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-

Understanding and minifizing loss. are the main objectives of %

seeking sclutions to the problems of stray loss in induction machines.

~

This thesis eont;iputes_Epwards.this objective by addreésing the ‘various
proBlehs of stray load loss. These probleps inéludé the guestions of
definition, origip, coaponents, and effects; theoretical and
experimental means of evaluatio;; and loss reduction.

Insights intoctheée problems are achieved thrdugg a

comprehensive review of the state of the art of the subject. We have

)

established that some commonly used terminologies in the subject area

forme& major obstacles to progreés in definition.

A conceptually simple amd gen;ral theory of squirrel cage
induction @achines is presented. The theory results in a set of linear
periodic differential equations, which has an infinite number of
possible solutions, A suitable solution procedure is developed.

Means for accounting for slot openings and saturation are

developed. These have enabled various field waveforms in a practical

L% ]

machine to be generated and analyzed. The analysis produced insights

into the interactions of harmonics and how harmenics contribute to stray

load losses, Through this, an approximate means of separating a
saturated non-sinusoidal waveform of an air gap flux density uavgfofm
into its fundamental, saturation, and other space harmonics is

developed. .-

1ii

- T

S



. . An expressioa’for determining the machine torque is derived.
" This torque expression, the ideas for manipulating-and analyzing the

field waveforms, and the presented theory are structured into an

algofithm. mode%{hg the behaviours of squirrel cage induction machines.
-

. JThe algorithm enabled the torque—épeed characteristic of a practical
———r Vs

machine to be predicted.

The predicted characteristic is compared with that measured by
means of acceleégffter. The fact tha; iﬁ uom;aresfvery well validates
the theorf and the developed model. The new steady state model has
seﬁﬁral advantages, including its easy application to the study and the

. - .
. evaluation of stray load losses. A brief 'study of how harmonics

-~

influence the developed torque is d1so conducted usihg ;ﬁé:new model.
Two theoretical methods are developed fo; predig;;ng stray
load loss at the design, manufacturing, or utilization stage of a
machine. These ff®thods, which employ the developed modeél, are applied
Lo a praétical machine. -
The predicted stray losses are compared with the measured, and
that ' predicted using the nominél assignation technique.‘ This draws
attention to the need for experimentai inv?stigation of the subject.’
Consequgntly, two expebiments,'calorimétric method and novel experiment
to study inter-bar current problem, are developed. Due to technical aﬁd
econontic problemé,‘however, the;r impiﬁmentation are not_yeg completed,
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' CHAPTER 1 .

INTRODUCTION

The mérketabiiity of an electric machine is now primarily
degermined by itq efficiéncy.' The ruggedness, cheépness. and optimistic
possibility of Qaking an induction machine speed and torque variant are
responsible for its common usage in most industrial and domestic
appliances. Unfortunately these excellent qualities are marred by
generally poorer efficiency, in comparis&n with other types of elecpric
machines. One of the factors responsible for this re?uced efficiency of
induction machines is stray load loss.

Around the turn of the century, various works were published on
the subject of determining the efficiency of a rotating machine
accurately and with ease. Two methods, imput-output, and loss
separation, were often compared. The former is preci;e but diffiecult to
perform in order to obtain an accurate result; thé.latter is easy to
perform accurately for conventional loéseg; but the overall result,
taking into consideratipn only these cdnventional'losses. is less
accurate. The difference in the results of these two methods camé to be
known as stray losses.

It was discovered that stray losses are related most closely to

the loading of a machime. Hence, they are called stray 1oad-losses;'6}

load loss, or unknown losses.



o,

In-this chapter the various prbblems associated with this loss

are generally introduced.

-y
=
.

1.1 General Description of the Problen

Il

One of the primary problems that confront the machine designer

is the predetermination of losses. The losses must be kept low, not

only to achieve high effieciency, but also to keep the size of the

machlne_to a minimum. This being the case, the designer is in need both

of some means of predicting losses, and of
measurement. Furthermore, the developmant

of prediction and measurement would permit

a dependqble method for loss
of ecasy and accurate methods

these losses to be studied

more intensively, with the objective of reducmng them.

”
The problems of evaluation of stray load loss in induetion.
=

machines have long attracted researchers and have been the subject of

much literature [1, 2]. The problems have

so far not been adequately

solved. In 1912, Olin 3] suggested accounting for these losses DYy

emplrlcally relating no-load to load losses. This would have been an

~

appropriate approach if the orlgln of the losses was dlstlnct. and the

phenomena leading to them were. linear. But previous works to date have

shown that it is difficult enough understanding the origin of these

losses iﬁ induction machines, let alone comprehending the theory of the

process that led to them. Schwartz [4] noted this. In his paper

pubiished in 1965, hé said that 'there is still considerable confusion

on various aspects of stray losses, particularly with regard to their

deftnition and ofigin'.

*

Y
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= Naturally, a knowledge of the definition of what it is to be

evaluated is desirable prior to determining a suitable technique for

this evaluation. The question‘bf,definition as a stray load loss

_ . “problem arose out of lack of success in developing a direct method for

determining this loss. In .fact the lack of adequate understanding of

the origins and definition of stray losées has resulted in a number of
published works which do not give satisfactory resulgs.,and which caﬁ be -
definitely misleading unless interpreted correctly.

As reported in the literature, ther; is a significant difference
between the numerical calculation of stray load loss in induction |
machines aﬁd‘measured results., This difficulty with the problems cof

" evaluation is often considered to lie in the theoretical comprehension
of the losé processes in iron: the magnetic induction has components of
varying transient frequencigs which result in a variation of the
permeability with time_ and locality. - While this may be true, it may
lead to the conclusion—;hat the;e problems are generally complicéted.
It is simpler to ask very fgndamentalQQuestioné of lesser complication:
why aré the existing models which preclude the considération of
harmonies, or which base the consideration of harmonics on assumptions,
inadequate for an accurate prediction of the behaviour of a machine?

How much is based on intuition rather than facts?

The failure, so far, in developing 2 simple, accurate, and

reliable means of measurement of stray load 1oss in induction machines .

[

has raised doubt améng some researchers of whether at all su&h

measurement techniques exist. Such pessimism is too early to express in
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»

1ight of the. development of modern instrumentation. Furthermofe the

lack of a ‘clear understanding of the origin and definition of the loss

makes it diffipult to pursue,the development of a measurenent technique

that is simple and at the same time accurate.

-

In summary, the oroblems of stray loss in induction machines are

basically:
(i) Addressing and contributing to the questions of definition,

origin, components and effects of stray load loss in induction

machines. o -

" (ii)e Addressing and solving the problems of theoretical or analytical

* 1
¢ t

means of evaluation.

(iii) Aodressing ond sol:ing tne problem of measurement.
(iY) Based on the.achievements"in~the—£oregoing, addressing the
questions of understanding and hence 1oss*feduction.
This thesis addﬁesses these problems with particular emphasis on
(i) and (i1). . - ‘ ) " ’

1.2 ;Organization of the Thesis )

An investigative probe into the state of the art of stray loss
prediction,‘with consideration of some questions 1nvolving the variouds
aspects of stray load loss in induction machines, is addressed in
chapter 2. .TniS'chapter starts with background materials,.reviewing and
eeressing the'questions of definitien, origin, components and effects

of stray 1055‘in_induction machines. This is followed by an

investigation of the present methods of measurement of this loss, then a



.review of the state of the art of calculating stray loss 1n ihductlon
' machlnes. Subsequent sections in this chapter are devoted .
respectively, to a dlscusslon of other approaches to the study of stray
loss, and a review of the current methods of reduction of this loss.
Chapters 3 to 6 "address the problems of analysis and solutlon of
the problems of prediction and study of some.- aSpects of machlne
behaviour. Chapter-3 commences with an explicit analysis of the
standard definition. This leads to the realiiation of the origins of
the problem and hence, forms the ba51s for the development. of a new
model of a2 squirrel-cage induction machine. The development of a new
model and the derivation of the associated theory and _necessary . |

components for solutions form the- subject of d1scu551on later in the

chapter. The remainder of the ehapter 1s devoted to a dlscusslon of how

the effect of non-smooth alr'gap and non-linear effects may be accounted-

for in the model. o ’ . A ' -

In chapter 4, with the aid of the proposed model, some waeeforms
are generated and their harmonics are studied to determine the
behaviours of the waveforms inm aorder to study how the harmonlcs
contribute to stray load loss Stator air gap magnetie field waveforms,
with and without the.effeots of hon-smooth air gap and saturation, are
generated and studied at the early part of the chapter. This task‘is
repeated for the rotor and~the resultant field waveforms later io.the
chapter. The chepter concludes with a discussion on harmonies and stray

leoad losses.

-



Chapter 5 starts with a preéentation of the deriva;f;n.of
'exp;eséioés for the instantaneous and time-average elebtromagqetic
torque of a, machine. fhis‘ig fbllowed by a presentation of an algorithm\
‘which simulates the benaviour of an induction machine. This algo%ithm,
which results frém the work’ in chapters 3 qnd_u'and the derived torque:
expressions, forms the ba;is of a techniqug to obtain the . -
eléctromagnetic %orque - speed and torque - time charaéteristics. aﬁd‘
the parasitic'torﬁues of a practical machi;e. This is followed by an
analysi; of the.torque exbfession iﬁ order to gstablish an insight into
the development of synchronous énd.asynchronous torques in a machine.
Thg remainder of the chaptgr is devoted to a aiscussion o% an
éiperimental techniqee tnat Qas performed to vérify the predicted

“torque-speed characte}istic. Also included is a.comparison o( resuits.-
in ;hapter'é tWwo new méthqu which employ tﬁe new model for
.predicting fhe amount of'stray 1oad loss in an induction machine, either
- at the_desigd; manufacturing or utilization stage, aré proposed, Before
presenting these, however, the‘concept of losses’in squirrel cage
iﬁduction machines.is generally discussed. The preseatation of the
propoéed ideas for prediction is Eollowed by a presentation of an
input-output experiment which was berfo;med to evaluate the aﬁoung of

stray load loss in a machine, for comparisen with results predictéd‘by

~ "

the newly proposed methods; This chapter concludes with a comparison of

results.
. . ;

" Although not yet implemented, two additional sets of experiments

were developed in c¢ooperation with Hestinghouse (Canada) Limited. These
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experiﬁenﬁs and the preliminary worke'uhich-were cerried oﬁt-for their.
implementation form the main subJeet of discussion- under suggestions for
further work in chapter T. Thxs concluding chapter begins with a
dlécu551on of the achlevements in thls work and how they contrzbute to

the problems of understandlng and reductlon of stray loss.



| CHAPTER'2 . - A
R 4 ' . : .o
. COHRREHENSIiE REVIEW OF THE PHENOMENA 4§SOCIATED WITH STRAY LOAD LOSS
- . T - * - - - - - . .
In this chapter, the current-understanQipE‘of the various - ‘

aspects of stray load loss in 1nduction machines isudiscussed in four y

\ '

,fyarts. The histor1c31 search for a definltlve evaluat1on technique far
L L

these losses-. 1s discussed, together ulth the reoognlzed or1t1o15ms of
. . . A
each approach. The definition, orlgin, components and effects of these

losses are dlsoussed in the first paFt. These are followed by-a revieu _

“of the various nethods of meaSur1ng stray load losses in. 1nduct10nm

machines- In subsequent sectionsy the current art of pred1ct1ng stray
‘ a )
losses is discussed along wWith practlcal means for reducing theg ln a
maehine,' Most of this Jork was covered in somewhat less d%tall by the
author in two p;peos presented at the'Sunmer Powgr meetlng of 1984 11,

21. . R - T
2.1 . Background ® R * '
‘ C - L . ) &, . ° '
2.1.1. Definition K L. . : 5 *

-
Y .
- - .

A survey of ‘the literature on stray load losses in induction’

machines reveals that there is con51derab1e dlsagreement en the -~

definition, of these losses. Some gefinitions._like those given by
S~ : i ! -

. Alger, et al [5], Olin (3], and Bird (6] are similar to that given in
. _ - N ) . .

Christofides' paper 7], which essentially is, embodied in both American

.



and Britlsh Standards. Chrxstofldes gives: "The load losses of an

induction motor are def:.ned as the difference between the .ﬁtal power

-

loss of the machine on load and the losses detergined by the-loss -

' segregatlon method. The segregated losses are -

- .z
(1) friction and ulndage loss Py, and Statqr—Core loss Pscl deduced

- .
L]

" from the-qo—load test —
(i1) stator I%R loss P ;"
ti;i) rotor-conductor loss PcE - s(P - 312R "Pscl) where s is the

slip at full 1oad P the stator input power, and I, the stator
‘phase current and’ R, the resistance Ler phase of the stator
winding".

gome authors gave the defidition from a particular_aspect of the
. subject. For example, that by Morsén et al {8] refiects the measurement
aspect, Schwdrz'd {4] definition is in terms of the origin of these
losses; and OdoRds (9] and Christofides' (7] are from the calculational
or prddiction point of view. . M

A general observation, Howeter, indicates that each author made

his definition compatible with his contributions. This is imperative as

most of the problems due to these losses remain relatively unsolved.

2.1.2. Origin and Components

~There is general agreement that the_following constitute the
physical origins of stray ioad losses in indudtion machines:
- (a) lThé magnetic property iimitations of irPn that lead to saturation
at load currdnt. t

s
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(b) The geometrlcal ktructure. i.e. slots, windlngs. and air gap.

around the active region of the machine that lead to- (1) space

. harmonlcs due to such effects as ripple and. tooth pulsatlon. and

(i1) leakage flux, . . ., o .

) Industrla} 1mperfection ~ the most prominent of which.is cross-bar"
currents due to 'imperfect insulation- of the squirrel cage rotor-

bars. T _ .%,"

The components of stray-load_losses.are reasonébl} well
established. However, the different ways which they are presented are
often confusing, and hence it may seem as 1f the 1mp11cat10ns are
different too. Three major reasons can be immediately assooia;eo with
this: b' : | < -7 . B

1. The confusion-that arises from_the use of the terms 'leakage flux'
and 'harmonics'. . |

2. The confu51on that arises from the 1nter-usage of the terms
'dlfferential leakage’, zxg-zag and phase—belt leakage' and 'air
gap 1eakage even though they are the same [6 101,

3. The confusion in identifying the compeonents that constltute
dlfferential leakage, or zig-zag and phase-bel;, or air gap leakage
fluxes - i.e. the difficulties in identify;ng with thei; ph&sical
concepts. . .

=~ e
No standard list of the components of load losses in induetion

machines exists, but an example as given by Schwarz [4] is as shown in



f‘f

table 2,1. Chalmers aq? ﬁiliiamson (11].giver °
“Fundamentél;f;equégcy components:

(a) Eddy—cuf(eqt losses iﬁ statdr'ponduc;ors owing to'§tator slot;
leakage flux. _ | L ‘

(b Losseg in'énd—region copper;'steel and other ﬁetalli; parts_@Q@ng‘to
end-region leakage fluxes. | |

(e) In mach1nes with ské:ed rotor slots, a small loss at the ends of the
stator core owlng to skeu leakage flux produced b& the relative
phase displacement of stator and rotor fundamental m.m.f. waves.

Higﬁ-frequency components:

- (a) Induced losses in the rotor due to m.m.f. harmonics produced by the
stator load current. Note that pulsations in the main flux due-to
slot openings are produced on no-load and.their effect is included
in the iron loss measured running light. These %Psses are therefore

not included in the stray load losses.

(b) Induced losses in the stator due to rotor m.m.f. harmonics™.

2.1.3. Effects of Stray Load Losses

—

Stray losseS have five detrimental effects on the performanée of
an induction machine: |
-~ (i) heating
(ii) torque loss . -/
(iii) acceleration and retardation effects
({v) effieiency

{v) rating : - s
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- ) Vs

(1) ﬁiétigg, . -
- Stray load losses contﬁibﬁté to increased‘heating of the various |

componeﬁts of the machine. ffhereiis_very iittle literature to suggest

' that‘any major effort has béén.made to correlate heating effects with

the amount of stray load loss., Schwarz [4], however, néted that’

doubling the'conventional 1/2% stray load losses allocati;ﬁ (British

Standards) in a modern high gfficieht machine would have a Qarked'effectl v

on the heating performance. , - - T

(1i) Torque Loss
' Asynchronous torques are produced by the stator m.m.f..harmonicq

in the $are manner as by the main field. These, as shown in the torque—

-

speed curves in Figure 2.7 for the ma;n and actual fields, affect the
machine output. In a squirrel cage motor with poorly_insuiated,rotor
bars the pipé on the actual field curve can assune su&h values as.to
pr;v;nt the motor froﬁ‘reaching the-normal oﬁerating.speed.

‘ ) Bartbn and Ahmad [12] observed that for small and medium size
induction machines stray losses greatiy affect the pull-ocut torque, but
50 not éffecé the starting torque as much. Some researchers, [4, 7,.9]
noting the relationship between torques (parasitic torques) and stray
load losses, considered the anaiysi; of tordue as the most appropriate

channel through which stray load losses could be studied and best

understood. © : :
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Torque,

‘Machine: 3 phase squirrel cage;

5.7 KW, 400 Vv, 50 Hz, 1500 rpm, tested at 100 v, (7.

Figure 2.1: Torque-Speed Characteristic of a Polyph

ase Induction
Machine.

T4 .
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(1i1) Acceleration and Retardation

In applicatiens, such.as cénprifugé‘driyesi wﬁ;;;\tbg_principal
duty is to‘start and stop a load, stray-load losses will increase\gﬁi
duration of the acceterating period while decreasing the time 6f o~
retabdagion. Barton and 5hmed cafried éut some expefiméntal works to

support ‘this hypothesié.
(iv) Efficiency | = | .

Although- some authorities aésume a nominal value for stray load’

losses of 0.5%, experiments reported in the literature suggest that for

-~

some machines, these losses could be as high as twenty times (6] that

. value. Even though a large body of literature exists on.the subject, it s

is by no means clear eiéher quantitatively or Qualitatively just what \ -
factors contrisuté to stfay load losses. Hogeder, it is cbvious that
machine efficiencies can be improved by the reduction of these effects;
and if the reports are to be believed, savings can amount to as much as 9%
in efficiency. : s .-

Increasing machine-efficiendy is "a modern idea. Fof example,
Diamant {13], observed that in those da&s of low electricity cost, when
there was little apparent need.for‘ehergy conservation, productivity
éffortS of mofor manufacturers were generally directed toward lower
initiél costs to users, at the expense of efficienc&. And very
recently, Bonnett E1A] presented the follquing expres;;on to illustrate
the effect of efficiency on operating costs:

Syy-= KW x C x N x (100 - 100) (2.7)
g Eq



where ) i
Sav - savings in dollars per yenr'
kW - kilowatt rating of the spe‘ci7f%§d load = :
" —-energy cost in dollars ne;.ﬁk owatt hour
N - running time in hours pgr'}éar
& ER - effxc1enc1es of two similar motors, A and B respebtively,
which operate at the same specified load and having diffgrent
) _efficiencies‘
(v) Rating

Derating is ﬁhe practlcal consequence of the preceding effects.
If the stray load losses in a completed motor are 1arger than predicted,
heating under rated condltmons will be increased beyond design
’ tolerances. Thus, to avoid dgstrucnlon due to excessive heating, §9ne
of the rated quantities must be reduced, for example slip and output

power.

2.3. Present Methods of Measurement of Stray Loan Losses

Yarious metnods have been suggested for mensuringhstréy load
losses of an induction manhine; They can be classified as shown in
Table 2.2. For one reason or another, non¢ of these method; gained
world-wide acceptance. |

In.America. there are thrée recognized tests to obtain stray
load loss estimates: input-output, pump—-back, and the reverse rotation

test, all of which are documented in the ANSI/IEEE standards {15]. Each

. of these methods suffer either due to lack of confldence 1n the results
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Table 2.2: Classification of ﬁephods for Measuring Stray Load Losses

%o

Full-load g " Light ‘load

(I) Input - Output ) (i) AC/DC Short-Circuit }est-
(II) Pump back (II) Reverse rotation test
(III) Calorimetric _

{IV) Differential dynamometer

(V) Mechanical differential

(VI) Back-to=back .




- arising from inherent inaccuracies in measurement, or from impossible
. . ' conditions of implementation, like obtaining two machines identical in
. B . s

eGéry respect. In Britain, the practice is different. Instead of .
- . . . s .

. 3 L
- .

-

4 aggépting any of these tests, a nominal value of 0.5% -is approved_as a -~
standard Limit by the British Standards. This also has shortcomings.
For eiample. Alger observed that this practice does. not givé a designer:
any 1at}tudé. nor encourage development work on this subject [16]. 'Each
of these tests is briefly described below with remarks. Table 2.3

. - .' " . . . ‘-—J '
summarizes the methods discussed.

. » ~ !
P - P -

- - _—— - “

N

' 2.2.71. Full-load Tests {4,..6, 9,‘ 15, 17, 181
SN . )

ST, |

(I)- Input-Output Method * -

-In -this method the rotor output (PO) is measured airectly on a

IS

dynamometer. .- The inﬁup (P;) is als und by measurement, The total

loss is thus ' -

-

_.‘ ‘Pt‘]:Pi-PO_ . (2.2)

No-load core (P.), and friction and windagel(wa)‘losses are

then. determined from a no-load test. The stator copper (Paus?s and the

rotor copper (Pcu%)‘losses are determined at rated output power. Then

the total power losses fram -this loss—segregétion method is

Pseg = Paus * Pour * Po * Poy (2.3)

-

The stray loag losses are then determined as el

Potray = Pe1 - P I - b
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This method reculres the subtractzcn of two nearly equal numbers 1n
order to obtain the relatLvely small value pof stray losses. Hencc, a
very hlgh degree of accuracy is required, as a sllght error in elther of
the large quant:tles will be sxgnificant to the flnal‘result For.
example [ﬂl for 2 machine with 90; efficiency, a.measurement 1naccuracy
of only 1% will produce an error of about 100% 1n the determlnatlon of

- -

the value of stray losses.
This method is almost impracticable, especially-fpr-lérgeﬁhighf

efficient machines. . : . -

¢ .

(II) Pump Back Method [15, 17, 18] . .
This is 51nllar to (I} except that the output power is measured
electrlcally by coupllng an 1dent1ca1 machlne which is used as 3

generator. Readings are taken of uatts. amperes, and volts at both

“input and output termlnals and also of the sllp and-winding temperature

of both machines. From these data, the copper losses can be calculated’
and the no-load losses of the two machines can be measured while they

érg coupled together. The stray load losses are the difference between

these losses, PsegE' ahd the tatal loss, Pt12 '

This method has the same. numerlcal disadvantabe as that of the

input-cutput method. As well, the stray losses measured are for two
machines, It is almost impossible to get two absolutely ldentlcal
machines; nor is it likely that the stray losses will be equq% under the

- AL
operating conditions at ‘which the measurements are made.



]

.(III) Calorimetric [a 18] . o L _“

-

The calorimetrlc method is 1mplcme‘€éd by measuring the.amount

‘of heat carried away from the mach:ne by the cooling gas. usually air. .

ThlS nethod can only be applled practically’ to large machlnes
¥ .

and those %f which cooling gas is forced through Speciflc passages.

.There are measurement problems which result in reduced accuracy, since a

¥
‘numerical procedurq similar to that of previous method must be used,

(IvV) Dift‘erential Dynamometer [15, 17]

* 7" ""The dlfferentlal dynamcmeter test is a modlfled form of the T

.r

pump-back ‘test (section (II)) which utlli’es A dynamometer as a\&\ad and
driving device in place of a duplicate machlne The first part of the
test is conducted by hav1ng the motor drlve the dynamometer and taking
readlngs for varlcua load peints exactly as described for the input-
output - method (sect1on (I)). In the second portion, the dynamometer
drives the motor which now operatgs aa an induction genenator.‘ The
output at each load point is adJusted to be equal to the motor input

durlng the flrst port1on of the test.

L]
- -

The total losses for the machlne operating as both a3 motor and
generator can be calculated from the dlfference in dynamometer scale
readings and_subtractlng the knodn losses, P5282: froq the total loss,
Pt12' leaves the stray load losses. The total stray loss is divided
between motor and generator operatlon in the _Same proportion, f; as the

secondary IER losses during the moter and generator tests

Even though this method eliminates‘ecme.of the problems suffered

N
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by the pump back method, it still suffers {rom the numerical problems

noted in section (I).

- -

(V) Mechanical Differential .[6, 16] _ T -

' ’

Two 'identical' induction machines are coupled to the main . .

shafts of a mechanical differential. Both machines are connected to a

common electrical supply in such a Qﬁx that ﬁhey rotate in opposite
directions. When both machines rotate at the same speed the

differehtial cage remains stationary. If this cage fg rotated, one of -

the induction machines accelerates aad begins to act as an induction oo

generator, while the other reduces its speed and commences to supply

o -

mechanical power to the induction generator through the differential

gearbox. By adjusting the speed of rotation of the differential cage,
. — _:-‘ -
it is possible to vary the loading of both motor andﬂgenerator'from no.

load to full leoad.

~—_the electrical supply pgovides all the losses in the system,

except the combined rotor losses: these are obtained from the mechanical

drivé to the differential cage. Hence, if the sum of all the lossés in
the system, Psegs' {with the exception of tﬁe‘séray loa& losses, and-the
rotgr.lqssés) is subtragted froh the_ﬁopal electrical inpui-powef té the
system, Ptls,'it is p05§ible to obtain a value for the coﬁbined stray
lééd loss. . ' - . ‘ . .

The main qifficulty"with this method is that the meéhanic?l

losses in the differentialsare difficult to determine precisely.. The

requirement of two identical machines is again difficult to satisfy.
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(ﬁ') Back-to-back Test [19]

Two inductlon machines (not necessarily 1dentical) are each
o —
.coupled to a dynamometer. The dynamotieters are fixed on a stationary

bedplate while the stators of the two induotlon machlnes are strapped
together and are free to rotate on their own bearings. One induction

machine operates as a generator. and is driven at a speed ng, while the

- other operates as a motor and 1t runs at speed ng (r p.s.) .1 e.

ng >n syne > N+ The two speeds nm and ng can be adjusted until thg two

" stator frames have no tendency-to rotate, which means that the torques

“in the two couplings are ‘equal. If at this point of balance, the

electrical input to the two induction machines is Pac’ the total

electrical loss P,o of both machines is given by

Pu2 = Poc * 2:;(ng - nm)_T . : {2.5)
The load loss Pstray 15‘approximately .
Pstray = Pac = (Pge1 = Poys? C (2'§)

where‘Pscl a“d-Pcus are stator core and stator\copper‘losses

respectively.
The stray loss obtained by this method is approximate because
the method assumes the lcad loss component 2n(nS - nm)T'is equal to

rotor copper losses in the two machines. Also the fact that stray

losses obtained have to be shared equally between two non-identical

nachlnes operating in different modes is questlonable {20]. The

4
arrangement may not be suitable for larger machines.

-
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2.2.2." Light Load Tests : -

“As tﬂe name implies‘thése methods do not require any.ioad for
carrying them pué. Tgey are based on the following assumbt;onsi,~/,
(i) The fundamental freéuen;yicomponenﬁ of gtray load loss occur§ only
i; thé stator. . ' 7 )
(ii) Tooth-ripple; ;ﬁd pulsatioﬁ are the main sourées of high‘fqequenc&
components of stray losses.
(iii) The stréy losses can ohly be supplied by mechanical power.
{iv) The values §f the high frequency losses is the same for both full-
_speedAforward and reverse ro;atibns.
(v) These losses (high frequency) ar; independent of the type of.
Fsupply, de or ac, upder short circuit condition as long ég the
magnitude of the supply is that of the rated.
These ;ssumptions:hfve gengrated cénsiderab;e éontroversy (4, 6,
11, 211 and have constitut;d a majbr setback for .these ﬁethods. The
point often made against light-load tests is that the flux conditﬁons
dufing‘test conditions are different g}om that existing under full-load
condi:ions. A particular advantage over the previous cat;gory of test

is that these methods are readily and economically implemented,

(I) AC/DC Short—Circuit Test [4, 6, 17, 18, 221

This consists of three separate tests
. . . ~
(i) rotor-removed test e h
(ii) dc or synchronous short-circhit test, and

(iii) ac or synchronous short-circuit test.



-

- (1) Rotor-Removed Test: Stray loss in the stéior is_measured with the -

rotor removed by applying balanced polyphase current to the tefminals of
ti€ stator winding. The value of input power minus the statok 123 163;

i{s considered as the stray load loss in the stator due to fundamental’

frequency, Pstrayff' . ‘ . .

“Ware [22), suggested that this loss be measured at current

-

1=ya2 -2 T @

where 11 is the stator load current and Im is the magnetizing curent.

(i1) DC (synchronous) Short-Circuit Test: This test, suggested by Koch,

consists of passing direct current through the stator of the induétion
motor while the rotor is driven at synchronous speed. The net increase
in the mechanical power required to drive the rotor under these

. The

circumstances is measured and is termed the 'rotational watts', Pr

'rotational watts' contain the fundamental—frequency}rotpr losses, plus
high-frequency losses caused by the rotation of the rotor. The direct
current must be chosen to correspond to the peak value of the

. . . R ]
corresponding alternating load current.

(1i1) AC (Asynchronous) Short—Circuit Test: This is basically the normal

blocked rotor test. The net power input, Protorff' is assumed to be

entirely rotor-fundamental-frequency loss.

The stray lcad loss is thus

Povray = Pstrayer * Pr = Protorrs (2.8)

7



(Ii) Reverse Rotation Tests [3._6.-8.'11. 15, 17, 18;,2?] - 7-“

‘\\’This consists of two separate tests:

(i)'Rofor removed as described in (I3 abéve, and

(i1) Reverse rotation test. : ot

Reverse Rotation Test [81: Balanced polyphase xoltages are applied to

the stator of the machine,-and the rotor is driven at synchronous speed
in g'direction opposite Lo that of the airgap rotating m.m.f.. The .
,. ) . . ] ?
‘stator ;nput-Pi'and the shaft input P are measured at the current of

equation "(2.7). . e - . -2 R : .

»
4
-

With the'#tator power. removed the mechanical power Pru required

to.drive the rotor at synchronous speed in the same direction is -
measured.: |

T%e stray load loss is then found as
- ‘ .\.'

) - - -\.2
P§t1\-ay = Pm - wa Pi + 31 R1 + 2P

-

strayff (2.9) .

2.3. Calcuiation of Stray Load Losses: A Review of the State.
of the Art

o/

2.3.1. Stray Load Losses in the Windings - . .
' 7
.l
This component originates as an 1ncreased resistance of the

stator conductors. due to skin effect, caused by slot leakage flux. The-
flux results in eddy current losses at the central portion of the
conductor, leading to non-uniform current density and magnetic field
intensity distributions acrosé the conducto}. There are other

components of this loss such as the additional 12R loss due to heat.

m

~——
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S 2.3.1.1, Eddiiggrrent Losses in Conductors
The importance of the determ;nation and lxmltation of the eddy

current losses in conductors was realized early. The problem.was

investlgated by A. B. Field ‘23] and later by many other authors. Field

Fann

P

bbserved that Gﬁese eddy currentsjﬁere producédfby flux crossing the

slot transversely from tooth to tooth through the body of the conductor.

The net result in the ccnductor was a current varying in density and

.phase throughout the conducteor. Field summarized. his work.with the-aid —-----
of plots of the loss versus thé conduc;o;;slot parameter, His

description of the physical phenomena of eddf curreﬁis_in.slot embedded

conductors is considered a classic¢ work in the érea. It may be regarded

as the best comprehensive review of the problem. However, the .

limitations imposed in his work are two-fold; that the cdnductor; are
either solid or infinitely laminated, and that the currents of all
conductors in the same slot are in phase.

The novel ideé of critical height of gonductér for which the
losses in the slot are minimum was first suggested by A. B. Field [24]:
He argued that since an increase_of copper Eection increases the eddy
current losses while decreasing the normal ohmic losses:'there musé
exist an optimum depth of conductor for wh;;h‘thé total lo§;es is a
minimum. He also showed that in-a multi-layer coil, the total losses
could be still further reduced, for the same total depth of copper, by

. grading the conductor section in different layers, larger depths being

used in the bottom layers than in the top ones.



Shortly, after thls; Taylor [25] developed expressions for the °

LY

excess loss factor for various types of windlng and stranding

- end region.

arrangemento. Taylor also considered the case of minimum inten51ty of

heac dissipation, assuming‘that @ost of the heat was dissipated from the
sides of the conductors. At aboct toe same period as laylor. Gilman
[26, 27] studied the effec%lon copber looses of a finite number of
strands in a conductor,'together wlth thé case of conductors in the same

slot carrying currents of dlfferent tlmefphases. He developed formulas

-y--- ————— —

for the calculation of the density in any point of a current-carrying
wire, for the total loss ratio for the general case in a:solid bar, for
the'hypothetical case of an infinitely stranded copductor'with various

arréngements of groupings and twistings of the end windings, end for the

practical cases of conductols with two and three strands. -He then

developed a general law for any number of strands in a slot and at the,f

-
.

!

Lyon {28, 29] made a much more compact, elegant, and detailed

derivation of the eddy current formulas by the use of hyperbolic .

functions using complex angles. His derivations include expressions to

account for complex power loss, slot-leakage impedance, and the

1mpedance‘to direct current resistance ratio. His contrlbutlons enabled

-

investigations of the effect of eddy currents in a slot in the reactance
of the winding, an aspect which was better presented in a more recent

book by Lammeraner and Stafl [30].

Other notable contributions were made by Summers [31] whose

method of reduction of eddy current losses in conductors had many’
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advantages oveF~ the previously .existing ones. Alger [10] has obtained

expressions for the gffective ?esistance'and reactance of deep. squirrel-

cage rotor bars. Lammeraner-and Stafl {30] effectiﬁgly'treated the casé

of conductors with specific cross-sections in slots; hollow conductors, -

L -~

conductors of combined materials in a slot, and wedge-shaped conductors.
. Characteriiigg all the major contributions which have so far™ .

been discussed are some:simplifying aSSumptioné; Mukherji-.[32] observed

that the justifieation for .some of ‘these assumptions may be .
U --questionable:- (a) that—there -is no component—of field.strength-parallel e e

to the side of a slot (this is true.only if-the conductor ‘completely

& 'fills—the slot); (b) that there is negligible'skin—effeqt in the end- - -.

cénductors; (c) that the effect of the saturation of the iéon material
arouhd the slot,is ﬁégliﬁiblé;.fd) thé; the ﬁeglect of the reluctance of
the iron part ;f the path o{ the slot-leakage flux, and thg'assumption
that eddy current ané hysteresis lossesiip that part of the iron due to

. -this leakage flux ére 3lso negligible, In prdg;rtorinclu5e soﬁe of‘.

these points in conductor eddy current loss analyses some nondirect

. .methods were developed.‘ For example the synthetic procedure of ‘Taylor

- {25] was developed into an iterative method [30). - Lammeraner and Stafl

- [30] also developed a flux plotting method which allows for'variability_
-]

of permeance and the effect of hysteresis._wthisllatter method is
- sufficiently accurate for practical cases.

The advent of the computer and especially the recent

.~

~advancements on the numerical solution of partial differential equations

have led to contributions such as those by Anderson [33], Chari and



conductor can be solved as either a tuo—dimensional or three—dimensional

_vstator winding, is negligible. *

3 ) -

Csendes [3“] Weiss and Csendes [35], and Chari and Bedrosian [36]

,Their works _have demonstrated that the problem of eddy curnents in the v

one. . .- - . -

. 2.3.1.2._ Other Coggpnents‘bf Stray Load Losses infconductors E

»
Sow

Generally, the additional IER loss due to temperature rise in

. the conductor is not considered a serious’ component of stray load losses

o d T e - —_—— ——

'in the conductor i lhis ‘may be true for a short duty in a well-designed

machine. Such 1osses assume greater importance for less efficient

machines or those which are-poorly ventilated
E ' The I2p losses in the stator uinding.due to _the harmonic

components of the current induced by the non-sinusoidal air gap field
has received little attention. This is due to the general assumption

[s, 71 that the stray load losses in the stator winding are small for

smail machines, and that they are negligible in large machines. These

._~Iosses are lergely comprised of fundamental frequency eddy current ot

losses. Hence this component high frequency copper losses in the

On the other hand, the high frequency conductor losses in the
rotor Hinding of a squirrel cage induction machine have been well
treated, usually in the. analysis of 1nter-bar currents. The first such
comprehensive treatment was by-Rossmaier [371. Later. his theoretical

Wwork was extended and interpreted by Odok [9], whose neatly presented

theoretical work resulted in an expression for the stray load losses in

i
.‘_‘ o
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= a sdhir?el cage’roto%. However, Odok's treatment was primanily
‘ k!

'concerned with the losses due to inter-bar currents.

Alger's equivalent circu1t for. the machine [38] 1ncludes the

N . . -
[t

effects ‘of air gap harmonics. His model also includes expressions for

rotor conductor losses arislng out of voltages induced by slot permeance
‘and mmf and phase belt harmonies. _These expre551ons are stated in
terns of stator currents. rotor bar resistance and the circulating

' curfent loss factor. ‘By using the ratio of leakage reactance to

-

magnetizing reactance, he developed a set of curves for the circulating T T
loss factor for both the permeance and mmf harmonics as a function of
slot ratio and slot opening over air gap'ratic for the number of stator

‘slots per pole.

Christofides [T] extended Odok s work to shou. by means of

.. graphs, how, the losses vary with skew and slot comblnatlon. Subba Rao
and Butler [39]'included the effects'bf finite end-ring impedance in
thelr analytioalrmodel. They also developed some eXpressions for the
rotor bar harmonic frequency losses, as well as a number of cu}ves for

— - g,

_the loss factors.

2.3.2. End-Leakage Losses

o
These are losses due to the eddy-current which are induced in
the end ;egion of the macnine, by fluxes which enter the,lamination in
the axial direction and penet?ate the end-region metal parts. The co

»

losses vary not only with the design of the end winding but also with
. .

distance of the ventilating shields and other metal parts to the end

. »
[V
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uinoings. They are.dlffloult to evaluate precisely. beoause the end-
—_— -
winding regions of an 1nduction machines are electromagnetically _
- e c
complex.- However, there is a substantial body of llterature to show

that this component has been well treated from various_angles. Even

though most of the works which are mentloned in this section were
concerned.with the end regions of large sxnchronous generators. the
results are‘generally applicable, with slight modifications, to

induction machines.

2.3.2.1. Analogue Technigues .

The first practical method for soluing this problem was the
field—plotting method {Dreyfus QHOJ). The elecurolytic analogue model
described by Nlnchester [41] has the merit that'compiex boundary shapes
can be ‘dealt with reasonably accurately. Kant [42] ocutlined an i

interesting method: of .obtaining the 3-dimensional end field with the aid

of an eleotrolytxc—tank analogue.

.

‘Hawley et al. [u3] observed that in general the analogue

technlque has two useful- purposes: (1) it can give designers 2 'feel'

[ -

for the way in whlch a magnetxc field behaves and yield gqualitative

results of a- temporary natute. and -(%i) it can act as-a useful check .

durlng the deVelopment of a mathemat1ca1 method. It 1s, however, a slow
4-
and tedious process. Hauley used a*conductlng-paper analogue to solve

the end-region proplem. This technlque ylelded a reasonable result,
though -it is prone to human errors. . v . /

e
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2 3.2. 2. halﬂical ‘Methods °

- Douglas presented three methods of approach far aolving end—

"ieaﬁage problems. [uu] ’One of them "is to make use ofﬁLhe virtual-image

prinoiple as a means of replacing the iron or other boundary surfaces by
equlvalent circuits 1ﬂ'air, 50 that the entire fleld problem is reduced
“to one of integration. These methods of approach were later employed,
together with other analytlcal methods, by Caldwell [45], and Harrington

rusl. Image eircuits are val1d for only one type of boundary. As well,

they fail 'to satisfy the.prlnciple of continuxty of current flow.

Carpenter (471, later extended the image prlnc1p1e to circults which are
L

partly embedded in one of the reflectlng surfaces, and 1n,part1cular Lo

d-wlndlng problems in whlch the surface ia broken by an. air gap. His

i

’ method”of approach was ‘Lo conSLder first a seml-lnf1n1te circuit

- . ow
. |

’ protrudlng from an 1nf1n1te, flat, iron block without an air gap, and
then to take into acoount the more important of the complexltles of the
end-region boundarles which are met in practlce. This was illpstrated by
calculating the endewlndlng inductance of a 2-layer induction—motor:
winding.

Another analytical approach, whicn_ﬁas-peen widely applied to
the-problem of losses in the end zone, involves the simplification of
the end structure in order to facilitate_the uae of a purely
mathematical net;od. Smith [48],- and Hon51nger [49] treated this
problem as a boundary value proplem.‘solVLng Laplaoe s equatzon so as to

obtain an expression for the magnetic scalar potential in the end

region. Both papers made allowafices for boundaries, which are defined °



by surfaces at whlch the flux 1is’

Hon51nger s paper [39] addresses
‘ machlne, and ‘in the companlon pap

correlate actual measurements of

VHammond [51] used the. magnet;c ve

: their attent1on to the. f1e1d in t

‘into cyllndrical current sheets t

Their solution completely"neglect

Lawrenson (52) obtained the field at a point in'the end structure as the,

sum of the contrlbutlons of small

Biot=Savart law. HIS technique a

accurately: but it is difficult %o take account~of boundaries other .than

_the plane formed by the core end,

-~ ' ' - = - »
- ) .
I '- - : , '
- « " - o . -
: - ST _
T - - “‘. ‘ 3“ .
-either norfial orﬁtangential{ Lo

Coe

the. end negxon problem of an induction;

-

er [50] his results were used to.

-

end—windlna reactance. Ashworth and- .

ctor potential 1nstead and confined

he—alr*of -an end—w1nd1ng, subd1v1ded

o] 1solate ‘the effect of the wlndlng. -

ed the effect- -of iron. surfaces. -

elements of the coil end using the

llows the coxl-end shape to be treated

surfaces. The methodfis essentially a

computer method, "as detailed calculations have to be made for every

surface on which the field is req

Tegopoulos [53] is often consldered as the most effeotlve.

vector magnetlc.potential and all
boundary surfaces.‘
Smith [48] and Honsinger [49] con
work [5%] served to correct these
treatment of the core surfaces an
The work of Ashworth and
Stoll and Hammond [55] to include"
plates and of the iron surroundin

4

‘was the,omission of the air'gap f

uired The‘current:sheet method of
He used the

owed approxlmately_for all containing

Reece and Pramanik [54] believed that the works of

tained some 1mportant errors. Thelr-

errors, and further refxned the
d.the representation-of the windings.
‘Hammond [51] was later extended by.

the effect of nonmagnetic core end

g the end region: ?%E major draw back

ringing field. Myerscough (561 used a



~ Green's fufiction expansion for the magnetic field of end windings - .-
completely enclosed in a region bounded by material Sf finite -

-

N permgability.}?ﬂé_statﬁd that an. allowance can be méde. by perturBation .

'-methods,_for additioﬁal magnetic and_conductinﬁ parts within_ the regiqn,‘

l2.3;2;3. Humerical.Techniqjes ‘ i ' . : .

-

. . : S . . t;

The first substantlal work which applled numerical ‘methods to
_:j, the end zope. problem was that of Okuda [5?] By using Haxwell s

.. equations he derlved partlal dlfferential equations'gn the cylindrical

R

- coordinate system to relate the three~dimensional current densities and °

magnetic vector potentials in the end region of a machine. He also

described how these equations can be solved by finite difference

techniques. A couplé of-years later Sarma et al.'[58] published a- -

similar work in which a three-dimensional cartesian coordinate system is

employed instead. fhe‘problems involved in the solution ?f‘threée
dimens;onal finité difference equations are.high1ightéd. The.wérk of
Jacobs et ;1 £59]—siﬁplified some of these'prsblemq by formulating the
problem as a Z2-scalar potential 3-dimensional nﬁn—linear bouhdary value
problem. ) . ' | - ‘ .
Chari -and éilvesper'féol indicated that the‘end—reéion problen

in a.ec. machines is also ameqable to solﬁtion‘through ;inite element
techniques. %he results were later éqnfirmed by Chéri, éharmé and

: Kudéhcik [61], and Okuda,.Kawamura, and Nishi [62]. The latter
deseribed é'vector_potential sblution of the end-field -problem of a

turbogenerator” in cylindrical polar coordinates. They formulated the

field_problem‘as a diffusion equation employing three components of



~
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o N
v vector potential and one scalar pctential Howe and Hammdnd [63T‘also

: applied the finite element analysis. which included eddy currents, to

-end field problems of sxmpllfled geometry-in a two—dimen51onal cartesian

system. - ) l_ .

2.3.2.4. ‘Other Works

Y

-

In 3954,'Baird [(64] presented a method of caleculation for the
eddy current loss in induction_mctor'endfturn clanpiné rings of solid

. copper-. The currents in the end-turns were resolved intc axial and

+

R clrcumferential conpouents the former pF"Buclng a rotating field and

-~

"the latter a timeévarying circumferential fleld. Eddy currents were

< . : :
shown to be set up in the ring dge to the higher harmonics in the o

armature mmf wave. The power 'loss in the clamping ring has then

calculated separately (or'the axial and Bhe cirobmferential portions of

the eddy current paths. Test results were used to confirm the theory.

L. Yand

Alger et al. [10] considered 1t sat1sfactory to assume that the stray

-

- v

- ﬁr load loss in the end—reglon of an 1nduct10n machlne is equal to the
-portion of the end-wlndlng pouer which is caused by fldx eﬂterins the
stator laminations, axially; multiplled by an emplrlcal constant.

- The works‘of Howe and Hammond [63;"65J and Tavner et al. [£6]
are'also lmportant, especiali} to the issue of end stray losses
reducticn while that of Tavner. ‘Hammond and Penman £671] IS impcrtant'
becacse of its e;nethetlc approach. -Yery recently an 1mportant

practical contribution was made by Ming—Zheng and ‘McPherson '[68] who

carried out an experimental investigation of stray losses in ‘the end
7 .
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'bells of an induttion motorL They concluded that the magnetic field and
losses in the. end bells are so. small as to have a negligible effect on .

‘the efficiency or temperature rise of a nachine.

2.3.3. ndg;ticnﬁl Losseg;;n the Tooth Body, Surface and the Core

There are eddy current and hysteresis’ losses in the rotor and
stator tooth bodies amd surfaces adJacent to the air gap, ;and ‘cores, due
‘to stator and rotor harmonics respectively. These losses]may also

include addltional eddy current and hysteresis losses due to slot mmf

and permeance ‘harmonies. The work of Dreyfus [69] was the first

comprehensive theoretical treatment. of this component of stray losses,
Since after his work some other authors have made some significant

" contributions. Alger et al [10] discussed these Iosses and gave some

-

-

semx—emp1r1cal expressions for them. In order to remove the empiriclsm

that characterized some of the previous works Christofides [7] carried

out an analytical study of these losses. He came up with some ’*Q .

expressions and curves which describe the variation of these lossesj:zéh\\:\‘ )

skew and slot combinations. Subba Rao and Butler [39]) carried out
further analytical work and considered the effect of linear versus
saturation ccnditions. .They represented the BLH magnetrzatlon

characteristic by a polynomlal expression. An ‘exhaustive mathematical

treatment was carried out by Heller an ata [17).
N - Y "

~

None of these works yields results.-which ure entirely
satisfactory. This is primarily due to the difficulty of modelling the

non-linear processes in iron.

-
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2.3.48, Skew-Leakage Losses ' . . . ) f’f/
. R . : - , -
These. are losses, artioularly at the endS\of the: stator oore
p "-————-_ —/"'—/

[?0] owing to skeu leakage flux produced by the relative phase

displacement of stator and rotor mmf waves. It has. been found [7, 39,

71] in Squirrel cage machines that skew (and ‘hence skew leakage losses) _-'.

depends on the bar—lron insulation, 3 rotor uith imperfect bar-lron

'1nsulation requires small effectlve SKew, and, hence reduces skew-leakage

Alger et a1, [10] formulated an expression, suitable only for 3

.

rotor with perfect bar-iron 1nsulat10n The formulat1on is based on the

assumptlon that the load oomponent of the géator mm{ exactly offsets the'

rotor mmf at the centre of the core. As the core length increases the
" phase difference of stator and rotor mmf's increases to give 3
corresponding increase in radlal flux density. Additlonal WOrk was
carried out by Heller and Jok1 (711, uho considered skew—leakage losses

1n a squ1rrel cage rotor

)

2.3.5. Stray Load Losses Dye to Interbar Currents

-When a squirre) oage machine is running on load 3 net idduced

voltage exists wnich acts across the iron between adjacent bars, If the

circulating currents from bar to bar across the rotor iron, resulting in
losses and reducing motoring torque. A pair of rotor bars with
distributed resistance is analogous to a transmission line: the firsg

thorough analytiecal treatment using the analogy in teégs of a
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distributed—parameter problem was made by Rossmaier {37]). His uork was

Alater interpreted and extended by Odok [9] who concludedlthat

' _Simplified expressions could be obtained based on the assumptions that

the end-ring resistance is negligible. .and that the impedance ‘between
ad jacent bars is practically an ohmic\resistance. . He observed tnat for
very low bar-iron resistances the losses increase linearly with better
bar;dron insulation. for higher bar—iron resistance the lossés decrease
hyperbolically 1 with better insulation..

Simplified expreSSions for losses due to interbar currents.
- together with descriptions on their origins for deSign purposes, have
been given by Christofides {71, and Subba Rao and Butler [39]1. The

g

simplified expressions devised by the latter conSidered both linear and

saturated cases. .

Another issue which has been investigated by some authors {7,
39, 711 is the effectiveness of skew in. a machine with imperfect bar-—
iron insulation. Heller and Joki [71] carried out an extensive work,
formulating the hypothesis that_losses are ‘directly proportional to the
" square of skew for small bar-iron insulation resistance and inversely"
proportional to tne square ofv skew for‘high‘resistance..

The work of Behdashti and Poloujadoff-[?E] represents.an
important contribution on appropriate models for the analysis of these
losses, and it also includes a comprehenSive bibliography of other WOrKS

on this aspect. Butler and Mohammed (731 treat the case when interbar

resistarice is not equal along the axial length.

AN
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2.3.6. ‘éaturaﬁidh .
‘ < 2 \ - _ : .
‘ Satﬁrapion.is an ;hportanﬁ.physical origin oflno—ldad stray
losses. It is estabiished from past anaiyses,'that when ﬁhe'magnetic
'flux paths of the machines are saturated by the main flux, the harmonic
mmf and flux. density waves are appreciably reduced with the result that
_there is‘g reduction in the stray load losses.‘ Since the non-linearity
which saturation introduces is usually ignored, th1s component was often
left out in analyses. Th;s is_because, with saturation, the principle
of superposition is n0'1onger_valid; hence losses are lower than
ptedicted. )
Geqerally, the effects of saturation of the main magnetic flux
paths on the étray 1oad losses are assumed fully accounted for by
increasing the effe;tive air gap by some factor, and reducing the
effective incfemental permeability of the rotor iron:. Christofides and
Adkins (19] used ; wé}ghted factor averaged over a péle;pitch. then
selected a suitable vélue of incremental permeability. Their method,
which can be considefed‘a discretized linearization of the non-linear

problem, enables the use of the superposition principle. A brief review

of other works can be found in reference [39].

2.8, Other Approaches to the Study of Stray Load Losses

e _
The seeming lack of agreement between the practical and

analytical results on stray load losses of inductioq machines
necessitates the consideration of different approaches to the study of

this subject. Such approaches are: )



(a),Eﬁpirical_Hodelling —'this'involves‘empifically Eelating a
measureablé effect of stray load loss to some measureable variables in

~_the device. An example is_that which relates the parasitic torque, or

_stray load loss tordue. to the current.and-speed of the machine:

\-.’ﬂ,,.. . . . .. - . .
- - Ty = kIS s o . (2.10)
Lindsaf [74j investigated this approach by.using parameter'obtimi?ation
. téchniques. | |
{(b) Circuit Hodélling - this involves deriving appropriate thermal,
magnetic, or electric cirecuit models and hence, by using the'parameter
ideﬁtification method_described in reference [75]# determining the
_ components af the model. fhe first major difficulty in this';pﬁfpach is‘
that the comﬁlex stucture and the nonlinear phenomena in induction
machines prec}udgs'the e;tablishmént.of.an accurate model, This is why
thi$ approach has not attracted_ much attention. However, a notable work
on.a thermal equivalent network is given by Bates and Tustin‘[?él. "An
equivalent electric circuit éor the harmonic fields .in an induction

machine has been used in some other works IS,‘T. 9, 391.

2.5. Current Methods for Reduction of Stray Load Losses

The greatest challenge posed Sy stray_load losses is the
difficulty en§ountered in developing adequate methods for reducing them
. in an induction machine. Techniques for reducing stray load losses
usually:reéult in some other iqadequacy of design. Hence most machines

still suffer from relatively low overall efficiencies. For example,



Diamant [77] noted that 'the practlcally realizable efflciency

improvement increases the'evaluated motor value. by more than 801

'

occasionally ¢oub11ng the value_of the normak efficiency'motor_;. The
challenge, therefore, is.in coming up with a method to reduce.stray.load
losses without‘creating any_neﬁ.'or amplifyfhg'anf of the-existing,

technical or economic problems.

Most of the suggestions }orlachieﬁing a high}& efficient

induction machine with low stray load losses can be grouped as follows:
1. Reduction of.iossea in conducto;s._
2. Reduction of &osses in the end region.

3. Reduction of harmonics,

4: ' Redilction of losses due to industrial imperfection.

- 5. Others.

.2;5.1. Reduction of Losses in Conductors

2.5.1.1. Due to Skin Effect

Early works, for example Summers [31], showed that skin effects

can be held down in large machines, where such losses are significant,
. - .

by suitable transposition and strandfng of the conductors. The use of

critical height, artificial bars (where the critical height needs to be

_exceeded), and special conductors, such as hollow conductors, conductors

of several materials, and wedge shaped conductors, are discussed by

Lammeraner and Stafl [30]. - ) \



3;5.1.2.- Due- to Other Effects,‘. : L—'ﬁ‘rf
P : "“““f‘ff“"fff“f‘ ' Tt

o
1

! lemberature build=Up in the conductor can be controlied by

-

suitable ventilation. - Cases of use or special conductors, like water

cooled conductors. in large a. c machines have been reported

Circulating currents are 1nduoed 1n the rotors of an induction ‘
machine by tooth-pulsation fluxes. and by “the- low-order harmonics of the

gap leakage flux_ The 12R losses due to these currents are dependent onf

Flux, Hence, to reduce these losses Schwartz [HJ suggested the use of
current displacement rotor de51gns uhere con51derable control can be

exercised over the effects of tooth—pulsation fluxes by Varying the

resxstances of the squirrel cage. Such'a rStor is also good for high

r

starting torque drives. This method alone does not ensure a reduction

N

of these losses (see sections 2.5, 3. 2.5.4% and 2 5.5 below)

1

2.5.2. Reduction of Losses in the End Region ) S

Baird [64] Suggested the following methods for reducing the
losses in the clamping rings:
(i) Laminating the rings in the axial direction on both sides of the
end turns. . ‘ . -
{ii) Reducing the radial thickness of the rings without decreasing the
distance between the clamping ring backing and the end—turns,

(iii) Using equal radial thickness of low—resistahoe so0lid ring on

either side of the end-regions.
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“{iv) Sectionlng the ring,into cylindrical segments by . means of axial -
- . ‘ T~ i oL . -
. cuts. ";- B o "'“L- - e
* - . . ’ . = : . . - . - ",L

winchester (413 observed that slottlng the end teefﬁ of large

-

turblne generators accomplishes, to a lesser degree, the Same effect as

.lamlnatlng the core 1n a dlrection parallel to the magnetic flux. He

" also nioted that bolting a copper shleld in place over the stator‘frame

'flange allows the currents which otherwise flow in the flange to flow in

l’
the low-re31stance shield, reducing the losses.

N Lawrenson [52] analyzed the magnetic field of turbo-generatcrs.
k]

and noted sorme points which could be of value to an opt1ma1 reduction of

the losses Ln the end structures,

Stoll and Hammond [55] remarked that the reductlon of the end

-

loss can be achleved by reducing the stator-wlnding cone angle. and

using F:1 lower res:st:vzty materlal for the clamplng plates themselves in _

large machines uhere, for mechanical strength the plates have to be’
e -

thlcker than the eddy current skin depth of. the materlal Howe and
S
Hammond [63) observed ‘that intense local concentrations of axial flux

-

are associated wlth sharp corners in the‘magnetlc parts of
_ turbogenerators as well as with edge effects near: conducting screens,
Hence, rounding oflthe stator profile seems to o?fer an effective method
of reduclng the axial component of fringing {lux. Thevnalso suggested
. «that axial flnx levels‘at the stator_surface are better reduced by :
making the rotor.shorter than the stator.‘ Some additional comments were
made about use of conducting screens in turbogenerators.lto~reduce end.

losses."In'their'companion paper [65], “on axial flux in

t



:rturbogenerators.,they observed that axial flux is a Qery local -;

phengmenon which’ cannot be ellminated but - which can be reduced by

o

'careful _design of those reglons where it is likely to be troublesome.

. .. Tavner et al (661 noted, from measurements, that the - axial flux
. . *
-1mpinging on the core end falls as the w1nding overhang 1s redueed or

T ‘
‘as the winding radius is reduced,. 1rﬁspect1ve of the windmg design; .-

' _and that an overhanging helical wxnding will. produce less core-end
[

1eakage than a conventlonal dlamond wlnding of. similar sxze and loading

- -

even if the latter has zero cone angle. They further observed that the
: 1nternal ax1al flux produced by a winding, whose ‘end does not project

beyond the core end is aluays less than if the wlndlng were

overhanglng, agaln regardless of the windlng design.

£

2.5.3. Reduction of Harnonics and _Their Magnitudes

- .
L

Some common means of reducing harmonics are?well known, among
4
L S

them the use of slot wedges. and large air gapsvc - :

2.5.3.1. Use of Slot Wedges

-

The ripbles of the-ainzgap flux distribution are .caused by non- .
uniformities by air gap due to open stator slots. Flux ripples

constitute harmonices uhich are mainly responstgle for load losses. The

-

smaller the air gap and the wider the open stator slot the greater are

the fundamental mmf and pulsation losses [77]. Therefore,‘high stray
load losses ,may occur in machines where, for productlon reasons open

slots musﬁrbe used for inserting the windlngs. This may be 1mproved if,

after insertion of the winding, the slqts are closed by wedges'

.

{
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The-magnetxc slot uedges. are usually made of low—permeabllity

and high resist1v1ty magnetlc material.. Thelr use alds in- reducing

.

stray load losses. As well it is wldely held that they aid 1n reducing
(1) the eleetromagnetlc noise due-to the decrease of equivalent width of
stator slot; (23 the'excitaQion current_due to the reduction of air gap
length and (ﬁ) the‘starting current due to the_increeee_of-stator
1eakage reactance [77 78] However, the increase‘of stator leékage
reactance Teduces the starting torque and power factor. Kato et al.

: I &
[78], did not consider these,pfoblems significant in large capacity
machines, as in practice the eagnetic‘slot wedges are saturated in the
etereing eondition. Hence.rthere.is‘litele sterting torque reéucnion.
They also believed that the decrease of peher.factgnﬂxy partly offset by

the decrease of excitation current. Heller, and Hamata [17], on the

other hand, noted that including magnetic wedges in a machine results in

. high production costs, and mQre rapid:aging. “The aging causes faster

deterioration of magnetic and mechanical material's properties.

Reference [78] includes an analysis of the effect of magnetic slot

wedges on the losses. The requirements necessary for the=design-of an

-

ideal magnetlc slot-wedge are very well stated in reference [791].

Anazawa, Kaga and others [80, 81] developed a new wedslng

-r \'

material, the soft ferrite wedge. They noted that the effidfency of an (
induction machine with soft ferrite wedges increases by about 4% at
rated oﬁﬁput, and 11% at a quarter output. They also mnoted that the

starting torque of an induction motor with soft ferrité wedges was

unchanged, while, due teo saturation of the Qedges, the leakage reactance

.

t
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at starting was reduced. The effects of soft ferrite wedges -on the ,
asynchronous and synch?onous fprqués were reported in reference [81].

2.5.3.2. Large Air Gap

- The use of a larger air gap can help to reduceﬁstray'loadtlosses

,because it prov1des leeway for leakage flux to smooth over the rlpples._

A reduction in losses of 56- was recorded by Chrlstofldes and Adkins

"

(191, when the air gap of a squ1trg; cage induction motor was increased

LI

from-tﬁe design valueﬂby about 55%. - More recéntly*Spooner [82]
observed, from a serie&uof tests (s): solld-rotor 1nduction machines, that

the large gap approach 1is more effectlve than slot opening- reductlon 1n
decreasing stray losses.

4\

Lengthening the air gap is not an ideal solutlon because ‘the
I
larger the gap the lower the air gap permeance, and hence 1owereq power

transfer écross theJair gap.' Methods relating stray ;oad loss reductibﬁ
po air gap lenétﬁ incremeﬁt have been derived; both the works of
'Chfistofides and Adkins [19] and Spocner [82] cortain g;aphs that.felate
the;e pwo variables for squirrel cage and solidhrotor inductioﬁ motors

'reépéctively. : _ : .

2.5.4. Industrial Imperfection , : Co

Industrial imperfections fall into two categories: (i) those due

to manufdcturing and (ii) those due to design. One possible

< T
consideration frém modern research is that losses are reduced by
‘insulating rotor bars. This obviously includes some design compromise.

It has, however, been claimed that the losses due to industrial

q;
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'”j 1mperfectlon resulting from poor rotor bar insulatlon can be

r.l"

counteracted by making the effective rotor tooth face approximately

by segmenting the rotor 1nto two or three sectlons by means of thin

- whe

;' equal to the stator tooth pitch by using closed slots in the rotor and ;-

common end—rlngs, each section havzng a skew of one stator tooth—pltch.

2.5.5. 'Others

- . . -0 - *

: ﬁdqitionally. thehe is a variation of load “losses with skew and

slot combinations making these important considerations for an optimal

reduction of stray.load losses at the design stage. Schwartzi[ﬂ] and

Aiger'et al. [5] noted that losses due to clrculat1ng currents 1nduced

[

by. tooth—pulsatlon flux represent one of .the severest limitations in the

choice of rotor-slot numbers. The variatlons of load losses with skew

and slot combinations were realized,hy Christofides, whose paper ETj

represented a major contribution in this respect,

{39] and Heller and Joki [71] also discuss these aspects.

Subba Rao and Butler

Oberettl suggested 13 rules [83] which he claims, when observed,

-make it possible to redoce the stray load losses to 1% of the pouef

-~

input. The rules refer to the number of stator and rotor slots, slot

skewing, coil pitch, parallel windicg'paths, slot opening.{transverse

rotor resistance, influence of working and aging. These rules are:

Qq >-Q ' ’ _ _ .
Number of stator slots as high as possible
Non-skewed stator and rotor slots, especially if Q, < Q2

Two-layer chorded stator winding with a chord 5/6 ’



5. With 2 deltércohnECtidn:'l 'v—Qzl * D. 2pv o
6. W1th\paralle1 pathS' a connection making the secondary armature

‘reactzon 1mp0331b1e o “;' R

7. . Ratio of'slot‘opening W_

o

to éeémenﬁ height- h: rotor; w2 1; stator .

Wo/h £330 T . ] |
8.T‘Re-tufn7rotbr éurfaée to prevent sheets to be short-circuited, c

- -
- - -

stator bore better‘not rerturned
- 9. Use of _sharp press-tools if sheets are not annealed
}O. Use of annealed sheets. partlcularly for small motors -

17. Small stator and rotor slot bpenings

12.'Hith_skewéd machines‘traﬁsvebse resistance either very small 6r‘very
: . E . T
Xarge

13-‘Storage of the motors betause, due to aging, the stray losses are’

reduced after 31x months to 0.6 of their origlnal value.-

D)

Rules 3 an&'12.are contradictory to the existing notions on
skeﬁing and their ;mportance'towards minimiﬁing core loss. They most
_probably resuits from the many studies that havép?een carried out on the
spbject of inter-bar éﬁrrents.“ These studies which are mainly

thecretical have little‘experimental works to support them. Hence, -

these rules and many others above require experimental verification.

ey
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CHAPTER 3 I

. MODEL DEVELOPMENT

-

3.1 Introductfon

P - -

This chapter commences witn a presentetion.of a conceptuel
baekground to a definition of stray load loss in indnction maohines. as
: stated in section 2 1 1. nence it gives an explicit definition of the .
phenomenon, culminating in the behaviour of a‘maehine; rThis gives. an
insight into the origine of-this.problem.and‘henee forns éﬁé beSis for'a

new approach. The approach involves the development of a model for a.

" squirrel- cage 1nduction machine.

In contrast to some other aopnoocnes. this model which takes
account of harmonlcs. pnecludes the introduction of the notions of belt
and zig-zag reactances, or differential reactance. It does not view the
air gap flux as the sum of linkage and leakage components.‘ The\end
product of the deniyations presented in this chepter can be developed
into anlelgorithm whicn can be viewed as simqletiog the steady state
. bedavioor and operation oi a machine. The principal assumptions are
that the stator terminal voltages are sinusoidal and balanced and that

? - .
speed is constant. Any changes in speed are considered to be verj slow:

y

no transient phenomena are considered. 1
In section 3.2 the stator aspedts of the model are described.

This is followed, in the next section,.by the derivation of a theory of

50
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hsquirrel cage induction machines. This theory,'which culminates in an
equation of the machine. forms the basis of the model, especially the

.rotor aspects. Soiving the machine equation which results from _the

-~ J . .
theory is the subject of discussion in- section 3. u How aotual.and

fictitious slot openings can be accounted for in. the model are discussed

I3

An the ;ection that follows. The question of the effects of saturation‘

. s - . . :
is addressed in section 3.5. Finally, the machine equations are

analyzed and discussed in the last section. P

3.1.1 Definition of the Problem

In section 2.1.1 a deflnltlon of stray load loss. which is

-

embodied in both the American and British Standards; and which also has

its roots in the historical origin of this loss, was presented.
Essentially the definition implies that stray load loss occurs as a

result of the d1fferences between the phenonenon implied by the method

of segregation (wh1ch essentially.is the conventlonal equivalent

-
~

cireuit, figure 3.1,,under no-load, locked notor, and load conditions)

and the actual phenomenon in a device under the load operation,

Explicitly, this suggests that there are some differences between the .

ideas behind the conventional equivalent circuit, which gives the
apparent load loss, and the actual phenomenon, which gives the actual
load loss.

Analytically, it is difficult enough comprehending the actual
phenomenon in an induction machine let alone accurately modelling it.

Hence, it was in order to overcome the difficulties invelved in thld//



©  Figures-3.1:
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A Simplified Conventicnal Equivalent
_ Circuit of an Induction Machine
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?’IO
SrmonIcs

staloe
skot mmt
harmomcs . . e

.

atalor
gro\nsc nett
TNOMNICS

Figure 3.2: The Chain Equivalent Circuit
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prcblem of accurate modelling Ehat-led'to fhe.development of ihe
conventional equivalent circuit based on ‘the following simplifying
assumptions. - .:'_ .‘ - .

1) The core losses resulting from the leakage fluxes and the harmonics
are negligible. An extensicn of the conventional equivalent circuit

" which accounts for narmonics by neglecting the non linear interactions

among all the field sinusoidal conponents {s the chain-equivalent

circuit, figure 3.2, -, : - .

2) The rotor core loss varies with rotor frequency. and hence with the

slip. Under runniné.conditions the rotor frequency is uﬁrmally in the

_order of 2 Hz and the rotor core loss is high and decreasing with

increasing speed, while the friction and windaée start at zero and’

increase. As a reault, the sum of the\fricticn and windage, and core

losses is roughly constant.- .

3) Armature reaction does not contribute significantly to losses in an

indueticon machine.

4) The only source in the ‘device is explicit. Implicit sourcea are
either-assumed absent or their effects are negligible.

5} Perfedt insulation is assumed to exist between the bars and the iron
materials cf a squirrel-cage rotor.

6} Such distributive phenomena as saturation, the effects of tooth
ripple and pulsation, . and temperaturelrise. are assumed accountable by

factors or lumped parameters.

Within certain limits, some of these a§sumption5-are Justifiable, but

others are not. It is this latter group which account for the origin



.
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-

- ~ -
" - -

and components of stray load losses in an induction machine.

i To put the Mmeasurement problem in perSpective. at any instant

) the parameters and variables participating in ‘the phenomenon in the

device may be classified as-listed in table 3.1 and as illustrated in
figure 3.3, under the following three main headings. input, device and

output. The device parameters and variables can fdrther be grouped into

- four categoriesa geometrie, materials constants, field Quantities, and °

device variables. The input, device. and output variables are indeed
independent quantities with respect te which the performance of the -
machine can be determined. The actual phenomenon culminating in the
behaviéar’of the device is dictated by the remaining device parameters
and quantitigs. Hence, the phenomenon culminating in stray load losses
in an indpction motor is a function of 3 complex geometry, defined by °

those parameters- listed in table 3.1, material properties. some of which

are non-linear, and the distributive field quantities.

3.2  Stator

Assuming that there is supply current only in the statdr'uinding
and that it is sinuseoidal, then the instantaneous current in phase m of
the stator winding of a three-phase induction machine can be written as

. 2
Iept) = I cos (2nft - ="(m-1)); m = 1,2 or 3 (3.1)
3
If this current flows in a coil made of Nc turns, then,_by Ampere's law,
!
the magnetic intensity is related.to the current in the coil by

5§Hd1 = N i(t) ((3.2)



,Tabl% 3.1
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: .List of Parameters and Variables Participating in

the Phendmenon of Indyction. Machines

Input:® -

Quantities

W

et

L

Time S ' ’ -

Stator Current (Supply Current)

"Supply Voltage

Power Factor
Frequency

Device

Parameters
and -
Quantltles

{Geometriec

WE-NoWN EWh o
vuuuuu\.ﬂuu

—
(= ]
~—

‘Winding;.

Rqﬁor‘siots: ﬁumber.
Stator mlots; number;
Air-gap- length e

piteh,
pitch,

Stack length- -
Number‘of-poles

Number of phases

type, chording,
End=region- geometries
Skeu

ete.

ann;shape
and"

shape

_Lam1nat1ons thiekness and xnsulation

Hateriai

Constants

"Permeability;

. for both stator
rotor materials .
Mass denzsities

Specific heats

Lg

) Thermal conductivities
" Electrical resistivities®

Thermal_diffusivities

and

Figid

Quantities

Hagnetic flux densxty

Magnetic field strength
Electric field strength -
Temperature; rise from ambient,
gradient

Current density

Device

Variables '

Time

Induced Currents
Induced Voltages

Slip (speed)
Electromagnetic Torque

Cutput
Quantities

Time
Speed (slip)

Torque
"Angular Velocity

Acceleration, Retardation «
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._If, for now, the effect of séturatibﬁ is neglected, b&‘aésum?ng‘

that for steel the permeability is infinite, then the magnetic flux -

: - L : ‘ : )
density in the steel is zero. Furthermore, since the air gap length CH

is small in compariédn-with the pole'pitch. we can‘assume that the
magnetic lines cross the air‘gap‘radiélly and the, field strength along

the gap is constant, varying only in direction.

-

Hence;.as in some standard works [9, 17, 8"1, in the air gap .

9§Hd1'= 263(t).¥ ﬁc':i(t-.)_ _

Therefore, .
SR R ¢ _ |
- : T H(E) = - (3.3}

26

- oW

and consequently, the instantaneous value of the magneto— motive fqrce'

. , , S
(mmf) of the flux in the gap at a given point will be <
. Nci(t)
) F(t) = Ob&H(L) = (3.4)
-2

: f . " '
This is equivalent to_saying that the air gap mmf due to a
. 1 .. -
single conductor carrying the current i(t) varies along the

-

circumferential path df'the air gap in the manner:

Nci(t)

(1 - 3); (0 <g<2m) (3.5)

F(o,t) =
. 2 x

Where %is the angular position with respect to the conductor, in

radians.

-

If the conductor is situated at a point 30 with respect to a



.- ; : . - b

- "fiied Feféren9g tben-{3.5) can be yri;tén in a more general hayigg.¥:; :
. . i . L AN _"-’- - - . .'..‘- )

N [ 8= 9 . . "

. A (1- = (§° £3.2 E:I) | AR o

. N iCE) P

F(8,8) = B T 3.8

( - 1); (0 <9< 89)
K NS ._' ° L

For anconduétor.carrying the same current but in the opposite direction

-

and situated at a point ¥4,

. . . 3_81 . - . '. -
(1 - ——) 5 (9,88 ¢2mW - )
- L. K n --A - :V - N
. =N i(t) - " a -
F(8,8) = : ‘ .
: 2 ‘ .
L 9,-8 A .
(— -1) 5 (0 €8 <9
- - . ﬂ_.

y

A coil will éppeér as two conductors carrying equal curtgnts in

opposite directions,'with one coil side situated at §, and the

other at

31.. For the two possible cases, using equations (3.6) and (3.7), the

following can be written:‘

case 1: if ¥, > So'

13 - 9.1 .
o] 1
N - H (315852::)
- n . -
. :
. NLiCE) N i(t) [®, - %l
Fo(3,t) = : a(9) = — -2 (0«® <3
. 2 _ 2 n
X !5 —811 ]
~ ' (2 - ); (3, <8< &)

(3.8)
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- S ; | '
- ) ]
- = . b T » _ . - - ) .
Case 2@ if 9_ >8, - I - e R
- e | | 9, -9,] n e L .
-~ T Ly ( —5—— § (9 e 2w
. ) b o

-N_1(t) .- Nci(t)J ¥, -9,

L. c . o ’ -
Fo(9,8) = a(®) = ;0X9< 8D (3.9)
. 2 -2 T . ‘
- . L s, -8l
S T (3
where, the angular poésitional factor,
~ls - 8.} _
° 1. . (s 5 ) <8 < 2my
. . P —_—— ( 1 (or‘ o) S._. — .
. : T - . . - ~
J _Iso - 31! .
a(®) = - P (092 (or By) (3.10)
. T e .
. \ . le - 81' '
* (Qe ———— ;3 (¥ (or %,) <% < 9 (or 3)
- o) 17 =" =" o

-

Therefore, for a three phase winding with N coils per phase, the

ait gap mmf is a step distribution defined by

N, 3 N
L i E »a (M (3.11)
m .

F (9,8) =
s =1 n=1

oo

With the-assumption of ﬁo saturation and smooth air gap, the
corresponding air gap flux density distribution is

A =

. Q .
. Bgg(®,8) = —2 F_(9,8) (3.12)
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- For, if we assume for-now that the effécts of saturation and a non-smooth

)

air gap can be accounted for by facto}s-ks and kc respectively. then

>

-

. r

y o S Bgg(d,t) = 2 Fg(8,t) - IR ST R N
: . Skgke ' & o

3.3 Rotor

-

3 3 1 Induced E M.F. 1n a Rotor Mesh by the Stator Fields.

e

ar

If equation (3.13) is expanded intofé Fourier series, then for

3lthe vth harmonlc (where- v= 1 corresponds to the fundamental for a

A

machine with p poles) the sine component of the flux density is

B, sin- (8 o) and the cosine component in Bmdcos (B vle If R

- 5,5 12 (=8)v . (3.14)

-—

then the vih harmonic component of air gap flux density:as seen on the
rotor-peripheral .is .~ !

- ' . . ’

A TR P . . . : ]
B svfa't) = By, cos B8 cos (s ugt = vp=) + B sin B sin (s, ot = vp=)
- 2 - _ 2
L .
- (5.0t - v =5.) (3.15)
= qucos s Wt = vp= -8 .. : 3.15

2

Frs

where w 2wf
The rotor has Q0 banf which, define Q2 meshes (see figure 3.5).

The differentlal area through which the fluxes linking a rotor mesh pass

“is . -
% . :
. 1D, T -
dA = — d¥§ o
¥ » 2. )
b -l
¢ } g ' ¢ - . .

o

(N



-
The flux through this differential area is  “.
. -- .l dé = BSS\J(-& y£)dA -
, S e L
= BSSv(&,t) —2- d9

Then,)from figure 3.4, the total flux linking a mesh or coil whose axis
. b :

is situated at $= %k (i.e. Sy denotes the abscissaibf the'center of the
. mésh) is: '
31& - 'l'l:/Q2

--»D._‘ .

°bs\, = Bgs\’(%,t)lg d3

o
%k - 11:/Q2

~

Substituting for Bgsv(ﬁ.tY'from equation (3.15), then

»,
T+ T
> : v s
®osv = Bulz cos(sut - vp= 8 ) d
2 v A 2 .
Sk - R/Qz N
B_. 1D 9, 4T /Q..
™ kM R2
= - [ sin(svwst - vpi _Bv)]
vp - 2 %k - TI:/Q2 _
B._..1D vpt . s R :
m : LY
'ébsv = 2 . sin ———_cos(suwst - vp— =8.) a
- vp 2Q, - . .
U (3.16)
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gap flux due to a stay

of the mmf.
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“The induced'eléttr&-motive,fqrce (e.m.f.) in a squirrel cage .winding
mesh is - -
- ) . - dABS R c . - S
ro ehsy = - , e
) . . h , dt - . .
where the flux linkage o , -
A = ¢ '
bs = Np“ps
But the number of turns Ny =1, '
Therefore,
: Uzfs B _ 1D vpr ‘ vpd
. k
e - P stn— Stals wt - —X- 5 3 (3.1
bsvk . v oo v
vp - - 2Q2 2 -

3.3.2 Induced E.M.F. in a Rotor Mesh by the Rotor Fields

It wag shown “in section 3.2, that the distribution of the mmf

in the air gap, produced by a single turn with one c011 'side situated at
%d Gg , _

30 = * — and the other at $; = - — and carrying a current i(t), is
2 . * +

given by equation (3.8) or (3.9). It can also be shown that when this

is developed into a fourier series it is -

: N i(t) oo 1 uey . .
F(3,£) = —— ~ I - sin — cos us’ {3.18)
T u=l u 2 i

If the stator vth harmonie air gap field causes currents

iu12: iué3, .o i“Q21 in the rotoer winding meshes (see figure 3.5}, then

Y ( ]
the air gap mmf distribution due to current in the nth mesh is
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‘21 CRE> *) 1 uc .
wn{n+1) A
- Frvn z — I - sin — cos u(-s - (n—'!)ﬂd)

® wsluw. 2

where Bd = zﬁlda.is the angie between the centers of two adjacent|meshes

and is equivalent to the angle with which bars are mutﬁally displaced in

space. The corresponding flux density distribution, like equation

(3.13), is ' B ) i

Uud
sin — cos u(d - (n-1)ﬂd) (3.19)

2Haivninet) co 1
1 u 2

% kck§ o us

The total air gap flux density distribution due to curpents in all

meshes ié therefore

2110 Q5 co 1 udy ‘
Bgrv = " dun(net) I - sin — cos u(¥ = (n-1)8,)
Tl:ﬁkcks n=1 i us=1"1 2

(3.20)3
By following the same procedure as in section 3.3.1 it can be shown tha£
the e.m.f. induced by this field in a rotor mesh whose center is
situated at 9= 3k.is | |
xwol!_) Q2 dlynine1) QEO

uc‘d

1 .
2 .9 6
T — sin® —— cos u(»k - Cn—1)cd)
ROk kg nI1 ¢ ustu® 2 /

hrvk ©

(3.21)

-

3.3.3 Induced Currents in the Rotor Winding:
The squirrel cage winding has Q; bars which define Qp meshes
which are numbered: 32, 23, 34, ... Qp1. A mesh therefore is defined by
&

two adjacent bars and the two end-ring segmenté which link them at

either ends. If a bar is viewed as a branch of a lumped impedance

Zypy ¥ Tpy * Xpy _ {3.22)
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O 5

"~

representing the Vth harmonic resistance-and slot leakage reactance, in -
which the effects of heat and skin effect have beéen duly accounted, and ~  ~™ -

- .

an end-ring segment is viewed as a branth of a luhped imﬁédanqe‘ : . -
Zev T Tev * Jxey - _ ' 53‘23)
- representing- the Vth harmonic end-rihg segment resistance and end-
leakage reactance. Then a squirrel-cage winding can be represented by a
circular laddeE network of figure 3.5., The network therefore is exactly
as the squirrel cage winding is configured except that the physical bars .
anq_end-rings‘are'represented by equivalent jimpedances.

For any Vth harmonic the total voltage induced in the kth mesh %
is the sum of the induced e.m.f.s in that mesh by the vth harmonic

- _ %5

. component stator (section 3.3.1) and rotor (section 3.3.2) air gap

fields. Hence,

.

Vi (k+1) = ®bsvk * Sbrvk ‘ {3.24)

where ey . and ey, are as in equations (3.17) and (3;21)

respectively. These two e.m.f.s can be simplified as follow:

. ] \Jp%k. '
ebs\Jk = Em\.l Sin(%mst - —2— o B\J) ' (3-25) ,
L Y
where '
unfszmle , vpR
Epy = ————— . Sin — (3.26)
. vp 2Q2
and.
- Q divn(n+1)
Eppvi - G % Hkn —_— (3.27)

n=1 dt
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: ;here
4 u1D o
- G = o (3.28)
1t6kcks
. and . )
f__'.,_-',_-
- P 1o vy (3, a | -
Hyp = E 3 sin® —"cos u - (n-1) q) o (3.29)

u Tu 2

-t

If we assume that e.m.f. is induced only in the bars but not in the end-
rings then the total voltage induced in the kth mesh can be expressed in

terms of the voltages induced in the two bars comprising the mesh_thus

Cuk(k+1) = er(k+1) * evk(k+1) - (3.30)
where .
x evk(k+1) = ebs\k * ebr_-v.c' ; - (3.31-
Y .
and
" o om - "o . S
Sok(k+1) = Chsvk * Sbrok (3.32)

L] t
€ psuk and e bruk are the induced e.m.f. s, by the stator and rotor air

gap fields respectively. in one bar -of the mesh and e bsvk and e bryk
are those in the other bar. These voltages can be determined from the
general fact that the complex or vector voltage in one coil—side of a

turn is related to the complex or vector' _voltage of a mesh (or turn) by

the following expressions:

o3

& exply(- 2. Iy
, 2 3
e . (3.33a)
2 sin —
2
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p i I -
—_y - . -et exp[j§4£ + ;)] ’ o .
. &, = e | (3.33b)
—I_j T 2 sin EE _ | h
2

-

[ 3

' N o
where ét is the complex mesh voltage, and e, and e, are the complex coil

side voltages. oy is the pitch of the mesh in mechanical angle. For any
' vpay

vth harmonic and-p poles’the pitch in -electrical aqglé is
L ‘ 2

For example, if the complex form of €psuk is defined as

vp¥y

ébS\)k =_ Emvexp[jtsvmst -’ _BU) (3-3“)

2 - .

such that : ' . - ~

epsuk = I™ LEpsyic? -

~

‘where Im refers ﬁo imaginary componeﬁt.

~Then, by applying equation (3.33) and substituting for pitch in

electrical angle, it can be shown that

' )
epsok = 1P [Ebsyic?

Emn : Nl vPag
cos(s wst - N
vRag v 2 2

) (3.35)

-

2 sin(
’ 2

It can similarly be shown that

‘ oon - qu v?&k ) VPG.d
Cpsuk = cos(suwst - - B\J + =
\Jp&d 2 - -2
)
1] 2 . . -

2 sin(



-
-

By following a-siﬁilar,proéedure as above it cam be shown that

‘ prvk G & Hkn —_— ) ©(3.37 )‘;
- : n=1 - - dt ‘
& .
where
1 oo 1 ‘ L;ct : ‘ . .
' . d . d
. Hin = = b -2sin — coS u(ak - (n=1)8,4 + —) . (3.38)
2 uy=1u 2 ) 2 :
- n % diyn(n+1) ‘ . N
. Shrvk G ‘Z H;n' —_— . {3.39),
' n=1 dt .
‘where
" 1 oo 1 Wy ' g .
Hep == = Z = sin — cos u(®, - (n=1)0y - —) (3.40)
‘ 2 auz=lu o2 K : 2

A

If we asshme that e.m.f. is induced only in the mesh 12, figure

- 3.5, but not in any other mesh, then the following set of equations is

¥

true for the network of flgure WG

o

» -

ez * 22y * Zewiyiz T 223 T b1 T O

”n .
e,12 = T2 * 2(zy, *—ze\;?i\323 - 2y, Ly3u T 0 ‘

=223 + 2(zg, * zev)iv3u - Zpyigus = 0

- - - - - - - - (3.

’ T -. - L
/ 12 T Zivi2 T Fehv(Q,m1e, *+ 2zp, * ze\,)l\,q-z1 =07

If the first equation.in (3.41) is multiplied by -1 and the

7
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whole

-

o

equations in (3:“1)75%e summed to

-

. * [ I . .
e iz * €12 * iz 2(@Zpy * Zew)ivi2

* Z?eviv3u + 2:evi§n5 + oees * 2zeviv(Q2;1)Q2

-

-

- -

[y

gether we obtalm:.

+ 2(zb{1 + z'e\.;)'iVEB

v 2(zgy * Zewivg1 = 0
. . . 2 - :

.

(3.42)

Substituting equation (3.30) into equation (3.42) and simplifying we

obtain
4

(22, *+ Zewdlv12 = {2y * Ze W23 ~ Ze iy3s = Zevivis

T wes f ~zeviv(Q2-1)Q2_ (zbv +-zev)1vQ21 = &y12

-

(3.43)

Generalizing equation (3.43) to the case in which e.m.f. is induced.only

~in mesh k{k+1), not in any other mesh, wWe can write ) : T

»

- Zevi'\ﬂz - Ze\’i\23 - :.. - (Zq&’ + Ze“)i v(k-'1 Yk

+ (22gy + Zediug(kel) T (Zov ¥ Zewdiulicr ) (ke2) T 0T

-z i
ev-vQ,_ 1
. by

= ekik+1)

(3.44)

Hgitihg equation,(B.uu) for each mesh and arranging the resulting set of

equations in matrix form we obtain
/

LIS
23 =(1y,
=(z
qu‘ -
¥

2y = g

-xﬂl

* =I‘U)

"_‘bv -z

{2z, Tey!

L} PO

=lzy, =|'v)

- ELE T 2'\‘) 1,12

“Tew “Zew 1,23
-lzpy, * et Ty, EJ 1“Q2|
) ' N B
(3.45)

wt
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< ‘- ‘ 5 K .-
which in compact form is -
| _ - e, = z i, N | (3.46)
where the Q, elements vector of the induced e.m.f. in the =
meshes is : ' r 7 R
ey = [e\ﬁla e\,23 e eUQ 1] (3."7)
- o : : 2
_and the corresponding vector of the induced mesh‘gscur_rents_'is
1\1 = [1\)12 1\)23 e i\’Q 1]T ) (3-“8)
. 2 : :
and the ‘Qz x Q impedance matrix is
'Hzm *z) (g, * Ty 'y e —z;_,v ~(z,, + ze\,—)f1 -
2y + Zoy) P2yt Ze)) (o + Zgy)  e-- Zay 2oy
z = C—— p— _— .— f— - p— - ‘_ — _
hY Lo
L:(—zm +Zo) 5zev » -Zev ce- -(va-t- Zeu) @z, + Zg g
(3.49)
From equation (3.24) wé-.can write -
€ ebs-v * Cory (3.50) ; :
" where ,
e - [e e e 1T (3.51)
bsv bsvl Sbhsva_ .t v . bsv02 .
" and from equation (3.27) SR
g ebmﬂ_ ?11 Hig o - Hm: iwﬂ
€brv2 Har He2 oo g 1ve3
d
ey | - 1FG | - - - = —_ - (3.52)
dt
. |%brva Ho 1 Hg2 -+ Mo 1w,
2 2 22 2
R R 4 L



- which in compact form is

< ey = G H /At 4, C://’ (3.53)

- v

_substituting eqﬁations (3.50) and.§3.53)'iﬁtq (3.46) we have

ehsv = Zviv = €y

d
= z\)iv _GH — i\) R (3-5“)
. dt - . \

Equation (3.53) relates the rotor mesh currents with the statof
quantities. Thig equation thereforg implies that with the knowledge of
the stator currents, and hence the staﬁor.air gap fie;ﬁ. the:réﬁor mesh
currents of é squirrel—cage induction méchiné, and hence the rotor aif
:gap field. can be déterﬁined. Hence, it can be said thét (3.54) is the
equation of the machine which needs to be solved. |
Equation (3.54) may alternatively be ekpressed in terms of the

‘bar quantities, instead'of the mesh quantities, thus

. ', d

eésv“+‘e33v‘é zvéﬁiibv - GHc™] ;:ibv ’ ‘ .13.55)
where .
egsv < [e;sv1; egsvé e ,QLS\QEJT - (3.56)
and :
s e;sﬁ : {egsvT- e;;uz A e;sUQEJT (3.57)

The elements of these vectors, equations (3.56) and (3.57), are as



defined by equations (3.35) and (3.36) respectively. The bar currents

> L. . i )
vector is” -

g : T
. ’ ibv = [ibv-l ibVZ Ceww ib\Q ] ’ (3-58.)

T . I

and it is related to the mesh currents vector, equaéion (3.?8),'by the

relation - : .

v | L 3.59),

-

ibv = el

‘where the Qs x Qp transformation matrix is.

-1 0 0 ces 0 '71
\ . (‘ .
‘ 1 =1 0 ces 0 %
e = 0 1 - - 0 0|
L 1- = - = = = - - © o (3.60)
0 0 © cen -1 0 X
0 0 O cee i
L

3.3.“ An Alternative Formulation

lAn alternative formulation of the machiné-equ;tiqn relating the
rotor currents to the stator quantitiéSjggy be-derived_qsing_the method
of superposition and equivalent network to the ﬁetwork of‘figu}e 3:5
instead of the mesh currents method as in the last section. If it is
assumed that e.m.f. ié inducéd by the air gap fields, only in the kth
bar of a squirrel cage wlnding. and not in any other bar, then for any

harmonlc the clrcular ladder equivalent network of figure 3.5 can be f
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developed into the form.shown-in figure 3.6. N'_in the figure is
defined by - ) . :
. , Q2-1 ) -
Fre—— -if 02 is odd
- : 2 .
- '
N = . (3.61)
02 L
— 5 if Qy is even
and the impedance ’
Zpy, + 1F Q is odd,
22by * _ (3:62)

2zbu ; if QE is even

-

The induced e.m.f. in the kth bar by the stator and rotor air gap field

is , . .
Couk = Cukl(x+1) ~ ev(k+1)(k+2) (3.63)

which from equations (3.31) and (3.32) can be written as

" "

1 ' L}
.- ®buk T Cbsvk * Cbruk ~ Sbsy(kel) - ebrvﬁk*T)

® Cpsuk1 * Cpruk! ' (3.64)
where .
1] " )
€bsvkl © ®bsvk T Cbsy(k+1) (3.65)
Substituting equations (3.35) and (3.36) into (3.65) and taken »/"-

%k = (k—1)0d and 3k+& = kad we found

Emv vp 1
Chsyk] 3 ————— cos(svmst - —(k- =ey _Bv ) (3.66)
vpay - 2 2
sin( )
2
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Also _ S o, T . ]
®orok1 = ®bruk T Cbry(kel) LB
which from equations '(3.37) to (3.40) .
‘ <
% - . Q - di
. 2 n(n+1) .
Cprvk1 56 I Hp, 0 (3:68)
- n=1 dt -
where ' _ .
. . o0 1 ! L'Iad 1 ) ] -
Hent = % .—= sin — cos ul(k= <)@, - (n-1) (3.69)
3 kn s u2 R > &g s | 3

i : : .
If the equivalent impedance of the fdetwork of figure 3.6 is, as

. : \
shown in the figure, zbveq then the induced current correspon;§hg to

induced e.m.f. in the kth bar only is

I = ®ouk / Zoveq | | (3,707

If we assumé that this current flows out from the kth bar and returns

through the remaining Q2-l bars in-the manner illustrated in figuré

3.7(a), then the current in any of the remaining Q5-1 bars can be

calculatéd @s a fraction of ik' This fraction can be computed.as the

ratio of impedances by treating the network, at- each node numbered ] to

,
N in figure 3.6, as a current divider. For example, the current in the

(k+1)th bar, which because of symmetry is the same as that in the (k~

1)th bar, is

t

Touk(k+1) ¥ Touk(k=1) = fic(ka1)ik (3.71)

where

—4

ZeqaN' * 22,

Thlia1) = (k1) = £ ==, : (3.72)
2 Zov

-d

-
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where, as shown in figure 3.7(bf;.zgq2Né is the.bars and.end—
rihg impedances from 2 to H' lumped togethér-gs one, In a

similar manner it can be shown that

- -

1} * ]
Tovk(k+2) T Ibuk(k-2) T Frik+2)ik
where
z y +22 '
. - . o|_ea3N evl.r
fee2) = fik-2) = T2 = fy (3.73).
. ?b‘) . . -,
_ . X -
By following similar procedure as for equations (3.72) and (3.73) the

factors f£ can be cemputed for 1 = 1 to N'. -

The distribution of the induced currents in a squirrel cage bars

due to an induced e.m.f. in one bar alone cam thus be written as

-

’

t
- _ Yok = fiedy -~ (5.7%)

where ﬁhé vector of the bar currents,

T -
M

] - __l . ] . 1 4 ‘r
ibuk - [lbuk1 lbwz - e . lbu(Q2] (3-75)
aéd the vector of the factors . *
- ’ T

for example, if Qo is odd and k=1

-

fie = UV £ f5 ool Dyy Oy By fgeg ... £07 (3.77)

ii‘Qa is even and k = 1 _— »

= T
fk = [1 f] f‘e e fnl_‘l 2f‘N' fNr_-I .- f1J
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the inducing field, v. SR

Ir equations (3 70) and_(3. ?u) are solved for all k from 1 tn:Qz
- then the net 1nduced current in a bar due to all the induced e.m. f s in

all bars actlng simultaneocusly is the sum of : all the’ currents in that

bar due to the ind1v1dual e.m. f.‘acting‘one at a tlme. Hence,

°2 .
. i =z i
_ by k 1 buk
L3 ¥ Q o
= I fkik
k=] .
] =- fik
- . 1 )
- - : = rebu
Zhveq
. uhere'the net bdr current vector is
‘- lpy = Upyt pu2 or Ipyg !

and £ is-a symmetric Qy x Qy matrix given by

1. fq f2 ... £,
- o £, 1 R
f = f2 f‘-l T PR f3

it \il fz f3 awsn 1

,\V \.‘ ,.V.

(3.79)

(3.80)

<)

(3.81)
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hd}
-

1 Tg-
L )
s The bar voltage vector iy
- ey = lepur v *°- ebv02] - (3.82).
~—— ) .
~ - Equation (3.79) can be written in the form ©¢_equation (3.54)
1
epv = Zpveql tov (3.83)
But from eq@éﬁ&on (3.64) we can-w%ité " a
€pv = Spsvl T Fbrvi . (3.8%)

"..-Substitut.ing (3.8uﬂin (3.83)-and by applying equation (3.68) it can be

shown. that equation (3.83) can be writtea thus
s

15 \.'E \
. 1 - d "."Y
Spsv1 T zbveqf-kibv - GH1;€iv£:x (3.85)

4

Hy is 1ike in equation (3.52) except the elements are computed by

-

equation (3.69) instead of (3.29). i, may be substituted for 1, by
applying equation (3.99). . i -

3.4 Solution of the Machine Equation

Equation (3.54) (or (3.55) or (3.853)) is a linear periodic

coefficient differential equation.” Since there‘is no direct &ethod of

solving such equation we have to resort to a method of guess fdr the

solution.

=

e
"

Let us assume that the mesh currents solution which satisfy

equation (3.54) is of the form

. vp .
i = —_ 3
Lyk(kel) = I,,cos(s W .t - 2&k - B, - pf) ‘F3‘86)
’ .

-
-
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- . ,C - - . -
80 -
t - -
and that -they satisfy - ' ‘- _ . ' Y
- Qa ' - I =
< p ium(m-v-'l) =0 - (3-87)
m=1 .
The kth equation of the set of equations (3.5%) is -
_ ehsvk - Svk(k+1) ~ Sbruk ‘ ' (;.88)
Frc;m equation (3.44) -
. . -
. euk(k;1)T= “Zeylyr = Zeyly2 --- —(zp, + zev)iv(ki1)k
+ (22b\, hal zﬁ'\’n)i\}k(k*1) - (zbu + zeu)i\:(k+1)(k+2) \v e
= Zevivg 1
ev Q2 .
. D . . .~
= =lzpy * Zoy iy (r-1k * (2Zpy * Zewdlug(ka1) -
. Qs
= oy * Zetyte Dke2) T Zey I Tumlmet) -
. . mEK, K1,k " (3.89)
From equation (3.87) we can write
Q;
I tummen) T ThoGeTok T Tk(ReT) THutked) (ke2) (3.90)

‘m¥k,k=1,k+1

Substituting equation (3.90) into (3.89) we have
< i -y

ekik+1) = ~(Zpy * Zeyd i (k-1)k * (@Zpy * 2oy ik (ke1)

; = (Zpy * Ze i (ke (ke2) * Zel ulk=1)k ¥ Zevhuk(ke1)

L

* Zayly(ke1)(ke2)



Cuk(k+1)

@&n

If from (3

where

If we defi

then

21uk(k+1)

= Im\J(

.«
» -

Povluee1* 2Zpy + 20 )1 G eary - Zoul uk+1) (ke2)

k)

2oy Bluietien1) = 401k Ly (et I (ke2)) * 2Zg e (reat)

S

.86) we write
T up
N R Imycos(a - ‘;(R‘E)ad)
vp
i\Jk(k-'-T) = ImvCOS(Q - —(k-2)ed)
- [P i

L w
VO (e2) T Imfos(E = —ko)
) ~

ne N

1 - VP
=20 (k-T)ad‘
2

“1y(k-1)k 0 (ke 1) (ke2) = In, (2cos @ -

-
.

' vp ' " P ' ' w
€0S & cos—ay + sin Q Sin—qgy - cos Q cos—a, -
2 2 , -T2 .
t vP
~ sin @ Sin—a,)
2
- R
2¢cos 2 - 2cos 0 cos—ay,)
- 2

81

(3.91)

f



. < s .
) ) - 82"
¢ N ) » ~.;;
) 2
. -Q' (1 \)p ) =
= 2I_ cos §° -COS—0Q
my : 2-d | -
. vp
= aivk(kﬂ)“'“&—“\a a’ N ~
‘ L _oVP -
= aivk(k-ﬁ-‘l }(1 - 1 + 2sin —zad) -
2P |
= Bk (ke1)SI0 % - (3.92)

+

Substituting (3:92) into (3.91) we have .i

‘ »
‘ 2"P R
eoklks1) = (2z 4, + 8zy,sin _;d)j'vk(kﬂ) : - (3.93)
The second term of equation (3.88) is, from equatidn (3.27) .
Q2 ) don(n+t)
e =GI H, ——
brvk =1 kn dt
Substituting for kaa from equation (3.29) we have
Q di n(n+1)00 1 {J‘-’-d .
eppruk = G T —-22—2——1 I — sin®— cosu(d, - (n-1)ay) °
n=t  dt  usl o8 2 g
o Y . Q ..
\.___-. 7 = I ekn -
. n=1 .
. Qs :
- = e, +I e ° o (3.9%)
\ kk ‘\n:'l nk r . .

n#k
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The first term ‘of the right-hand side of equation (3.94) is the e.m.f.

induced'iq the ;éh mesq due to the kth mesh ?urrent. henéé self—induce&
e.m.f., while the, second term is the sum of the induced e.m.f.s in the
ktb-mesh due to currents in the other ﬁeshes. hence the sum pf fhé
mutual induced g.m.f.s.} A corrollary of this, however, is that tﬁe kth

mesh current will cause-se%f e.m.f, to be induced in.the kth mesh and

mutual e.m.f.s to be inquEd\in the other meshes. Therefore for k=1,

say, ' \ . .

di 00\ 1 ous, -
12 =\
eqq = hd %E sin® —< cos u(0-0)
dt u=1 u . 2

) . ’ . " e

- and '
T ey = G— I — sin“ — cos u(0=(n-1)a,) N
n#1 dt  u=1 ul 2 o . 1

B

-

The total e.m.f. induced in the rotor winding by the mesh current in the °

1st mesh is

Lo

L J ' . .
Q diu12' Q o0 1 uud -
eq; *+ E e, = G . E £ — sin2 _— cosﬁ(n-1)ud '
P )
n=2 dt n=1 u=1 u 2 '
) (3.95)
di co 1 uw Q !
12 d ! .
= v T — sin® — E cos u((n—1)ad) :
dt  u=t u® 2 n=
di_ 1o ©O Q-1
12 .
= G—o Z qlw E cos ulay . (3.96)
dt . u=1 1=0 )

u



;j /. '
*where ~ .
- . T ua . . .
qlu) = — sin® -3 ’ (3.97)
. u? 2
But 7 .
Q-1 Q . (Qy-1)ua ) BT
% cog uley = cos(— uay) sin(—————) cosec (—) +1 (3.98)
120, o2 2 2
: Q l (02-1) . uc
Let D(u) = cos{—uxy) sin{——ue,) cosec(—) R -(3.99)
2 2 - 2 .
Substituting (3.98) and (3.99) into (3.96) we have
QE (o] . div12
eqq * ey, = I [Gg(u) + Gqluid(w)]
n=2 u=1 dt
= (L + M) (3.100)
dt
where
. y 0o .
- L = I Gglu) (3.101)
us1 - )
and .
co ~Y e
- M = I Gg(u)D(u) My (3.102)

It is apparent from the forégoing that the self component,
[} - .

div12.
e_1-| =L (3-103)
dt
*and the sum of the mutual ‘ﬁomponents
JQ : diio
E e.‘-n = H; (3.104)

2 - dt
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" equation (3.8) or {3.9) it is apparent that thE mutual voltage ..

i -. . V o . : /
) . : \
: ' . ' ' 85 ° \
. - S
From the air gap field step distribution corre;ponding td a mesh current \

\ \({
’ ' . . ’ \
component, equation (3.104), .is equally divided among the Qy -1 meshes.

This is because these meshes see the same magnitude .of the air gap

magnetic field, corresponding to the mesh current k=1. Hence, induced .

e.m.f. in any mesh n .due to a current in the 1st mesh can be written

thus
eqq = — : (3.105)
n#1 Q-1 dt ' '

-

From equations (3:97), (3.99), (3.101), and (3.102) we can
conclude that neither L nor M is dependent on k or V. Hence, L and M
are. constants and only neéd to be calcuﬁ%ﬁed once for a machine, and

equations (3.103) to (3.105) are general for any k. Therefore, we can

generalize thus

'

- - ai
- . vk{k+1) '
ey = L _ (3.106)
dt . .
Q diyp (k1)
L ey 5 M—m— (3.107)
n=1 - dt .
n#k ~y
Q2 | M Qo diyy(net)
z e = —— z —_ (3.108)
n=1 Q-1 n=1 at
n¥k ngk

-

From equation (3.87) equation (3.108) becomes

Q: M di N
2 Vi (k+1)

Z enk = - N . (3-109)

n=1 QE-T dt

n¥k
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-

. Therefore” substituting equations (3.106) andf(3.109) into (3.94) we

- =g . 2
obtain .7 ‘ - - .
| Mo Al (gat) '
. e = (L - ) a . (3.110a)
brvk )
.: s -Q2-1 dt - ) “’,.
< '
* o
:: "':: M - -
v = Jsvws(L - —)1Uk(k+1) (_3.11.0b)
2 %=1 ' S
: O

" If we substitute equations (3.93) and (3.110b) into (3.88) we have

M 0

Cpsuk T (228\) * Yipy T jSvNS(L-Q2—1 ))iwf.(-k"'” (310 "'-‘;
S
) - -
o o
where Y= 4 Sina—*ad
- 2 . b
&»/> ’

quation (3.255 and- solving ‘for the current

E

Substltutlng for nguk from e

we fdund that

Up% '
£ - X B, = ) (3.112)

‘ivk(k+1} = Imv Sin(svws“ - >
where
E S
mv
Imu = . . (3.113)
2.’.\J . i o

“where ' 'ﬁ; i

Zu = 2zeu + Yzp, - jsvng - TT__)' - (3.114)
- G- . -
= R\J + jxu )
and
-1 Ly
. p = tan” ' {—) {3.115)
R\J
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Equation (3.113) shows that Imv‘does not vary with k, hence for any “th

harmonic it is constant and thus it should be calculated only once for

an instant in time and spéce and the mesh currents, for-~all mesh from 1
to Qz, can be deduced from equation (3.112)} By simply substituting
%k = (k-1 )ad.

3.5 Effects of Slot Openings

&

“Slot openings, or regions of lower magnetic permeance, exist on
either of the surfaées adjaceht to the air gap, as a mechanical
requirement for the inétallatioa of the windings, and due to strong _
saturation of .the irdh méteriai'caused by large 1inkagg and slot legkage
fields. Those due to the former are generally referred to as actual
slot openings,.uhile those associated with the la;tgr ;re‘caléjd

fictitious openings. Fictitious openings are commonly found at the

* tooth tip of a semi-closed slot and the bridge of a closed slot.

The presence of slot openings introduces into the anaiysis. a

. variable permeance in space and time. It can otherwise be viewed to

effect ‘a variable air gap length, 6(%,t), assuming linearity of the -

magnetic circuit. As such, most of the flux path will be through the

-regions with higﬁer magnetic permeance, minimum air gap length. Due to

friﬁsing.'however, the transitioq from the région of ﬁinimum air gap
length to the ma*imum is not quite instantaneous. In fact, the
expression depicting this vafiation is not éimple (85, 861. Ef the
effects of the slot openings are accounted for by a slot permeance

factor distribution £(9, t), then the air gap flux density distribution



is modified'thﬁs:
. ' * "
Bg(a.‘c) ="E (%,t)-Bg(e,t) 63.116)

where B (9,£) is a dlstribution obtained by‘assuming a smooth air gap.
he knowledge of the effective slot opening the basis for

With t
], whose work was 1n turn

obtalnlng £(9,t) was provided by Freeman (85
For tﬁe case where the

f Carter (86].
3 the

based on the cla531cal work o
h width to the air gap “length is greater’ than 3.

ratio of the tool
the permeance factor at any

following are the relevant equations:

-

I-

instant is
(1=y)
. (3.117)

=2
La—y) 5=y 1172
R \

1/b, and b 1is determined by the

is the independent variable, a

where ¥
equation
-1 W O
. =2 : (3.118)
b b )
5 1+¢ b+ LS c
- L J—. [—lnl—-—l+ ml—> +2 — can~! (—)] - 0.5 wo/r (3.119)
nr 1-¢  b=ec 5 R

-

b-y ]
(3.120)

3.6 Effects of Saturation : .
Saturation is a non-linear phenomenon and its intensity and
. Henece, its

lecation in a machine vary with time, current, and speed.
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effects on the behayiours of a machine véry as well, and are difficult
to account for. Saturation in induction. machines may .be studied in
Felapion to their effects by considering saturation in three regions:

the core, teeth bodies, and teeth tips. T

3.6.1 Effects of Saturation of the Core

The flux in the cores is the space integral of the flux in the
air gap. That is, the air gap flux density is proportional to the space
derivaiive of the core flux, Hence, if the core is saturated but the
teeth are not, enly the magnitude, not the shape of the air gap flux
density waveform, is affected by saturation;‘ The action of a saturated
core in the case where both the core and teeth are saturated is such
that it opposes the effect of the saturéted teeth £87, 881, depending‘op
-the relative degrees of saturation of botﬁ-regions. In all practical
machines, however, the teeth are more saturated thap the core. Hence,

no appreciable error will be introduced if it is assumed that the core

is unsaturated.

-

'3.6.2 Effects of Saturation of the Teeth Body \\\

The saturation of stator and rotor teeth causes the air gap flﬁx
density wave to be flattened at the peak regions. Since in.a%l
practical machines the teeth are usually saturated, these effects should
be aécoﬁnted for in an analysis. An air gap mmf distribution obtained
by neglecting-.saturation may be modified to account for saturation
according to equation 3.13. For an angular position the saturation Ey

factor used is obtained from the curve of saturation factor versus mmf,
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. which'is'deriyed.frgé the air gap ﬁéghetization characteristic (i.e.
- . — .
curve qf air géQ f;ux-density against taﬁal mmf of a closed magnetic
circuit) of the machine. If the mgdifiéd mmf distribution is resoclved

\into Fgurier components the magnitude of a harmonie cémponentAwill
camprise that'of a saturation harﬁonic together with the other space
ha;monics. But since the.saiurati;n harmonic rotates at a different
speed to the other space harmonies it would be incorrect to apply the
Fourler components of this modified waveform to tHe preceeding -theory” ;f
squirrel cage 1nduction machines in sections 3.3 and 3.4 without further
separating them into their respective components; saturaﬁion and oéper
space harmonics. . : : '

If the histrigytion obtaiﬁed by assuming the aSsencg of
saturation is resolved into fouéier sehies. a harmonic component of this
does not include saturation and it rotates at one speed defined by
equation (3.14), The flu;tdensity produced by the fundamental mmf of |
the latter distribution ip.a‘practical machiﬁe is by far the largest e
component present in the teeth and cores. This fundamenéal mm{ wave is

therefore responsible for producing the saturation hatmoﬁics which have
I 'z T
the greatest practical significance andiwhich need péabe considered in

any analysis. . Hence, it is only this fundamental wave which needs to be

~—modified for saturation by the procedure above. Other components of the

. Fourier series representcother space ﬁarmonic waves, caused by the
arrangement of windings and the coréplate slotting, and do not have

significant effects on the saturation of the iron materials. Hence,

.
-

they may be employed directly in the preceding theory. The above

» -

7
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argument is principally based on the fact that: {i),thé'magnitude'af the . \\\ '

\ . . _ -

fundamental is by _far greater than that of any of the harmonics; (ii)

unlike the fundamental, the saturation_factor'corresponding to the peak'
“ .

valueJof any .of the harmonies is unity; and (iii) the wavé%orms of the

fundamental'éndﬁthe harmonics are all not in phase.
After the fundamental component has been modified for
saturation, it should be resolved into Fourier series. The fundamgntai

can be employedlin the preceding theory directly, While the harmonics

depicting saturation are employed in the theory with the following

*

corrections:

(i)- Since the saturétion harmonics waves rotate at the same synchronous
speed and'in the same direction as the fundamental wave the slip of any
7 saturation harmonic s, = s-

(ii) Since'thelnumber of poles of the vwth saturation harmonic waveform

Es vp éhen its frequency is Qf, and hence, the frequency of the current

it induces in the rotor is vfs.

3.5.2.1 Saturation Factor Versus MMF Curve

“The curve of saturation factor versus total mmf of the magﬁetic

cireuit path is obtained by taking values of air gap flux density, BS'
and computing the corresponding values of total mmf, Ft' along half of
closed magnetic cirecuit path and the mmf in an air gap;\FE. From these

the corresponding values of saturation factor are computed as

ks = Ft / Fg p (3.121)
3 ) . -
It Bgta) is the flux density in the air gap at angle 9, the mmf



. - A
across the gap at this point is given by s .
' i
- - L '
Bg(e)a
Fg(s) = (3.122)
N Mo - -

where *

- 6. = k.6

~-

The Carter's factor can bé roughly estimated from the following
ET.

eipressions {89];

ke = Ky kg @
wheFe ‘
. . ) 19056 + wyq)
N ' = 11056 + wqg) - ng.
. and ) . ‘ y
Ao(56 + Wog) *
ko =

2
XE(S‘S + H‘ao) - WZO

At no loéd'there is negligible rotor current and rotor leakage flux, so

the flux in the rotor iron is simply the mutual flux.l The flux per

rotor tooth piﬁch'is

1
- B_(8)1,1 -
g P
Grt(a) =

(3.124)
Q

This flux exists pfincipally in the tooth iron, but where the flux
density is high the mms may be sufficient ,to set up appreciable flux in.

the siots, radial ventilation ducts and the space occcupied by the

47

a
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cqfeplate insulation. Estimation of the.flux-denéipy in the teeth using
the tooth area only is therefore‘erroneous, The relationship between |

the apparent flpx density B; and the actual flux density Bt is

;‘t' . . ’/\ -
. A - B
' a
Bt = Bt + UOH-—
A N

-

(3.125)

* .
\

Since B,,. H, and Aj vary over the length of tapered teeth, the mmf over

the rotor tooth length is obtained by sub~dividing the tooth into 2
N
number of thin laminae and summing their mmfs. To caleulate the mmf

across a particular lamination, the corresponding value of flux density
must be found using (3.52) and A;. Treating this as B; the
corresponding value of H is obtained from a curve which relates B; to H

according to (3.124) and for the ‘particular B-H curve of the iron

. material, Aa' and Ai. The mmf is therefore obtained as

. Frel = Heep hpgy (3.126)

. -

Unlike the rotor, the stator iron carries some leakage flux in

L4

s s

e e M

. : ' J . '
addition to tH® mutual flux. End-winding leakage flux is not carried by

the stator iron, so flux per stator tooth pitech is

Py N

Bo(o)r 1" [x + (xy.=x..)] . .
logp(e) = BT T T M1sTRes e (3.127)
Q] X

m

The mmf of a stator tooth is obtained b& division into laminae, as

]

described for the rotor teeth.

-

N
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3.6.3 Effects of Saturation of.the Tee 'Tips ' . ) . \
. ] L . ‘

l*-
Saturation not only distorts the air gap field waveform by
2
flattening the peak regions but also by creating more ripples or

augmenting the ex1sting ones. These ripples, as mentioned in section
a. .

3.5, are due to: flctitious openings due to the saturation of the teeth

tips of. semi—closed slots or the bridges of closed slots. Levi [90]

suggested accounting for this saturation of the tips*by introducing an

. effective width of the slot opening.

1 VAN_ I i
e : sce :
: ‘ S - () N (3.128)

o - Yoeff oy 5. 3

g - i
’ - -

- where Bi is the value which satisfies simultaneously Ampere'oélaw

- B, ‘ .
. l )
] _ HyGop = wg) » 24 VAN I, (3.129)

o . . . Uq

-

and the B-H characteristic of the iron laminations. 1In the case of
closed rotor slots,wy = 0, and Wy = éd/3-where d is a chanaoteristic
width such as the diameter of .a round ban.

Alternatively, if at a particolar instant. we know the total
fluxes, o, flowing tnrough each footh stem, the fictitious opening fon

each tooth tip may te determined as demonstrated below first for”an .

example of a semi-closed slot and then for a closed slot.

- Th



. where

"

2 b

Semi-Closed Slot

-

-

- 1 e

L]

[
a

"

; o (x) + 0.(x)

o, (x) + 1'j B, (x)dx
X

LY B

Therefore *
N L 1 , d .
°p(x) = =0 = 1. 3,0
2 x

But _ >
. By (x¥ = Bro
Therefore - '; : -

. 1 e -

.. 0. (x) = Ew - I'Bro(d-x)

wt(x)

B, (x).=
¢ h(x)1'
- x. ) ‘
h(x) = h1 * - (h2 - h1)
a

{

" For an& diﬁtance X from the edge of the tooth tip, figu;e 3.7,

att

If the saturated valﬁe of the flux density in the tooth is Bsat then the

width

- ~ -

of the fictitious opening, x, can be determined from

By (x) = B¢
1 . . ' X
. ; p = 1 BrOCd-X) = Bsatl (h1 + ; (ha - h1))
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Figu're 3.8: Calculétion of Fictitious Opening of a 3Semi-
Closed Slot.
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which gives - \

A

L ]
a(0.50 - 1dB__ - B_..1 hy) '
. 1
x & S Tixo0 - (3.130)
1 ( (ha-h1 )Bsat - aBro) :"

If x is negative implies no saturation at _the tooth tips, hence ho‘

fictitious opening.

Closed Slot
For any distance x from the center of the bridge, figure 3.8, it

can be shown that ' : . -

e (x} = z- l'Ero(d-x) . .
. 2
2, (x) ‘
.Bt(x) = t ry * *
h{x)1

where . \\\\5_

Ch(x) = (a*hy) <(a? - x2)
If the saturated value of the flux density in iron is Bsat then the

width of the fictitious opening, x can be determined from

Bt(x) = Boat . .-

i.e. . : . b

0.5¢ - l'Bro(d—x) = Bsatl'ica*hoj - V¥ (a2-x2))

0.50 'B_d - B...1 (a+h.) = =B__1 % =4 (a®-x%) B__,1
.20 = 1 B jd = Bgapl tavhy) = =B 1 x =%ia"=x sat
X x 5 - 1 . .
Brg= + ¥ (1=(=)) Bgyp 5 - — (0.5¢ = 1 B d = Byl (ashy))
- a a al .
AT , L
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-
-‘ﬁnﬁggw by
s L . |
,ﬁﬁ# 7 = . .99
- e & :
L b S . .
am - Let == ¢osY, and T L
- - T
1 -
t
D=~ — (0.50 -.1'B, d = B__,1" (ash ) .
al .
then
< Ry - o ., Bro ©OSY + By, sinY = D
Therefore
» 3
cos(Y - B) =.D/C
where
C=v(3,.2 + Bgat2) and [ cos“(s /) or sin'T(B /C)
sat = at Lo
- . ‘
Therefore 1 ‘*1 =
Y = cos” (D/C) + cos” (B.5/C) o
and then,
x = a coslcos™ (D/C) + cos"1(Br°}C)]; x>0 (3.131)

*be~defined

A negative value of x implies no saturation and hence no fictitious’

-

opening. ¢

—

The Machine Equations . -

-

3.7

Usually the known or glven input parameters of an induction
machlne are the .rms values of the supply voltage and current, and the

power factor. For eipber a wye or delta connection of the stator threé

-

phase winding, the instantaneous values of the voltage and current can-,

Any exclted windlng in a machine can be v1ewed in terms of

self and mutual inductances. This is because an excitation, 1mp11cit or

EXpllclt, applled to a winding results in magnetic fields which llnk

-

that wlndlng and all other windings and materials in the device.

If the

.

\

[N
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phase A of the stator winding is excited; for example;_there will be a
'ﬂporresponding»magnetic flux'aensity distribution in the air gap and

. théré will be some magnetic field in the slots carrying the condﬁctors

- of the wlnding. Also there will be a magnetic field in the end regions."

The field in the air gap 11nks the phase A wlnding and this corresponds

-“to a self’ inductance. On the other hand it also links phases B and C of

A

~3;'the stator windings, all the meshes of the rotor's squirrel cage winding

" (figure-3.5), and the iron méterials of the device: all_these'can be

itqééid to:cd?respond to mutual inductances. The field in the slots

eorresponds to a self leak%ge'inductahce.f The fiélds in the end regidn
link the end wéndlngs of the other phases, and the iron materlals of

the end regions; hence they can be said to correspond to mutual leakage

inductances.

If we introducé.arbitrary equivalent currents to represent the
hysteresis and eddy current phenomena due to the 'mutual'\interactions
of the fields created by winding of phase A and the’ iron materials, ‘then

an almost complete equation of the machine can be formulated as follow:

dig(t) dig(t) L dig(e) .
: va(t) = 1a(t)rsa + Lsa"_____ * lea * (Hah + Hlabe) '
dt dt dt

. dl (t) dllaee

+ Mg + Mygoed——— + Maee’

. dt
di . Q di
. a(h+e)j OS2 amv
+ T My(pee) ; Y+ T oI° My, ) (3.132)
-3 dt vzl m=1 dt :
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- . v
- where j refers to those harmonics and fundamental components which

induce currents in the fotor‘squirrel cage winding. Equation (3.132)°

can be repeated for phases B and C respectiveiy. "By using the same:

1l
-

thinking as above, the rotor équation for mesh m and aﬁy harménic

to ©O in-terms of the mesh currents can be written és

I—

d

9 = ry + Liv;;)(ziamv - am-1)v Latmetyv) *
[ 4
d Q2 o d dilmeev
2(reu * Lev_')iamv +r - (rev * Leu—_)iamv12+ Mimeev
dt m=1 - dt dt
di s s d ' -
. St (heelmui] :
: + I(M s Y} + L, —£&3i__ =i 3
: (h+edmv m amy ~a(m+1)
iz o ) e Yat T V.
_%? : d({ . : di(t) dip (L)
+ Mmkv—* ‘aku'la(k+1)v) + Mamy * Mme -
k=1 dt ‘ dt dt
kZm :
\ rs
di (¢) : ) }
+ Mapy———" " (3.133)
dt

where Jjj refers to rotor fundamgptal-and harmomics components which

contribute significantly to core loss or torque of the machine,

Equations (3.132) and (3.133) represents a set of equations to
be solved for the unknown currents, i,, iy, i iopys @2 1 to Qp, V =.1

toco, for known balanced sinusoidal voltages Vo Ve Vg and for

constant rotor speed; transient phenomenon are not considered. These

' eqpatibns are unsolvable directly as written, for the following reasons:

(i) Equation (3.132) has infinitely many terms, and equation (3.133) is
‘ . v
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Just one of an infinite set of Q5 equatlons.

e \
{ii) Means of determining parameters like Hlaee' é(h+e)j etc. do not

yet exist.

- - s

(iii) These equations;ane.linear periodin coefficient differential
equaﬁions.. |

Reason (1) can.be removed by limiting the last term of equation (3.132)
to J, anq (3.133) to j sets of Q2 equatigns: nhere j is as dgfined
previously. 'Reason (ii) can- also be removed by lumping the sixth term
in equation (3.132) into the 4th and Sth, and sevenih term into Bth;
eduation'(3.134).- This impliés that existing techniques ;or evaluating
the end mutual leakaﬁé-inductances bntueen two phases will be mndified
to acconnt for éddy cunrent loss in the end reyion. Also, the existing
technlqueb for evaluating mutual inductances between any stator phase
and a rotor winding mesh shonin be modified by a factor to ac;ount for
the eddy current and hyéteresis losses in the core. ‘Terms four and five

in (3.133) should be similarly lumped and accounted for. The equations

of the machine will then be as follow:

di,(t) . i () < C dig(w
Va(t) = .la(t)rsa + Lsa——-— + lea + (H “+ Hlabe)—__ ‘
. ) ) dt dt . dt -~
dic(t) Q5 Lodi ;

+ (M ) amv ) {3.13%)

ac * Miace )
- dt vzj m=1 det
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.ﬁhere the pfimes signify modificatiocns as discussed above.
d

) 0= '(r\, + led—.t') (Eiam - ia(m_-l.)u

- ia(m+15v):

2 . d . 9 - | ] ld N
+ _2(rev + Lev——)lamv + T [~ (rev + Leﬁ'")lamﬁi
dt m=1 dt

d Q d

+ Lmv“(iamv - ia(m+1)v) +- L [HmkUT_(;akv - ia(k+1)v)]
dt . k=1 - dt

Kkem

ai (), dip(e) o digle)

amv + Mpmu + Memv
dt dt dt

+ M

(3.135)

However, reason (iii) can.not be readily removed. But a closer

observation of equation (3.135) shows that this is similar to (3.484).

Hence, the solution method described in section 3.4 which is based on

‘ \ ‘
some knowledge of 1., isxénd i, ean be employed to solve {3.135). - This
means either that equation (3.134%) is_implicitly satisfied by the

. - ' \
solution, or that the necessary and sufficient condition for a

satisfactory solution is for the resulting solution of (3.135) to

satisfy equation (3.13%).

+
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CHAPTER & = =\ L
'WAVEFORMS AND HARMONICS: THEIR INFLUENCE ON STRAY LOAD LOSS

Thg_model-&f squirrél cage induction méchines..developed in the
last chapter, inyolves,deve}oping‘thg wav;forms of magnetic fields ig-
the active region. Since these wavéforms are influenced by the
phenomenaldéﬁsing stray load }oss in the machine they could provide some
insight to'the problem of understénaing of this loss. In this chapter,
ag attempt is made to accomplish this by séherating the waveforms of the
magnet?c fields in a practical machine. The waveforms are'analyzed with
the objective of studying how harmonics contribute. to stray-load loss in

induction machines. Note that although the method is generally

applicable, a specific machine geometry is chosen for study.

8.1 Magnetic Field of Stator

-

The stator winding of a practical example of a squirrel cage

induction machine, table 4,7, is, as shown in figure 4.7, a balanced, 3-

phase, full-pitch concentric winding. If a smooth air gap aﬁd the

-

absence of haturation/;re assumed, the air gap flux density distribution
for each phase and fo;\e}iyphe phases together may be obtained using

equation (3;12). These waveforms are as shown, for full-load, in figure

\
- 4.2 for four instants; t=0, t/2%, t/12 and t/8, where T is the period

(1/f). Any of these waveforms can be analyzed using a fast Fourier

104



‘.Taﬁlélhﬂ: Typical details of a pfacticai-squirrel-cage -

- induction machine. L. ‘
: . ° - -

L

Stator ' ) .
- S o

Rated Voltage 575 V
Number of Phases - : .. — “

.. Number of Poles - : 4" —
Number of Stator slots ) 36
Air-gap width . » A .5334 mm -
Stator slot pitch 14.698 mm : . >
Stator slot opening 3.3274 mm
Stator winding pitch ) 1 (full-pitch) b
Stator winding type "_ ‘ ‘ concentric - '
Rated output ]‘ -- 14,92 kw (20 Hp)
Line frequency - . . - 60 Hz
Number of: turns per coil . ; 17
. Axial length . 0.1778 m
Stacking factor " 0.96 '
Balanced operation . yes

Rotor

A .

Number of rotor slots 28 -
Type of "slot . double cage : .
Skew . S 0. ' )
Rotor slot pitch : 13.778 mm
Rotor slot opening 0. (closed)

.

e
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L. . T v i T . ’
t ' transform algorithm, appepdix A. Hence, with the aid of the algorithm -
1 A
the three phase field waveform of flgure 4. 2(a) was analyzed into a -

Fourier series. The amplxtudes of the harmonics are plotted agalnst the
order of the harmonlcs. as the spectrum of the waveform. in figure y, 3.

-

"If each of the waveforms in figure 4.2(a) is analyzed for %ts
significant harmop;cs, say E%ose with amplitude greater than, or equal'tb
0.1 Tesla, when the machine runs at ﬁo;load and full—loaa. the results
will be as tabulated in table 4.2, ' ' -

- The obéervedxgarmonics are called wiﬁding distriﬁution harmonic;
becau,Se\ they are created by the configuration of the winding. The
geométric characteristics of a winding affecting the order and magnitude ,
of these harmonics aré:-the concentration of condﬁctors in slots and the
arrangement éf these conductors, and the number of phase{ and their
arrangement, The harménics aue to tﬁéAcoqcentration of conductors in
slots are called slot mmf‘harmonics while those assoqiated with the

phase arrangement of a winding are called phase belt harmonies. The

~orders of the latter harmonics, as in most standard works [17, 38, 91],

“---
are given by the expression
=omk+1  3k=1,2, 3 R CR P
- --‘-/ ) =
anp for the former
- 20k
q n = —'_-_0:1 _ (4.2)
. . 5 _

e i

where Q is the number of active slots (i.e. the number of slots in which

there are current carrying Qonductors)."Both slot mmf harmonics and - -

]
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Harmonics
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Flgure 4,3: Spectrum of Three Phase Field Waveform of Figure
h_2(ay.
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Tavle 8.2 Signiflcant Nor

-

montes of Ztator A!r Cap Huvcrur-n

. . lamplicude > 0,1 Tonla)
- - - .
Phase | Wave= |F/N Harmanics
Form .
» r 1, 3, 9, 13, 17, 19, 35, 37
[ N 3 . -
' & r - Vo yem¥, 15, 17,79, 35, 37, 53 %5, 71, 13
4 - fmJ!. b PR A ) ] =7 M
N <. F ¢ Y, 3, 9, TWi19, 35, 37, 55
Iy ] LN I
3 d F T, 3, 9. 15, 17, t9, 38, AT 37, 55, 713
4 " 1,3, 7, 3%
. ¥ 1. 3,7 %, 7, 9, 13, 17, 19
L] L | L
1 T 1, 3, 3
¥ 1
| 2 [ 1, 3, 5, 7. 9, 13, 15, 17, 19, 35, 37, 5% 55
] L. TN & . - ;
. F 1, 3, 7, 19
Ll 1
[] L3 1. 3, 1T, 19, 35, 37, 53, 55 .
’ ] 1, 17
H [ F 1, 3, 17, 19 .-
A T 1 -
3 d F . 3, 17, 19, 35, 3T, 53, 35
E X 1, 11
[ | F ., 3
40 1 .
2 1 F L 3 .
N L] 1 2
t F Y, 3, 17, 19, 35, 37, 5]
X 1
" Foo] v 3, 17, 19
N 1
b F .0, 17, 19, 235, 3T, 53, 55
’ N 1, 17 .
H ] F 1, 3, 17, 19
A L] 1 - —
3 3 F 1, 3, 17, 1¥, 35, 37, 53, 9%
£ L 1, 17
L 4 ¥ .3
N 1
k] r F 1. 3 DR
X 1
] F Ty X, 1T, 19, 35, 3T, )
L] b} -
T [l F To T, 17, 19, 35, 37, 53, 5%
1] . [ o1~
4 ) r Yoo T, 1T, V9, 3%, 37, 53, 5%, 91, 13
Al M LIFEE SN L U - PO > 3
< ¥ BT, 1T, 09, 3%, 3T, 83, %5
] ] 17
.- 4 F 1, T, 17,19, 3%, 37, 53, S5, 7V, 73
L) Y, IT, 19, 35, 37, 3
r . £ T, 3, 5, 1. 17, 1§
H N 1
A r F 1, 3. %
H N 1
3 [ F Te 30 5, 7, V3, V5, 17, 19, 3%, 37, 53, %5
s N 1, 17, 19, 35, 37
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‘phase belt'harmonics together constibute uinding distribution harmonics.

. !
As expected [10 17 91], table 4.2 shows that the: triplen Y

harmonics are present in each of the phases. but because the machine is
balanced they are absent in the resultant uaveform of the "three phases.

The observed significant harmonics for the full-load case as compared

with, the no—load indicate that the magnitude of these harmonics 1ncrease

with current.

4.1.1 -Stator Fields with Effect of Slot Openings

For the stator and rotor punchings; figures 4.4 and 4.5
respectively, the effective slot openings were ealculatgggusing
equations (3.128) and (3.129) for different values of stator currents.

For the rotor.:#? Nsc.Ic,Q1/Q2 was used in place of V2@ Ng. I.. The

variations of these onenings‘with current are as shown in figure 4.6,

.. With the knowledge of the effective slot openings the permeancé

factor distributions were obtained for the stator and rotor as discussed

in chapter 3, section 3.5. These distributlons. for an instant in time

and space, are as shown in figures 4.7(a) and (b). Each distribution
was analyzed into a Fourier series usxng the ‘algorithm of appendix A,
and the corresponding harmonic spectra, for both distributions, are as
plotted in figure 4, 7(e). )

To acecount for the effects of the slot openings’these permeance
factor distributions may be superimposed on the field waveforms

according to equation (3.116). If the stator permeance factor

distribution is superimposed on the three phase field waveform of figure
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-

Figure 4,4: Stator Punching
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Figure 4.5: The Rotor Punching
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- factor distr1bution and both stator' and rotor permeance factor

-~

4,2(a) and the resu1t1ngiyaveform is" analyzed into its. harmonics, with
the help of the algprithm in appendix A, the resulting waveférm and its

harmonic spectrum-will be as shown in flgure 4.8(al). Figures H.B(b) and

(e} show similar diagrams for the case when only the rotor permeance

] -~

-.dlstrlbutlon are ‘respectively superlmposed on the éieid QBVEforh. LIT

*

the effects of slot openings are accounted for in each of the waveforms
in figure 3. 2(a} by superimposlng the stator, ﬁhe'roéoﬁ,,and tﬁen both

the stator and rotor. permeance -Cactor -distributions, and.thewresulting_

waveform in each case is’ analyzed, the observed . s1gn1f1cant harmonlcs

- -

‘are as presented 1n table 4.2 for the no-load and full-load conditions.

To further study the effect of the non-smooth air gap, the
stator slots ripple dlstrlbutlon of f1gure 4,.7(a) was superlmposed on
each'sinusozdal waveform of the 1st, Tth, ﬁ?th 19th, 3Sth. and 37th
harmonics. The observed relatlve significant harmonlcs in each case,
their phase angle, and their magnltude as a percentage of the magnitude
of-the original sinusoidai wave are as presented in table 4.3. The
action of the 'slot permeance ripple on the fundamental component is ssch
that‘it reduces its magnitude by a factor equal to‘l-kc; shere the
Carter s factor, Kar is half of the msgnitude of the Oth harmonic of the

ripple. It also 1ntroduces harmonics of orders

. “ .

\
“

Bos e s k=T, 2, 3 ees (1.3)

.

The magnitude of any- of these harmonics is a fraction of the orisknal
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\> o magnitude-of the fundémental component This fraction, for any k is

’ half of the magnitude of ‘the kth harmonic of the rlpple. In general

'\ the effect of the slot permeance ripple on the vth harmonic 31nusoidal
component is’ the same as that of .the fundamental' it reduces the
magnltude of that harmonic to k of the original magnitude and .

introduces harmonics of orders

20k o B
_ - ~ —n\)--; T__“_‘_\’ :1& = 2 3._ ._.._._____ —— (.n.u_) ‘-

€ach of which has a magnitude which is related to the original magnitude
of the sinusoidal waveform by half the magnitide of the corresponding
kth harmonic of the ripple. For example ~ for 'v"37. ., corresponding
to k = 0; "2, 3, and 4, aceording to (4.4), are z 17, 1 and 35. 19 and
53, 37 and 71, and 55 and 89 respectlvely. The third column of table
‘4.3 whlch shows the magnitudes and the percent halfl amplztudes of the
first five harmonics'of the ripple of figure 4. 7(3). compare very well

X . y N
“wWith those given by these n, as,shown in Rne tentl cclumn of, table 4.3,

i

» )

A study of the phases in table 473 shows that a harmcnic

-4
.

. component generated from an interactlon of the rlpp’e_on a sinusoidal
component of the field of one order does not have the same phase as that
generated from that cfY another‘order. This implies that the resultanc .
magnitude of a harmonic component Ais the vector sum of its components

when the permeance ripple is super*mpcsed on each sinusoidal component “

. " of the field. Since there is linearity in this case the resultant -

magnitude corresponds to that obtained when the permeance ripple is
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Table 4.%: . Magnitudes of Some Harmonics of Stator Slot Ripple -
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. ’ g i 1 4 .
Harmonic.  Amplitude - % Amplitude ¥ 1001/'/
r | plitu . . .2 P \._/ 7
<«  Oth : ~ 1.730195 - 86.51
: 1st 0,2492887° _ . 12.46 -
2nd : 0.1944880 ‘ : B
S 3rd . ________0_.1226162 6.13 . ‘ ) :
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P

sizgpimposed‘on the step distribution in figure 5, 2.: _‘ \
In rows b, ¢, and d in table 4.2 more significant harmonics are
noticed at full-lead than at no-load. One reason for this is the fact

that a slot permeance ripple distribution acts so as to influence the .

”
’

amplitudes of the winding distribution harmonics. which in ‘turn are ~
funetions of load. Another reason, as explained in chapter 3, is that

3 N
fictitious slot openings are functions ‘of currents, and hence load. -

§.1.2 Stator Fields ‘with Ef Effects of ‘Saturation T T

. A typical B-H magnetization curve of an iron material is as
shown in figure 4.9. 'Using this curee_and equation (5.125) a typical—
curve of the anpatent flux density against the magnetic intensity is as
shnwn in the figure. By implementing the procedure descnibed in section
3.6.2.1 the curve of saturation faetor against mmf,,figure u.10, can be
obtained. Hence, saturation may be accounted }Ur by determining the

corresponding saturation factor for an mmf at an angular-position. and

-then using this factor and tHe mm{ to determine the corresponding air

gap flux density accprding to equation (3.13). If saturation is
aceounted for thie way.tﬁe three phase field weﬁefcrm of figure 4.2(3)
will become ae'shown. together with its harmonie spectrum, in figure
5.11(a). If, however, as discussed in section 3.6.2, saturation is ;
accounted for only in the fundamental component, the resulting waveform

and spectrum is as shown in fignre 4.11(b). If the modified fundamental

component, is now replaced back into its‘eriginél waveform the resulting

- —_
waveform and its spectrum will be:iifEbgun—iﬁ’?IE:;e 4.12(al.
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{a) The step distribution with saturation
(») The saturated fundamental of the step distribution
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figures 4.11 an?’u.12.

*  steps waveform . ) I

~— )
c. A
-

Accounting for saturation in each of the wavefcrms in figuré '

4, 2(a), and analy21ng the resulting waveforms for the no—load and- fﬁll—‘
.load case, gives the observed significant harmonlcs -as summarlzed in -

rows e and £ in table 4,2, Table H 5 show the’ percentage magnitudes of

the fundamental and some selected harmonlcs of each of the waveforms in

The effect of Saturatien on the fundamental waveform of the step

_distribution—is that -it- reduces its nagnitude and introduces, in'order

of decrea51ng magnltude 3rd Sth ?th ete, harmonics. For the case
study at full load the 3rd and Sth saturatlop harmonics are the‘most R
significant, At the no—load current however nene are 51gn1ficant

Dué to ;he non-linear nature of saturation, its .effect on the

stator three phase fleld stép waveform is not. straightforward The

magnltudes of the fundamental and the third harmonic components of- the

. four uaveforms in figures 4,11 anﬂ/ﬂ 12 compare very well; see table

4.5, Thls implies that the third harmonic is prineipally a saturation '

harmonic, and that the effect of saturation on the step.waveform yields

the_sane fundamental component as that of '3 saturated fundamental

. component waveform. However, the magnitude of any winding distribution

harmonic in figure 4.12(a) does not compare with that in 4.11(a), nor

does the vectorial sum of that in figure 4.11(b) and the unsaturated -

\.
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Figure 4.12: A study of how saturation influences the air gap'
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1naccurate~eva1uaticqbof the hagnitudes*bf the saturation harmonic

L. ‘

components, but is due to the . fact that saturation reduces the .

.o . ur -~

' pagnitudes of these space harmonics in the same order as the’

»

fuﬁdamenta}; However, unlxke the - fundamental. they do not produce any

saturation harmonics. The phy31cal interpretation of saturation is

* &

1ncreased reluctance in the iron “due to the property 11m1tatlcn of this

material, Thus this_reductlon is brought about by the fact that all

) “*-“;mmfs.~fundamental_ann_nanmonics. 1n the same magnetlc czrcuit path see

- the‘aane reluctance. -
The waverorm of flgure 5,.12(b), tnerefore, is obtained by
separat1ng the mnf step waveform into . tuo categories: the fundamental
and thé'harnonics. The corresponding flux density uaveform of the
fundamental was_cbtained with saturation accounted for using‘the mmf—

- saturation factor curve. The corresponding-flux density waveform of th

other‘conponent. which is obtained without accounting for saturation, i

;

/ multiplied by a reduction factor, equation (4.5). Finally, the

{:::::;'?esultlng flux denbity waveforms for the two.combonents are added
together— As shown in table 4.5, the magnitudes of the fundamental and
any harmonie in figure 4,12(b) compare with their ccunterparts in figur

’ N

4.11(a). Hence, if we define -

~Magnitude of fundamental of saturated fundamental waveform

Magnitude of unsaturated fundamental component-wavefcrm'

-
- . L

!

b

‘ﬂ.;iauﬂ:,;H?jf“'l”'fft;'»i S ;' SR - 6

equal that ‘in u 11(3). The reason for these dlscrepancies_is not due to

e

3

e

(4.5>

then a saturated air gap flux den51ty dlstrlbutlon may be separated intoe

its components as follows:
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Table 4,5t Effects of Saturation off Stater .air Gup Ficld
! . .
~ .‘IJ M . . - - .
Lo (o) Fig. 4.11(a) |Fig. 4.13(b) [Fig, k.12(2) [Fig. 4.12(0)
N N P — - T .
"Harmonies [f Hag.: Phase |I ‘Mag.|Phase |1 Mag.|Phase = Mag. Pha.;e. - ag. [Phase
] 100.0 {1.569 | n2.71}1.569 | 42.78]1.567 | u2.80|-1.571|-n2.7a]1.566.
3. - - 7.80(1.565 [ 7.88[1.560 | 7.88{ 1.560| 7.88]1.560
5 0.84[1.561 | 3.03]17561 | 2.97|1.55¢ | 2.1| 1.550| 2.61(1.5¢62
7 2.15{1.557 | 2.02{1.557 | 1.36]1.54% | 3.52{ 1.553|+2.28|1.551
9 . — | = 1.33[1.558 | 0.67(1.5u0_| 0.68| 1.580| 0.67[1.5%0
1 1.37|1.550 | 1.2911.550 | © 0.33|1.533 | 1.71| 1.546| 0.92|1.544
13 0.321.545 | "1.17(1.546 | 0.14[1.525 | T0.17] 1.562] “em | --
15 - = 1.5711.542 | 0.04[1,517 | 0.06| 1.530| 0.05]|1.524
17 5.89(1.538 | 2.52{1.538| o0.01[1.510 | s.88| 1.538 /- 2.51 1.538
19" 5.25]11.534 | -2.25[1.534] 0.04/1.508 | 5.21{ 1.535| -2.21]1.535
21 S 1.11[1.530 | 0.06(3.500 | 0.07] 1.511{ 0.06|1.506
27 C— - 0.4511.519 0,041,480 0.04 1478 0.04]1,479
L2 0.5211.515 | 0.89(1.515| o0.03[1.478 | o0.49| 1.518| 0.19|1.522 .
35 |estusos|azzfisos|  — | v | 2.86] 1504 1022|3508
. P - b .
3 "2.6911.500 | 1.15]1.500 S - 2,697 1,500 1.15]1.500
- The ‘stepi di-stribution without the c_x“fectl of saturation (figure 4,2¢2))
. - . R bl yd
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. : ‘The first term of equation (4.6) gives the fundamental component and ‘the .

saturatlon harmonics uhile the second term represents the other space

harmonies.

4.1.3 Stator Fields with Effects of Both Stator and Rotor
Slot Openings and Saturation - ' -

ny ) The stator.air: gap field which accounts for both the effects ‘of

tsaturatlon and non-smooth air gap can be obtained by accounting for
saturation on the atep waveform obtalned in sect1on 4.1 and then
superimp031ng the stator and rotor slots ripples (i.e. permeance factor

~

- ) . dlstributions) on the resulting waveform. A waveform obtaimed in this
'aay. for the three phase flu; dEHSltY dlstrlbuslon of flgure H 2(a), 1s
shown, together with its spectrum, in figure 4,13(a).

An approximate form of this waveform, figure 4.13(b), 1is
,obtalned by developxng the correspond1ng saturated flux density waveform
of a step mmf waveform according to the rlght-hand—side of equation
(H.B). This flux den51ty waveform is then multiplied by the_stator and
rotor slot permeance factor distributions. The magnitudes and phases of
Vthe fundamentals and harmonics of both waveforms in figure 4,13 are

”compared in table 4.6. The fact that they compare well implies ‘that

equatlon k.6 is an adequate approx1mate means " of separatlng saturation

harmonics from the other'space harmonics.
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" reduce the magnitude 6f,the fundamental- of the field waveform and_create

‘equations (3.22Y, and the end—ring'imﬁedance, equation (3.23), The real
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- jTabie Q;S'leé‘ﬁpﬁﬁaiizes:thé effects of tHE7slqt'openings and

' saturation on the sﬁétqr'gyr-gap magnetic field.’_Thg slot openings, .= . {

including those due to Satufatidh;(fiqtitiéusfslot openings), reduce the -

 phase of the harmonie cbmponen;s. The‘perggntages-bf reduction ang

augﬁentation‘are-constant‘Giﬁh'lpad for'agﬁual slot 6penings but:vary. ’

" with loédsfor-fictitious sldtfdpenings."Except for ﬁpe fictitious slot

- openings, saturation does not affect the ‘phases. 'It.does, ho#evgf,.

-

-

' saturat;on-hérmopics. The pertentage of{?eduction and the magnitudes of

the saturation harmonics increase.non¢1ihgarly with current, and hence

ﬁ

with load, However, saturation reduces the magnitudes of the harmonie

éohponents in the field yaye?érm; An additional effect of this-is that

‘the net effect of augmentat%on by the siot openings is limi;ed.

5.2 !ggnetic Fields of the Rotor
| N
5.2.1 The Rotor Impedances ' .

The rotor impedances consist of the rotor bar impedance,

effect ofvheat appropriately accounted for, while the imaginary part is
. B ° ,'

the reactance of the slot leakage inductance with skin effeét accounted
for. The bar impedanqe may either be determined analytically (10, 92,

93] or.by .a numerical method [94]. The former is employed in thig work,

¥
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Table 4.6:

L.

-

Sia:or Fields and Effects of Both” Stator. and Rotor Slot.Rippl

r‘.

<

= The atep distribution with both atator and retor ripples 5upcrtmpo,ed
- The step dlstribution with saturation only-accountcd for’

- and Saturation - ] RS N
o) (v oy (o vy |Fig. B.130a) [Fig. 4.33C0)
--H;rmonkcs = H;g: éha;g 4 Hag. |[Phase (% Ha}. Phase |% Hig: Phase | = H;s._Phagc
(rag.) (rag.) {rads} frad:) o {rag.)
1 100.9 1569 | 85.69(1.569 | 42.71|i.569 | 36.60) 1.569| 36.67|1.569
3 RO (R T 7.60]1.565 | 6.72] 1.566| 5.73(1.560 |
.5 o.8u|1 561 | 0.76|1.562 | 3.03|1.561 | 2.8 i.s63] 2.25|1.553
T 2.15(1.557 1.97[1.559 | 2.02|1.557 | 1.86 '1.55_9 2,067 1553
9 | - ~ | -- 1.33{1.sse | 1,300 1.ss6| o.ealasus
1 r.37|1.550 | 1.48[1.553 v.29]1:550 wu3| 1.s53| 1,161,550
13 0.32[1.585 | ©0.55|1.553 1T [1.5u6 17T 1.550( 0.73[1,552
15 -— | = " 0.90|1.547 1.57 .'1.5u'2 1.92{ 1.537| 0.621.555
17 5.89{1.538 | 17.52|1.5u4 2.52(1.538 7,01 t.sen | 7.u0 “-'5""‘-.?
19 3 s.25/ 1538 | 7.78|1.503 | 2.25|1.534 3.34 4 1.583 | 3.39|1.543
‘24 -- - S ERFRIRICEL 0.05| t.996] 1.03 1_.:531
27 = | ==« | o.91fr.s30 | c.uufrisee 0.70 | 1.528] o0.3u|i.5u2
29 0.52| 1,515 | o0.4s|1.529 | 0.x9|1.s45 | o0.0%| 1,497} o.13}1.s00
35, s g7l 4750 | tr32|1.ste | r.22fisos | w.s2t rsve| w.s3|i.sts
37 ~5.69 1.500.| 8.10[1.515 1s|r.s00 | 3:u5| t.sts 3.5 |1.515
4 ) e.11 1.u99 | 0.88[1.509 | 0.37|1.892] 0.33| 1.508) 0.11]1.530
g3 < 0.39 1.u88 2.83]1.506 | e.33): «os | ©.33| 1.508 041 11,500
53 1,99 1,469 6.9| 1,488 | o.81]1.u65| " 2.86 ugs | 2.88|1.u88
55 1.8 1,465 | .85 i.589 | 0.77|1.u65 2.08| 1.u88 | 2.08|1.u89
X ) .- — ) o_qz (483 | 0.a1]1.86) 0,71 1861 0,831.480
. - The atepdiatribution (Tigure 8.2(a) d

1t

on
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is given by Lhe_resultant-iﬁpedahéeinf the equivalent circuit of fiﬁu?é_

v -

4,15, This 2quiva1enp circuit was derived [93] by dividing the slot

into régions, A, N, B, and O as shown in figure 4,14, The parameters in

" the circuit, as distingpishable by the reEpective subscripts; are,

therefore, the resistances and the self leakage reactances of each
region. The calculation of these paramefers and the end leakage

impedance are discussed in appendix B.

3.2.2 Magnetie Field of the Rotor - e

If the instantaneous induced, vth harmonig current in the nth
mesh.(or nth bar) is L ntnet) (or iy,4) it can be shown, as in section
. B ,

3.2, that the air gamehf produced is equivalent-to

-~

2 S T 1
(2—) ; 0 <9 £ - ay
. LOE 2
,'. 4 ‘ . \\_ ’
Ln(nen)(®) | =y L T
F (¥,t) = ‘ 3 =, €8 € (20 = =) (u, )
bun : d-=-"Y = d°
2 I 2 . 2
%4 I \
Q=) ; (@t = ay) £ 8 £ 2n
- R’ ! '
‘for mesh currents, or ‘
| 9-(n-1ay
(1o —— ) 5 (n=T)ay £ 8 < 2x
. M -~ . B
: i (t) -
_bun . .
Fun (9:8) = ——— (5.7(0))
(n-T)ad-%

5Q.Fdr'§ double-cage.?otor“sldt.'figure'ﬂ.1ﬂ, the bar impedénce\gbv~'
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for bar currents. where “d = 2n/Q2. The total nmf for‘all bars and for °

'all harmonics uhich induce currents in the rotor’ bars is'

o -.'.‘ T 02 N - R -
' Fo(3,8) = £ ¢ Fbvn(e £ S u.8)
n=1 wv= : .

Fr(a,t) can be treated in the same manner as the stator mmf in order to
obtain the correspcnding flux density distribution with,Saturation and -
both stator and rotor slot openings duly aocounted for. A t&pical rotor

-

air gap flux denSity waveform and' its sgectrum obtained this way. is as
shoun in. figure 4,16, Table'ﬂ T which is similar to table H.2, shows -
the Significant harmonics of the rotor field waveforms._
C Similar observations about all types of harmonics as were made
for the stator are made for the rotor fields. Note, however, that the
winding distribution harmonics are the combination of sets of that type _
of harmonic produced by each stator component that induces current in
the rotor. This is because currents which flow in the rotor winding are
induced by the stator fundamental acting "together with some harmonics,
If a vth atator harmonic induces current in the rotor‘winding the
correspondinéhrotor winding distribution harmonies %ill be of the order
sz - . 4

n= - + H k = 0' 1’ 2' 3' R . ] - (n.g)
P

.3 Overall Resultant Air-Gap Field

°

-

In the preceding sections the magnetic field waveform in the air

gap has been taken to be due to either the excitation of the stator
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.. R . N . ' . . 4 l, ) A
., Table 4.7: Significant Harmonies of Rotor Air-Gap Waveforms
. . - (Amplitude > 0.1 Tesla) - :

14

1
“Waveform| F/N - . Harmoniecs .
A 1,13, 15,27, 29 © *
R N 1, ' ,
-7 I F 1, 13, 15, 17, 19, 27, 35, 37, 53, 55
- 1 N I, 17, 19 - : '
e. | F 1, 13, 15, 27, 47
N 1. ' ' _ :
d F 1, 13, 15, 17, 19, 27, 35, 37, 53, 55
N 1, 17, 19 :
”e F . 1- 3' 13;—15
- N 1 : ’
f F 1, 3.
N 1 . ) -
g F 1, 3,13, 17, 19, 35, 27, 53, 55 .
: N 1, 17, 19 T

Note: Nomenclature is as in table 4,2,



winding only or to the rotor‘windinghonly. In most ope?ations{of the 7

induction.maohines. howeyer both the stator and rotor windings have

currents flowing in. them simultaneously. hence the ‘air gap’ field uill be-

the resultant of that due to the rotor and the stator. Due to non-

— 4

.1inear1ty, how ver, thls resultant for the magnetic flux den51ty

uaveform. can not be merely taken as the sum of the resultlng waveforms‘

-

'-in sections- 4,1, 3 and 4.2,2 (i e. fzgures u 13(a) and 4. 16) The

approach taken, therefore. is to first solve the llnear problem before

solving the non—llnear one. Thls-lmplles that with the knowledge of Ahe
N\ A . o _
supply current the stator air ‘gap mmf distribution is obtained, and then

by neglecting saturation and consiaering everythingtelse the'
corresoonding flux density distribution is obtained. ‘Then using thls '
with‘the theory in chapter 3, the tnduced-cur;enta'in the rotor,wlndingo
are obtained and hence the'rotor air gap mm{* distrioution can oe"tf
obtained. | The air gap mmf fxeld distributions are.then summed together.
ThlS resultant -air gap mmf is then used to obtaln the correspondlng
dlstr1butzon of saturatlon factors. flgure 4,17, from the curve of
figure 410, |

- : ' .
"This saturation factors distribution is used to.modify the

one (figure M:1§(a)). one with saturation accounted for. .This modified
waveform is separated into the.saturation and the other space harmonic
components aecording to equation 4.6. These components are therefore

employed to obtain the ‘actuzl rotor current and then the rotor air gap

magnetic flux density distribution with saturation accounted for, as in

", linear stator air gap flux density distribution to obtain the non=-linear
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the stator, by using the same saturation factor distr1bution (figure
'.'. T

. 5, 18(b)). "The resultant air gap flux density waveform, figure 4,18(c)

s BRI 7 obtained as the sum of figure 4.18(a) and 4, 18(b). This corresponds

- \

to summing together the stator and. rotor air gap mmf distributions and

- = -

. ‘modifying the resulting waveform: us%v the saturation f‘a‘ctor

<

distribution of-figure 8,17, . ' : T

.\“l o . . ' ¥

By -Diéoossions:- Harmonics and Stray Load Losses

' The'importaot harmonics in induotioﬁ motors may bé-claseifieq as
- - shown in figure 4.19. For. the practical case study in this work, the

- ’ f _magnitudes of some 22 harmon;os (which‘are selected to'represent.all

types of harmonics in.figurevué195, each expressed as a percentage of

o~ the fundamental of .the stator step distribution at full lcad, are

I‘:-

. \\; . - .
compared for various waveforms as shown in tables 4.8(a), for the full-

load casey; table 4.8(b), .for'the 1ocked rotor_condition gt locked—rotor
current; table 4, 8(c) for the 1ocked rotor case at full-load suppl;

current; and table 4 .8(d), for the no-load case at no-load supply

 current. - , I %

If the supply to-the'motor-és kept constant at the rated values

~ the satoration harmﬁhlcs are largest at no-load and decrease as Sllp

- s
increases. In other words, the magnltude of saturatlon harmonics tends

to decrease as_the motor is loaded. There are two reasons for this'
) o . .

deoreaéeé First, the machine becomes less saturated under load due to
the.decrease of the phasor difference between the applied voltage and

*primary impédance drops. Second, for squirrel-cage motors, the rotor

S
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Legend for Tables 4.8(a),  (b), () and (d)

" (a) - stator'Step

(b) - stator with statofzﬁippleﬁ _‘

(e¢) -~ stator with rotor fipﬁles

- (d) f:ététof.wiﬁﬁ'étatér.ana rotor ripples
(e -'gtator_with saturation.

({) - stator with‘goth Eippies aﬁg satgratioﬁ-

(g) j_rotoF step’ | i . L

- N . -

(h) - rotor with stator and rotor ripples

(1) - rotor with saturation o
(j) --rotor wi%h both rippleé and saturation
.(kf--'resulpant step

(m) - resultant with saturation

= (1) = resultant with stator and rotor ripples

. {n} = resultant 'with both Fipples‘fnd saturation.
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wr

eurrents tend to damp out the saturatlon harmonlcs. If however, the

. motor is operated at a fixed supply voltage (rated) and the supply

o

current is allowed to vary with slip from the no-lo#d to the loeked

rotor the saturation harmonics are virtually the same at.n —load up to A
\ \ A

the rated or- full 1oad but™ gradually increases as the supply currents
increase’ with’increaszng 511p toward the locked-rotor condltion.
Therefore s;turatlon harmon1cs contrlbute to stray load loss in -
‘-inductlon'motors. Their contributiops. which are in the form of»éurface
and additipnel conductdr lossed-due to dnduced eirdulating currents,
'-increase with'the magnitude of these harmonics uhicﬁ in=turn depend on
'the excitation and phase relaulon between stator and rotor flelds.
| At. no—load the magnitudes of the wlndlng distr1but10n harmonics
are about 30, of their counterparts at full—load This is_because the A
" no-load suppily current is abput 30% of thaghgﬂfull-load._ Hence, thesef
'harmonics.vauy with current. Sidce as-the load increases the supply
current also increases; thén the degnitudes of these harmonics increases
with’load. They therefore contribute to stray Ioad loss. Sl ce the
stator uinding dlstrlbutlon harmonlcs fluxes travel with respect to the
rotor they produce rotor surface losses and tooth pulsation 1055;;.
Some of them induce currents in the rotor windings and hence conﬁribute
to the rotor conductor lossee.' The winding distribution:harmonics are

also responsible for the dips in the torque versus speed characteristic
-

A similar case to that for the stator winding dlstrlhution harmonics

applies to the rotor winding distribuﬁion harmonics.  They produce .

surface and tooth pulsation losses in the stator.



The slot permeance harmonics are discussed in\section ﬂ 1. 1

fne nain influences of the slot openings (actual and ficti}ious} are

' that they decrease the magnitude of the fundamental component of the air
gap field and augment the magnitudes .of some of the space harmonics.

) *The increase of the magnitudes of the slot permeance harmonics with load
"are caused, on one hand, by the‘fact that the slot ripple9 are always ‘
superimposed on the air—gap field distribution; which is obtained by N

" assuming aismeoth air-gap; and on'%he other, by the fictitious slot .
opening width which increases wlth load. The reason for this increase

is obv1ous, even though the amdzpt of increment is d%i\e small. . The
reason for 1ncrease due to slot permeance harmonics is more because of'
the phase difference between the two superimposed dastributions. Since
. the slot mmf and permeance harmeonic tlelds have the same numbers of
poles and same frequenc1es in the rotor, the total loss they produce is
more than the sum of their losses determined independently. unless 1t
habpens that they are diSplaced 90 degrees in time or-apace. The
relative magnitudes of the slot permeance harmonics fields are less at
load than at no-load. The reason for this is mainly the ropor reaction
which is 51gn1f1cant at load slips and negligible at no-load slip. The )
slot permeance harmonics cause losses in the stator and rotor’ in the

same manner as the winding distribution harmonics.



| PREDICTION AND MEASUREMENT OF TORQUE

As shown in the last two chapters. the magnetic field in an air
a stator and a rotor air gap

These are produced

- gap, which is made -up of two components,’
field, can be resolved into a series of harmonics.

.‘by a non-uniformity of the air
The fundamental and_some of

by concentrating the winding into slots,

gap caused by ‘slotting, and by saturation.
the harmonics act on the roter to produce currents .which are
. bt . The

y and

responsible for the rotor component of this air gap field
from the interaction between the rotor winding conductors carrying the

conventional notion of the electromagnetic torque is that it results

current induced by the fundamental component of the air gap fleld
. This notion,

the fundamental - component of the air gap rotating field.
when extended to include harmeonics as in the chain equivalent circuit
» views electromagnetic torque as resulting from the,

of figure 3.2

interactions between the currents in the rotor winding and those
components of the rotating air gap magnetic rield which induces these

currents in the rotor. ' In this work however, the electromagnetic
when analyzed in more detail as is done in chapter 6, includes

§

toy qu
Thts,

* {

e is viewed as the torque equivalent of the overall air gap power,
seful and non-useful components of power which are assumed to cross the
We also consider a component of

*

ﬁ
*air gap from the stator to the rotor.
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'non—useful.powers; those which céﬁse‘additional iron loss, as a result .

of” reflection across the air gap from the rotor to the stator.

This -chapter commences with a derivaticn of ‘the expressions for . .

e

the instantanecus and time—average electromagnetic torques of "induction
machines. These together withnthe theory presented_in chagter 2 and the

ideas of chapter 3 are then developed into an algorithm ﬁhich‘is.used to

- .
predict and study the torque—speed and torque—time characteristics of a

practical machine. “Parasitic torques in this machine are also studied
qsing this algorithm. The remainder of the chapter is devoted to-a
presentation oira‘dynamometer‘test that_was performed in order to obtain-

a practical torque-speed characteristic for_comparisonvuith the .

predicted,. and a general discussion of the results.
) [ 4 \
. K . _

5.1 Derivation of an Expression for Electromagnetic Torque

Ihe electronagnetic torque results from the interaction of

" currents in the rotor winding conouctorsvand thefrotating magnetic field
" in the air-gap. The latter B(%, t), includes the fundamentil and all
harmonics tc'infinity.. If the instantaneous current carried in a roter

conductor is 1., then the elementary force produced by this current

interacting with the air gap rotating fleld is

= B(O,t) 1.1 - (5.1)

The torque produced by this current-carrying conductor is therefore

(5.2)
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Fréﬁi eqt.;:-:\j'tion (4.7) the -ré_lat;énship:'bétﬁeen the fnstantaneous
'Qprreﬁﬁ' carried in a rotor bar and éhe'a}lr gap flux density distribution
due to that current can be gengrauy written as cT

K A O
Bon($:8) = =—————m(® . (5.3)

: . 6
where o o C
( T %= (n-1ay T ,
(1 = ——) 5 {n-Noy <8 < 2n "
. . T ) ' . . " .
m®) 5 — < oo R _ ) S (5.4)
.2k ko (B,t) - . ' ‘ N
. ' (n-T)a¢-3. .
: ' | (——— -1 ;0 < ¢ L (n=Tday
U o
< Af i.l‘a\;n'i‘.” a bar current, or
- _ ay 1 h
(2 -—) 50<8 £~ ay
(- n 2 .
1 FEEE- VI _ 1 ‘ _
m®) = — — -y 8L @ = —ay) (5.5)
2kcks(8.t)‘ LR 2 . .2
Y (2= =) 5 2r - —ay <9< 2x
T 2 . .
if i;\m'is a mesh current.-
Equation (5.3) can otherwise be written as
. u i (%,8) -
: oTbun® T
Bpyn(det) = --—-—-——6 . (5.6)
where . x
1
i 2 = i 2
1bun( £ lbvn_(t,) m(2) '. _ (5.7
-
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T'The implication of equation (5. T) is that a current in a bar situated at
an angular position is now replaced by an equivalent conceptual current

uhich can be viewed as a- layer of current sheet over the rotor surface

-

distributed along the periphery in thevmanner implied by the right-hand

side of the equation. - The fact that these’ two currents - are equivalent

1mp11es that they produce the same flux denszty uaveform in the air gap.
From equation (5.2) the average instantaneous torque produced by .

thls conceptual current can therefore be written thus

2 . Al a3t
T, 6t) = —‘f- Blo,t) — " g5 (5.8)
2 ' 34

where & is an arbitrary geometric coordinate which determines the mutua}

p031t10n of the stator and rotor wlndings {i.e. & is a virtual

displacement angle). Hence, Ton 1is a force tending to change the given

-~ -

' coordinate. . ' *
Ir 1bvn(3 t) is substituted from (5.6), we have the

lnstantaneous electromagnetic torque produced by the vth harmonic-

current in the nth bar given by (5.8) as
> . . *

. . : ' n(¥,t)

(t) = — 8(3 t)

2 38

a3 (5.9)

With a2 given angular rotor velocity the resultant or net electromagnetic

.

torque is -equal to the sum of torques due to currents in all bars and of

all harmonics of the magnetic field. "That is

[

1 _2n 3B_(9,t) . .
ROE —f B(S,¢) ds (5.10)
o ad ' '
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- ‘where. B(S t) is 11ke figure u,18(b) obtained in the manner discussed in R

section &, 3 and B, (& t) is like figure 4, 18(b). Integrating (5 10) over

- -

a tipe*period T the time—average-eleetromagnetic torque is obtained as

- -
., .

SRR fem:-y.fgers,m-dt-- S sy
L STa Cass,e -
- o ff B(Y,E)——— dodt

2u ‘ ad”

5.2 Tordu&'l‘ine, and 'rorqm.-Speed Characteristic.s

The theory in chapter-B togeuher Hlth the. 1deas in chaptq{ ﬂ and

. the torque equatlons in the last section are-developed into the

following algorithm:
Steﬁ 1): Preiimini:y-exerc;ses inélude dete}mining the’foilguing:
. (1) Curqg;.of the effecﬁive'slot.openings ver;usisupply
cur}eqts for the rotor anh\s@atbr slots.
{(2) Curve of éaturation.factor versus.air-gap'mmf.

{3) L and M as in equations (3.101) and (3.102).

Step 2): Using the effective slot opening of the stator and rotor to

- estimate Carter's factor'by_solving equation 3.123. ' =
Step 3): Determine the rotor bar and_énd—ring ségment impedances for (i)
the fundamental component, {(ii) the saturation harﬁbnics, and

L, (iii) the space harmonics.

\

Step 4): At a particular time instant and rotor position determine the

_ripple distribution for the stator and rotor; i.e. the

distribution of the slot permeance factor against'the

”

e



circumferential angular position.

- Step'5): 'Establish the step distributiof of the air gap mmf (F (9 t))

and the corresponding flux density distribution due to the ;

excitation of the stator winding only. *

Step 6): Hultiply the flux density distribution in step 5) by the two

]

- 'ripple distributions in step 4) and resolve the resulting

wavefornuinto'the fundamental and its _ harmonic components.

-

Step T): Focyeach 31nu501dal component of the resulting flux density.
waveform in step 6) determine the magnitude or the maximum

value of the induced current in the rotoer winding. If this

current is above a preset crlterion determine the corresponding
- U N A

step air-gap ome distribution due to its flow in the rotor

' winding. Then add together a}l step distributions of the air.
gap mmf due to currents in the rotor winding to-get the
resultant rotor step mmf distribution. F.(3,8).

Step 8): Add stator and’ rotorJair gap step mmf{ distribution (i.e.

Fg (%,t)‘+ Fo(2,t)) and use this to establish the saturation

factor distribution around the air gap periphery kg (9,8). Also

determine the mean value of k (3 t). -

Step 9): By using ks(%,t) and_the fundamental component of-the stator
step distribution of‘the air gap?f}ux density distribution
obtained.in step 5) determine the stator saturation harmonic

,components. )

Step 10): Establish B (see section 4.17.2) and use it to modify the other

stator space harmonics obtained in step 6).
3

-»

-+
3.
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Step 11)- Repeat step 7) for the stator.saturation harmonics.

Step 32)' Repeat step 7) for the saturated fundamental component and the -
_ %-_" other modified stator space harmonics.o‘

Step 13): The final resultant rotor air gap step mmf distribution is the-

sum of that obtained in steps 11) and 12) A

.i"

Step 1“). B (3 t) is obtained from the stator step distribution of the

. »
-air gap mmf from step 5) k (% .£), and the two ripple

aBr(%.t) . '
are obtained

aA R ~
. from the rotor step distribution of the air gap mmf (step 13)),

. . . ~ . " . -
distributions. Similarly,” B.(9,t) and

kg (3 s, and the two ripple distributions (step ﬂ)).

. - ) | -
Step 15)° Obtain the instantaneous electrqmagnetic torque from ' ]
- o - . aB_(3,t) ‘ .
., B.(3,t), and Br(&.t), and ———— by solving equatton (5.10),
. ~ ‘ o aA ' . .y
. Step 16): To obtain Tom(t) for another time instant (and hence anotheér = < '

~  rotor position) repeat steps ) to’15). The time average DT
electromagnettﬁ.torque is obtained by solving equation (5.11).

‘The above algorithm was implemented for a‘practical induction

- -

- motgr (table 4.1)., The variations of instantaneous electromagnetic
'}'ﬁorque with time, at the full-load condition of operation, are as shown

in figure 5.1. The curves shown in the figure represents the'?ollowing

three cases:

Case A: = The air, gap ﬁmf_wavé{orms used in step 14) above’to ohtain -
s . - -aBr(%'t) - ) 15-:,"
Bé(a.t). Br(a.t), and ———— are ‘of the step distribution. . s
aA . . ‘ o . R M
-’ "-‘ \. - . -
L _ " '
® . :
) - b - -
e sl
' ~ b . * % - ™
- " - Pt}
e <
‘ -

L - -
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Case A (stator and r‘otor~fieIds are step distributions)

————————- (Case B (stator field is. fundamental, rotor is step
- .+ * distribution)
: .___- Case C (Stator and rotor fields are fundamental
sinusoidal distributions)

Figure 5.1: Torque dersus, Time
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the rotor, used.in obtaining B.(%, t) and

| 157
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Case B' - The stator air gap mmf waveform u;gd-in obtaining B 2, t) in

step 14) is of the rundamental sinusoidal distribution. while that of

L - N 3B,.(2,t)

is of the step
24

distribution. This case corresponds to phenomena characterized by the

conventional model of induction machines.

Case C; ~ The air gap mmf waveforms for both the stator and rotor,

which are employed in step 1) of the above algorithm for derivzng
 3B_(3,t)
Bsﬁﬁ,t) B.(%,t), and

are taken to be of fundamental
3d

sinuqoidal-componEnts.

Also using the above falgorithm the torque versus speed

. characteristics of the practical machine are predicted for the case when

_saturation is neglected and when it is not, figure 5.2.

5.3 _Effects of ﬁarmonic:

The-criterion referred to in step 7} of the_aigorithm in section
5.2 may be in the form of the maximum value of the induced ourrent'in
the bars or mesh of the squirrel-cage rotor winding.' The essence of ..

this criterion is to control or select the harmoniecs which induce

currents in the rotor winding. Table 5.1 shows the harmonics number and

rotor conductor lo Qr,_va iou3'criteria.
No .signifge is observed in _the ‘time average torque and

rotor conductor loss as the number of harmonics which induce currents in
Y ‘
the rotor winding is increased. Also, except for slight iherements in

the maghitude of the difference between_the maximum and th&minitﬁum
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Table 5.1: " Effects of Harmonfes’ =~ \.:
N L o -] .
~ Criterion Observed Harmonies ' Time 1. Time
o ’ s - o Average | Average
Iomax L - - Torque | Rotor Cond. -
P Amps.) ‘ - | (N-m) | Loss (Watts)
* ‘ — B1.49 435.0
BT B - | 93.57 475.99
- R 1 | | 86.48 | 476.99
1200,0- 1 N : | 82.93 476.99
50.0 3%, 1, 17 - 82.51 | 4719.27
25.0° 3%, 1, 17, 19, 35 - | 82.47 | 480.30
15,00 | 3%, 5%, 1,7, 17, 19, 35, 37| 82.47 481.38
5.0 1, 3%, 5%, 77, 97, 117, 137, - '
157, 177, 197, 5, 7, 11, 17, .
19, 33, 37, 53 .| 82.63 |- u81.64
* - Measured
**  _ Stator mm{ fundamental sinusoidal rotor mmf fundamental
sinusidal , -"\\;
(2 3.

- Stator mmf fundamental sinusoidal, rotor mmf step
Saturation harmonic -

- . B



'torque in the torque - time characteristics oorresponding to these
criteria, figure 5. 3, no other significant differences ‘are observed
brd

betueen the curves in the figure. The reason for this insignificant
influence on the behaviours of” the machine is partly due to the
relatively-lou magnitude of the maximum'induced current by each ¢f these
.harmonios..(tabie 5.2),nanq hence very low corresponding rotor condnctor
loss. Also contributing‘to this lack of observabie influence are the
power factors of.the‘impedances of these harmonics. Except for the
first few saturation harmonics the secondary power factors of the
harmonic components are generally lou. This implies that the stator and
rotor waveforms of a harmonic comporient are positioned so that they damp
each other out and are hence unable to produce any significant tgrque.
However, the differences .between the time-average torques of
cases A, B, and C described in section 5.2 fsee table:5“1i are quite
significant. The torque corresponding‘to case C is greater than that :
corresponding to the situationvrepresented‘by the conventional ’
equivalent circuit‘(case B), which in turn is greater than that
corresponding;to the actual phenomenon in the machine (case Ai. The
significant differences among these three cases lie in the absence,ofh
the slot mmf harmonies and their companion harmonics due to permeance

ripple and saturation in the stator model of case B, and in both the

rotor and stator models of case C.

-



“TIME.~[ SEC. )

‘(a) {Max. rotor mesh

[~

by N PR WY
o0

- et ms o om o m om o * et e owom ow om
R R EEEE
N ]

...................

" TIMEa (SEC.)

curr.> (b) (Max. rotor mesh curr.>
200.04) S0.0A)
.. — " Tp——
o 1 b "t 3
n.-: * - "a ]
_eal - [ T} ]
T . X
in.tj P— o |
*ar.¢ -1 el 1 ¥ ]
e L
a - 3 !
=y - o 1l
Q [=] ] 9
- -
wal E [N i
rmalb - " .
.Y-
TSIt IiiiiccizciZcoa M Tfiiiiiiiiii oo
PRR s .Tiﬂé..J.SEl(:..l. .; SR = ..l. 3 .riné..l.ss.c..l.-.'.-.'.-.
(e} (Max. rotor*mesh curr> (d) Max. rotor mesh curr. >
25.04a) ,,., . 15.04)
- nat - .
I\ . 4.
*
. o y
% v }
(o)
g ] :
N R :

...... e e TRRERE
(Max. foﬁ:or mesh curr. >
5.0Aa)

- o Figure 5.3: Torque vs. Time o



‘Table

5.2:. Typical Predicted Values of some parameters ror
- some Harmon:.cs i LT . -
< . / -
A ’/J‘. . /’ - . ]
- Typical Maximum Typical Secondary Typical Rotor Typical Instantan-
Harmonics Rotor Current Pouer Factor Conducting Loss | eous Torque_ .
(Amp) . (Watt) (N=m)
3" 65.58 0.82 0.89 0198t
5" \ 17.96 0.66 ~¢7tas2 -3.52 x 10~%
7" 10.67 0.54 0.0052 1.32 x 1072
9° \ 9.27 047 0.0138 1.76 x 1073
n- 12,47 0.42 0.0104 T 595 4 1of?
13" 5.58 ° 0.42 ] 0.0003 8.74 x 10*“‘
15° 6.05 \ 0.40 0.0003 1.98 x 10~" ;
17" 8.95 0.35 0.0082 5.07 x 1075
19° 6.27 0. 34 _0:00u1 -2.1 ¢ 1073
v 233u.s2 0:98 - 475.91 - §7.73
5 10. 83 0.15 IR -1.272 x 1273
T 21.27 0.15 1.1293 -8.43 x 1073
1 8.14 RE 0.0289 -1.1 x 1073
17 66.39 0.095 1.59 5.34 ¢ 1072
19 30.60 0.095 ' 0.53 3.95 x 1973
35 25.12 0.074 © o.08ss Tore g 972
37 16.61 0.074 0,382 IR
53 i §.04 0.063 0.01x —tfnoy T3

- N,



- 5.3.1 Aﬁalzsis of the Toggge‘Eggation'
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. One ef the important advantages of the ferm of the ﬁerque
expression in sectioe 5.3.1, equatlons (5. 10) and (S 11), is that 1t
facilitates a3 detailed a:alysis of -the roles of harmonics in the
developed torque‘of induction machines. This fact can be demonstrated

as in reference [17] if we express the stator air gap flux densxty

)
b

Bs (s t) = Z Bpu sin (ve £ wgt): (5.12)
An arbitrary magnetlc flux densxty harmonic of the order v travels with

respect to the stater at an angular velocity ms“':': ms/v (91]. If the

‘rotcr rotates at en angular veloecity wps the relative velocity of the

same_harmonic with respect to Ehe rogor will Be

Zow - ‘ (5.13)
v : . .

This harmonie induces id the rotor winding.a epltage causing a current

wh;ch produces a roter flux density spectrum of harmonies determined by

the properties of the rotor winding (armature reaction). In general, we

may write for this spectrum referred to a coordinate system related to

the rotor the expression

o0 '
B, (8,t) = E By, sin [u' 3 (s wg = vt - 9 uptd. (5.14)
us

’

If the spectrum is referred to_the stator coordinate systen, for which

9 = H - w.t, (5. 13) will have the form

o0 ‘

By(®:8) = I B, sinlu(® - Pt 3 (e —ve e - Supel  (5.15)

1. .



Ihe.resultant flux density will be given-by the sum of all the harmonics

L4 -

ror all values of v with saturation and ripple effect appropriately

accounted for . ) -

B.(8,8) = \2, 5 Bu\,. siri‘[u(& - u;.t) ‘; (; wg = vmr_)f —’%;f] (5.16) |

Substituting B(38,t) = Bs(g;t) + Br(é.t). and then equations (5.12) and

(5.16) in (5.10) we have the general expression for the torque as

© 81D 21 o " -
rem(t) s — j’ 5 va sin(v& wg t)Z T B cos [u(s - mrt) .
. 2u°' -0 vou.

+1
7]

(r, - 'vmr)t-—. sl;pf]da +f0 z 53“" sin [u(g - w.t)
v

+1
—
It
/]
]

.\er)t - eupf] \E,, z B'

. uV_cos‘[u(s ﬁ.mrt)-

-

s = Vet = 9yclds . (5.17)

(+w

+1

. . X
where B;v implies.a modified Buv due to the partial derivative.

The second. term of equation (5.17) does not.give any torque, |
because
) 2n

f sin ¥ cos Sé& =0
- 0 .

and the first term is, according to the re%ation

2n T T
. 'j- sin m® cos (nd —-o)d®
. 0 -

for all m # n also equal to zero, Only~for m = n has it the real value

164
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Therefore, according to equation (5.17) a torque can arise only '

if for certain stator harmonios of the order v | harmonic of the
‘ PO
.order u = o can also be found in the spectrum of all rotor harmonics.

-

This means that a torque ¢an be produced only by harmonics having an.

equal number of pole-pairs. . ' _ -——\
1 " ) ’ L — "
' The torque of such a harmonic will then be .

lD 2: . Co ' .
) Tem = z—- B : sin( \J%— w t) E ou cos[o (9 -'wr.t)
) : . .
3 (g -t -8 e | (5.18)

-

The ‘resultant torque is obtained by a summation with respect to all
values of %, i.e. all hdrmonics for which rotor harmonics of the same

order exist. Integrating equation (5.18) we then obtain

Tem =.§ TemgRzyp r sin [0ut s (+ “s = Y?r)t * Yopr T st
- : .0' v : - - ‘. - ’
= g Evsj_n {[Gwr + (+ wg - vwr) : ms]t —’&opf} : . (5. 19)

The resultant torque according to equation (5.19) 'is generally varying
sinusoidally with time and its mean value is zero; A torque independent

of time will be produced only if the term in the square braoket of the

sine function is equal to zero, i.e,

Ow_ + (+u_ -va Jow_ =0 (5.20)



[

Equation (5.20) is safiSfieé ﬁn two entirely. differenf caées.; <
Case 1: _ Equation (5.20) is identically satisfied for all r‘bylthe o
condition : B '~: o - -
A . | ' . - \ | -
- y - o=V - s

This means that a certain siator hérmonic:ofAthe order
generates in its speptrﬁﬁ of rétor harmonics of the armature
.- . reaction a fundamental harmonic of the same order . .
. . . 3

Case 2: - Equation (5.20) mﬁ&_also be satisfied at a certain velocity ;

-

on the condition that : -
¢ 2V Ny L (5.22) '

This means that although there exists a harmonic of the order
in both the stator and rotor harmonic spectra, the rotor
harmonic of the order o has Deen generated by a stator

harmonic of a different order (v # o), For this case equation

(5.20) may be written in the form

Hog = Vo

o, -
. . (5.23)
g a - '

The Eeft hand side of equgtion (5.23) diferminés the.ébsolute velocity of -
the rotor harmonic of the crder proQuceQ'by the stator harmonic of.the
order vZ ¢ referred to the standing ccordinate system connected with

the stator. The right-hand side of the equation (5.23) then deﬁerqines the

absolute velocity of the stator harmonic of the order referred to the



sano syoten. Equation (5 20) can thus be satisfied only if both the -

rotor and stator harmonics of tpe same order have equal velocities in .
.-the air gap, i e. only at a ﬁé}tain angulan-rotor velocity w_ e .If the
relevant rotor harmonic with the rotor standing (N = 0) has the same ~
'ipRSe of rotation as the corresponding ‘stator harmonic of the same
_order, the condition (5. 23) is satisfied already with the rotor

-

standing. 1 e. when

wr‘= 0. L o (5.24)

If, however, for we = 0 its sense is opposite to that of the

stator harmenie, condition (5.23) will be satisfled either at

the rotor velocity

..

R N . ‘ £5.25).
T e =v :
or at the volocity . v ' oo
: 2, :
g o= e > . (5.26)
g +v : .

" The essential differenoe between rhe first ond second case will
be best recogpized from the following consideration.' Let us assomé that
the rotor rotates at an angular velocity W, = 2ms/(o +v ). The
conditfon (5.21) satisfies equation'(S.éb) for all values of w., i.e.
also for the oonsidored veloeity given by equation (5.16). Thus,
equation (5.20) is satisfied for the oondition (5.21) as well as for the
condition (5.22). As the load torque is changed the rotor spéed begins

to change and after a certain time‘ot its position with respect to the

2
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system rotating at the original speed W Will be changi:/by.an angle 43. o

Consedﬁentyg the position of all the rotor mmf harmoﬁics will change as

*well If for instance. the—original pcsition cf the rotor harmonie of

c -

the order oin the spectrum of the vth harmonlc is determined according

‘to (5. 21) by the expression ‘ . N
s Lo9= (ug = wodt = 8,01 (5.2
it will then be given by the relation ) : . ™
sin [o( 9-4% ) - (c = Vol (t - At) - %upf] . (5.28) ..o .

.
Lt

~where g, A% and (ms - vu,.) 4t are the corresponding changes of phase . .
‘ Tc‘the thce displacement AS corresponds‘in the field of the vth

harmonic the time ‘displacement vA&;'from this followshthe value

At ;(vae)/(ms - vwr). The<fcregoipg<expression mey thus be written in

the form

“ -

sin [0% - (ug - umr)tr-as(c -v) -3 pfq N §§.29)

"-If c-—v. equaticn (5.29) will be identical with equation!(s 2%) so that
the. position of the rotor magnetomotive forces with respect to the

original system has not changed.f Therefore the'notcr will be changing

its speed until its-tprque,‘becauce\otzg change of the pnase.angle.cl is )
balanced by the load torgue, which is cnaracteristic for cﬁe'induction.
metor., Thqi. if a certain stator maf harmonlc of tﬂe order a produces

in- the spect;:\\cf the .rotor magnetomotive forces. a harmonic of the

same order o{ v=o), hese harmonics form an asynchronous tordheﬁ
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. If cr:!u » it follows from equation (§ 29} that in a time t. the -
posttion of the rotor magnetomotive forces has changed uith respect to
' t:he original system by a phase angle A3 (g = v ). Because.’ ‘as follows
from: the consideration of equation (5 17) -the torque is proportional to
' the sine!of the phase angle betueen ‘the two mnfs, the torque will be
-'changed already,by the changg of the-phase angle., Therefore, in this
case (0 £ U) small changes in load torque will cause only-an angular
diaplacement of the.rotor Hith respect to the original system and the
motor will preserve its original speed given by’ equation (5.26), which
is characteristic for-the synchronous motor. Thus, if the spectra of

s
the stator and rotor magnetomotive force harmonics’ contain harmonics of

the same order o and if the rotor harmonic of this order is.produced by

a stator harmonic of another order (y # o), then these har?onics form a

<

synchronous torque.

S.4 The Measurement of Torgue Spéed Characteristics

The torque speed curve at full voltage was measured by means of
an accelerometer using a d.c. tachometer [17,19], figure 5.8 and plate

5.1. .

If an induction moto; is running bn no load, and the phase
sequence of the supply is suddenly reversed, the machine decelerates
from a speed of almost ng in one direction to staﬁdstill. and then
accelerates to a speed of almost ng in the other direction. During the

deceleration and acceleration there is an electromagnetic torque acting

on the rotor, depending on the instantaneous slip of the rotor with



/

!

respect to the: revolving magnetic field N , '

e
L
. Ir the rotor-inertia is J and the 1nstantaneous rotor speed is -
; R <
w., the eIectromagnctlc torque Tem 1S Blven by \‘“;\~\ \\u,—’/—:?“
Lot \ ) \
. —_ : dw, N
Tep = I— 2 T (5.30)- - >
. a | gy T s
J ' ) 3

uhere wa is the friction and windage torque of the rotating parts, and
the minus and plus signs correspond to the decelerating and accelerating
N periééh{:respectively. All thut is needed, therefore. is to obtain a

;‘speed (@.) and an eceelera;ion (3.) signal during the speed reversal.
When these signals are fed into the x and y axes of a plotter, the
resulting curve, aoart from.a small correction due Eo the friction awe _
Hiudaée torques. is phe torque-speed charecteristic'to o scale of J
N.m/rad/s? L _ —

Although the friction torque may be a significant part of the

'total torgue when the machine is operating at reduced voltage. it is

totally negligible compared with the torque developed when the machine
iéloperating on full=voltage.

If the speed signal.is obtained from a d-c tachogenerator and |
differenéiated elecﬁrically. the noise in the original signal must be
filtered out before the differentiation process. Most of the noise is
due Lo the ooumutator segmente and hence its frequency is proportional
to the rotorlspeed. -

The torque speed characteristie measured by the accelerometer,

after correcting for friction and windage, is shown in figure 5.2,

together with those predicted.
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As shown in figure 5.2 the predicted torque apeed curve compare
. reasonably well uith the measured., As expected the torgue predieted
- without saturation 1s 1ar3er than that measured.@t every slip. The
difference became slightly more pronounced as slip and current
increase. The eredicted curve with saturation should nave compared
ben;er with ;ne measured than as shown in figure Sea’had the measured
_cnrrents been used, at every speed for which torque is calculated, for
the prediction rather than estimated values. ‘This preblem ﬁae realized
at the time of the measurement but due ‘to unavailability of an a=-c
ammeter/plotter unit, the current-speed curve was unable to be measured.

- ~

One of the problems which was encountered when predicting the

Fl -

‘torque speed curve with saturation is that excessive deviations were

observed between predicted instantaneous torques in one period of T )

LY

1/60 at high slip and current. While some pronounced deviation is
expected due to the production of synchronous torques {(see section

5.3. 1). especially at high slip and high current the observed deviation
was rather excessive. It was later discovered that the excessive
deviation was brought about by the fact that at high currents the

-

algorithm becomes quite sensitive to incorrect saturation. ractors-

-

especially if they are higher than actual.
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CHAPTER 6
PREDICTION TECHNIQUES FOR STRAY LOAD LOSS

- _ In chapter é,éhe,stateiof-the art of—the,calcuiation of stray
load loss in induction machines was reviewed, Probi?ms of péediction
appear to have been well considered: An in—deptﬁ research, houever..
 revga1s that the empirical literature published on the achievements on
this area-is subject to very large discrepancies reported betweeﬁ
calculated ahd measured.results. This creates grave doubts on- methods
_formﬁlated to date. .Indeed. most manufacturers, worldwide, prefer, ag
the design stage, to account for stray load loss through a noﬁinél
assignation method in conjunction with empirical expressions. |
Universally thesé techniquesrare based only on past experiences of tﬁe .
designers and have little rational analytic gasis. -In this chapter two
n;u methods for predicting stray loss at the design, manufacturing, or
utilization stages are proposed, Both.of these mephods are based on the
new model presented in chapter 3 since they emploﬁ thé algorithm of
section 5.2 in chapter 5.

Before‘presehting these methods in sections (6.2.2 and-6.2.3 of
this chapter the general concepts of losses in squifrgl cage induc;ion
méchines are discussed in section 6,1, Lafer in the chapter these
proposed methods are applied to a practical machine and their results

are compared with that measured using the input-output technique and
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uith predicted values at the design stase using the ucninal assignation
' technique. o S L Lo

6.1 General of Losses in Tnduction
. Nachine o ‘ .

A certain fraction of the power applied to ac,eleeéric machine
' 13”163t;’na1nly“as heat, while the‘rest is-electromechanically converted
for use as mechanical energy. Most of the loss occurs during the course
of transportation and conversion cf power, involving mainly the physical
properties of the materials‘cfaggansportation and the geometry of the
device.j A detailed description cfflosses in a machine can not be
realized in isolation of tae\cggcert of power flow in the air gap. The
reverse, however, is possible as 'évidenced by some published work on the
latter [95, 96]. _

_The flow of power supplied from the power system to a squirrel-
case inductiop machine can be considered as follows:
1) The input power first travels through the stator winding and hence
part of it is expended as Izﬂ lcssﬂor stator copper loss,
2) The remainder, which is now viewed as electromagnetic power, -can be
resolved into‘twc components' non-leakage, \and leakage. The non—leakage
"ccmponenta are transferred across the stator winding/air gap boundary
' either 1nto the air gap or out of the aln gap back to the power system,
Power transferred 1nto.the air gap is either absorbed to account for
mechanical power conversion or transferred acrossrthe rotdr‘uinding/alr

gap bcundary. The loss component of this power is in the iron material.

Since the field associated with this component of power interacts with
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'the iron uateriala durins the course of transfer, it induces eddy .

currents in the chA and eauaes hysteresis loss.

-

Part of the leakage component ie uoed up in the atator Hindings a

by the 'skin efrect' phenomenon. The remainder can further be split
-into tuo‘ end resion“and.non-end region 1eakage—po rs. . The non-end
lea‘kage may penetrate the stator/air gap boundary into air g‘

" A

Unlike the non-leakage component which is assumed to be one-

dimensional in the air gap (radial) the non-end region leakage

'oomponent has components in three dimensions. This notion about

dimenaions is one of the assumptiona on uhieh the ‘theory, and hence the
technique, developed in this uork is based (see 'section 3.2). The
notion originates from ignoring the significant properties of the
tangential masnetic rield which exists in the air gap, generally as an
elementary function of both stator and rotor currenta. The ‘
Justification for this negleet lies in the faot that in practice the
magnitude of the tangential field is generally small compared with that

of the radial field and its emf - inducing properties may reasonably be

. absorbed within leakage indugtance. _Even though, as pointed out in [95]

it is a significant factor in establisning torque and energy fiows

across winding surfaces.

The tangentially and axially directed components of the non—end
region 1eakage'pouer constitute circulations of power ig the space
surronnding the stator windfngs and are not directly involved in the

transfer of power between the windings and the air gap. They modify the

J e R s
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distribution of non-leakage pouer'ovef the a - space as it radiates
from (or is absorbed by) the rctor. In stmry these tangential‘ and

1

' sxial leakage are ncn—useful stcred Ieakage powers. Their loss

.-

component is also hysteresis- and eddy current ‘loss in the iron material'
and they are partIy responsible for noise and vibnation in the machine.

(3

The»radial conponent of the. non—end winding leakage power in the air gap
crosses the air gap to penetrate the surface on the other side. Since
. they do not penetrpte well enough to cause power distributfon in the _

rotor winding, and they do _not contribute to the power conversion

— rm

o

process, they essentially appean_as additicnal iron loss on the surface.

and the.tooth body of the rotor.

-

o a The end—leakage power is the pouer associated with the end-
reglion magnetic fields. Part of this power is stored in the air spaces
in the end régions while the-restsis expended as Heat, due to eddy
current loss, in the materials, especially ferromagnetic. of the end
regions.

3) The non-leakage power transferred across the rotor Qindiog/air gap
boundafy set up'electric power to flow in the squirrel cage uinding.
This power flows inﬁthe machine like that‘in_the stator, i.e. (1) and
(2) above. .

The above argﬁhents are suSBorted by the machine equations

presented iqigtiitj:\3, section 3.7. For example if equation (3.132) is

\
N, : —
.

Yand

crrm e T e T L e L el e
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equation'(6.1) gives the instananeous péuer suppl?

to the phase A of the machine from the power system. .The first term of

the right-hand side is

the d c. stator copper loss. The second, fifth

and seventh -terms répresenq the stored magnetic energy of the air gap

field, which is delivered by, and returned to, the.pouer system through

-each phase. The third

term is the power associated with the slot

leakage fluxes and is expended in the winding as the 'skin effect‘ loss.

This term and thé first add to glve the a.c.‘stator cqppér loss for

phase A uinding. Terms four, six, and eight are the paft of the end- -

1eakage power magnetically stored in the end-region. air space-and which

4

merely circulates around “the windings at the: end—region.

The ninth term

of the right-hand side of equation (6.1) gives

rise to the part of the end-leakage power, appearing as eddy-current



" loss 1n the end-region -nteriala That part of the stored magnetic .
energy.of the air gap field uhich appears as hysterenis and eddy\current

lonses in. the core originates . in the tenth term. The last or the

hd v

eleventh term of equation {(6.1) gives rise to the sum of the pouer
absorbed in the air gap for mechanical power conversion, the useful
power transfer to the rotor, and the radial component of the non-end
leakage power which is expended as additional iron loss on the surface
and tooth-body of the rotor. Because the denfr;tion of equations of the
hhctines IE chapter 3 1is based on the asnnmntion that there in only the
radial conponent of magnetic field in the air gap, the radially and |
axially oriented components of the non-end leakage power are not

repreaented in equation (6.1).

-

6.2  Hethod 1 for Predictigngtray Load Loss

6 2.1 A Criticism of the Conventional Method of Estimating

Total Load Loas
No Load: The no load test is usually performed at the rated voltage and
at the no-load supply current, which is about 1/3 the mll—load'or rated
current. Th; interpretation commonly g@#en to the result of this test
is that since the slip is negligible. negltglbly small current is
~ induced in the rotor winding. Therefone, the no=load input power gives
onl& the no-load stator conductor loss, the fundamental frequency core
loss, and the friction and windage loss. Hence, normally deduced from
‘such a test are the core. and friction and windage loss components of

the apparent total loss, or total full-load loss determined using the .
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method of ae;regat;on. -Alio.uparply‘deducéd tron'the tesﬁ.isrthe
magn;tizing.reactance-of.the.machine. ST

fhe.;agnetizing }hagtance so deduced is basically that of“the
fundamental .freq';xency and, ﬁenc‘_&. differs, though sngptiy. from that
exisi:ing under the actual full-load perfoma\nge‘.‘ Also, since the core
" loss 30 determined from the no-load test does not include the additional
losses 1n‘the iron surfaces and tooth body due td> the harmonics. 1? will

be slightly in error. . o S,

Locked Rotor: In the loss-ségregation method of determining the total
load loss.of a séuirrel—gage'inductibn machine, the locked rofor test is
performed in order to establish the rotor resistance, stater and rotor
reactances parameter;. These parameters. are used in the equivalent
cigcuit of the‘machine which'in turn is used in determining the full-
load performance. The locked ro£o§ tes£ 1s usually Qérformed at the
rateq or full-load éurrent_and slip of unity. Under this gondition of
oper;tion. compared to tﬁe full-load condition éhe-displaéement angle
between the stator and rotor air gap_field is increased. This will h ;f
affect the magnitudes of the_fuhdémenta} and harmonic¢ components of the
resultant air gap field. Also, the.heating condiﬁion at . this locked

rotor condit}on is greater%” Ultimatély these. may make the value o.f.
;hese'parameters slightly different from tho;e which exist under tﬁe

S

- actual full-load condition of operation
£

Full-Load: The full~-load losz perf: ce i3 deduced from the

conventional equivalenﬁ circuit for an induction machine. The usual

LY . -
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theory of this is based on‘the assumption that the radial, component of
the magnetic field in the air gap of the machine is sinusoidally
distributed in space, and forms a single wave that rotates round the air
gap at its synchronous speed. - This condition would only exist, however.
if the surfaces of stator. and rotor were both smooth, the windings were
sinusoidally distributed on them. and saturation is mbsent

In the real machine. as already demonstrated . in the previous .
chapters, the windings are placed in slots. Therefore the resulting mmf

Y
and flux density distributions are not sinusoidal but contain, apart

& -
from the IUndamental wave, a series of harmonics, which 3lso rotate
round the air gap at their own synchronous speeds, Since the magnitudes
of the mmf harmonics .are proportional to the currents i the uindings.

the losses produced by theu are also dependent on the-load currents.

6.2.2 The Proposed Method

r

The shortecomings of the conventional method_for determining
losses under no load and locked rotor are not as serious as those
discussed under full=load. The shortcomingS?discussed under fuli load
are principally responsihle for stray load loss in induction machines.
Hence. it will be used as the basis for deueioping-a method of
prediction in conjunction with the new model presented in this work. L
Let us consider two machines: one is the actual machine. the other is |
hypothetical The hypothetical machine is exactly the Same as the

actual machine except that urnider the same loading conditions the stator

air gap field excitation is a single and purely sinusoidal mmf waveform,



instead of the-non sinusoidal naveform. ,g. figure 8, 18(3). which

,,,,,
-

‘exista in the air .gap of the actual machine. o
The hypothetical machine is equivalent to a machine described by
the conventional’model or the machine representing the‘method of -
3egrege%ion;' §ince this machine is identical to the actual machine in
every other respect, then the difference between the air ga; pouers of
the two machines is equal to stray -full-load loss. This implies that if

the electromagnetic torque computed using the algorithm of section 5 2

for the actual machine is Tém; and'that ccmputed for "the hypcthetical is

- - N

Tmh® then the stray full-load loss is ’ ; ' -

Pstray = 2%ng (T oy _.Tema) . _ (6.2)

6.3 Method 2 for Predicting Stray Load Loss . ﬂﬁmﬂ,ﬁﬁ%\\e_;;\

6.3.1 Estimation of Rotor Conductor Loss - .
For any harmonic vand for the circular ladder network of the

§Euirrel cage winding, figure 3.5, we can define a vector of the mesh

currents as -

imeshy ~ iy %23 - in21] ‘ ;(6:3)

The corresponding vector of the bar currents can be obtained according
to equations (3.26(e)) and (3.26(b)) using the transformation matrix €.

If this vector is defined as

. . 4T
fyar = Uger fpvz -0+ bwa ! (6.4)



e

If each element of the.vector in ejuation (6.3) is squared we cobtain a-

new vector
_ 142 2 2
Apeshv2 = vz 123 e 1 w1 1 (§-5)
In 2 similar manner, for equation (6.4) we have

- 32 . 2 2 3

The average rotor conductor Joss can then be shown to be

2 }
. - T ' T
. Preloss = ;; (ry" fpapu2 * Ter Imeshv2) (6.7)
3
where rbT and re;T are Q, vectors defined as
T -
rb = [l"bu rbv PR rbv]

and ¢ .

R . . , .

Ter = [rery ey .. Tery)

where rb; is the real component of ghe bar impedance (sée eguation
(3.20)), and rg., 1is the real component of ap end ring segment impedance
(see.equation (3.21)).

It has been shown in chapter 3, Section 3.4, that the resultant’

resistance of a single mesh is
. “ . AY

SVPT .
= 4ry, sin®— + 2r opy . (6.8)

r
meshv
2Q2

.

Therefore, an alternative to equation (6.7) can be written thus

2 Q

rcloss ;; Tmeshv £ ¥ ym(me1)
m=1

P (6.9)



”

184

6.3.2 The P Method : . ' : '_ -~
.. ‘ \‘- .
If the real power loss cohpongnts.in induction machines are’

classified as:

(i) Stator copper loss; P. ..

. L}

(11) Stator iron loss: Py, )

(1ii) Stator stray loss; Pss-

“{iv) Rotor conductor loss; Prcu R '
. . ‘-—/—h“.‘\

v R?tor iron loss; Poee - - ' -

(vi) Rotor stray loss; P -

(vii) Friction and wind?ge; Perw
then the generalized real power flow in induction motors may be
illuétrate& as shown in figure 6.1, The horizontal bars depict the .
useful power flow, while the verticals show ﬁhe losses. If the'motor
runs unloaded at the no-load. supply current and'slip, the flow diagram .
will be as shown in figure 6.2. If the motor runs loaded at full-load
current and slip, the flow diag;am will be as in figure 6.3.

With reference to‘the standard definiéion of stra; load loss as
stated in séction 241.1 the friction and windage, and the core‘losses
component of the apparent load loss are dedUceé from a né—load tegé.
Thus applying the interpretation generally given to the result of this
test, as discussed in section 6.2.1, implies that in figure 6.2 the
rotor conductor less, Prcunl' and the rotor iron loss, Pofeny» are zero.

Then we can write,

. ?(f+ﬁ)nl = Pemnl (6.10)
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[N

which means that the friction and windage loss measured at the no load
is equal to the no load air gap power. We can also write,

P p

I

sfenl = Finnl = FPemnl = Pscunl

(6.11)

éy the'sﬁaﬁdafa definition in section 2.1.1 the full-load flow

diagtaﬁ correSponding,to the apparent full-load losses is that shown in

figure 6.4, as op;osed to the one shown in fig&fe 6.3 whie¢h illustrates -
the actuéi rea; ﬁéyer flqw‘;t the full-load condition of opération,fand

hénee corresponds to tﬁe ggtuai fullflbad losses. Since str§y load loss
'is the difference between the actual full-load losses and the appa?eht

full-;oad losses, then stray full-load power loss is the difference

between figures 6.3 and 6.4, Thus, from the diagrams,

Pssel = Pinfl = Pemsl = Pscurt = Psfent (6.12)

and *

Preur = Plrmom . (6.13)

Prerl = Pemrl = Poutfl =

The total stray full-load.loss of the motor is then the sum of equations

(6.12) and (6.13). TN

The developed algorithm:;section 5.2, can be used to estimate

" Pemn1r 2nd hence, Pee 1y,) and Popopy from the knowledge of the ne-load

current and slip. With the knowledge of the full-load supply current

and slip Pemfl can be similarly deduced; and P 1 can be estimated

reuf
using equation (6.7) and (6.9). The stator copper loss at full-load and
no-lecad can be estimated f{rom any standard expressions or numerical

technique {10, 88, 891].
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6.8 Measurement of Stray Load Loss‘
P & . ' : 7

Stray load loss of the practical machine discussed in table 4.1
was measured by the inpui - output method (see section 2.2.1?(I)§.
Basically three tests were per{ormed: nofloa_d, d.c., and‘full-load

tests. The no-load test was set up as shown in figure 6.5. The no-load

core, and friction and windage losses were determined. from this test as:

U;

Pﬂl :'P1 - Pa = Pscunl -+ P(f+w) -+ Pcore (6.1“)
where
Prean) * Peore = Pm1 ~ Peounl _ (6.]5)
where . .
. ) > '
Pecunl =31 )
where
A
Ini = g (Ia + Ib + Ic)

The d.c. stator winding resistance was measured through a d.c.
test. The set up of the test is as shown in figure 6.6, The rhg?staﬁ
was used to édjust the current to approximately the rated value. The
‘winding temperature wWas measured in order for the test resistance to be
corrected éo that at full=load running test. The d.c. stator winding

resistance was'established from the test results as:

vdc

2l

ey = (6.16)

de

Finally, a2 full-load test was performed, figure 65.7. The
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Plate 6.1: Set up for ﬁhe full-load test of 2 squirrel-cage
induction motor. il
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the rotor output torque was measured directly. Thé readings Bf the
power 1nput: speed.‘kiator current, and temperature were noted. The
following calculations were made from the result:
The output ﬁo;ér.'
L]
. T oo ' ,
Po = - Watts (6.717)
9.5"5 . -
(Note T, is in N-m, and n. is .in r.p.m.) T
& . o o o - - ‘
Pscu'ﬂ - ‘311-1?1 ‘ - - (6..18)
where r; is ry corrected for $k1n effect and temperature,
1'l. o
Igy = - (Ia + I+ Ic) . : '
. 3
Pinr1 = P1 + P2 A
Preu = S(Pinfl.' Pscuri ~F(raw)) - _(65!9)
Stray load loss was then determined as
Pstray = Po = Pigr1 = Preu * Pscurd * Perww) * Peore) 16,20}

6.4.1 Results and Comparison

The two proposed methods in sections 6.2.2 and 6.3;2 were used
to predict the amount of stray ioad loss of the practical machine. The
results compared with that.as measured above and that predicted by the
manufacturer at the design stage, using the nominal assignation method,
are as shown in table 6.1.

AE{cept for that obtained by the proposed method of section 6.2.2

all the stray load results in table 6.1 agree well. This observation



!

i
A

can not be uell explained and neither can it be cons;dered as

general. This is because, as is elaborated in section 2 2.1, the -

problems. hence the measured result shown in the table

'taken as reliable, In fact if stray load loss is to be

‘ input-output method of measuring stray load loss suffers accurac?’

can not be

meaaured as

the difference of an electrical input power and a mechanical output

-\-

power, then both have to be measured with an accuracy which cannot be

achieved with the technique used in the experiment of 3
particularly as far as mechanical power is concerned.

The results shown for the two proposed methods

ection 6.4,

(columns B and

C) do not agree because the calculation of that of column C in the

table employed the measured efficiency, and hence may a

. ) ’ .
error. The fact that the measured result compares clos

lso be.in

ely Aiith that

shown in column A of table 6.1, whose prediction is based on nominal

assignation together with some questionable empirical f
does not Justify the latter because the former is unre

Nevertheleas. the two new techniques developed

ormulations,
liable.

here for the

prediciton of the stray load loss of an induction machine are

theoretical.. Such technique does not exist in the past

works. The

significance of a theoretical method of prediction is that it will

enable many aspects of stray load losses in induction machines to be

readily studied and therefore significantly enhance the

) accomplishment of .the main objectives, which are understanding and’

reducing the loss., For the predictional problem of stray load losses

to be resolved, and especially for the two proposed methods in this

193
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Table 6.1: Comparison of Calc

"‘-_\\: .
.

ulated and Measured Stray Load

Loss
" Full-load Loss compoueﬁi A '-3' c. D
Stator copper loss (watts) 571 — 580 594
Stator iron loss (watts) 386 _— 401 320
Rotor Conductor loss (watts) | 435 _ 477 805
Rotof Iron loss (watts) ' — -_ — —
Friction and Windage (watts)| 138 e— 121 128
fotal‘Stray Full-load loss | 405 . 669 375 450
(watts) - : ' c - =~
A - Manufacturer's prediction at the design stage
B - Predicted by the method of section 6.2.2 -
C - Predicted by the method of section 6,3.2
D - Measured (section 6.%4)
»
&
i
q
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chapter to be édequatély'viﬁ¢icated. there is'a need to devise better

: . _ ) _ -
methods. for-‘the experimental deterwination of stray load losses in.

'induction machines. Hence, based on this fact two additional -

fexperimeﬁts have been developed in cobperétion #ith_Hestinghouse 

-

(Canada) Limited during the course of this research. ﬂnfortuﬁatelx;
their implementations.are not yet completed. Some of the highlights of

these additional experiments are as presentéd in aﬁpendix c.
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CHAPTER 7

. : " . CONCLUSIONS

The correct undekstand;ng of the physical orig;n_and components
' of stray 1oad losses, and the developments of reliablé methods of
prediction and measurement of these 1oasesiare esSential if.induction
machines are to be designed uith minimum additional losses, namelf strafl
load losses.. The main éspects ofqthe problem of these losses in
induction machines, including aspects involving predictisn and
reductioﬁ, haﬁe been reviewed iﬁﬂdetail. The questions of definitionm,

‘ . .
origin, components, and effects have been researched. It was discovered

that some of the commonly used terminologies in the subject area formed

major obstacles to progress in definition. During the course of the
investigation it waé found that the principle effectslof siray load loss
are heating of various machine components, loss of oﬁtput torque,
acc?leration and retafdatioﬁ effects, lowered efficiency, and, as a

' ﬁracticai consequence of these,‘derating of the machine, ‘

Several existing technliques that were proposed for measurement
of Stray load losses have been discussed. They all may be eclassified
into two méin catégofies: full-load, and light load tests. For one
reason or another, none of these methods is found adequate for accﬁrate
determination of this -loss.

A survey of the state of art of the prediction and calculational

196 °
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problems has revealed that the empirical literature published on

achievements in this aspect is subject to very large discrepancies

-reported between the calculated and measured results. It was found

that, because of this, most manufacturers worldwide prefer at the design .
stage to accoun; for §tray load loss through a nominal assignation

method based on empiriéal expressions. Univérsally'these techniqueé are
based only on the past experiences Qf.the-designers_and have little
rationalianalytic basis. Their only basis is the measured values
detefmined by subtracting actual accounted results from prediéted. -

Various methods and means that have been suggested for the

reduction of stray loss components in a machine have been investigated.

It was founa that successful reduction of losées has not been aéhieved.
A theor§ of‘analysis of squirrel cage iﬁduction machines has
been developed. This theory precludes the introéuction of the notions
of belt and.zig-zag reactances, or differentiél reactance, and does not
view the air gap flux as the sum of linkage and leakage components.
Squirrel cage windings are treated exactly thelway they are conf{igured

with each bar or end ring segment represented by a lumped impedance.

The highlight of the theory {S that ultimately the machine -ends up been

represented by a set of linear periodic differential equations whose
independent variables are the rotor mesh or bar currents, depending on

the formulation.

The theory ;s conceptually simple and general in that the

solutions to the differential equation are guessed. lence, there is an
v

infinite number” of possible solutions out of which a suitable soluticn

v
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.a

» technique has been developed.
The question of how to.accouﬁt for the effects of the actual and
fictitioué slot cpenings ha; been addressed. The Eechnique used is
'pased on the-existins method whiéh was originaliy developed by Carter
[85]. For any instant the c;rcumferenﬁial distribution, along the mean
air gap radius, of the slot pérmeance factor can easily be developed.
Saturation was accoﬁntéd for by a saturation factor. A means of

developing tge distribution of the saturation factor aloné th; air gap
periphery has also beén devised, The ease with which these slot
permeance and saturation factor distributions can be obtained made it
easy to study how waveforms and harmonics create'or influence stray load

" losses. It was found that the slot openings including those-due to
.saturation Efictitious“slot openings), reduce the magnitudehof the

' Tuﬁdamental of the air-ﬁap flux density uavéfcrm and augmént the
magnitudé-and change the phases of the harmonic:components. The
percehtage of reduction and augmentation are constant with load for
actual ;lot openings but vary with load for fictitious slot;openings.
Except SSF\the ﬂicp;tious slot openings, saturation qoes not' affect the
phases. It'doés'reduce the magnitude of the fundamental component of
the field waveform and cr;;tes saturation harmonics. The percentagg of
reduction and the magniﬁude'of the saturation harmoniecs increase non—
linearly with current, and hence with load. However, saturation reduces
the magnitudes of the harmonic componengs in the field uaveférm. An
additional effect of this i; that the net effect of augmentation by the

slot openings i3 limited.

-
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During the coﬁrse of this investigation an asproximate meang of

separating the air gap flux density waveférm into its fundamental,,

saturation, and.othé? spacé harménics has been developed. This

separation enables.harmonics to be accounted for in the deyeléped model.
| An expression fon'the electromagnetic torque in terms of the

rotor and resultant air gap flux depsity distribution has been derived,.

Although the resulting expression is‘familiar. its derivation has never

. Ve
before been made without the assumption of a smooth air gap and linear

% Jzagnetic circuits. Apart from the fact that this expression has enabled

o

the concept of the development of synchronous and asynchronous torques
toabe easily defiveﬁ, it also enables the net developed torque to be
caléh}ated once without having to calculate it for each harmonic
compoﬁent‘separately. -

The theory deveioped,.together with the ideas developed for the
manipulatién of the air gap waveforms with saturation, and the derived
instantaneous and time-average electrom;gnetic torques, has been
structﬁred into an algorithm which is considengh a model of the
behaviour ;; squirrel cage induction machines. This algorithm has
enabled the validity of the theory and the model to be verified through
a study of the torque-speéd characteristic of a practical machine, 'The
predicted torque-speed curve has been compared with that measured by -
means of an accelerometer. The fact that the p;edicted torque compares
well with the measured substantiates the theory and the developed model,

hence enabling the new approach to be employed to the problem of

theoretical prediction of stray load losses. The algorithm has also
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. been employed in Eaffying-out brief tu&ies of thé influencé of
harmonics on the developed torques.

From a criticism of the ideas leading to the conventional
equivalent circuit and the estimation of total load loss of an:induction
machine throuéh the method of seéregétion. it is apparent that stray.
1Bad losses occur as the result 6? the difference betweeh the actual'
phenomenon in the machide énd that representg? by the method of
segregation or the gonventional‘moqel. Heﬁce, on this basis, two new
methods for prediciing the amoﬁnt of stray load loss have been developed
 for predicting this loss at the design, manufacturing, or utilization
stage of an induction machine. Measurement of this l1oss has been
conducted in the laboratory with the hope of substantiating the
developed techniques. The fact that conélusive comparison could not be
eqtaﬁlished between stray load loss predicted by these déveloped
techniques and that measured through the input-ou;put test suggests that
further work, of ag experimental natutf,'is required.

The concepts of usefgl and loss power flow in induction machines
have alsc been discussed in detail; particularly as they relate %o thé
machine equations representing the presented theory. Unlike stator,
copper loss, for example, stray load loss is neither distinct in terms
of location nor unique in terms of the phenomena thaé lead to it. Part
of stray load 1oss occurs in the stator and rotor conductors due to
‘induced narmonic currents. Part occurs in the iron materials,
especially the stator and rotor surfaces and-the tooth body closest to

the air gap, due to narmonics and leakage fluxes as'hysteresis. eddy-
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current ané skin effect losses. Stra}lloss also exists as. eddy current
loss 1q'the énd region materiais due to end-leakage flux. Othér
components, though not considered in the model are easily included.
They may include eddy current.loss in éhe iron.ﬁa:eriai due to skew
.ieakage flux, and additi;nal losses due to manﬁfactu}ing 1hperfec§ion,
especially the interbar current loss, | _ |

Finally, the advantage of the new model developed in this work
has been found to be tth it precludes the erroneous approximations
characterizing the conventional one; hence it offers a better prediction
of machine behaviours. In addition if lends itself easily to'the study
and the evaluatiog, éven.at the design stage, of stray load loss. 'A;
well, it still retains the simplicity and versatillty of the
conventional equivalent circuit. That is, it is not so mathematically
complex as to require the solution of - a set of differential equations or
to 1nvol§e an iterative approach. Fﬁrthermoée, it lends itself easily
to the study of thé steady state performance of unbalanced machines, and
machines fed with non sinusoldal supplies.

The specifie original contributions claimed for this work are:
1) Insight into the problems of definition, origin, components, effects,
measurement, prediction and reduction results from a comprehensive
review of the subject of stray load losses in induction machine. The
review also highlights the state of the art of the subject.
2) Presenﬁation of a conceptually simple and general theory of squirrel
cage induction machine which yg§u1£s in-; set of linear periodic

differential equations, having an infinite number of possible solutions.
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3) Development of a new model ﬁhich is based on the thebry presented.

As stated above, the neu model has several advantages. . ..
4) The procedure for the derivation of é:ﬁressions for fictitious slot
opening widths for any shgpé of slot (see,sections 3:6.3).

5) Development df an approximate means of,séparatins a saturated non
sinusoidal uaveform of an air gap flux density waveform into its
fundamental, saturation. and other space harmonics. |

6) The method of accounting for saturation in the model through the use
of saturation factor distribution is an original contribution,

" 7) ‘The derivation of a torque expression without making the assumpticn

of a smooth air gap and a linear magnetic circuit, The expression was

-
N

derived by introducing a conceptual current.
- 8) Invention of tuo theoretical methods suitable for predicting

"stray load loss at the design, manufacturing, and utilization stages.

7.1 Suggestions for Further Works

This research work, apart from revealing some other promising
topies for further investigation, has particuldrly drawn attention to
Ehe need for expgrimental inveétigation of the subject of stray load
losses in gnduction machines, This need was realised during the‘course
of this research and was addressed. Although not yet fully implemented, .
" two additional sets of experiments have been developed by the author in
cooperation with Westinghouse (Canada) Limited (see Appendix C).

Immediate further work, therefore, should involve the completieon

of these experiments.
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Other promiaing topics for further investigation are:
1) The development of other techniques ror simultaneously soTving the
two machine equations (stator and rotor) such that the presence of
harmonic power in the power system, from the air gap-of_the machine, 1if
"any, is reflected in the solution. - -
. 2) An extension of the developed model in this work to aecoune forr¥he
~ effect of skewing and idter-bar currents loss. ;
3) The use of the developed algorithm in this work to comprehensively
investigate paresitic torques.

‘*H) Repetition of the investigation in this work .for an gnbalaneed

machine and induction-maehine fed with non sinusoidal supply.
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APPENDIX A
A FAST FOURIER TRAMSFORM ALGORITEM
ya - .

-

The fést Fourier transform of a real vector of length N, where N
is any positive even integer, may be computed as follow:
‘Given a-set of N (even) data points A = (ag, ags --- aN) where

31; 32,'... aN are real numbers. then the cosine transformation and sine

transformation are computed as ’

’

N 1
2 & J1mﬂawm) ‘ (AT
j=0 ' :

II

. C!(4-1

and
CON=-1 ] .
Spat = 2 Fo 2541 sin(Z?jk/N); : _ - (A.2)
3= ' : |

for k = 0,1, ....N/2.

‘Ihe foregoing therefore implies tﬁat if any uaveform'i§
represented as a vector A, then the set of sinusoidal components

| equivalent of that waveform can be computed using equatlons (A.1) and

(5.2). The two sinusoidal waveform components (cosine and sine)

represented by these two equations can_beilumped tagether by.treaﬁihg

(A.1) and (A.2) as real and imaginary components, respectively, of a

~ -

complex of the transformation i.e. !

AL = Cp + ISy o ‘ T (AL
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'I‘lie magnitude of the kth sinusoidal component of-A: repre;ented by' ‘the
-compiex équation (A.3) is.'therefore, : -
>y _ 2' ,. R,
gl =/ (cE + sP) a © (A
' '\_\ .‘
) _ .
and the corresponding phase is oo T
b 4 S
- - _
B, = tan™' — o (A.5)
. C . .
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’ APPENDIX B

CALCULATION OF THE ROTOR BAR IMPEDANCE PARAHE;ERS

B.1 Resistances

1) Slot bar resistances:

For any harmonic v the resistance of any of the resiohs in the
sloﬁ_of figure h.1u is

1 .
Rvi = JRvi'"_ s i=A,N,B . o (B.1)
- YA]. .
where subseript i refers to a region in figure 4,14, Jva is the "skin

egfect"'constant {see B.3 below). The conductivity =

<

, | N ‘ . Y -
At | I (8.2)

H + a(t-20) .

where ° Yoo = conductivity of 20°c,

- . @ = temperature coefficient

t = temperature in oc.

S

Yog = 3.22 x‘107‘S/m ;s @= 3.7 x 10-39%"! for aluminium.

& .
2) End-ring resistance - ]
The resistance of an end—riné segment at any harmonic is

%D

ring - o
rer = —— Kring (8.3)
YQohring .
214
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where, Kring' which accounts for the effect of wide resistance rings, is

given by the expfesaion 1891

: P Dy 1+ cpilnring)p
. @ Drgpg 1 (D4 Dpsng) ‘
o ' . ~
B.2 Reactances

1) Slot's seif~1eakégé reactances:

‘For any harmonic v the self leakage reactances of. the regions,

A, N, B, and 0 in figure 4.14 are respectively ‘
Xyi = Jyvi * ZnYSvUOIKSi :i=a n, Db, 0 (B.5)

where J,,; is the n"skin effect™ constant (see B.3 below). Ksi is the
slot leakage constant for the region i. For the shapes in figure 4.14

the expressions for these constants are derived in reference {ga] as

A

Ksa = 0.623 - hAB"A
. 1 ]
. Ken = hy/3vy
.Ksb = 0.6‘6
§
Kso = No/¥e2 -

2) End-winding leakage:

For one segment of a rotor cage ring, and for any harmonic v,

this is calculated using an expression derived by Liwschitz-Garik [911]:

Xep © 2nfs L, ‘ . .(B.G)

L W
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where the end leakage inductance

1 LIOQ2 1

. ’ | “- | . .
. Loy = = -1y - 1) + kT le, S (8.7
where - i’ -
b T
T = Dpyng/P
0.3 forp=2
.k=
0.18 forp > 2
. 2 &
sinc(ag5/2)
sin®(ag,/2)
“where
@, = Ru/plag,
®s2 = "P/Q2 . -

B.3 Skin-Effect
For regions A, Ny and O in figure 4. 14 the skin-effect factors,

JRvi and J are taken as unity while for region B they are calculatéd

xvi®
as (921].
v { 1.5x) (sinh v (6x) + sin v (6x))
Jpus = (B.8)
cosh+/ (6x) = cos ~ (6x) '
and :
Vv (1.5x) (sinh«/(6x) + sin«/(6x)) R -
JX\’.D = . (B.9)
: x(cosh« (6x) = cos«/ (6x)) )

e

where x = x:,b/R;B. -
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x;b and-R;B are the d.c. self leakage reactance an¢'résistance

respectively.for region B and they are calculated from exﬁres&ions (B.5)

and (B,1) respectively when Jva = 1 and Jevp = 10

The reason for accounting for skin effect only in the top bar is

because at high slip nearly all the current flows in the top bar only.

At low slip, however, the current will flow chiefly in the bottom bar,

but now the skin effect in 2ll,the bars will be small because of low

frequency.



APPENDIX € .

A BRIEF DISCUSSION OF THE DEVELOPED EXPERTMENTS.

.. The need for experimental investigation of the subject of stray:

-

load losses in induction machines was realized during Ehe course of this
r‘gsearch and was addressed. Although not yet fully impl.ernented'. ‘two
additional sets of experiménts havé been developed by the author in
cooperation with Westinghouse (Canada) Limited:

(i) A calorimetric method for studying stray leoad 1033 has been
developed using a number of fine thermocouple -probes conveniéntly - j
located within the machine. In addition.-search coil probes have been
installed in the rotof of a machine br;qr to.casting..figure c.1 and
plates C.1(a) and C.1(b). When the whole set up.is compleééd the aim
will be to take readings from the probes through a computerized déta
acquisition system when running thé motor under conditions such that thE
heat generating p&ints due to stray load loss will be detected and
determined from th; readings. -

- Tﬁe method is to devise a model accountins.for transienf and
ste$d§ state temperature rise of various ﬁaéﬁs of the machine, With the
several thermocouples located in the machine, this can be idehtified as
a sét qf*thermal sources (rotor irén. rotor cage, stator iron, stator

S

windings) associated with several thermal capacitors, thermal

resistances and an external temperature reference.

218
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. = Thermocouples lccations
- - Search coils

(b) Rotor

'Figure C.1: Instrumenting machine laminations for the
Calorimetric method experiment
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Plate C.1: Instrumented machine laminations for the
» Calorimetric method experiment °,



Sinee the. measurements depend only upon losses. stray-losses can

be easily deteeted‘ they can even be separated into a few componenta.
It is hoped that it will be possible to analyze losses not only for low o

-

'values of . slip. but- for any value of slip, and any. value of. supply

-'voltage, a fact: uhich is of u@nost importance for the development of Pt

gomplete analysis. - s .
(i1) As an additional benefit, a novel experimentation idea to study

the 1nter~bar eurrents problem has been developed. -This topic until now

 has been mainly a matter of conjecture. The teohnique would" allou

interbar current and voltage waveforms to be displayed on an = - v

. .

oscilloscope. Like (1) above. skewed and_ unskewed motors are ‘being
studied. The investigative routine requires that . fine.copper wire
probes be embedded in certain locotions in the rotor, figure C.2 and ~

plate C.2.

-
-

Stages whioh are involved_in implementing these experiments aret
1) Experiment method and procedure dev;l;pment;
2) Instrumenting;
3),Manyrocturiné of the motor:
4) Performing'the'experimepts; end
5) Analysis of results. )
Stages 1 and 2 have peen completed and stage 3 has been started. Due to

both technical and economic problems this stage has been deiayed. ‘After

completion it will only require to implement stages_u and 5.

.

b
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Instrumenting a roctor lamination for a study of the

inter- bar currents problem.
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