 1n favour of a single parameter alternative based on an equivalent rec-

(2] : -

tangular bar . The resistance, Rf, and reactance, xf, of such a bar at

7

38" °
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frequency f are related to the zero frequency values, Rdc and Xdc' by

_ ad (sinh 2ad + sin 2ad) -

Re = T cosh 2ad - cos 2ad * Rac ' (5.1
L

_ ad (sinh 20d - sin 2ad)

Xe = cosh 2ad - cos 2ad " Rae (5.2)
3 sinh 2ad - sin 2ad ,
- 20d‘“[cosh 20d - cos 2udJ © X4c (5.3)
where « =J_z_‘£ ) 107 .
O «
L
d = the depth of the bar
A

p = the resistivity of the bar .
r = the ratio of bar width to slot width ’ 4

3

The rotor bars of most squirrel cage induction machines are °
likely to, be somewhat trapezoidal 1n cross section, but 1t 1s convenient to
consider a rectanaular bar which 1s equivalent in the sense that the frequency
dependence of resistance and reactance are similar, The depth of this equiv-
alent rectangular bar can be taken as the additlonal parameter and used, 1n
conjunction with equations 5.1 and 5.3 to mod:fy the values of rotor resistance

and reactance, R2 and )(Zr7 of Figure 4.9. The application of these skin effect

relations to the entire secondary ftakage reactance 1s justified if the con-
stant portion 1is transformed i1nto an equivalent primary reactance. This 1s
done automatically by the parameter optimizing techﬁlque, described i1n Chapter

7

4, as the error function is minimized.

5.3 Experimental Results ‘

(8]

Tests were carried out on a 2 HP squirrel cage induction motor,

details of Which are given in Appendix B. For this smaller machine, measure-

*

ments were taken at voltage levels up to the rated value. Due to the rapid

.vr -
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temperature rise the speed was varied over the range -1800 to +2000 rpm at
-

app.roximately 450 rpm/sec. so that a run was accomplished 1in aboutuq seconds.
At full voltage the temperaturc rocse about 40°C during this time. Analog

data acquisirtion was employed and results transcribed from the recordings- at
approximately 100 rpm 1intervals. Due to the high valués of acé;iératlon, the

recorded values differ significantly from the steady values 1n the region of

synchronous speed.  Results betwecn 1600 and 2000rpm were therefore omitted

-

from the computation of the error function.

In this case the only method used to determine the parameter
values was the optimization process, the initial values being derived from a
standard analysis of the experimental data. “i1milarly to the wound rotor

machine, the i1teration converges rapidly until the mean error becomes canj ar-

N -

able with the 1nstrumentation error, estimated to be of the order of 14% due
‘-

to the lower resolution of the UV recorder. Thereafter, convergence 1s slilow,

and since the computer 1= attempting to include the i1nstrument character.c-

-

tics, as well as those orf the machine, 1n the model there 15 no point in pro-

.

ceeding further.

Figure 5.1 shows a typical recording, the width of which 1s 4.5
1nchqs: the absence of harmonic torgues may be noted. Comparison of computed
and measured data for operation at 108 volts (line~to-nzutral) i1s shown 1n
Figure 5.2. The electrical characteristics are weli reproduced except for

power factors i1n the vicinity of synchronous speed, the errors being consis-

tent with the high acceleration employed. The divergence between computed
electramagnetic torques and the measured values is characteristic of stray
loss effects and 1t 1s noteworthy that the difference is small at standstill

when the stray loss torque 1s zero. The equivalent slot depth :s 0.23 inch
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. in comparison with the actual depth of 0.47 inch, the bar having approximately
a trapezoidal cross section which is detailed in Appendix B. The other para-

meter values, in ohms at 60 Hz normalized to a winding temperature of 50°C are

‘ R = 1.23 ‘
Ry, = 0.015 X, = 0.955 )
» R. = 0.655 : e ’
2 ‘
R, = 0.057 . X, = 0.09 U
R, = 1.05 X, = 31.45 .

The effect of voltage on the circuit parameters, normalized to
50°C, 1s 1llustrated 1in Figqure 5.3, the variations being consistent Wwith the

0

effects of magnetic saturation.

For purposes of comparison, the standard 6-parameter model,
glgure 4.1(b), based on synchronous speed and blocked-rotor tests was studied.
Figure 5.4 shows this to be an i1nadequate representation of the machine over
\ a wide speed range. However, when the equlvaient slot depth is introduced as
a seventh parameter, and 1t alone 1s\used to optimize the model, the agree-
ment between computed and measured values is greatly improved. The equivalent

. slot depth of 0.37 1nch 1s rather large, considering the shape of the bar,

and the stray loss torgue 1s abnormally small at negative speeds.

Although standard three-phase squirrel cage induction motors,
such as the one used 1n the study described above, normally have negligible
harmonic effects and this new approach to the measurement of parameter values

is therefore widely applicable, there remains the problem of modelling the

. situation where harmonic content 1s sig}niflcant. Since a pole amplitude mod-
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. ulated machine invariably has a high harmonic content, it is particularly
suited for the study of problems in modelling wHen both skin effect and har-

- monic content are simultaneously significant.



CHAPTER VI

POLE AMPLITUDE MODULATION

6.1 Introduction

Pole-change windings have been in use for a long time, but it 1s
only recently that the method of changing the effective number of poles was

realized to have much i1n common with amplitude modulatlon[3ol. As a result,

it has been possible to'de51gn‘and manufacture i1nduction motors for operation
at two speeds whose ra%xos were previously considered impossible to achieve
with the simple switching arrangement of reveﬁﬁ;ng the connections to one-
half of each phase winding. The development of these pole amplitude modulated
(PAM) machines has been character:ized by their inventors overcoming specific
problems one at a time, with just enough theoretical background to explain the
particular solution. PAM machines present both modelling and parameter iden-
tification problems 1in addition to those of normal machines considered in the
two previous chapters. Therefore, before proceeding to develop a circuit

model, 1t 1s necessary to reviey their theoretical bacquoﬁnd, at the same

time noting the restrictions rmposed by real windings.

o

6.2 Theoretical Considerations

s

Amplitude modulation of a carrier wave by a signal produces upper

31 . .
and lower 51debands[ ]. For the induction machine, it is usual to consader

modulation of the mmf waveform although, strictly, 1t 1s the current dastri-

bution in half of each phase winding which 1s reversed to produce the effect

of modulation.| If a motor 1s to operate satisfactorily in the modulated con-

dition, the unwanted sideband must be brought effectively to zero. Unfortun-

47
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ately, the mmf waveforms are functions of both time and space, and therefore

the normal techniques for single sideband transmission do not apply. However,

the effect of the unwanted sideband can be made effectively zero if the mmf

waveforms of each phase are co-phasal, thus producing a zero phase sequence

situation. This concept was presented as a basic theorem of generalized pole
{32]

amplitude modulation for 3-phase machines , and 1ts extension to the more

general g-phase situation 1s shown below.

6.3 General Theorem of Pole Amplitude Modulation

; " The fundamental mmf of a normal integral slot winding ie given

4

by

q ' 0
v Fla,t) = ¢ P sinlut - &) sin(mf-a ) (6.1)
c e _ J ]

=1
where a = 2”(q"l) (6.2)

1s the relative position of the axis of the ]th of g phases of an m-pole-pair
winding, and 63 1s the phase angle of the current in the jth phase. Normally

63 = aj and the resulting mmf of the polyphase winding 1is ¢

Fe,t) = -‘35 cos(md - wt) (6.3)

When modulated, the distribution of the ]th phase mmf waveform is

1}

F (9) F sin(m8 - a ) sin(k0 - 8.)
J J J

% {cos((m-k)8 ~ (a. - B8 )] - cos{(m+k)8 - (a., + B.)1} (6.4)
J ] J J

. .t
where BJ 1s the (space) phase angle of the modulating wave applied to the j h

phase and k 1s the expected change in the number of pole-pairs. If the values

of SJ are chosen to equal aj the resulting distribution is

.0
3

J’: .
F_o) ='3;- {cos (m-k) 6 - cos [ (m+k) 0 - 4(j—l)g-]} (6.5)
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The lower sidebands are therefore co-phasal and the upper sidebands form a

g-phase set provided g 1s odd. The phase angles are now 21 instead of §1 SO
that consecutave winding phases (1,2,3,...q) must be connected to alternate
phases (1,3,...9+2,4,...9-1) of the source. For a 3-phase sysﬁem this 1s the

reverse or negative sequence.

It should also bé\noted that when the modulating waveforms have
the same spatial sequence as that of the phase windings, modulation results
in the uppér sideband being effective. Conversely, when the modulating wave-

forms have the opposite sequence, 1t is the lower sideband which i1s effective.

H

6.4 Practical Limitations

The 1dealized pole amplitude modulation described above presup-

poses that the zero of each modulating wave coincides with the zero of its
mmf wave. Unfortunately, this situation does not always exist as xllustrated
[33] ‘
by the clock diagrams in Figure 6.1 . There are three possible situations
for a 3-phase winding depending on the number of pole-pairs, m, of the unmod-
ulated winding. Figure 6.1(a) shows the distribution of a standard 8—polé
winding which 1s typical of pole-pair numbers m = 31 + 1, 1 being an integer.
2T
For modulation by one pole-pair (1.e. k = 1) the angle R 1s 3 °on the scale
of 9, and 1f the axis A i1s shown, for convenience, at the beginning of phase
a to signify the position of 1ts modulating Qave, the axes B and C are at the
27 4 .
angles 3 and 3—-respect1vely. In this case, the axis B coincides with the
beginning of phase b and axis C coincides with the beginning of phase c and
1t 1s therefore feasible to modulate in the same sequence as the winding at

2n

the 1deal position. However, modulation in reverse sequence 8 = - 3 re-

quires axis C to coincide with an entry to phase b. The nearest position at
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m:;

(c)

=2

k

(d) m=4

Clock Diagrams

Fig. 6.1 (c & d)
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which the zero of the modulating wave can coincide with an entry to phase b is

2
the axis B' at an angle of (- 31 + g;?. Saimilarly, phase ¢ could be modulated

. 2 L
using axis C' at the angle (51'+ 5;)-

i

AN

The 10-pole winding shown in Figure 6.1(b) is typical of pole-
pair numbers m = 31 - 1. In this c¢ase modulation 1n the same sequence re-
guires a change in the values of g, but modulation i1n reverse sequence can be

done at the ideal values. For pole-pair numbers m = 31 such as the 6-pole

digtribution shown in Figure 6.1(c) the values of B must be ad;&éted for both
modulating sequences. These angles are summarized 1n Table 6.1. It should
be noted that these values are restricted to modulation by one pole-pair. For
other values of k the situation 1s not necessarily the same and the position

of the winding relative to the 1deal modulating wave must be determined.

b
, r

Application of the modulatlné waves at the angles gaven 1in

Table 6.1 results in winding arrangements which are symmetrical. Unfortunate-
ly, the resulting mmf distributions do not form a symmetrical 3-ph set arid the
unwanted sidebands are no longer co-phasal, as can be seen by substituting
tbese angles i1n Equaticn 6.5. Thus 1t can be seen that the phase angles of
the modulated mmf distribution are determined by the angle of 8 of the mod-
ulating wave and not by the angle a of the winding. The result 1s that the
application of modulating waves at other than the 1deal values produces an

unwanted sideband which has some positive or negative phase sequence content.
6.5 Pre-Shaping

The 1mplicit requirement that modulation i1s to be achieved by a

3

simple reversal of connections to one-half of each phase winding presents

some- problems since the modulating waveform 1s then rectangular. Typical
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v TABLE 6.1 ‘

SUMMARY OF ANGLES AT WHICH @ODULATING WAVES AND
MMF DISTRIBUTIONS HAVE COINCIDENT ZEROS
(k = 1)

POSITIVE SEQUENCE MODULATION NEGATIVE SEdbENCE MODULATION
m
Bb Bc 8b 8c
27 ™ 27 n 2n 27
- —_— —— - —— e —— - —_— —_—
31-1 3 " 3m 3 " m 3 3
31 an _n SR n 1 2n ¥
3 3m 3 3m 3 3m 3 3m
. 2 2 27 i 27 R -
Ii+ = - = AR _— Ll
i+l 3 3 3 R

ate
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mmf waveforms are shown in Figure (.2. The Fourier harmonic coefficients for

the sidebands of the modulated waveform are low, a situation likely to result

‘

1n an unsatisfactory machine. If the conditions after modulation are to ap-

proximate the i1deal, the unmodulatéd winding connection must produce waveforms

which already include the fomn of the modulating wave. The unmodulated wave-

form, in the 1deal case, 1s then described by

F(8) = P sin(mé = &+ |sin(k6 - ¢)| i (6.6)
(34

This technique has been called "pre-shaping" ], and typical waveforms are

shown 1in Figure 6.3.

; The unmodulated waveform clearly has significant harmonic con-

tent. Harmonic analysis i1nto a series of the form

£(e) = g(a“ cos n4 + b sin nY) @
results i1n the coefficients: -

E k Ie) 2( +n)1-—<;1r1(m+n)(21—l)l 2( )E—QLn(m;n)(Z -l;i
an S [c s (m RS . . cos” (m-n 7K 1 k]

= L

- * 2 2 R
. 1=1 (m+n) -k (m—n)2 - k2
' (e.7;
k % (m+n) Tcos (m+n) (21-1)— 2 (m-n) Z—cos (m?n) (21-1)= ‘

n x X cos (m+n E;cos m+1n 1 . cos {(m-n Eicos m<n 1 .
bro= 2 2 B 2 2 ]

1=1 (m+n) -k (m-n) - k

bue to the summations, simple expressions exist only for a limited number of
conditions relating m and k. However, 1t can be shown that for n = m < )k,
the coefficients are zero for odd values of 1 and therefore the upper and low-,

. . e
cr sidebands do not exist. For n = m, a 1s zero so that the coefficient for

m

X an i1nteger 1s

the physically realizable condition of

2
m % o 4m (6.8)

2 2 ¢

4m” - k
Numerical values may appear rather low but proper comparison with the uniform

sinusoi1d of Figure 6.3(a) should allow for the fact that with the same total
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?ig. 6.2 Basic Waveforms of Regular Windings
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-

I

a) The original sinusoidal wave
b) The rectangular modulating wave
c) The resulting modulated wave

)
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"Fig. 6.3 Basic Waveforms of Pre-Shaped Windinga

a) The origlnal sinuisoidal wave
b) The desired modulating wave

¢) The pre-shaped unmodulated wave
d) The resulting modulated wave

"

~

(b)




number of coils i1n a winding, the peak amplitude of the pre—shapgd mmf wave 1.
larger than the amplitude of the uniform sinusoid. This can be done by notina o
that the total area under the curve should be equal.s For uniform sinusoidal

[ .
distribution having unit amplitude this area 1s
m

A=2m Meinmo de = 4 (6.9)
0

For the equivalent pre-shaped distribution of amplitude a, the area 1is

2m 1l
A = (_l)(l~l) I m

1=1 (1-1);

a sin mY sin k@ d8 v (6.10)

Ty
If the coefficient L' of Fyguation 6.8 1s applied to the pre-shaped waveform

of amplitude a obtained by equating these areas, the coefficient obtained

provides a valid comparison with the unit amplitude of uniform sinusoidal dio-
tribution. The ratio 1s close to unity and explains.why pre-shaping produces
a drastic i1mprovement in the modulated performance without significant cnanae

1n the unmodulated performance other than the increase 1n harmonic effects.

»~

6.6 Asymmetrical Modulation ; .

o

A simple extension of the technique of pre-shaping provides the solution
to the problem of p051t10n1n§ the modulating waves at the i1deal positions.
Pre-shaped windings are fractional slot windings in which the belt width 1s
proportional to the absolute value of the modulating wave. In this respect,
the situation 1s similar to pulsec width modulation. It 1s therefore relative-
ly a simple matter to adjust the coil qroup;ng so that, when required, the

) rather than to

htd
number of coi1ls per arqgup 1is proportional to sin k(9 * 3;

(61

sin k% In this manner the position of the modulating waveds can be made

*

redsonably close to the i1deal values, and ' thus produce the required magnetic

and electric symmetry. ’ 3
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6.7 Properties of PAM Windings

»

The two parts of a PAM phasté winding are identical except for
their location. Each of these parts can be i1dentified as a basic segment, one
being complementary to the other. From the point of view of circuit models,

they can be connected 1nh series or parallel, aiding or‘opp051nq, depending on

the number of poles and the operating voltage desired.

In general, the conductor distribution pattern of a basic seq-
ment 1s repeated k times round the periphery of the machine, each portion oc-
cupying E—. For the sake of clarity, the following discussion 1s limited to
the case where k = 1, but can be generalized by substituting electrical for

'

mechanical angles where appropriate.

(.7.1 ‘The Basic Scgment

s
/

Conductor and mmf distributions of a hasic segment are shown in

Figure 6.4. This 15 a basic segment 6f an 8-pole, full-pitch, 1ntegtal-slot -
winding and apart from the lack of pre-shaping these distributions are typical
of the case when the number of pole-pairs (unmodulated) is even.

.

The mmf waveform of'a basic segment can be analyzed into a har-

monic serles containing, 1n general, all pole-pair numbers from one upwards.

Fl(g) =¥ Fn s1in npA . (6.li)
n=1

The complementary segment, 1dentical to the first but displacted by © can be

-

similarly analyzed giving
F(e) =z F" sin n(8 + m) (6.12)
n=1

¥

when the two basic segments.are connected 1n series aiding (1.e. the uamod-

’
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ulated condition), all the odd numbered pole-pairs are suppressed. When they
are connected i1n series opposing (1.e. the modulated condition), all the even
numbered pole-palrs are suppressed. 6/

-

For the situation where the winding would normally be considered

N

as having an oddﬁnumber of pole-pairs, the complementary segment mmf distribu-

tion 1s given by

F(6) =7 -F" sinn(é + ) (6.13)
n=1 . >,

In this case 1t 1s therefore the even numbered pole-pairs which are suppressed

by a series aiding covnectlon and the odd numbered pole-pairs which are sup-

pressed by a series opposing connection.

*

6.7.2 Conjugate Harmonics
L]

The discussion so far has centered on the modulation of each

phase since the prime objective 1s a circuit model. In a normal 3-phase

v ~

machine little attention 1s paid to’ third harmonic mmfs since their effects

cancel out. This 1s not the case 1n a PAM winding when modulated

* !

r 3m(@,t) = sin 3mf sin kO sin wt + sin3(mB-a)sin(kB-a)sin{wt-a)
(6.14)
+ sin3{mb-2u) sin{k6-2a)sin{wt-2a)
= % {s1n[(3m+k)9-wt] + sin[(3m=k)B+wt]} (6.15)

-

The waveform of pole~pair number (3m+k) has been 1dentifi1éd as a possible re-

sult of modulating the entire 3-phase mmf waveform by one having a number. of

(321

pole-pairs equal to the sum of the unmodulated and modulated numbers

‘

Fe,t) cos(mh-wt)sin(2m+k)H .

1

% [sin{(m+k)B+wt] + sin{(3m+k)O-wt]

[}

Y

and are readily

(6]

Such harmonics have been termed "conjugate harmonics",




6l
identified when PAM winding design is based on total modulation rather than
on phase-by-phase logic. Modulation by (2m+k) pole-pairs is best seen in a

-

clock diagram and 1ts main value lies in winding design.

"

[Sd
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CHAPTER VII

A CIRCUIT MODEL FOR POLE AMPLITUDE

MODULATED INDUCTION MACHINES

7.1 Introduction

B

A circuit model for pole amplitude modulated machines must re-

flect the mmf effects which have just been described. Ideally, the model

LS

should respond to the applied constraints 1in the same manner as the actual

-
™~

machine. éecause of the lack of symmetry in the windings the sxmplé\éerult
model can no longer provide a’ suitable basis and therefore a more general
orthogonal axis model must be used. As a consequence of the general theorem
of pole amplitude modulation developed in the previous chapter, there 1s no
direct way of reproducing the mmf patterns of a three phase machine using
only two axes and therefore a three-axis model 1s required to represent the

stator winding, which also has. the advantage that the external constraints

imposed by the connections may be applied directly.
§

7.2 The Primary Model

A phase winding has been shown to consist of two basic segments,

whose mmf waveforms, can be modelled by harmonic series. If the term "ideal

winding" 1s considered to denote a winding with sinusoidal conductor distri-

bution and zero resistance and leakage inductance, the electromagnetic effect

-

of a basic segment can be modelled by a series connection of 1deal windings

having appropriate pole-pair numbers and turns, together with an appropriate

resistance and leakage inductance. The complementary segment 1s displaced by

. .
X (mechanical) and 1s modelled By an identical set of ideal windings corres-

.
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5
»

pondingly displaced as shown in Figure 7.1. As with ordinary orthogonal axi«
models, 1t 1s the electrical'dlsplacement between the sets of coils which 1s

1ndicated.

L)

Polarity markings for the 1deal windings pose a problem since
they depend on whether Equation 6.12 or 6.13 applies. The markings shown 1in

Fiqgure 7.1 apply to an even pole-pair number, and those on one of the segments

B

are reversed when the number 1s odd.

B

The three-phase PAM machine has three complementary pairs of
basic segments. The basic éegments of the phases are not necessarily identi-

cal, especially 1f asymmetrical modulation has been used, nor are they necesc -

N ¢
27 !

arily inclined at exactly 3 The i1nclinations are readily obtained during

computation of the harmonic winding factors which, in this context, include

both amplitude and position of each mmf harmonic.

<

7.3 The Rotor Model

[
Wh;le wound rotors for PAM machines have been descrlbed‘BSIJ

they arc rarg compared to the squirrel cage secondary. Only the latter have

therefore been 1ncluded 1n this study. A squifrel cage reacts as a balanced,
P ‘

short~circuited polyphase winding to any pole-pair number less than or equal

(3¢}

to half i1ts number of bars . In view of the rapid convergence of the mmf

2

harmonic series of practical primary windings, this restriction 1s not impor-

tant so that, as shown 1in the next éhapter. the squirrel cage can be represen-

.,

ted by sets of quasi-stationary twc-phase individually short~circuited 1deal

«

windings. ¢
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7.4 The Complete Machine Model

The ‘complete squirrel cage PAM machine can therefore be
modelled by sets of ideal windings as shown in Figure 7.2. The rotor wind-
ings are shown in their electraically orthogonal positions, however, it should

be noted that physically their axes are inclined at the mechanical angles

shown. )
The %lgctrlcal equét}ons for the machine of Figure 7.2 may be
written,
.211 %12 213- [ 117 ’ VlW
Zn 222 223 21 = | V2 (7.1
| %31 %32 233 | 3 | © -

where suffix 1 denotes the primary al, bl' ¢, segments.
where suffix 2 denotes the primary ayr b2. <, segments.

where suffix 3 denotes the secondary.

The submatrices 2 and Z are i1dentical and of order 3x3. 1s the trans-

11 22 2

pose of le and 1s also 3x3. 233 1s 2hx2h where h 1s the number of harmonics

being included in the model. 213 and Z23 are 3x2h matrices of mutual coup-

. c £ a
ling 231 and 232 are efjual to the respective transposes o 213 nd 223

a

together with appropriate speed voltage terms. The subvectors vy and vy each

have three elements which are the voltages applied to the basic segments. -

The subvectors 1 and 1, also have three elements which are the currents in

the basic segments.

H
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Fig. 7.2 Circuit Modé-‘lﬂof a 3-Phase Machine
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The electromagnetic torque, Te' 1s the guadratic product
v

t.. L .
1 Gi, the torque matrix, G, being the coefficient of rotor speed in the

impedance matraix.

Since several sub- and super;harmonics of the desired pole-
pair number are 1nQolved in any analysis, the number of simultaneous
differential equations is inevitably of the order of 20. For sinusoidal
steady-state conditions the equations are algebraic but nevertheless require

the aid of a digital computer which yields solutions efficiently and econo-

mically. Simplification 1s however desirable and 1is often possable.

7.5 Constraints Imposed by Connections

If the winding segments are connected in parallel the constraint

for an unmodulated condition 1is v2 = vl and that for a modulated condition is

When the segments are connected in series the constraints are

1. =1 1f uﬁmodulated and 1, = -1

t
2 1’ 2 1’ 1f modulated. In this case a C ZC trans-

5

formation reduces the number of equations by three, the connection matrix

3

being defined by the current transformation

r 9 - - ¢

! Y, ) 1

12 = iUl | 13 ~(7-2)
| %3] I U] - T

I's

where Ul 1s the unit matrix of order 3 and U3 ig the unit matrix of order h,

the number of harmonics being included in the model. ‘

4

The constraints considered above can be applied directly to

o - - &

R
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»

?elta and four-wire star connectiaons since the applied voltagés are completely

defined. The possibility of unbalance due to asymmetric conductor distribu- )

tion makes the three-wire star connection more complex. The fact that the

neutral current 1s zero can be used to reduce by one the number of current

variables, thus leayving two stator currents in the case of the series connec-
o

tion and five for the parallel connection. Connection matrices thus defined
i

permit solution in terms of known line voltages. The phase voltages and

neutral-to-ground voltage can be obtained, if requirxed, by substituting the

<

currents thus found 1into the original equat%ens.

7.6 Circult Parameters g

*mﬁe lmpédanée submatrices of Equation 7.1 are defined in terms
4

of a number of circuit paraméters, most of which are airgap inductances assoc-

a
-

1atéd with the various harmonic fields. Thus

o _ (7.3)
“11 T Byt EgpP
- T ‘
where Rll = Ra N T
Rb . . (7.4)
R
L C >
and L = F(L +VLn) TMn cos]Bn—an) ZMn cos( n an;
11 ga a “Nab ac Y
n n n n ~.n n .n
ZMab cos(B -a ) (Lob+ZLb) LMbC cos{y -R) (7.5)
- n n n n n .n n
- - +
fMac cos{y -a ) ZMbC cos(y ~B) ‘(Loc ZLC) |

The subscript ¢ indicates a leakage inductance and the superscript n indicates

The angles a, R and vy are the inclinations of the axes .of windin
4

.
N i
"

to the datum as indicated in Figure 7.2-

. N 3
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The primary mutual coupling impedances are

. .
t m_ ' n o n n n n n n
212 = 221 = (=~1) I cos nm La Mab cos(f -o ) Mac cos{y -a }| p
u n n n n n n
-— M -
ab cos{Bf -a ) Lb \ cos(y -B8)
n n n I n n n
MaC cos{y -a ) Mo cos(y -8) Lc |
... (7.%)

¢ -~

where m 1s the number of pole-pairs of the unmodulated winding. The factor

m
(-1) resolves the problem of the polarity markings, described in Section 7.2.

L]
K11 elemenls of the secondary self impedance matrix, 233,,are

" zero except for h 2x2 submatrices on the leading diagonal. These terms are
- )

described 1in the fgllow1ng chapter.

The stator-rotor mutual impedance matrices, Z13 and 223 are com-

L4

s

posed of h, 3x2 submatrices, that for the nth,harmonlc being

- -
n n n n n
2 =
13 , Mar cos Mar sin a P ~§§
- n n , n n .
cos 7.7
Mbr 8 Mbr sin B ( )
n n n n
M
) or co§ Y Mcr sin Yy ‘ i
» 5 i . ’
[~ . ” .
z0 = (-l)m M cos (nﬂ+un) M sin (nn+an)'T p
23 ar ar !
. n n . n n
. Mbr cos (nm+f ) Mbr sin (na+R ) (7.8)
n n n n
. Coe B + +
> LMcr cos (nm+y ) Mcr sin {nn+y )‘,

. n < _th . .
'where.Mar 1s "the mutual inductance between the n harmonic winding of the a,

-~

'
th . ' .
segment and the n ﬁhamonxc equivalent rotor winding when their axes are al-
1} N : 9

igned. M:r and M:r are sxmllarly(deflnéd.‘ If the turns of the equivalent

- ,

corresponding a; segment harmonic
’ 3 -

bl

rotor: winding -are made equal to those of the
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winding, then ‘ g

Mar Lbr/ LELZ + Moy LZLz ' (7.9)

The rotor-stator mutual coupling matrices, 231 and Z32 are the

transposes of 2 and 2 with the addition of the speed terms, 6" w_ and

13 23 31 m
n
G3Zwm, where N
n [ n n n n n n W \
G31 = nMar sin o anr sin 8 nMcr sin y
. . (7.10)
n n n n n n
L—nMar Ccos « anr co§ 8] —nMCr cos Yy i
Gn - (—l)ln [ nMn s n(nﬂ+un) n 51n(nn+8n) nMn sin(nn+ n;
32 ar. * anr, . cr E>Y
n n n n n n (7.11)
- - + - +
i nMar cos(nm+a ) anr cos(nm+8 ) nMcr cos (nm+y {
”m

The parameters required for the formulation of the machine equations

>

are therefore:

a) the winding segment resistances and leakage inductances,

E4

R R L . y
Ry Rb' c' Lca' }Lob gc . ‘

b) the winding egment harmonic airgap inductances

n n n n n n v

L L L M M . e
a' b’ ¢ Mapt Mt Mea .
. c) the two-axis erquivalent harmonic rotor winding resistances, leakage

’
R "
’

inductances and airgap inductances, -
L

n !
Y, 1”, U {
(a4 Y N .
- 4 v
d) the rotor-stator harmonic mutual inductances, -
& -

51 n’ n : . N

M M . '

ar’ Mbr' cr . a2

1 . ’
&
P

Many of these parameters are.lnzﬁrrjlated,lwhlch reducegy

i -
the number of unknowns. The primary airgap mutiial} inductances are(rel¢téd to
. . ‘l
v N . \

»
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the self inductances by

n e P
M = nn .
> Uxy - Ll (7.12)
Xy

The harmonic airgap inductances of a primary segment are proportional to

the square-of the harmonic winding factors: ,

n n B 2
Lx = Qs(wa) ' / (7.13)

s

wheré\Qs 1s a machine Fonstant. Since the winding factors are readily compu-
. , , n
ted, the experimental determination of a single vd#lue of Lx serves to deter-

mine QS and hence all other valyes of’L: and, from Equation 7.12, all values
‘

of Mn . ’
Xy -

RS

il
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/ CHAPTER VIII

A TWO-AXIS MODEL OF A SQUIRREL CAGE ROTOR .

~

8.1 - Network Equivalent of the Cage

A squirrel cage rotor comprising N bars can be considered as a
rietwork having N i1dentical loopg as shown in Figure 8.1. The N identical

loops may also be consméered as N phases. The total resistance of each loop
1S é(Rb + Re) where Rb ;s the resistance of one bar and Re 1s the resistance

of one segment of an endring. There 1s also a mutual resistange of -Rb be-

{
tween the adjacent loops so that the resistance matrix 1s circulant having

¥

the first row glven‘by

Ry, # [2(R_+R) -R, 0 0 eeeei. R (8.1

.

The i1nductances can be considered to have two components: one

i
¢

. ‘
due to airgap fields and the other due to leakage fields. The latter can be

'
0

described in the same way as that used for the resistances so that the leak-

v =

age 1nductance matrix 1s also circulant and has the first row -

o

s (2L, + L ) b 0 e L

¢

Lolk

The airgap inductances can be obtained by considering first the

S

— F
harmonic camponents of *the current density distribution of one of the loops.

»
This 1s represented by the pair of impulse functions shown in Figure 8.2.

b

th 5 .
The n harmonic coefficients for unit current is

, Ny 2
"= - % sin — = - = gin 2L . o (8.3)

Each harmonic component may be considered td result from an

equivalent sinusoidally distributed winding, carrying the same current. If
- -

thas winding ‘has wh turns per pole, equating nmmfs gives .

» 72

<

(8.2) 7

I3
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Fig. 8.1 The Squirrel Cage as a Network

Current Dcnsit"z

| WIS

. .
.

. -

3 -

.

'

Fig. 8.2 Current Density Distribution of a Pair of
Adjacent Bars :

5
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n 2 ., nm
w = - sin N (8.4)

It 1s usually considered more convenient to use equivalent concentrated coils
n .
in circuit models. If such a coil has W turns per pole, 1ts fundamental amp-

litude 1s i1dentical provided

o4,

L W
n
n 1 .. nT
from which W = =— sin — (8.5)
2n N ]

The airgap inductance of these equivalent coils can be obtained by considering

the total flux linkages which each coil produces. Thus the nth harmonic com-

ponent of airgap inductance 1is ngen by .

n 1 2 nr
Lr = Qr n2 sin- o ‘ (8.6)

where Qr 1s a constant for any particular machine.

"

The mutual inductances are obtained by considering a pair of
elemental loops, a and b, having their axes located at a and R relative to
the origin of the mmf wave. The angle between them is (R-a) and the angular

th .
separation ot their n harmonic equivalent windings 1is n(B-a). The amplitude

+ of the mutual coupling is thus

rzb = 1" cos n(g-a) (8.7)

The angle (8-a) must be an 1integral multiple of the rotor slot pitch 6r so

n n
that the mutual indugtances with one Toop are L cos ndr, L cos 2n6r.......

.

? ~

n
L cos‘(N—l)ér. Since “cos (N—r)nér = cos r nér, the airgap inductance matrix

'
¥

1s also circulant, the first row being given by

L = L"1 " cos né cos 2nd_ ..... ee... cos {(N-1)6_] (8.8)
©1k . r r r ’

AT

This completes the basic model of the squirrel cage for which

.
s

each elemental loop 1s replaced by N identical circuits having resistance and
' I »
o«
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»

1
leakage i1nductance components 1n series with a set of i1deal concentrated

windings each having w' equivalent. turn$ per pole. Awglzcu1t representation

. )
»rr
Phs e

1s shown 1n Figure 8.3.

5y ©
. . y . ,

-

8.2 Transformation to Two-Phase Equivalents

The basic model can now be simplified by finding a set of two-

phase equivalent windings which have the same arrgap harmonics. If harmonics

B

greater than N are negiected, there are (N-1) separate two-phasc systems and

[33] . §

a zero phase sequence system . .

The mmf distribution of the nth harmonic of the kth loop 1s

*1y

~ 3
:l‘-h

n
W 1 cos nis - (k—l)ér]

ERT N

= wnmk[cos nd cos n(k-l)6r + sin nb sin n(k—l)dr] (8.9)

1f the axes of each set of two-phase coils are chosen so that they are orth-

) 7
ogonal with respect to their own mmf wave, the angle between them 1s —

. 2n
n n

{(mechanical) and the currents in coils, la and lb' produce mmf waves

n 4 ‘
= - wn 1n cos nf
a T a a
&
no_ 3 wn’ln 05 n(* - . ) (8.10)
b T b.bb 2n , '

ENES

W 1 sin nH

ey
The two-phase currents which produce the sdme mmf distribution as rotor cur-

. 1

rents, lk' are

n) wn N
1a = —;- ¥ lr cosvp(k—l)5r~ :
W k=1 X - ‘
a (8.11)
n N
12 = E;»'Z 1, sin n(k-l)ét, .
Wb k=1
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Portunately, the number of linearly independent‘%urrénts required to dupli-

cate the mmf wave 1s limited. -This can be shown by considering two harmonics

’

of order nl and n2 such that

n_ (k-1)8 = n_(k-1)8 + 21K (8.12)
2 r 1 r .

where K i1s an integer. If the turns are chosen such that

wn2 wnl
_ (8.13)
b i '
W W
a a

3

the currents are equal. Dividing Equation 8.12 by (k—l)dr and noting that

i

6r =N ““gives v
v b
n,=n +N | ' (8.14)

1f K 1s chosen to equal (k-1). Thus there are N separate pairs of currents

-

which may be required to reproduce the mmf wave.

i

This number can be further reduced by noting that 1f n_ = N -n

2 1’
- = ~1)& - - iy ’ 8
n2(k l)cSr N(k l)“r nl(k 1)6r (8.15)
v b
Since N(k-l)ér 1s an i1ntegral multiple of 2n
cos n,(k-1)6 = cos ny(k-1)§ .
2 r r . )
and sin n.(k-1)% = -sin n_(k#1)$§ / (8.16)
2 r 1 r
The currents are therefore paired in the sense that
. .
(N-n) n .
1 = 1
a a
! (8.17)
1(N—n) - _," )
b - b ¢
When N 1s odd the only unpaﬁred'furrents are
L A o
1 =-— I i o e
a Wkl T . ’ )
a .. (8.18)
N . : :
lb =0
2
N P
ey 4




/
so‘that the number of currents required is $(N + 1) on axis a and (N - 1)

on axis b. When N is even the last of the paired sets is

12 = iaN/2 3 .

(8.19)
N _ N/2 _
1, = 71 = 0,

o~

and the number of currents required is 4N on axis a and iN - 1 on axis b.

The arrangement of coils on the two axes 1s shown in Figure 8.4,

’

8.3 Impedance Transformation .

The currents in the two-phase equivalent coils are therefore
@
related’ to the currents in the actual cage by

1 = T1 = WS 1 (8.20)

ab N N
where lab and lN are the corresponding current vectors, and
Pwl -
W= _a
1
W , -
1 .
1%
y _b N
. 1
W
2
w ¢ *
. -2
-2
W (8.21)
2,
. W A
. ) -
W .
+ * s
N
‘ L . o
b
» 3 ’ 4
4
’ ’ - & '
J I . - .
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Fig. 8.4 Two-axis Arrangement of Equivalent Coils
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cosé
r /r

sind
r

1 cos28
r

s1n26
r

cos26
r

sin2§
r

cos4s
r

sind§
r

80

cos (N-1)$
r

sin (N-1)§
r

cos2(N~1)8
r

s:LnZ(N-l)tSr

o

Both W and S are shown for the case of an odd value of N.

and 1ts transpose 1s the diagonal matrix,

1
wa 2 N
H=1C7" 3
W wl
(22 N
2
Wt

WO

‘ =
[ SR {02 |6
|z

=

which also 1s shown for an odd value of N.

frcﬁ the transformed variables.

‘The connection matrix, C, is used to derivg the original variables

. . -1
lN = C lab = T
and .

A

é ¢

(8.22)

The product of T

(8.24)
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£

The impedances can now be transformed using this connection

'

matrix. Since the impedance matrix is cyclic-symmetric, the transformed

matrix 1is sparse[37'38] , camprising 2x2 submatrices for each harmonic two-

phase set, arrayed along the leading diagonal. The nth harmonic submatrix is

‘

n n n n n
] R+ (Lor + Lr)p nmm(Lgr + Lr) 6
Z2 = (8.26)
r n n 4 n n n o
_ + . .
nmm(I"cn: * Lr) Rr (Lor * Lr)p ‘
-
where ’ ) ,
R® = 2[R + R (1 - cos né )]
r e r » (8.27)
Ln=2[L + L {1 - cos n6 )]
or ge ob r

and L 1s defined by Eguation ‘8.6..

N "

’
)

As 1in the ca,se of the stator model, the deter;nlnation of one of
the harmonic parameters permits ready computation of the complete series.
The bar and endring components can be obtained by determing the ;11str1butlon
;)f rotor resistance and l‘eakage reactance between ;h? bars and endrlngs from

the dimensions of the machine. ‘ -

R L \ [ I

P 1 X% “ i
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CHAPTER IX

y, ' 3
. e RO 5
EXPERIMENTAL VERIFICATION OF THE MODEL : REY:
) ‘ ' -’é' (‘
at’
9.1 Introduction . N

_ J

An essential part of the process of developing a new model 1s
- ' o ! .

that of providing an assessment of 1ts accuracy. Details of the twe macﬁines
used for this investigation are given in Appendix B. 'However, there are some ’
aspects of their specifications which are worth amplifying because of the L&

nature of the PAM machine.

9.2 The Test Machines . —

The machines have frames normally used for 10 HP motors.

<

Each stator has 54 slots and the only difference between the windings is the

coll span; one 1s 6 slots, the other 10 slots. With standard integral-slot

1

windings they can be considered as normal 8-pole and 6-pole motors, rated at
t

s
'

220 volts, 3 phases, 66 Hz. The same rotor 1s used 1n each machine.- With
these coil spans the first machine can be connected for 6/8 poies, series

delta/parallel star and the second machine for 6/4 poles,. series delta/para-
llel star. Connections from all stator <;01‘ls wer’e brought ou&f to a terminal
i:oard so that the w1ndlng connections could-readily be changed. This panel

1s shown in ‘Flgure 9.1.

Y
I

Since both machines have s1x poles when unmodulated, the wind-
1ngs lﬁeVLtably require asymmetrical modulation . This choice was deliberate

in order to present the most complex form of the problem of modelling a PAM

machine . . ' ) ‘ ) ' , \




Fig. 9.1 View of Terminal Panel
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2 :

. Details of the w1nding‘for the 6/8-pole machine may be found 1in

Reference [5]. The winding' for the, 6/4-pole machine is similar, the seguence

of the modulating waves being reversed. The 6/8-pole machine has average
winding factors greater than 0.1 for pole-pair numbers 1,3,5,7,11,13,15 and
21, with numbers 5 and 15 being essentially zero phase sequence, for the un-
modulated connection. For the modulated connection the corresponding pole-
palr numbers are 2,4,6,14,24, with number 2 being essentially.zero sequence

as 1t ought to be. The 6/4-pole machine has average winding factors greater

" than 0.1 for pole-pair numbers 1,3,7,9,13 and 19, with numbers 1,7,9,13 and

19 being essentially zero sequence, for the unmodulated connection, ahd num-—
bers 2,4,8,14 and 18, with number 4 being essentially zero phase sequence as

1t 'ought to be, for the modulated connection. If this information is obtain-

ed separately, the numbér of harmonics i1ncluded 1in the model can be reduced,

<

thus econgmizing on computer space and timé to solve the equations.

L]

9.3 Parameter Determination

(Y

- Parameter values for the investigation were determined experimén-
tally by operating the machines with a standard integral-slot, 6-pole wind-
ing and, where necessary, modifying them to take account of the different

winding factofs of the PAM winding.

The voltages used were approxamately 10% of the rated value.

This was due primarily to the maximum available current being 50A. However,
N ¥

it should be noted that harmonic torques are relatively largest when the core
(39] N . ( -
1s unsaturated , and 1t is desirable from this pghnt of view to use rel-

atively low voltage levels. As a result, use of additional parameters model-

1ing second order effects, as in Chapter V, 1is unwarranted and the only re-
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N
,

| I

I3 +

finement to the proposed model for a PAM machine is the use bf the equivalent
rotor slot depth to adjust the rotor bar resistance and leakage inductance to

.

account for skin effect based on Equations 5.1 and 5.3.

9.4 Experimental Results .

.

4
The characteristics were obtained by means of the digital data
acquisition system. However, 1n this case the data was acquired point by

L
point to ensure that the harmonic torques were defined without excessive mem-

ory requirements.

Comparisons of measured and computed characteristics are shown

for each machine with -

(a) the PAM winding when unmodulated (Figures 9.2 and 9.4)

(b) the PAM winding when modulated (Figures 9.3 and 9.5)
Also shown 1s a comparison of measured and computed characteristics of o;e
of the machines with a standard integral slot winding (Figure 9.6). As might
be expected, the best agreement has been obtained with the integral-slot
winding . However, the shapes of the PAM characteristics have been correctly

computed, the effects of the harmonic mmfs being clearly seen. In particular,

the cumputed harmonic torques are correctly proportioned and the overall dif-
’ 4

-

ference between measured '‘and computed characteristics is typical of stray-
*

loss effects which are somewhat larger than those attainable with an inte-

gral-slot winding. .t
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CHAPTER X *

CONCLUS IONS ~
'
10.1 Standard Machines
The feasibility conditions required for the use of optimiz-

[

1ng techniques as an aldﬁfo induction machine parameter identification have
been established for situations where the harmonic content 1s low. The same
basic circuit model can be used for both wound and squirrel cage rotors. No
knowledge aof the geometry of the bdrs i$ necessary since 1t is the depth of
an equivalent rectangular bar which 1s used as the additlodgl parameter to
modgl skin effect. In chogsing an initial value 1t 1s advisable to choose a
dept; which 1s appropriate to the size of machine, and after the fl;st set of
data has been processed a better value i1s then available to initiate the pro-
cessing of subsequent data. The 1initial values of the main parameters$ shown
anp Figure 4.9 a;; obtained from a standard analysis of data at zero and syn-

and X_, are gaven

chronous speeds; those modelling second order effects, R20 3

[ 4

arbltraﬁy small values.

The conditions necessary for the successful application of an
optimizing technique to the determination of parameter values are the same
for both the wound rotor and squirrel cage machines. The thermal model must

be obtained and used to estimate the temperature variations during tests,
——— \ ) . ,
this requiring only two short-term &{;ilng curves. It 1s advisable to repeat

a set of measurements at the same voltage with a view to averaging the re-

.

sulting pé}ameter values. The optimizing process should not be continued to

drive the error function below a value compatible with the accuracy of the
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instrumentation. This is the main reason for the choice of error. function

to correspond to the normal form of expressing the error of the instruments
used. Nevertheless, 1f the optimlzation 1s stopped after the same number of
searches, the parameter values are virtually independent of the function used.
There 1s no need to measure the stalled torque nor to include 1t in the error

function provided the circuit model includes the resistive parameter, R

’

20

which 1s capable of matching the calculated and measured values.

-

The use of an autamatic data acquisition system 1in additién to
»

digital computation facilities enables the parameter values to be obtained

relatively, quickly, especially 1f a ramp velocity source 1s available. how-

ever, i1t 1s necessary to acknowledge the impossibility of repeating a meas-

s urement at an individual poaint which 1s apparently i1n error. Repetition of

a set of measurements for the purpose of averaging the resulting parameter
values 1s not difficult as the time réqu1red to acquire four sets of data for
the wound rotor machine 1s less than one hour. For measurements at full vol-
tage the main limitation 1is the time reqplred for the machine to cool between
sets of measurements. Unfortunately, such repeated measyrements 1increase
the cost of computation. An alternative approach is to arrange the program-
ming to i1gnore such points in the computation of the error function, this

4 .
///prgébdure being required 1in any case for the pointsclose to synchronous speed

at which the ramp may have an appreciable effect on the-current.

~

Although digital data acquisition 1s very helpful in that it

v

already has the measured data in a form suitable for processing by dig:ital

computer, it 1s not essential for the application of an optimizing technigque:.

1

The success of the squirrel cage machine investigation shows that a standard

\ multichannel optical recorder has sufficient {esolution to be used for the
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basic data acquisition 1n this approach to parameter identification, although

some of the measured characteristics, after transcription to digital form,

would be smoother with better resolution. The main effect of the lower res-

-

olution 1s ‘that the value of error function which 1s compatible ‘'with the 1n-
strumentation error 1s higher, and therefore the resulting model may not ap-

pear to be as good. It seems reasonable to conclude, therefore, that provid-

\

ed the capabilities of the instrumentation, whether digital or analog, are

?

assessed realistically, the process of parameter optimyZation produces quick-

ly and economically a model which 1s apprec1ébly better n the conventional

s

model shown in Figure 4.1.

The speed of dataacquisition makes 1t feasible to obtain rel:; -
ble models at normal voltage levels. Although the voltage with the wou'.d
rotor machine was limited to less than half of the rated value, there wer

indications of magnetic saturation. However, with the smaller squirrel cage

machine, which was operated at voltage levels up to 1ts rated value, the
effects were quite pronounced, and consistent with #he onset of magnetic sat-

uration. The leakage reactances, x10 and X2w' decrease as the voltaue 1n-
¢

NS

creases, the effect being perhaps greater than i1s normally supposed. “Tertain-
ly, reliable fiqures for stalled currents at full voltage demand that the
values u;ed for these reactances correspond to saturated conditaons. The
magnetizing reactance, XO' decreases as expected. Since the error function

1s 1nsensitive to changes 1in this pa;ametef; the change 1s derived mainly

from the measurement of input admittance at synchronous speed as the voltage

-

1s varied. The value of‘x3, modelling the reduction in leakage reactance due

to saturation of the teeth whether or not the main core 1s saturated, shows

the reduction anticipated. .
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The most notable trend among thg resistive parameters 1is that
b1}

of R2, the rotor resistance. The reduction in value as the voltage is in-

creased 1s greater than éxpected. g A slight increase 1is indicated in the

.

value of the stator resistance +°R, , the difference between low voltage

1o
and rated voltage being approximately 1%.

The trend in the equivalent depth of rotor bar shows that skin
effect becomes less pronounced at hlgher voltages. Blocked rotor measure-
ments, 1f taken at full voltage, provide an adequate model 1f data over a
range of speeds cannot be obtained. However, since there 1s also a consider-

able change in the value of the rotor resistance with voltage, parameter

A
values based on stalled conditions at low voltage may be considerably in

v
error.

\
'

Perhaps the most surprising conclusion relates to the setond
. X
order effects& Initially 1t was anticipated that experimental determination
of appropriate parameter values to model these effects would be the result
of using better data acgquisition @ethods. The results have demonstrated that,
not only can they be modelled successfully, but they are in fact necessary

for satisfactory parameter optimization and therefore they must be included

in the model.

10.2 Ppole Amplitude Modulated Machines .

The study of pole amplitude modulated machines has demonstrated

that, whereas a dynamic circuit model has no particular advantage over a con-

ventional model in situations such as those considered above where the phase

windings are identical with low hafmonic content and the system voltages are

+
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balanFed, the model developed 1in Chapter VII 1s capable of predicting, with
reasonable accuracy and simplicity, the characteristics of these machines 1in
which the harmonic content 1s high and the windings are asymmetrical. If

the torgques associated with stray lpsseg are kept in mind, there should bé no

difficulty 1in interpretingsthe computed torque-speed characteristic to esti-
£

mate the actual characteristic. 1In the case of the 6/4-pole machine such a

~ t

procedure would 1indicate that 1t 1s unlikely to develop sufficient torque to

»

accelerate to 1ts intended operating speed in the modulated condition, a sit-

uation which can be confirmed by inspection of the measured characteristic.

The basic parameter values used are essehtlally the standard
ones obtainable from measurements at synchronous and zero speeds. The only
additions are the choice of equivalent slot deLth from operation with the in-
tegral slot winding, and the distrabution of rotor resistance ipd leakage
reacéanée between the endrings and bars from "the dimensions of the machine.

#

1t can therefore be seen that this model reguires very lattle information -in
) « e

addfklon to that which 1s normally available. Although the main emphasis
has been on the measurement cf basic parameter values 1t may be noted that

the procedure 1s applicable, with only minor modification, at the design

v

stage since the additions noted above are based on the internal dimensions of

a machine. \\

B4

To reduce the cost of computaticn it is ad¥isable, first, to

obtain the winding factors so that in the main program only those harmonics

‘
@

likely to have a significant effect are included in the model. If the sym-
!
metrical components of the winding factors are obtained at the same time, it

1s possible to determine the synchroﬂous speeds of the harmonics and to

8 / ' .
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arrange the programming to use smaller increments of speed in these regions.

t

With such precauticns, the central memory field length-required for the main

program used in this study is less than 21,000 words when dimensioned to in-

clude ten harmonic rotor windings 1in the model.

i
The application of dynamic circuit theory to PAM induction

motors has therefore been shown to be a powerful tool for their analysis. As
a result, 1t 1s now possible to obtain accurate quantitative information
about the torque-speed characteristics of alternative designs. The program-

ming is not exceéssively long and characteristics may be obtained simply and

economically.

10.3 Suggestions for Further Development

Although developed specifically for PAM induction motors be-

cause of ‘their high harmonic content, this dynamic circuit model is applic-

\

able' to other similar situations. It may reasonably be expected to provide

the basis of an investigation into some of the parasitic torques observed 1in

induction motors which may be operated at difterent voltages by series or

40,4
parallel connections of sections of the phése w1ndings[ O 1}. Since single

phase PAM anduction motors also have been deve'loped and their characteristics

S [42}
repor ted . further development of the model- for this situation should

prove useful. In general,.the main value of the model probably.lies in the

Iy

- . 43
modelling of machines ‘havaing irregular windings, whether intentlonally[ ]:

[

[

Oor 1n error.

[ 4

For simpler situations where the phase windings are balanced

s

and regular, parameter optimizatibn‘has proved to be a valuable improvement

on stagdaid methods for the measurement of parameter values. In describing
b . ' ’
- 0

1
)

N
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the instrumentation, reference was made to the possibility of automatic de-

termination of parameter values. As a result of the experience ga{ned with

the automatic data acquisition system, this seems theoretically feasible pro-

vided the experimental procedure 1s almost entirely controlled by the digital

processor. Nevertheless, it would seem wise to provide for some inspection
°

of key characteristics to be sure that irrelevant perturbations are minimal

and may safely be disregarded. Unfortunately, it is doubtful if the costs

,/6?.such measurements could reasonably be considered econcmical.
4
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( APPENDIX A ¢
: : }
Determination ofg Parameter Values by Curve Fitting .

7', s .

o

The use of a curve fitting technique to obtain parameter values
is a process having two distinct pdrts. First, 1t 1s necessary to inter-

pret the experimental datain terms of the modified Morris model of:Fléure

- ®

4.4. However, 1in order to obtain a suitable polynomial it 1s necessary to

v

neglect the rotg} core loss parameters RC and Rc . This model 1s then trans-

1 2

’ N Q
formed to the more conventional form of Figure 4.9. . :

The Modified Morris Model Relationships

Comparison of Figures 4.3 and 4.4 gives

= + 7 +
R o+ 31X =R+ R_+R +3X _+X)

lo .
'R+ 3 .
38 oo "% co. Bl
e R + 3 X
©m m
\'"\'
+ + 7 + 3
R + 31X = (Rl Rlo J xlo)(Ro J xo) .
e e . \\)ﬂ\q ]
R + 3 X .
m m . )
The components of ZO are:
R, S*+R, = R )
R =1 | = " —" cos 26 + (R_cos 20 + X_ sin 28) - X_ sin 26 [s]]
6 T2 R s+R _+ R s s S 3
k cl c2 2 .
. oo. A2
- (R 1s + R 2) R2 .
X =1 [—= < " =" sin 20 + (X_cos 26 - R_ sin 28) - X_ cos 20 |s]|]
g X2 Rcls + RC2 + R2 s s 3 ) -
v A3
= + ~
where R, =R, * R, | .
’ c.. A4
X =X + X
e 20 .
4
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If R0 and x0 are multiplied by s, and restritted to positive values of slip
Cb : ‘
and Rc2 is negligible, these equakiong became’

’ . at which the effﬁct of Rc1 ; :

; R0 s = ao + als + a252
2 ~ M . e -A-S - -
’ =b +bs+bs . v .
X0 s b b2 .
= R' cos 26 - o ) .
2 . \
/\' ~
= - R'!isin 26 .
2 .
u ,
= R' cos 26 + X' sin 26’ -
s . s
[ ]
. = X' cos 268 ~ R' sin 26 eesB=6 :
- S S . H '
' \
= - X; sin 26 ° ' )
= - X' cos 26 -
3 - - P—/
= R2 etc. . . . l
- .T§u§, 1f the measured data 1is processéd.to give values of Ros and

- . s
@ .

. Xcs over a range of values of*slip, a ‘guadratic curve fitting procedure may
)

be used to determine values for ao, bo' al, 1

[ Ly

)
b_, a2, pz. The equations may

- [ 4 * f
* then be solved yielding: . _ .
, (o . ? - N
. . tan 20 = - Eé_ i N oo )
) a ) . o N
o Y . . .
R) = o .o :
' . CcoOS 26 - -~ -
ké = a, cos 26 - b1 sin 76 - A=7
' X' = b, cos 206 + a, sin 20
“ . s 1 .

x;=-b2 Y

cos 26
To divide R; into its components Ré and Réo it i$ necessary to con;ider the

stalled torque:

®
j
)

{
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2 ' 1
I R! +
T = 4 ags ( 2 Rzo)
s n .ssA=8
s -

where q 1s the number of phases

e

a

w is the synchronous speed

and IOs is the wvalue of Icr when stalled.

-

Thus measurement of the stalled torque gives

T N
o= ts% - ke ... A-9
20 2
2
I
d ok
and . R' = R' - R' eesA-10
e S 20

Transformation to Conventional Form

:

Although the model can be used in this form, it suffers from the
fact that some of' 1ts parameters cannot be dssociated directly with physical
conéepts such as the resistancg of a particular winding or with the leakage
flux. It 1s therefore desirable to transform this model to the form of
Figure 4.9. This can be done by further consideration of ;me relationships

0

between the parameters of Figures 4.3 and. 4.4, given in equation A-1l.

1
= R + + 3 - eeeA-11
ke Zi [« oRm Xoxm) J(Rmxo Roxm)]
»
where 722 = R? + x2
m m m

and 1s obtained from measu¥rements at synchronous speed.

—_

Also,
tan 6 = Rmxo Roxm_ eeesA=12
RR + X X
o m om i
1
= - +
Re Ei [(RllRo xloxo) Rm + (Rllxo xloRo) xm]
ee..A=-13
1l
= + R - -
xe ES [(Rllxo xloRo) m (Rlle xloxo) xm]
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where R11 = R1 + R10 . ~ .

If the ratio of xé to Ro is defined as a factor Fp' an expression- for Ro
can be obtained by first noting:

X =X =X

10 m o}
Ry = Ry 7 Ry .. ..A-14
[N
R =2 [-GR: + z2R ] |
e 2 o © m o
m [
where G =2F X -~ (F¢ - 1)R
o] o'm o m .
and thus G R%2 - 2R + 22R =0 «...A-15
[o o] m o m e

F
However it must now be noted that although Zm and Go can be obtained from

measurements, 1t 1s Ré rather than Re which 1s known from equation A-10.

If equation A-1 1s further rearranged to give \\
2 2
+
k2= "% =% 1+

m m m
substitution of Ré k2 for Re 1n equation A-15 yields

zi ~
R = «ce..A=16
)

G + (1 + F%) R’ .
o] O e

Having determined RO, the remaining parameters are readily obtained:

[

X = RPF
o oo )
L]
X =X -x
1o m o]
R1=Rm-o I
2 2 ‘
k2 =°Ro * xo - «eeA=17
ZZ
m .
- nt 2 .
R2 R2k 0.

o
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2g s e n

R = R' k%
20 20

1]
»
=

N

X, 3

This completesﬁthe derivation of the model, but some consideration
should be given to the sensitivity of the-parameter values to measurement

errors. The factor Fo is likely to be sensitive to error’ in the angle 0
* \
since 1t 1s small. This, however, does not lead to significant error in the

core loss parameter, Ro' which is quite i1nsensitive to error in the angle 6.

’

The main problem caused by the difficulty in obtaining a reliable figure for

this angle 1s that the values of )(1-0 and X20 are extremely sensitive. During’

computation the value of 08 is therefo;e adjusted to produce a specified ratio
of X10 to XZU. This extreme sensitivity is a direct result of the fact that

the ratio of x]o to x20 has little effect on the external characteristics of

an induction machine.



APPENDIX B

Details of Machines

Wound Rotor Machine

X

Rating: 7 1/2 HP, 220 V, 60 Hz, 1725 rpm.
Full load stator current 20.4 A
Rotor voltage 170 v
Rotor current 21.3 A

Squirrel Cage Machine

Rating: 2 HP, 208 Vv, 60 Hz, 1700 rpm.
Full load stator curreﬁt 6.9 A

Stator slot dimensions: Figure B ~ 1

Rotor slot dimensions: Figure B - 2

108
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Pole Amplitude Modulated Machines

Rating (both machines):

Stator details:

Rotor

Stack Length

Turns per coil
Conductor size

Coil span

Length of mean turn
Number of Slots

Slot dimensions

<

Airgap \

details:
Outer diameter
Skew

Slot dimensions

Number of slots’

10 HP, 220 V, 60 Hz

Stator No. 1 St

©

5 inch
5

2 #13

22.5 1inch

54
%

3

Figlre B-3

0.0175 inch

8.465 inch

ator No. 2
5 inch

5
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27.0 inch
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0.0175 inch

0.9 rotor slot pitch
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» Fig. B-2 Detail of Rotor Slot of 2 HP Machine
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Fig. B-3 Detail of Stator Slot of 10 HP Machine
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Fig. B-4 Detail of Rotor Slot of 10 HP Machine




