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The losses of a 3-phase squirrel-eage induction
motor exnifed from a bridge inverter aré investigated here.
Formulation of thé losses for variable operating fredueney
taking into account the presencé of time harmonies in the
voltage waveform is carried out based on the well-known

relations avallable for fixed freduency operation,

Next, flow charts have been developed for determi-
nation of the losfes with constant Volts / Hz and constant-
flux modes of operation of the motor on sinusoidal as well
as non-sinusoidal supply voltage waveforms.. Computer programs
based on the flow charts have been used to caleulate the
losses for a 5 h,p., motor with constant, full load torque over
a frequency range from 0,2 td 1.0 per unit normal (rated)
frequency, The effect of variation of equivalent-clreult
‘parameters on the 16sses of the motor 1s also studied from

the computed results,

Finallyy a flow chart for optimization of the

losses of the inverter-fed‘induction motor has been developed
using ﬁhe incremental search technique. The quantities which
are considered as variables are the number of conductors per
stator sloty the area of cross-section of the stator conductor
and the core length. 4 program preﬁared_on the basis of this
flow chart, has becen used to obtain sultable values of the
design variables for the 5 h.pe motor taken as ap eiﬂmple

$0 that the total losses of the motor are minimized.
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Performance of the motor over operating frequendy range of
0,2 to 1,0 per unit normal value is compared with the
optimized equivalent, The method of optimization use& is

quite general and can be easily extended to include few morc

constraints or o fow more design variables,
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INTROPUCTION

WThe squirrel-cage induction motor has long been
accepted as a dependable work horse for constantuspeed
applications. This has been its traditional role uﬁder,
conditions of fixed frequency and fixed voltagd oparation:
This basic characteristic, viz. to run at a virtually
constant speed close to synchronous, of the simple, cheap
and reliable machine has long been a chalienge to designers

who have sought to devise variable speed scheanes,

For cases where speed varlation is necessary, the
d.c. drive has been widely adopted and has proven suéceésful?
In recent yearé the d.c. supply has been obltained from the
a.c. network by means of static converters which permit the
controlled rectification of the alternating voltagé_so that
a variable direct voltage is provided for the armaturé. The
application of direct voltage makes the steplesy variation
of speed of the d.c: motor possibie and precisc spead contrbl

is achieved by adopting closed-loop feed back methods,
25,36

The d.c. drive does have disadvantages =

howevef, sueh as the need for mainténahéé (feﬁiaéement of
worn brushcs) and a relatively largé fl&wh;él effeet, The
,liﬁit values fOf 6utput aind speed of the d.c. machiné are
much lower than for the induction machine. Thus, in many
cases, the tasks set can be carried out better with the
induction motor, One requirement for this is a suitable

incoming supply to the 1nduction motor to give it the
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characteristics of a d.c. drive. The advent of silicon power
thyristors around 1960 led to thes development of statie
conﬁerters and thus made the stepless variation of specd of
induction moyor possible with practically no switching .
1osse525’9’l4’29. Progress made in the field of solid-state
components, combined with advances in static converter and .
eontrol techniquecs §as put a new emphasls on the use of
induction motor as a high performance variable speed drive

and has opecned new vistas for its applicationss’lo’l7’36.

Polyphass induction motors used in static variable~
frequency drive systems are versatile torque transducers
having opesrating characteristies and features which meet the
requirements of modern variable spead drive Systems6. Some
of thess characteristies are,the capability for opsration at
very low and high speeds, ét high tordue overloads, in a
constant horse power versus speed mode, and in the nsgative
torque range for dynamic braking. Attractive features of
induction motors include easy availability of wide ranges
in horse power, voltage and speed ratings. In addition they
have size, weighf, torgque-to-~inertia ratlos and cost advan-
tages when compared to d.c¢, motor drives. Consideration
will generally be given to a.c. drives of this kindG’g’se
where for certain drive configurations and conditions of
operation they offer the opportunity for important cost

savings over their d.c. counterparts. For exemple ¢
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1) Multiple number of motors (three or more) operating
from a common power supply.

i1) Envirommental conditions reduiring the use of enclosed
or explosion proof motors,

iii) High speed motors,

iv) Very low speed motoré for direct conneetion to avoid
drive traln wind up and back lash,
v) Motors subjected to severe vibration or shock,
excessive heat or moisture.
vli) Severe weight or space limitations on motor.

vii) Hollow shaft motors for overhung mounting or for
feeding water, alr, steam ete, through the motor shaft
to the driven equipment.

viii) In-accessibiliﬁy of motor for maintenance and
inspsection for wvery long periods,

ix) Outputs higher than the maximum ratings of d.c, motors.

A, HISTORICAL DEVELOPMENT OF THYRI STORIZED INDUGCTION MOTOR
DRIVES.

I i

As a result of avallability of SCRs interest in
variable speed induction motor drives has shown a tremendous
increase and in the recent years many new techniques suitable
for the adjustment of the speed of the a.c. motorshave been
developed. |

0né such method is the variable voltage control by
thyristor333 used for obtaining subsynchronous speeds from

the induction motor, In this scheme, normally three palrs
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of antl-parallel SCRs arc installed one in each line as shown
in Mg.l and the firing angles are symetriecally cogtrolled to
smoothly regulate the stator voltage of the motor, ThuS,'the
effective voltage dzlivered to the motor ocan be‘vanied_frcm
zero to full supply woltage. Stator voltage control climina-
tes the complex circuitry of the varlable~frequency schemes -
and so 1s cheaper to install, Howéver, the operating effi-
ciency is poor, and derating is neeessary at low speeds to
avold overhea:’ping due to ekcessive current and reduced

32 of the schemz are unsuitae

ventilation. Other limitations
bility for constant torque operation and pmojlem-of thyristor
turn off at low speeds, This schems is us€d for pump and -
blower type spead control where starting torQué regquirguent is
low and load torque ﬁsually increases with speed?3 Other
applicgtions include fractional horse power drives and a.c.

powered cranes and hoistsSz.

. Another mcthod of speed contral of induciion motors
applicable only in the case of slip ring type is the static
slip-power recovery drive. There are basicallf two schemes,
namely (i) static converter cascade4o called as 8:herbius
statle scheme and (i1) modified Kramer~drive8 as shown in
Fig.2, In the case of static Scherbius-schemc, a three
phase bridge-reetificr connected in the rotor cireuwit of
induction motor feeds‘rectifiéd §lip power through the
snoothing inductor to the thyristor inverter. The inverter

returns the rectified slip power to the a.c. supply. In the
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case of static Kramer-drive, a mechanically coupled auxiliary
d.c. motor is supplied with rectified slip-fredquency snergy
from the main motor 8lip rings. In this case, thus, the

slip power is recovered not as an electrical power returned
to the supply system but as meehani eal torque developed by
the d.c. motor, ©Static Scherbius-scheme is finding more

acceptance in reesnt years, particularly for a limited sub-

. . 40
synchronous range of speed wvariation,

- These two schemes are having a number of limitations.
The static Scherbius-scheme has a low efficlency and poor.
power-factoi, which can only be improved at greater complexi-
clty and cost o, Also there are difficulties in obtaining
super synchronous speed in this method., In static Kfameru
drive, one additional machine is redquired which is not
desirable in some applications and also it increases the

cost of the drive.

The most versatilc method giving efficient wide-
range speed control is variable-frequency control of induct-
ion motor, The motor tordue is produced by interaction of
rotor and stator flux. This flux is created by current
flow in both the stator and rotor, In order to maintain a
constant torqus, current flow should be constant. Since

motor impedance dscreases with the reduction of applied

frequency, the applied voltagz should vary in a dirsct

relationship with the applied freduency if constant torque
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capability at the output shaft of the motor is to be malntain-

ed. Thus voltags / freQuenéy = constaﬁt.

Fig.3. is a plot for this characferistic whi eh
shows that the applisd voltage 1s rcduced as the fredueney 1is
decrsased, It should be noted that the voltage-fredqueney
ratio i1s not constant down to zsro but requires a boost at
low frequencies to compsnsate for the stator resistance drop
IR, which becomes signifioanﬁ with respeet to the total
applied voltageéG. Fig;é. shows the tordque characteristics
of the motor at several diffecrent stator freduencics, break
down torque being maintained constant due to constant air-
gap flux., Thcse motor charactoristics are sultable for
driving a constant-torque load at variablc speed,

Tdeal power sourecs for the erQuéncyacontrol
method ars statie freduency convertersg, which can provide a
three-phase a,c, system of variable Tredquency and voltage
from an a,c, system of constant voltage and frequehey or
from a d.e. system, Various converter types and control
methods,; cach differing in scops and principley have been
developed to permit cconomlcally optimél solutions to bs

found for a wide rangs of applicatioﬂs46’25’x7.

Statlc freduency convarters can be subdivided into
two basic sub-groups: d,c. link converters and cycloconvcr-
ters. In d.ce link convarters, the power taken from the a;c,

system is first of all convcerted into d.c. power by a systen-
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side converter and then back into a.c. powsr of the reduired
voltage, frequency and phase number by a machine side
converte—r9 as shown in Fig,5. These two converters arc
decoupled by a link containing a capacitor or reactor, depen~
ding on whether the link is to be of the direcct voltage type
or direct current type., The system~side converter is gencra-
1ly a standard rectificr and the machine~side converter is a
thyristorized inverter. The output fredquency of the d.c,
'1ink oonvérter is determined by the rate at which the inverter
thyristors ars triggered into conduction., This is controlled
by the reference oscillator and loglc circuits, which generate
and distfibute firing pulses in the‘correct scquenece to the
various thyristors. Thus ths output fredueney may be control.-
led from zero to SGVEral hundred hertz. At the end of its
conduction period, ecach thyristor must be turned off by an
auxiliary commutating circuit., In gensral, output voltage 1is
controlled by adjusting the amplitude of the inverter square
~ wave output or by controlling its duty cycle or pulse widtﬁ?.
The inverter systems can be designated as
(1) Variable input transformer.
(i1) Variable output transformer.
(i11) Variable voltage input (phase controlled rectifier
or chopper). |
(iv) Pulse-width (Phase shift),
(v) Pulse-width modulated.
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Out of these the last thres only are truely static
schenes, In the ease of phass shift control, which requires
two similar inverters operated at the same frequency from the
same dec, supplys the inverter outputs are comblned in a
transfomer, and voltage control ig obtained by phasge-shift-
ing the output of one inverter relative to the other. In the
case of pulse~wldth modulated conirol, the alternating outpﬁﬁ
voltage of a static inverter is rapidly switched on ahd off
several times during each half eyele. The magnitude of the
fundamental output'voltage is econtrolled by variation of the
total on-time during a half-eycle, In the three schemes
mentionsd above commutétion and triggering 16gic and circuitry

are quite complex,

The constant-voltags d,c. link c¢onverter is parti-
cularly suitable for group driyes with induetion maeéhinss and
also in speclal cases for wide range of applicationszs. In
the case of single—motor-driVes, nora advantageslare offered
by converters with a direct-current linkg. One major draw-
back of d.c. link convarters is that‘the output voltage wave-
form is usually nonsinusoidal. |

In the case of cycloconverters, the network
frequeney is dircetly converted to a lower frequency3
without intermediate rectification, the output voltage being
formed from thce sections of the input voltage. }The cyclo~
converters arc not generally favoured for variable~specd

induction motor drives due o the followiing drawbacks,
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(1) The naxinum output freduency must be less than about
one third or one-~half of the input freduenecy for
. reasonable power output and efficiency.,

(i1i) The cycloconvertser requires a large number of thyris-
tors and its control circuitry is more complex than
that ecmployed in many d.e, link converters; and

(111) The eycloconverber hasva low input power-factor;
partiqularly at reduced voltages.,
Typical variable-frequsney induction motor drive

applications are 3

(1) Drives in textile industry, for example pumps, fans
and agitator drives in the bleaching and dyeing areas,
(11) Multimotor drives such as conveyor system,
(111i) Drives redquiring high starting torque such as crushsrs
- -and mlxers.
(iv) For driving hoists, lifts, machine tools ete.
(v) Drives in chemical plant or food stuff industry,
(vi) Drives for sub-msrged pumps where reliability,
maintenance, weight or dimensions are prime factors.
(v) For driving electri¢ tractlion vehicles.
The brief review of thyristorized induction motor
drives here suggests that for small and medium size induction

motors, the only sconomical way of controlling the spsed 1s

to use a d.c¢. link convsrter scheme with the motor.



B. STAIE OF ART

The statie variable-fredquency induction motor drive
has introduced mumerows problens. The components of the
electrorde converter are much more sensitive than the machines
to over-currents caused by the load or by Sysﬁem faulis, and
to over~-voltages and other irregularities of the threeyphaée
supply; system design and protection ére affeeted by this
Inecrcased vulnerabiliﬁy. |

The cooperation with clectronie frequency eonverter

6,12,14,20?23,24;26 for the

has far-rcaching conscquenocs
soncerned a.c, motory viz, the induction motor, Induction
notors cxeited with statie fredqueney coanverters almost
invarlably arc subjceted £0 non-sinusoidal voltagé wave-fori
and thc pre8ceinece of time harmoniecs in the applied voltage
results in currents at the harmonic fredquencies, Thsase
currents result in additional and somg times rather large
losses depending upon the harmonic content of the supply.

The additional losses increas@ the heating of a given machine
and may lcad to a reduction of its avagllable contiﬁuous
output. If these losses are high, relative to the fuidamental
‘losses, it is necessary to know their nature, locafibhg and
relationship to the mdtor—and converter-design features.

24 discussed the contribution

In the year 19664 Jain
of harmonics to copper losses and torque and concluded that
the torque of induction motor is affected by negligible

anount because of voltage wave shape.



Klingshirn and Jordan26

have also given the method
of ealculatdion of harmonic currents by using equivalent
clreuit approach, They have glven a simple method to aceount
foxr the effect of magnetic saturation., In thls paper; the
losses are separated into varlous components and it is shown
that the hamonic losses are nearly indspendent of motor load.
It 4s also shown that the losses of an induc%ion machine with
non-sinusoidal waveform imprsssed across 1ts terminale 6an be

markedly differsnt from its sinusoidal losses depending upon

the harmmonle aeontent of the impressed wavefomm,

In the year 1968 Chalmers and Sarkaflz demonstréted
the importance of losses due to skew-leakage fluxes in the
ease of induction motors having non-sinusoidal waveforms, It
is polnted out that when the frequencies of elther fundamental
or of the largest hamonies are increased, it may becoms

desirable to usas unskewed construetion,

Melean and othersal have investigated the design
of induetion motor redquired to achlieve a good performanes
vhen fed with non-sinusoidal voltage waveform. It is
indieated that incrzasing the number of phases and utilizing
full-pitehed coils will improve the sfficleney, end a S-phase
system gives almost identical performance figures to a
similar sinusoldally fed 3-phase machine.

23

Jacovides has smphasised that the Fourier

analysgls provides a good method and sufficiently accurate
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caleulation of induetion motor performance when the latter is
subjeeted to non-sinusoidal source., However it is pointed out
that the method should not be used for predicting currént
waveforms,

5 nave reported that the

Largiaderzg and Klautéchekz
additional losses are about 20 percent of the fundamsntal wave
losses for the indﬁction motor which is fed from a statie
invsrter. '0Off-the-shelf' motor, hencey cannot he arbitra;
rily applied ©to an inverter and the design of motor has o be
modified, Certaln design recommendations are elso given by
Largiader, such as @ .

(1) applieation of new types of insulating materials with
higher thermal stability
(11) use of low-resistanee rotor, and
(i11) enlarging ecoling surfaces and/or inereasing the
ventilation. |

It 4is also reportedl4

that the freedom from skin
sffeets is to be preferred in the case of squirrel eage

induetion motbr when the supply contains switehing effcets,
because here the skin effect is not only uscless but evén,

detrimental,

The optimization of losses, of inverter-fed induct-
' " - ’ * ) - 42
lon motor has been dons by Tsivitse and Klingshirn™  for
the supply conditions,viz. frequency and voltage, when a

standard motor is used.
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When a standard motor is operated on a non-sinusoidal
supply, to avoid overhealbting because of additlonzl losses 1t
is necessary to reduce the continuous power and torque output

of motor32.

Other important cffeet on the opsration of an
induction motor exeited from a static inverter is the produc-
tion of pulsating tordues, giving rise to tordue fluctuations
rartiewlarly at low speéds. Because of the mass of the rotor
thege torque fluctuations are smoothed out considerably. One
means of reduciﬁg these tordue fluctuations 1s to inercase
the leakage reactance which psmits the flow of harmonie

29,2
currents to be contained within a given limit™ ’ L,

The appraisal of literature shows that the operation
of a polyphase inducfion motor fed from a statiec frequency-
convsrter is modlified considerably in compafison with its
operation from a sinusoidal voltage Source; Presence of time
harmonies in the applied voltage waveform gives rise to
additional losses and pulséting torques in the motor. The
additional lossés are about 20 percent of the fundamental
losses for the motor. Henee there is a necessity of taking
measurcs against these detrimental influences on the machine
performance, 1t 1s essential to recognize the presence of
tine harmoni es 1n the supply waveform at design stage and to
seale the paramcters of the induction motor, suitab1y3 for

variable freduziecy operation,
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'C. OUTLINE OF PRESENT WORK

In the present work, optimization of losses of
induetion motory fed from a static fredquency converter, has

been carried out by using direet search method.

In Chapter I of this dissertation there is a

dlscussion of various formulae fbr calculation of the losses

of induction motor on non-sinusoidal voltage sources,

Chapter II deals with the performance of induction
motor'for variable freduency operation, A& flow chart for.
caleculation of equivalent-circult parameters is developed.
&nother flow.chart for calculation of losses from the
equivalent=-clircuit parameters and suitable design data has
been developed. The variation of losses with frequency for
sinusoidal as well as non-sinusoidal voltage sources is
studied by running programs on IBM -~ 1620 digital computer,
The effect of various equlvalent-circuit parameters on the
total losseé and other performance factors such as‘efficiency;
fundamental slip, total input current ete, for variable

frequency operation of the motor is discussed.

The optimization of losses of induction motor fed

from an electronie¢ frequency converter is considered in
Chapter III, A flow chart fo; optimization using direct
search technique of incremental scarch type has been developed
- and programs were run on IBM . 1620 digltal computer to

obtain optimized design;



o 1.5

The performance of the motor for . the optimlzed
paramcters 1s compared with the nomal design.
| ¥inally , conclusions have been drawn fiqn
the results obtained. Limitations of‘fhe pregent method as

well as the sgope for further work is also indicated:
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CHAPTER _I.

e e me—h IR

POLYPHASE INDUCTION MOTOR . LOSSES ON_NON.. ST NUSOIDAL

R TR R

VOLTAGE SOURCES

INTRODUCTION

Btatie converters which are being increasingly
used to obtaln flexible performaince charagteristics from
robust but inherently constant speed cage induction motors,
havo the output voltage and current waveforms rich in
harmonies, These harmonies have a detrimental effect on the

motor performance,

In this chapter a method of predleting eﬁrrents

and losses in the»presenee of time harmonies 1s pressnted,
The work of Klingshirn and Jordon26 has become handy in

: 24394412,39
this case. The various well sstablished loss formulae

have been modifiaed to account for time harmonie effects.

The following aésumptions have been made to get
simpler rclations;
(1) Saturation of iron parts of the machine is.neglected.
(11) The non-sinusoidal output voltage from three-phase
bridge inverter is balaiced. |

1.1, METHOD OF ANALYSIS

Most of the voltags waveforms produced by statie
freQuency converters arc made up of a seriss of diserste
steps. Flg.,l.1l, displays a six step waveform which is

quite common as the output waveform of three-phase inverters.,



J2 V sin wt

T2V sin 5wt )

Induction
motor

v Sin 7wt ()

(Line-neutral)
T2vsinkwt & ©

(a)
Ry L L21
\neean/
. R
Ris5 Lis . L2s
T2 Vgsinwt L ms R25/ 85
(b)
Rik LIK L 2K
NV .
2 vaanmfa 8 Luk R2K/ 8k
(b)
Fig.l.2(0)-Non sinusoidal excitation of Induction motor
per phase

(b)-Equivalent circuit for induction motor
with non-sinusoidal excitation.
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Assuming that the voltage waveform 1s known and its ?Qurier
analysls has been obtalned, the gensral sxpression for the

impressed voltage v(t) is :
v(t) =2 Lvl Sinwt + Vg Sin 5 wh + V, Stn 7 wt
+ 060-00000’ +VI{ SirlK WJG}} 'Y XY (l'dl)

equation (1:1) is the voltage waveforn most fredquently
encountercd with threc-phase induetion motors, It does not
contaln any even harmonies or harmonies whieh are divlisible
by three. This waveform is assumed hers,

As the magnetlc saturation 1s neglected, the motor
may be‘regérded as a linear device., The analysis ©f perfor-
mance of the motor can proceed as if therec were & Series of
independent generatops all conneeted in series supplying the
motor as shown in Fig.,l.2(a). BEach generator would represecnt
one of the voltage terms in equation (1.1). The conventional
induction motor ecquivalent—cireult is very useful in caleula~
ting the performance of a motor under stecady state opepating
conditiénsﬂ Since each harmonic current will be indspendent
of all of the others, a Scries of independent equivalent
circults, one for cach harmonic, can bc used to calculate
the cﬁmplete stcady state porformance of an induction motor
with non-sinusoidal voltages applied. This cquivalent-

circuit arrangement is shown in Fig.l.2(b).

1.2, DETERMINATION OF EQUIVALENT CIRCULT PARMETERS

Tmce et

The conventional equivalent-circuit of induction
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Fig .1.3 - Induction motor fundamental frequency
equivalent circuits
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motor for fundamental frequency of fy Hz is shown in Fig..3.
It 18 necessary to know the values of équivglent circuit
parameters for calculation of currents at fundameantal frequ-
ency as well as at the harmonie frequencles. Hence ths
calculation of equivalent circult parametefa from deSign
variables 1s discussed in the following paragraphs: Various

well established formulae as~developed by Alger4 are used

for this purpose:

Stator Resistance Por Phase

For the ealculation of stator per phase resistanca

we have to determine the mean length of turn, which gan be
o

33,
expressed as ¢

-
I'm‘c =(2L + 2.3 X'é’l')"ﬁ' + 24) in cms ces (1.2)

The per phase stator resistance is then given by:

-6 T XLm’c '
Rl = 2,095 x 10”7~ x - - in omms. (1.3)
. .

Rotor Resistance Per Phase

Assumiing that the bar and end rings are made of
coppery and a skew of ong slot pitehy we have to first

' 28
determine the length of the bar according to the formula

Ly =[:L / cos (Iizgigg) + 2.43 in cms. coe (1.4)

and theﬁ determine the rotor resistance4 referred to the

stator per phase as ¢
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R, = R, + Ry, in omms. y . (l.S)
where
-6 2 .2
4,19 x 10 x4 (K K, )" T7 x 2 Ly
* d 1 -
R, = SR vee (1:6)
82 by Ab
and |
=0 , 2 L2
4,19 x 10 xq (K__ K T D
— pl dl) 1. R P . A (157)A
R = 5 _
ar T oCy P

Magnetizing Reactance

The formula for calculation of magnetizing
reactance4 at fundamental frequency of fi Hz is 3

2 2 2
2.51 4 £y TS K K DL :
1 T d
XM = - pl L in ohms e e (lcg)
Ky x g X P2 x 109 ‘

Total ampere-turns
Alr gap ampere-turns

The ratio Ki =

is called the saturation factor of the magnstie cirecult.
Procedure: for calculation of the saturation factor is

outlined in Appendix (8).

- Primary Leakage Reactance

Qpnven’cionally, the primary leakage rcactance
takes into écéount (1) primary slot leakage ; (ii) Coil end
leakage (111) zig—zég and phase-belt Lleskage 3 and (iv) Skew
leakage., ©So the total primary leakage rsactance is
X =Xg + Xgz/o +2§£+»X£/2 _ N - (1,9)
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. e e

Xg = Primary or stator slot leakage reactance,
X; = Zlg zag leakage reactance.
X, = Coil end leakags reactance.

Skew reactance.

~<
&
"

The stator slot leakage rcactance XSl at fundemental

frequeney of Ty Hz can be cxprossed as4 t

2 -7

3,16 f1 4 L Iy x 10 ' x Ps .

Xey ok Ttk N L inomms ... (1510)
51

Here PSl is the pcrmcaence cocfficlent of stator
slot, For a stator slot with known dimensions, this can be
caslily calculated4; The, zig-zag reactanee at fundamental
frequeney of fy Hz as givén by the following gquation is
suggested as a good value to useé.

. . ,
(6/K1 = 1) (6/Ko~ 1) :

LUt A s gy + 2 oms (1.11)

2 5 x (8 2P)2

412 15y (sy2P)
vhere Ky and K, are Carter's factors for stator and
rotor résyectively. 1t is usuaily suffielent to take

The belt leakage rcactance is taken as zero for
squirrel-cage motors4; |

The coll end reactance at the fundamental fredueney

of f; Hz is conveinlently obtained by the following expression
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currents on the degree of saturation of the iron must be

X that the presence of time

taken 1nto acoount, It is shown
harmonies in the supply voltage; causes & reduction in the
values of reactances due to inerecassd degree of saturation of
the iron.partSa Thus tha values of leakage reactanccs at
fundamental freduency arc reduced by 15 percent and the
magnetizing‘reaotance at the fundamental fredueney by 4'persent‘
a8 indicated by Klingshirn ahd Jordonge,. Then these wvalues

are used for calculation of the perfommance of the motor.on

non-sinusoidal supply.

1.3, CALCULATION OF FULL LOAD SLIP

~ Assuming that full load torque in Newbton-meters is
glven, then the well known tordue exprcssion ean be rewritten

to ealeulate the fundamental slip as shown below..

The tordue, in newtonlneterséa, developed by &
polyphase induction motor at fundmmental frequency negleeting,

frietion and windage, is

[“L} xsf(R +XM0) -
[on i ) Tv e

preey

® 68 000 9000 .( 1‘. l7)
whera Xll = Xi\io + .x.l -. see ) see (lo 18)
X22 = }CM_O P X2 . o - R (1. 1.9)

It is known26 that the contribution of harmonle

torque to steady stat: torque is negligible. Henece the
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where

X31'= Primary or stator slot leakage reactance.
X, = 4lg zag leakage rsactance,

X5 = Coil end leakag: reactances.

X = Skew reactance. |

The stator slot leskage rcactance XSl at fundamental

frequeney of £ Hz can be cxpressed as?

2 ~7
3,16 LT 1 x Ps
XS]_ - A R 4 , 1 x.,gm-....l in ohms ves (1,10)

51
Here PSl is the permmcance cogfficlent of stator
slot. For a stator slot with known dimensions, this can be
casily calewlated?, The zlg-zag reactance at fundamental
frequeney of Ty Hz as givén by the following squation is

suggested as a good veluc to'use4.

, . )
(6/K1 - 1) (6/K5~ 1) |

_ T Ay At s Fgq * 2 oms (1.11)

2 5 x (8y/ 2P)2

A e s ]

412 15x(8y/2P)

where Ky and X, are Carter's factors for stator and
rotor réspectively. 1t is usually suffieclent to take

!

The belt leakage rcactance is taken as zero for
4 .

squirrel-cage motors™,
The eoll ¢nd rcactanee at the fundamental fredueney

of £, Hz is conveniently obtaiﬁed by the following expression
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719 leD ,
Xg = romtse=Ze— (K - 0.3) oms cer (1.12)

For a given angle o¢ of skew expressed in radians,

the skew leakage reactance'at the fundamental. freduency is

sxpressed a54 .
2

XOC = *j:zw' ohms 'YK eevs (1413)

ﬁ‘:

Rytor Lsakage  Reactance

The ryctor leakage reactance referrsd to the

stator per phasé at the fundamental freQuency is given as

follows™,
X, = Xg, * Xy, omms Y (1.14)
where Xoo = % (Xg + Xg + X ohms rer {1.15)

In cquation (1.14), the only quentity that remains to bs
found out’'is Xgo s the rctor slot‘leakage rcactance.
This rétor slot leakage reactaiec at fundamental frsQuency
is detemmined by a similar expression as 18 used for Xsl yViz.

. -

2 X }C B ST W T T Ol’)rlls nee (l. 16)

Xgo = 3,16 £, 0 L T 10

1 1

» d - cage winding K =K = and P
for a squirrel cage winding Do do 1 'd

determined in a similar fashion as Psl .
In order to arrive at appropriate values for the
reactances in the equivalent-circuit with motor operating on

‘non-sinusoidal voltage, the effeets of harmoaic voltages and
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currents on the degree of saturation of the iron mist be
taken into acoount, It is shown26 that the prosence of times
harmonices in the supply voltage; causes & rcduction in the
values of reaotances due to inereassd degree of saturation of
the 1ron parts: Thus the values of lsakage reactances at
fundamental frequency are reduced by 15 pergent and the
magnetiZing‘reactanoe at the fundamental fraqueney by 4’persent‘
as indicated by Klingshirn and Jordonas,. Then these values
are uSed for ealculation of the performanece of the motor.on

nonysinusoidal supply.

1.3, CALCULATION OF FULL LOAD SLIP

~ Assuming that full load torque in Newton-meters is
glven, then the well known tordue cxpression ean be rewritten

to caloulate the fundamental slip as shown below..

The torque,y in newton meterséa, devcloped by a
poiypﬁase indﬁction motor at fundamental frequency negleeting,

friction and windage, is 3 ,
: 2
Pq | V13 2, .2
Ha] xen o o

N . R_R.+(X2 . X_..) 72 PO 2
[ -+Ro+ {f.'ia.%.w.} s]] J—Xll+ stl { 1 22+(X1+X )RO}}

2

ooonocoooe(lcl?)
where Xyq = Xyo + Xy , e o (1.18)
X22=X'MO +X2 cs e 'y} (1.19)

26

It is knowm that the contribution of harmonie

torque to steady stats torque is negligible. Henes the



squation (1i17) is rewritten in modified form to calculate
full load slip, when full load torque is known.
~Let Dy 4 Dy, Dy, Dy bo some constonts defined as

T x zT_T:é f3 x Ry
L (my® + x2)) x V2 x Pxy

1
o = By * Ry

. -
Ry Bo + (XKyo - X971 Xoo)
3 R,

(=
]

o
1l

.oo .5‘ (l.ZO)

. Rl ngwf (Xi + Xz) RO
e = R

2

Then the equation No,.{(1,17) can be written as
2. o 9 * 2..2 -
Dy {Dg+ Dy)si+ [2 D, (DD + Xy D4)—1.o} syt (Dg+X{y)=0 (1.21)

2 2
If-Yl= Dl(DS +D4)

= p.2 2 -
Y, = D,° + xll | oo (1.22)
Yy = 2Dy (Dg Dy + Xq3 Dy) = 1,0

Then equation (1,21) further gets simplified to
V 2 _ l . N - - et .
This quadratic cquation can be solved by usual method and

the velue of 87 computed.

1.4. HARMONIC EQUIVALENT CIRCUITS

The fundomental cquivalent cireuit of Fig,l.3. may

be adapted for the Kth harmonic voltage and current 2as shown
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in Fige Li4s In this Case, the magnetizing resistance branch
vepresenting iron losses is neglected, sincee this branch
contributes very little to the stator harmonic qurrent.v The
offeat of increase in iron losses is, howevery consldersd
separately as disousséd in iron loss calculations, to be
followed. The other differences‘between‘this clrcuiv
(Fig.,1.4.) compared to the circult at fundameﬁtal fradueney
are those needed to take account of the harmonie frequencies.
Thus for a time haﬁmonic of order K we have to modify the
fundamental edquival:at clreult in the following mannars
(a) AllAreactances arevevaluated at the harmonie
frequeney KEy |
(b) The slip 1i# the harmonic slip.
(¢) Skin effeet is taken into account in ealculating the
secondary resistance and leakage reactance.
Thus,
If the synchronous specd of fundamental field =.Ns
Synchronous speed of the K#h harmonic = K Ng

1f rotor spsed =N o
| .

Fundamental slip s = TFLT ose (1.24)
s .
K™ narmonic slip for a forward rotating harmonic
field is ‘
KNg - I (
o g R i miie-drs-airam o S L s 00 l. 25)
K ¥ TX T, | )

and for a backward rotating field
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Neg + N : ;L
SI{ = K..fg‘l\,f.w ve s hi (1) 26)
5

X + (1=sq)
In gensraly thercfore sy =-m~~75-¥ié s (1.27)
Fopr the KR harmoni ¢, rtor.frsqusney,
fzK = SK Kfl
[K + (1L - slﬂ £y ied (i428)

i

The modification of the values of motor peglstance
and reactange for accounting the skin effeet is done in the
following manner,

For & time harmonie of K'" order in the supply
voltagelwavefdrm, the values of rotor resistance and

rcaetanee are expressed a§4’27:

Xg = K, Xo5 + X5, OhmS oo (1.30)
vhere Ky = he (Sinh 2 he * Sin 2 he) . {1.31)

(Cosh 2 he = cos 2 he)

K, = 3.  Sinh 2 he ~ Sin 2 he (1.39)
2 he Cosh 2 he - Cos 2 he

and he being given by

b
he = 0’138 'h \i f21{ X '”'.’g"z‘;z: "N cas (1033)

Here h is the height of the bar and by, and by are the bar
and slot widths respsctively, all these dquantities being

expreesed in cms,
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1,5, CALCULATION OF CURRENTS

Mundamental Currcnts

Following mcthod of calculation (currents)dus to
Veino’ct43 ie utilized here, Fig, 1.5, shows a mors gcheral
form of equivalent circuit for Fig, 1,3, By setting up
simultancous equations and solving them, it 1s found that

the currents; 1n terms of impedances, are $

1, =imrl vor o (1.38)
41 dn * 4y Zg t+ Zg I | |
1 I . _ cer  (1,35)
Zy Iy + 2y Zg * Zp Iy
1 =Y‘22 PSP EP— o see | (1,36)
M Zy Zy + Zq Zg + Zo Iy |

It is now a simple matter to substitute individual rosistances
and reactances into the above equations. This done, the

followlng equations are obtained &

b * A/ *ti M

= see ed e (1.37)
Il U+3W
A + A
I = """"5""'“’5“"’”8' ee R (1038)
2 U+3W .
IM = AG/ Sl i J 10 : ‘e eee (1 039)
U+ 3w
I’mere U = Al + A2 /Sl : RN (N (10410)
W = Aﬁ + A-4 /Sl ' o s o (l 0411)

The values of 4y 4 45 4 ,.... Gte. are given in Table 2.1,



TABLE NO. 2,1

T e -

A CONSTANTS FOR POLYPHASE MOTORS

A Constant Expression for Constant
S0 R R,
A (X, + X spememmem) .(Jum....
1 17 T2 Ryo YRy T g ¥ Ky
A gRl + RO)R2
2 Ko *+ Xg
| Ra(X- + X.)
An 0 L 2.+ Ry
XMO + Xg
4 K@ %)
A 1B
° (Ko + X
AG vl RZ
(Ggo *+ %)
‘ L5
Vi %
k& Ko * X
B te
10 (Ko + %)

The values of Xyg and Ry are calculated from Xy

and By in the following way.
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RO - -]?\31- [} et l L ) s 0. (1042)

Ao = - ver T eed (1.43)
L+ (K / Ry)?

ﬁarmonic Currents

Tho saleulation of harmonle currents from harmonie
equivalent clrouits is done asxactly in the same way as for
fundamental currents. The only differcnce being that in this
cése Ry 15 zero and the values of Xy, X X25 Rqy R, ete.
are replaced by their suitable values for the partieular
hammonic. Then A-constants are determined and from them the

harmonic currents.

Hence total harmonic r.m.s. current is glven by

N -0 2 2 2 - ]
Ihar"ﬁs +I7 +111 +Il3 F eeeese +IK

=\(F"‘§ II%} | . (1.44)

1.6, MOTOR LOSSES WITH NON.SINUSOIDAL SUPPLIES

The polyphase induction motor operated with non-
sinusoidal supply voltage has the usual motor losses, an
some ad@itional losses due to the harmonics. These are

discussed in the following paragraphs.
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1,6,1, COPPER LOSSES

Stator Copper Loss

The stator I19R loss is given by the usual equation
with an additional term to account for the loss due %o

harmoni¢ currents ¢

[Il + 12 ] s PR (1.48)
The skin effect i s neglected in the case of small

motors,

Fptor Copper Loss

Since the rotor resistanee is a funetion of the

harmond. e _'ffequency, the rotor copper loss is ecaleulated

independently for cach hammonic. In general, for ’che'Kth
harmonic,
= 2 ; : y
Woe = a(Tg)® Ry | e e (1.46)

where IéK is the KB namonic rotor current, and Rg{ is the
corresponding rotor resistance, correeted for skin effect,

The tov’givel _ﬁgrmonic copper loss is then obtained as a summation
of the harmonic contributions. \ Thus total rotor copper }_.oss

is ¢

n - .
- 2 ~~ a .
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1,6:2; IRON LOSSES

Stator Iron Loss

The stator iron loss is a function of the flux
density in the stator core and teeth. 4 fomula given by

Vickeré47 for the iron loss per kilogram for lohys 18 i
W,/Ke = 0.014322 B8 £146 yapes o (1448)
1 - 4 1 a P H

where B 18 in wh/m®, and £, 18 in Hz,

1
If average flux density in stator testh i1s Bannd
core flux density is By 4 then the specifie iron loés for

stator teeth and core will respectively be given as ¢

-0 ey 1e8 1.6 | _
Syp = 0.014322 (Bp x 1.87) " £7 coo (1.49)
= 5 1.8 1.6
and 8y, = 0.014322 (By) ™7 £7 (1.50)

Sinee 1 cm3 of iron weighs 7,9 gé& the welght of

stator teeth and core is respectively given by

WTT = 7,9 % 1(33 x Sl X dSS X WT X Li ...Kg (1.51)

and WTC 7.9 x 163 x 77 (Dy = dg) x de x Iy _;.-.Kg (1452)

and S0 lron loss in stator for fundamental freduency is
P L B : F PR
expressed as

W= Byp x Vpp * Si¢ x Vg e (s

The same procsdurs for calculation of harmonie¢ iron loss is
to be repeated excepting, here the values of respective

‘harmonic flux densities in place of Bp and B¢ and harmonic



- 310-

frequency Kfy in place of £, is to bs substituted in equations
(1.49) and (1.50), For the six step waveform assumcd, the
voltage of KB hamonte is %-times that of fundamentaly and so

th

the X" harmonic flux density 1s 1/K2 times the fundamental

flux density , i.e.

B (K) = & B (1) cee Vo (1;54)
m 2 °

Thus ir WiK represcnts the stator iron loss for xh
harmonie; then ths total iron loss in the stator upto nth

order harmonle would be :
n : . . .
WB = wi +sz WiK ! . .8 KX K] (1.55)

Rotor Iron Loss

For fundamental freduency operation the iron loss
in the rotor is usually uesgligible. If desired, this ean be
caleculated with the help of equation (1,48) as follows

8

0. -y Lo 1.6
;g = 0.014322 (Bpg x 1,577, (s,f,) (1.56)

)1.8

and Sycg = 0,014322 (Begp) 8, (syr) ° (1.57)

and so the iron loss in rotor for fundamental fredueney
operation is

= Simr % Yprm * Bicr % Vocm | vee (1.58)

Wy g
The iron loss in rotor due to harmonle freduencles,
however;Ais considerably incrcéased and should be taken into

account, In this case, the harmonic slip (which is nearly
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und.ty) in place of 519 hamonic frequency in place of fl and
harmonic flux densities in place of respective flux densities
are to be substituted in equations (1.56) and (1.,57); The
rotor iron loss upto n'" order hammonic in supply would then
be ¢

webt. . |
Lo 'wiRI{ o0 s e (1059)

S

W = W

10 4R *

where Wygrgx = Rotor iron loss for K*™® order harmoniec

1.6.3. FRICTION AND WINDAGE LOSS

This loss is not influenced by the hammonics in
voltage waveform, When the slip or freduency changes,
howsver, then this loss is changed. An approximate expression,

developed on the lines of Yermekova™ s given below.

Wy = O;Qlﬁ x HP x 746 x (1 - s9) cos (1.60)

1.6.,4, STRAY.LOAD LOSSES

The stray-load losses are defined as the excess of
the total losses actually occuring in a motor at a given load
current over the sum of the calculated I°R losses for that
current, the no-load core lossy and friction and windage loss.
They are caused by the magnetomotive forces (m m f) of the |
motor-load currents, which divert some of the no-load magnetic
flux into leakage paths, thereby crecating flux pulsations and
eddy current losscs in the laminations, the conductors, and
ad jacent metal parts, Following components of the stray-load

~ loss are considered here.
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(L) Tho losseg in the motor end structure; due to end
leakage flux.
(11) Hi ghufrequency rotor surfaece losses;
(114) High-frequency stator surface losses,
(1v) The high-freduency tooth pulsation and rotor I2
losses, duc to zig-zag leakage flux.
(v) The six times freduency rotor I?R logses, due to
cireulating currcnts induced by the stator belt
| leakage flux,
(vi) The extra iron losses in motors with skewed slots,

due to skew leagkage flux.

End Leakage Flux Losses

These losses are duc to addy ecurrents set up in
the end structure of the machine by leakage fluxes which
snter the laminations in an axlal directlon, and also
penctrate the end flngers, flanges and other adjacsnt metal |
parts. They are larger when the coll over hang is long, the
distanc: between the centers of the peripheral currents in
the stator and rotor end windings is large, and when other
matal parts are closc to the end turns, The part of the end-
lwakagc flux that causes most of the end loss 1s due to the
peripheral components of the stanor and rotor end turn
currents,; sinee this flux flows in radial planes. The
equation given by Alger et alB for calculation of séator end
loss is ¢ .
Vg = 0.3 4 112 £1 Bre oo (1.61)



Wwhere
| 2 m 24 42
0.15748 q (Kdl Kpl) x D x Ty%log(l +'4y 7 ?)
‘ : 3 4
Bre = g s amsiZein (1,62)
10° P
where ‘A = Slant distance in ons between the assumed

center of the sta’cor and rotor peripherel
currents.

, ys,yé: = Axial distances between the Stator and rotor
end-cﬁrren’c centers to the end of the laminated

core in cms,

Fig;(l;s) shows the end-winding geometry on which this
formula is based.

To adapt this zquation to the motor with time
hamonics in the stator current, it is nscessary to apply
it to the fundamental, and to sach hamonié Separately; The
total loss is then the sum of these individual componsnts :

- 2 63
WSE ‘- O.3 ELC q Ki_]‘ I I( f s o0 (1063)

An end loss 1ike that described above for the
stator also oceurs in the rotor ond laminations. For the
motor operated a’c 1ts normal slip, the frequency of r,he
fundamental component of rotor leskage flux is very low,
and the loss 1s negligible, However efch hamome mll
produce & loss, This is taken to be equal to the sta’cor

end loss for that hamamc%.
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‘Thus, the final equation for end loss on non=

sinusoidal supply becomes $

-

' n_ :
- 2 2
Wy = 0.3 Br, a I;T) +2x0.3 xB,q > Ix” Krq (1.64)

™
v

Rotor Zig-Za.g Fux Loss

ol M

This loss is due to pulsating flux in the rotor
t:eth due to slot permeance and slot m m f harmonics, This
flux induees currents in the rotor bars; with an fZR loss
resulting. The‘analysis by Alger et ai leads to an approximate

equation ¢

_ 2 2 ‘ -
Wyp =4 cdb Ry Co Iyt + Cp, I (1.65)

The authors have given curves to0 find machine constants Ty

and Cj, in thelr paper.

11
The general expression for the loss factor Cf is

25yp+ 1
{: 5 sin? Y“:l
(28p+ 1)
-~ S _ '
[ 02 ii.ip.ﬂu.{ } (1.66)
(281P-l)2

and the expression for CO is glven as
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K%(gy - )2

R e S—
0 2 2 : : 2
(81~P) (87=P)
ij 1_.__2-71‘ cossc® "2"3; 3 - 2P +K(87 - P)
2P SZP 2P S
+.-‘ - il -
2. 2 (&q+ P) 2
B DT osoe? o - 2 P + K(S +P)
5 cosee” 5p .
2P Sy P -
¢ e 00O 0 QO (1067)
where Syp = No. of stator slots per pole
Sop = No. of rotor slots per pole
and X = Psrmeancs ripple 23 e (1.68)

Fundamzsntal ripple 2 - B
ilsc /3 y the flux pulsation, is the ordinate of Fig.(1.7).

The parameter.Cgy is 2 constant to account for the
deep-bar effect at the slot harmonic freduency, which is

2 Sqp fy Hz,

Wth time hafmonics pressint in the stator current,
Iy is taken to be the fundamental no-load current, and Iq is
the entire stator current, including harmonics, Thus on

non-sinusoidal supply, the zig-zag loss become526=

_ 2 <2 L 12 '
Wy, =4 Cg Ry [Co I + 0 (If + Ihar)] (1,69)

Surface Losses

The dips in the stator flux distribution around
the airgap due to the slot openings, and also the steps in

the m.m.f., distribution dus to the concsntration of current
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in the slots, cause slot frequency pulsatiohs ih the radial“v
flux dénsity'afound the air—géps These pulsatlons dause eddy
ourrent 1osses ih’@hé laminations that are usually dalled
surface losses. The rotor surface loés due to load curvents
is therefores : |
I

SIP IM

)" 8% Gy Ay pee (1:%70)

Wsuz = 0:0508 DL (

By analogy with the above equation; the stator surface loss
under load is

- N T (e 2 , ' \
Wery = 0.0508 DL (=g By Ceq Mg voe  (L71)

Where Bg. = Average flux density over the effective gap

area in wb / m2

Cgo, = Rotor iron loss factor, from Fig.(1,8) for
stator slot fredusncy (2 S1pfq)
kl = Stator slot plteh in cams.

Cg1 = Stator iron loss factor, from Fig,(1.8) for
rotor slot frequency (2 Egp £4) |
X = Rotor slot piteh in cms.

Approximate sxpressions for détermining Cgq and Cg,
analytically are obtained as

) 1,48

Cg, = 0.00123 (25574 oo (1.72)

51

and Ce. = 0,00123 (28¢of.) 43 (1.73)
52 Irty
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The expressions for rotor and stator surface losses

- are adapted for non-sinusoidal operation as under @

o . .2
, C(Iy7 I,
W, = 0,0508 D L - s .32 Cg >\1 vee  (1.74)
(slP IM) g 2
(1,2 + 12 )
and Wy = 0,0508 D L gdr B 2 Cq >\2 vee (1.75)
(8, Iy & M

Since the time average value of flux density is the
same as without harmonicsz6, the only change in expressions
(1.74) and (1,75) in comparison with (1,70) and (1,71)
respectively is that total r.m.s;"current including harmonices

is substituted in place of I,

Phase-Belt Leaxage Flux Loss

The low-order harmonic fields due to the phase
belts of the.stator winding also induce currents in the
rotor.‘ For these fields, the impedance of a squirrel-cage
rotor is amall in comparison with the magnetizing reactance
when the motor is operating at full spscd. Thus the stray

.loss due to belt leakage is given by8 :

2 2
K + K
W, =qI®K R |..2%1 —20*1 (1.76)
B 1l 7s "op ) 2
- K K :
Py dl 3

. a.c el st ‘
where'Ks = yatio of ... reslsvance for ths rotor bars at

d.c. resistance

the phase-belt frequency which is 2q fy at synchronous

Speed.
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v
Kgq j 1 = Pitch times the distributlon factor of the stator
winding for the (2a * 1) field.

The phase~bzlt loss with time harmonias present in

2 2
[Il + Iharj

the supply is taken as

K2 + K2

o 20-1 © T2q+l,
Mg = a4 Bg Ropf memegmmmgrmeme]

R
K2 X
Py dy )

eos  (1377)

Skew Leakage Flux Loss

Ideally, the fundamental m,m,f,s, produced by the
stator and rotor load currents of an inductlon motor are
equal and opposite, and produce .0 additional flux in the
alr~gap. However, in a machine with skewed rotor slots, thc
small phase displacement between these fundamental mm £ s
at the ends of the machine produces an increase in the radiad
gap f7ax deusity, which increases with distance from the
machine centrell. This is known as the skew leakage flux
and it produces a corresponding iron loss in the stator cor:c

~and teeth at fundamental freduency., Thus skew leskage loss

.3

is” s

WK = 2 (T, / IM) (Stator iron logs + Rotor surface
12 SlP

loss at no load) ve.  (1,78)

where & = ratio of skew to one stator slot pitch
(normally = 1)

The rotor surface 1loss at no load is given by3

Wgy = 0,0508 D L Bg K N (1.79)

Pf 52 l 5{0 .
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The skew leakage loss on non-sinu501dal supply voltage; by

modifylng the equa’cion (l 78), is taken as :

2
_ 62 %2 (15 * 1ohap)

12 85, 12

(Wg + Wgg) ivi (1.80)

hare
Lopar i1s the total harmonic rotor curraent.

1:'7: RESUME

A method for calculation of iuduction motor 1osses
on non-sinusoldal suppliss has been formulated in this
chapter. The simple method of éteady state analysis used
here, consists of performing a Fburier analysis of t-he
supply waveform and then obtalning the motor response as a
émnmation of the responscs fc;r the fundamental component and
the various harmonies, The msthod 1s very much sulted for a
study of the lnersased machine losses on non-sinusoidai

voltage waveforms,
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CHAPTER II

VART ABLE FREQUENCY OPERATION OF A THREE PHAGE CAGE
INDUCTION MOTOR

INTRODUGTLON

In this chapter caleculation of losses of three phese
cage induction motor‘for variable freqﬁency operation 1s '
considered. The losses are determined for constant full load
torque condition., The voriation of losses with freduency at
constant volts / Hz mode of operation for sinusoidal as well
as non-sinusoidal voltage waveforms is studied, Also variable
frequency operation at constant-flux mode with non?sinuéoidal
supply voltage waveform is discussed. Three fiow—dharts, one
for detsmination of equivalent circuit parameters; second one
for determination of losses on sinusoidal as well as non-
sinusoidal supply voltage waveform with constant volts / Hz
mode of operation and a thlrd one for determination of losses
on non-sinusoidal voltage with constant-fluz.mode of operatioh
have been developed. Computer programs based o; these flow-
cnarts wvere run on I B M ~ 1620 digital computer and results
obtalned are compared and discussed. In addition to thlg‘the
offact of variation of equivalent-circuit param@ters on the
total lorses and other performaice factors such as fundamental
slip, efficlency and total input current for constant volts/Hz
mode of operation with non-sinusoidal éupply voltagé is

studiede.
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2,1. CONSTANT VOLTS / Hz MODE OF OPERATION,

This mode of operation is commonly used in simple
open-lo0p syéfemé. In order to obtain a oonstant terdus at
varlous frequencies of opsration a constant alregap flux is
necessary. This can be achieved by keeping the ratie Ey/fy
constant, where E; is the r.m.s. phase e.mnsfs and fq 1s the
normal operating frequency. If stator leskage impedance is
emall, then fundemental applied voltage ¥y is approximately
equcl to Ey and consequently the air gap flux 18 nearly
constant when the ratio Vi/fy has a fixed velue. This is the
congtant volts/Hz mode of working,

Operation of the machine 1s considered as constant
torque drive upto the normal frequency. Thus operating
frequency is given as

fzpffl e o (2¢l)

where W< 1,0 oo cee (2.2)
and the operating voltage is :

V=II\T.V1 ase ‘e (2.3)

2.2, LOSS COEFFICILENTS

In chapter 1, various formulac for calculation of
'losses of induction motor in the presence of time harmonics
are already discussed., When variable frequency operation is
belng considered some of these formulac are to be rewritten

in differcnt form 4 for conveniencey by deflnlng certaln loss-

L]



coefficients as indieated below. The loss cosfficient is the
term used here for that part of the loss formula whiech is

unaffepted by variation of the operatling freducney.

Stator Core Loss Coefficient
Combining equations (1.49), (1.50) and (1.53) in
chapter I, we get the iron 1loss in stator for fundamental

frequency of £y Hz as

— ’ . 1-08 108 1 6 ’
W = 0,014322 [(By . 1,571 Sy +(By) 1By | e30€ Liu(209)

For variable frequenecy opération, fl will be replaced by f

in the above formula., As ratio Vl/fl 1is having a fixed value
and the flux densities in various iron parts are approximately
constant, we can rewrite the above equation for varlable
frequency f as

| A £2e0

W.

y = S

CLC s e L XN ] (265)

where

- | 1.8
Scre = 0.014322 [(BT.l.s?)l'SWTT + (Bg) WTC:T eee (246)

and is ecalled as stator core loss coefficient.

The total iron loss in presence of non-sinusoidal

supply voltage given by equation (1,55) ean be rewritten in.

terms stator core loss cosfficient as

| n
: : 8 1.6
Wy = 5ge o 10 s 3 (FT L @l
3 = Pcic cLe 2 ‘T3 K
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_ 1.6 D 1.6 .2

Rotor Core Loss Coefficient

Defining rotor core-~loss coefficient as :

_ 1e8 . 1.8
Ropc = 0.014322 [(BTR % 1.57 )77 Womm * (Bgg) WTCR}..(Z.S)
the expression (1.58) for rotor iron loss for fundamental
frequency of f; Hz simplifies to :
)l.8

w .

iR = RCIJC X (Sf [ W] se 0 (209)

for operating freduency of f Hz,
where s is the fundamentel slip corresponding to the operating
frequency, Now, the total iron loss on non-sinusoidal supply

in the rotor as expressed in equation (1.59) will be

n .
I = 1.8 s 1e6 (L 1.8

= 1.8 I 1.6, 2 |
or Wyq = Repg o (8£) 77+ Rope %5(31; 0/ k% .. (2.10)

where sy is the slip corresponding to Kb time hamonic.

Surface Losg Coefficients

Stator surface loss coefficient i1s defined as

0.0508 . D.L , B§ A
SSLC -— o »

) cee (2,11)
(S5p)

Similarly the rotor surface loss coefficlent is expresses as:
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2
0.0508 DL B N |
& ek (2.12)

RSLC =
(51p) 2

" The expressions(1.70), (1.71), (1.74), (1.75) for
the stator and rotor ISurface losses for sinvsoidal as well as

non-sinusoidal operationsy thus are reduced to

— 2 ‘
WSL2 = Rgr (Il/ IM) ng (2.14)
(I2 + -_[2 ) '
) — 1 har see (20 15)
Yo =SmcT 3 Csq -
M
. 2 2
(12 + 12_)
- 1 har’
an_d w7 = Rer —3 ng , (2_.16)
M

The no load rotor surface loss given by eduation
(1.79) would be rewritten

o} (2.17)

as 5o = Rane - s,
R = 0. 2 A . |

where Rgyg = 0,0508 D L By Kp. A, (2.18)

and is called as Rotor no-load surface loss coefficient.

Skew Leakage Loss Coefficient

Using the defining equation for skew leakage loss
coefficient as

: 2 .2
€ T | ' |
SI{CO - [ X} L 2N (2.19)

2

12 8ip
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( Read Iinput data )

;

Calculate flux densities

in various magnetic parts

1

Calculate Ampere-turns
for various magnetic parts

Calculate total Ampere~turns
ond saturation factor

!

Calculate equivalent-circuit
parameters

!

Calculate the loss
coefficients

Punch the values of

equivalent -circuit parameters
and loss coefficients

\/

oo

Fig 2.1 A flow chart for calculation of equivalent-circuit
parameters and loss coefficients.
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the ékew leakage fluxllosses for sinusoidal and non-sinusoidal

operation expressed in equations (1.78) and (1.80) are obtained

as
Wg = Sgoo (I ) 2 (W + Wgqg) (2,20)
| 2 2
(12 +1
- 2har
and W9 = SKCO —-'?2——--— (WS + WSO) voe (2,21)
M

End Leakage Loss Coefficient

The end leakage loss coefficient is expressed as
Epgo = 0.3 (B o)(3) vee coe (2.22)

and so the end leakage losses on sinusoidal as well as non-

sinusoidal supply given by equations (1.61) and (1.64) get

transformed to 3

= 2 : ‘
WSE - (EI.Co) Il f aee [ Y (2.23)
and Wy = Epqg I7 £ + 2 Epgg KZ_ IgK ¢ vos (2.24)

for ovperating freduency of f Hz,

Where ;K is the Kth harmonic stator current.

2.3, FLOW CHART FOR DETERMINATION OF THE EQULVALENT-CLRCUILT
PARAMETERS AND THE LOSS COEFFICIENTS

To study the effect of variation of fundamental
freduency on total losses and components of the total losses,
it is essential to detemmine the equivalent circuit paramsters

and loss coefficients. A simple flow chart to achisve this



CReod input dotov)
¢
Calculate the values of reactances
to account saturation effect due
to time harmonics

%

Calculate V,f and the values
of all reactances at frequency f

i

Calculate S,I;, Ioand Im

Calculate all the loss components,
total losses for fundamental
frequency of operation and
efficiency

{

Punch the values of all the losses
and efficiency for fundamental
frequency operation

:

Calculate harmonic currents and
corresponding harmonic losses for
time harmonics from 5thto 25th order

3
Caiculate all the losses for non-
sinusoidal operation, efficiency and
total r.m.s. input current
¢
Punch the values of alllosses for
non-sinusoidal operation,efficiency ,
total r.m.s. input current and
N fundamental slip

I
W=Ww-0-05 |

Yes

Fig. 2:.2 A flow chart for determination of losses at different
frequencies for constant volts/Hz mode of operation
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objeetive is shown in Fig.2.1,

The input data for a computer progream based on thils
flow chart includes name-plate data of the machlne, stator
and rotor dimensions, winding details ete., The detailed input

data has been tabulated in table No,X and is given in

Appendix No,7. The values of various items are taken from

design sheet of a sqQulrrel cage motor of normal deaign3 )

The output data for this program consiste of the
values of various loss coefficients and the equivalent-circutit
parameters, A separate program for these calculations was

found necessary to save computational time.

2.4. DETERMINATION OF LOSSES FOR CONSTANT VOLTS/Hy MODE AT
DIFFERENT FREQUENCIES OF OPERATION |

A flow chart as shown in Fig.2.2.'is developed to .
calculate the losses at different operéting frequencles whszi
the volts/Hz ratio is kept constant. Both siBuscidal and penV
- sinusoldal voltage waveforms have been considered. The moter
is assumed to dewvelop full-load tordque for all operating
frequencies, The flow chart is self explanatory. First the
values of all the reactances in the eduivalent - circuit are
recalculated for acoounting saturation due to time harmonicH
a8 discussed in section 1;2, of chapter L. Then the determing.-

tdon of losses proceeds as showm in Fig. 2.2.

The input data for a computer program based on this

flow chart eomprises of the output data from the program
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based on Fig. 2.1, plus name plate data and a part of design
data like number of stator and rotor slots, depth of the rotor
conductor, ratio of conductor width to slot width in the rotor,

' 38
pulsation and belt-leakage loss constants etc. of the motor

as listed in table NoJI given in Appendix No,.8,

The output data for this program consists of the .
values of all losses, efficiency and total r.m.s. current at
different bpérating freduencies, for sinusoidal as well as
non-sinusoidal voltage waveforms with constant Volts/Hz mode
of operation, A comparison of operations with sinuwsoidal and
non~sinuscidal supply voltages is done in the following
paragraphs.’ One point to be noted here is that the operating
frequency range for the motof was found to be from 10 Hz to

50 Hz with the normal values of the parameters; and below 10 Hz,

~

the motor was incapable of producing full-load tordque with

constant Volts / Hz mode of working.

5.4.1. PERFORMANGE ON VART ABLE FREQUENCY OPERATION

Here the effecet of wariation of operating freduency
on the total losses, fundamental slip, efficiency and total‘
r.i1,S, current 1s considered. Computed losses of the motor
for sinusoidal and non-sinusoidal supply voltages are represen-
ted graphically and thus a comparison of the performance on

these voltage waveforms is effected,

Copper Losses

In Fig, 2.3, is illustrated variation of copper
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 losses of the motor with operating frequency. It is obvious
that for a given frequency the copper losses with non-sinusoidal
voltage waveform are more than the corresponding losses with
sinusoidal. supply voltage. Percentage increase in rotor

copper losses with non-sinusoidal voltage source Over corres-
ponding losses on sinusold supply is about 19‘percent on

normal freduency which is progressively reduced as the operating
frequency 1s reduced, At 10 Hz, the lowest operating freduency
an Increase of only about 5 percent is obtained in rotor copper
losses, This is because of two reasons. At higher values of
opefating frequency the deep bar effect in rotor due to
harmonices causes more increase in the rotor resi stance and more
decrease in the leakage reactanée of the rotor than at the
lower operating frequency. Rotor harmonie current and also

the stator harmomic current is governed by the values of the
leakage reactances at partieular harmonie frequency. Thus the
harmoni ¢ currents are more at higher values of the operatling
freduency than the corresponding ones at lower operating
fredquency, Hence there is considerable increase in rotor -
copper losses on pon-sinusoidal supply at higher values of

the operating frequency as seen in the Fig. 2.3. In the case
of stator copper losses the stator resistance is not affected
by skin effeet -due to harmonics at higher operating erQuency;
The increase in stator harmonic currents at higher operating
freduencyy, however, causes an increase in the stator copper

losses on non-sinusoidal supply in comparison with the losses



on sinusoidal voltage source. The figures obtalned for the
Increase of stator copper losses on non-sinusoidal supply over
the losses on sinusoidal supply vary from about 9 percent to
4 percent with the variation of operating frequengy from 50 Hz
to 10 Hz.

Another interesting point to be noted here is that

| for econstant Volts/Hz mode of working, even with sinusoidal
supply voltage, the rotor and stator losses increase progres-
sively as the operating frequeney is reduced, The inerease |
in the losses due to variation of the operating frequendy
from 50 Hz to about 25 Hz is not signifiecant. As the operating
frequeney is reduced below 20 Hz, however, the increase in the
losses 1s very high and at 10 Hz the stator and rotor eopper
losses on sinusoldal supply increase respeetlvely by about

60 to 90 percent over their values at the nomal ‘i'requency.
This is due to the following rea.sons. The decfea.se in the
operating freduency causes progressive reductlion in the
reactances 1:é'herea.s the stator resistance is unaffected by
thls variation.. So at low operating fredquencies there is
considerable réduction in the air-gap flux due to inereased
Influenece of the stator resistance. Again the fundanental
slip is considerably inercased at low fredquenclies as shown in
Fig; 2.7. These two factors cause very much inerease in the
fundemental rotor current at low operating frequeney as the
motor is assumed to operate with a constant load torque. The

increase in fundamental rotor current is responsible for

19275~34 0
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Stator iron losses in watts
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substantial increase in the stator fundamental current. The

net result is, thus, very large increase in the copper losses

at the lowest operating fredquency over the nomal fredueney of

operation as indicated above.

Iron Losses

The influence of operating - freduency variation on
the 1ron losses for sinusoidal as well as non-sinusoidal
supply voltages with constant Volts/Hz mode of operation is
shown in Fig., 2.4, Increase in the stator iron losses is about
8.5 percent with non-sinusoidal voltage waveform over the
sinusoidal ones for all the operating frequencies, This is
easily explalned by equation (2.7). Again the iron losses
progresgively decrease with deecrcase of the operating frequenecy
as they are directly dependent on the frequency as i1llustm»ated
by eduations (2.5) and (2.7).

The rotor core losses are insignificant for funde-
mental frequency operation. In comparison they are considep-
ably inecrcased with non-sinusoidal supply wvoltage waveform.
These losses progressively decrecase with the operating
frequency but at the lowest value of the operating freduency,
they agaln increasc because of substantial inerease in the

fundamental slip.

Stray-Load and Friction and Windage Losses

The variation of stray-load and friction and windage
losses with the operating fredquency is shown in Fig., 2.5,
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The friction and windage losses are dependent upon
thé operating frequency and the fundamental slip as glven by
equation (1:;60) in chapter Iy however, ﬁhay are not influenced
by harmonies in the supply voltage. When the operating
frequency is decreased; the fundamental slip increases as
shown in Fig. 2.7. Hence these losses will clearly decrease
with the reduction in operating frequency ag illustrated in
Fige 2.5(c). This deoreaséﬁ willl be more in the low frequency

range because of the large values of slip,

The influence of operating frequeney on the stray-
load loSSeS' for sinusoidal as well as none-sinusoidal supply
voltages is depicted by curves (a) and (b) of Fig. 2.5. The
stray load-ldsses on non-sinusoidal voltage waveform are
greater than for the sinusoidal ones for a given operating
frequendy, as is the case with all other losses. The increase
in these losses on non-sinusoidal supply is about 19 percent
over the ones with slnusolidal voltage source at the normal
frequency and it decreases to about 7.5 percent at the lowest
operating frequéncy of 10 Hz, The stray load 1osses progres-
_s:hrely degrease with the i'eduction of operating frequency upto
certain velue (15 Hz) and then they start inerecasing again,
A1l the stray-load losses are functions of the eurrents in the
motor., In addition some them are dependent on the iron loss
factors and skin effeet factors due %o space hamonles. Henee
when the operating frequeney is reduced considerably, the

fundamental eurrents shoot up and these losses start inereasing.
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Total Losses and Efficichnoy

The effect of variation of the total losses and

efficiency with the operating freduency is shown in Fig,2.6.
The ourves (a) and (b) in this figure 1llustrate the variation

of the total losses with operating fredueney. It is seen from
the curves (a) and (b) of Fig. 2.6. that the total losses for
sinusoidal as well as non—sinusbidal supply wvoltages deereasec
consistently with the reduction of operating freduency upto a
certain value of the operating frequency (20 Hz), When the
frequeney 1s decreased further, they start lnereasing again.
This can be ecasily explained as follows. When the operating
frequency starts decreasing from the normal value, the reduction
in iron losses, stray-load losses, friction and windage losses
dominétes over the inerease in the copper losses of the machine
up to certain value of the operating fretuency and so the net
result is the deercase of the total losses with the operating
frequency, When the operating freduency decroases furfher the
1n9reése in the copper losses dominates over the decreasc in
the other cohponents of the losses. Thus the total losses
again start increasing. As expected, the percéntage inercase
in the total losses with none-sinusoidal operaﬁion over the

ones with sinuscidal supply is fbund to be maximum (about 12
percent) at the normal frequency and it reduces contimously

wlth the reduction of the operating freduency.

The efficieney-variation with the operating freduency
is shown by the curves (¢) and (d) of Fig. 2.6. As it is
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clear from the study of various loss-curves, the effieilency
deoreases both for simusoidal and non-sinusoldal working with
the_reduction of operating freduency. The efflelency for
non-sinusoldal operatlon is obviously less than the sinusoidal
operation and the maximum reduction in efficiency with non-
sinusoidal operation 1s found to be at the normal freduency
(of 50 Hz),

Effeet of FreQuenoy'—'Vari ation on the Fundamental Slip and
Total RM,.S., Input Current '

Qurves (a) and (8) .of Fig, 2.7, represent respectiv-
eiy the effect of Pfrequency-variation on the fundamental slip
and the total r.m.s. input current. As seen from curve (a),
the ﬁindameni:al slip increases with deercase in operating
frequency. Initially (upto 30 Hz) the inercase in the slip
is gradual but- when the operating fredquency is rcduged .
 conslderably, (beclow 20 Hz) the slip starts shooting up. This
is ‘due to thé rcason that at very low value of operating
frequency the air—gai) flux is reduced to such an oxtent that
i:o produce a constant load torduey the fundamental slip has
to glncrease substantially. |

The curve (b) of Fig. 2.7. shows that the total
r.n.s. eurrent increasos with the reduction in the operating
frequency. The increaée in the total currcnt is negligibly
small initially (f.c. upto 30 Hz) and then moderatc upto
certain value (i,e. 20 Hz) of the operating freducney. Vhen
the operating freduency is very low, (i.ec. below 15 Hz) the
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inercase in the current is considerable. The reason for this

is already explained while discussing the effeet of frequenoy-

varlation on the copper losscse

From the discussion given in the preceeding para-
graphs it becomes amply clecar that, wlth the ¢onstant Volts/Hz
operation the perfomance of the motor deteriorates at low
operfiiting frequencies, 4Also the total losses on non-sinusoidal
operation are the largest at the nommal frequeney. Inerecasc
in the losses causes a reduction in the efficiency by about

2 percent,

2.5. LNFLUENCE OF VARLATLON OF EQUIVALENT.CIRCULT PARAMETERS
ON PERFORMANCE

Other aspect of the study was to consider the effect
of variation of the equivalent-cirouit parameters on the total
losses, efficlency and fundamental slip of the motor for
constant Volts/Hz modec of operation with nonesinusoidal supply
voltage waveforms For this purpose one parameter was varied
at a time while all others were kept constant at their normal
values, The computations ﬁere carried out by making sultable
modifleations in the program fbr calculation of the losses on
non-sinusoidal supply voltage with constant Volts/Hz mode of
operation, The modifications in‘the program include thé

following:
(1) Feeding three values of the paramcter to be varied,vi.ze

values above and below the normmal value and thc normal

value.
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(2) Insertlon of a 'DO LOOP! to obtaln the performance at
all the values of the parameter. -

(3) Increase in step size of the variable operating
frequencyy to .save computational time, and

(4) Puuching out only the desirable output i.c. the total
losses, efficiency and the fundamental slip.

Thus, modified programs were run on I BM - 1620
digltal computer and the results are listed im tables 2.1 to
2.5.

Statcr Resistancge

Effect of variation of the stator resistance on the
total losses is clearly shown by Table No. 2.1. The results
listed are for threc values of the stator resistance Ry -

. namely the normal velue and values giving 30 percent variation
on both sides of the normal ~alue. By studylng the teble it

can be con~luded that the total losses decrease when the stator
resistance is decrcased and viece-versa for a given operating

freQuency.. Obviously the effect of reduction of the rosiétance :
on the effieiency would be to increase the latter for a parti-
cular frequencyy as shown in the table. For a given ope;ating
fredquency the fundamental slip increases with inerease of the

stator resistance.
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Table No, 2.1

Effect of Variation of Stator per Phase Resistance on
Performance,

-

8.No. ©Stator Raelstance Fundemen- Total Effici» Mindanen.-

per phasc tal losses ency in tal pJus
~ olms F?e%gency - Watts p.u. slip -
1. ~ 3.33 = 50.0 719.62 0.836 0,0403
2, | 3.33 . 40,0 624,80 0.823 0,052
3. 0.7 Ry 3.33 30,0 543,68 0,797 0,0701
4a 3.33 20,0 484,14 0,738 0,112
"5, 3,33 10.0 497,94 0.526 0,279
1. 4,75 50,0 807.46 0,820 0,0414
2, - Nermal 4,75 40,0 715.32 0,802 0,0531
3. Vaiuc 4,75 30,0 639.99 0.769 0.0738
4, 11 4,75 20,0 597.15 0,693 0,1217
5 4,75 10,00 772,05 0,378  0,3874
> 6,17 50,0 898,92  0.803  0,0427
2. 1.3 Ry 6.17 40,0 810.96 = 0,781 0.0552
3. 6.,17 30,0 744,90 0,740 0,0781

4, 6.17 20,0 732,00 0,644 0,135
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Magnetizing Reactance

The influence of variation of the magnetizing
reactancey on the total losses, effleiency and slip is shown
in Table No. 2.2. It can be seen that the effect of increase
of the magnetizing reactance is beneficial on the performance
of the motor as the total losses decrease, the efficiency
improves and the fundemental. slip deereases for a given
operating frequency. It can, however, be pointed out that the
incerease in the parameter wvalue by 30 percent from normal
value does not produce considerable improvement in the motor
perfomance, whereas a reduction of 30 percent from the
normal value of the parameter gives rise to significant
deterioration of the performance of the motor. This can be
attributed to considerable increase in the magnetizing current
and consequently to the increase in copper losses.

Iable No, g,z
Effect of Variation of Magnetizing Reac’cance (at normal
frequeney of 50 Hz) on Performance.

Sl. Magnetizing  Fundamental Total losses Efficie~ Funda-
No. Reactance at '+ Frequency Watts ney in  mental
normal frequ- = Hz - Pela slip .
ency-ohms ' - DPells
1, . 323,22 50,0 800,78 0.821 0,0408
2e 323422 40,0 704,49 0,805 0.0522
3¢ 1lu3%y 323.22 30,0 625,61 0.773  0,0727
4, 323,22 20,0 . B79.76 © 0,700 0,1197
54, 323422 10,0 744,60 0,391 0,377
L. 248,63 50,0 807,46 0,820 00,0414
Ze 248,63 40,0 - 715,32 0,802 00,0531
3 Norm81248.63 30,0 639,99 " 06769 0,0738
4., Value 248,63 20,0 597.15 0,693 0.1217
5. Xy 248,63 10.0 772,05 0,378 0,3874
2. 0,78 174,04 4040 759,76 0.792 0,056
3e 174,04 30,0 686,06 - 0,756 0.,0760
4, 174,04 20, 644435" . 04676 0,1256

0 .
Se T 174.04 10,0 837,77 - 0.351  0.4102




Stator Leskage Reactanee

The stator leakage reactance (at normal frequeney)
is varled in three steps viz. nommal value and 20 pereent
i1nerease or deerease in the normal value. The variation of
this param%ter does not produce signifiocant vamtation in the
total lossesy efflclency, and ﬁmdamental‘_slip as shcm}»by
Table No.2.3. Inerease in the value of the parameter proauces
decrease in the total losses for a glven operating freguency
upbo eertaln minimum value (30 Hz) of the latter, This is
beeause of the deerease in the hamonie¢ currente and conssquo~
ntly harmonic copper 1dsses. When the operating frequency
reaches a very low value (below 20 Hz), howeves, the inercase
in the value of the parameter has a detrimental effeet on the
total losses, efflclencyscte. This is due to the faot that
in the low fréQuenoy range of operatlion, for a given gperaiing
frequency, the Increase in the value of the paramster causes
inercase in the fundamental sl:Li;J j‘:c\:\ér\;t?arv‘;.;; ';)g\’ ;‘31;5\- z\gfecf on
the lattery in the higher freduency range. This glves rise to
increass in the fundamental copper losses and eonsequéntly
total losses for low operating frequensies, when the wvalue of

the paramcter is incrcasecd,
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Table No, 2.3

Effect of Varia‘cion of Stator per Phasc Reactanee
(at normal frequency of 50 Hz) on Perfomance,

1. Stator peor phasec  Fundamen- Total 108sc8 BfflcloFundamon

No. reactance at normal tal Fre- Watts engy = ntal slip
frquency - ohms, quency Hz. « Pslls =~ Pols
1, 7283 50,0 816427 0,818 0,0407
2. 0.8%y 7,283 40,0 722,21 0.80L 0,052
3. 7.283 30.0 644,70 0.768 0,0725
4, 7.283 20,0 598,72 0.693 0.,1194.
5. 7.289° 10,0 754,80 0,383 0,374
1. 9,103 50,0 807.46 0,820 0.0414
2¢ Normal 9,103 40,0 715.32 . 0,802 .0,0531
Value ’
3, X1 9.103 30,0 639,99 0,769 0,0738
2, 9,103 20,0 597,15 0.693 0,1217
© B5e . 9,103 10,0 772,05 0,378 0,3874
1, 10,924 50,0 803,13 0,821 0.0422
2. 1.2%; 10,922 40,0 712,34 0.803 0.0541
3. 10,924 30,0 638,64 0.769 0,0752
4, 10,924 20,0 598,44 0,692 0,1242

5. . 10,924 10,0 - 794.82 0.365 0.,4032
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Rotor  Leakage Reactance

The effect of variation of the rotor per phase
reactance (at nomal frequency) by 20 pereent on both sides
of the normal value on the total losses, efficiency ete. is
presented in the Table No.2.4. Thls parameter variation is
having similar effect as ﬁhe verlation of stator leakaée
rcactance on the motor performance aﬁd 80 the sSame comments
are also applicable in this case.

 Table No,2.4

Effect of Variation of rotor per phase Reaestance (at nommal
frequency of 50 Hz) on Performance

ﬁl. %ﬁgggdar per - Pundamen- Total Efficiency Fundeamental

O rectance tal Fre~ 10Sses = D.U. slip p.u,
. at normal queney -~ Watts :
frequency- olms - Hz

1. | 7,457 50,0 816,74 0,818 0.,0413

2¢ 0.8%5 7,457 40,0 723,10 0,801 0.0528

Se 7.457 - 30,0 646,00 0,768 0.0734

4, 7457 20,0 600,42 0,692 0,1209 p

S5 7.457 10,0 758,32 0,386 0.3789

1. 9,321 50,0 807.46 0,820 0,0414

e 9,321 40,0 715.32 0,802 0.,0531

3. Normal 9,321 30,0 639,99 0,769 0.,0738

4, Value 9,321 20,0 597,15 0,693 0.1217

1. 11.186 50,0 801,87 0,821 0,0416

2¢ 142%X511,186 40,0 710,89 0,803 - 0,0533

3e 11.186 30,0 636,97 0,770 0.,0742

4, 11,186 20,0 596,42 0,693 0.,1226

5. 11.186 15,0 612,62 0.605 0,1836
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Rotor Per Phase Resistance

Table No,2.5, gives the effect of variation of the
rotor reglstance by 30 percent on both sides of the ﬁormal
value. The variation of rotor resistance produces similar
effect on the total losses, efficiency and fundamental slip
of the motor as is produced by the variatlion of the stator
resistance. Hence similar comments are applicable in this
case also. . v

 Table No.2,5

Effect of Variation of Rotor Per Phase Resistance on
Performance '

- S1. Rotor per phase Fundamen- Total Efficiency Fundamental

No. Registance - omms tal Fre~ Losses - Del, - D.U.
. quency -Hz -~ Watts
1. 3,007 50,0 741,93 0.834 0, 0290
3. 3,007 30.0 575.69 0.791 0,0517
4, 3,007 20,0 529,90 0,726 0.0852
50 3.007 10.0 672‘69 Oc4:54 002712
L. 44296 50,0 807,46 0.320 0.0414
2. Normal 4.29 40,0 715,32 0,802 0,0531
3. Value 4,29 30,0 639,99 0,769 0.0738
4, Rz 4,296 20,0 597.15 0,693 0.1217
5. 4 4296 - 10,0 772,05 0,378 0.,3874
1, 5.585 50,0 872.85 0,806 0.0539
2¢ 1.3 Rz 5.585 40,0 779.59 0,786 . 0.0890
3. 54585 30,0 704,09 0,747 0.0959
4, 5.585 20,0 664,12 0.660 0,1582

Se 5.585 10,0 870.88 0,304 0. 5036
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2.6, CONSTANT-FLUX OPERATION

A high torque throughout the speed range of the
motor can be achieved by maintaining a constant alr-gap flux.
In order to keep the alr-gap flux constant, the ratiovEl / £1
should have a fixed value, where Ep 1s the per phase e.m.f, at
the nommal frequency of f4 Hz., Thus when the operating
frequency is given by equation (2,1), the e.m.f. per bhase
corresponding to the operating frequency of £ Hz is expressed
as

B = (B /£y £ ces (2.25)

A flow chaft for determination of the losses on
non-sinusoiqal voltage wavefom with constant-flux mode is
developed as shown iﬁ Fige 2.8, This flow chart is vefy
" simllar to the one shown in Fig. 2.2, except suitable modifi-
cations required for constant-flux operation., These modifica-

tions are as follows.

In the case of constant flux~operation, the value of
Eq/fq ratio is to be found out firsty for which the knowiedge
of full load torque, the fundamental slip corresponding to the
noxmal. freQuency-(of £y Hz) and the equivalent-circuit
paramcters is nccessary,  This fundamental slip, obtained from
the output data of the program based on Fig.2.2, olong-with
other duantities is fed as input data. Once Eq/f; ratio is
known, the value of e.n.f, E 1s calculated from eduation (2.25)

for a given operating frequency, Then the stator, rotor and
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no-load currents (in the stator) are calculated from the
equivalent-circuit of the motor by thé usual method, When

the value of stator current becomes known, the stator per phase
applied voltage V can be calculated. On the other hand for
constant Volts/Hz mode of operation, the operating voltage V

at the operating frequeney of f Hz is first calculated and

then from this the various currents are determined.

Rest of the procedure, namely calculation of losses,

efficiency etc. is the same for the two programs,

-The input data of the program for constant-flux
operation is the samc as that for constant Volts/Hz mode of
operation., A4s already mentioned, this table-is given in

~ Appendix No.8,

The output data for this pfogrem conprises of the
total losses, efficiency, fundamental slip, operating voltage
corresponding to the operating freduency and total r.m.s. input
current, The results obtained are represented in gré.phical
form and compared with the operation of the motor on non-
sinusoidal voltage waveform with constant Volts/Hz mode. of
working as given in the following paragraphs. With the normal
values ‘oi‘ the equivalent-circuit parametersy, it was seen that
here the operating frequency range can be from 5 Hz for even
slightly lesser) to 50 Hz, contrary to the lower limiting
value of operating frequency of 10 Hz only in the case of
constant Volts/Hz mode of working.
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2,61, COMPARI SON OF PERFORMANCE ON CONSTANT-FLUX AND CONSTANT
VOLTS/Hz OPERATION WITH NON.SINUSOIDAL SUPPLY VOLTAGES

Copper Losses

It has already been discussed that the copper losses
in the case of constant Volts/Hz mode of working with non-
sinusoidal supply-volfage increase when the operating frequency
is reduced. In comparison with this, the stator and rotor
copper losses of the motor with constant-flux operation on
non-sinusoidal voltage source decrease with the reduction of
operating frequency as shown in Fig.2.9. The decrease in
copper losses with reduction of operating frequency for
constant~-flux operation can be explained as follows. In the
case of constantfflux operation the rotor fundamental current
remains absolutely éonstant for all operating freduencies as
the motor is assumed to produce a constant load tordque. The
stator fundamental current, however, decreases slightly with
the reduction of freduency because of the reduction in iron
loss current component. A4gain the contribution of rotor and
stator harmonic currents to the reSpective fotal TeM, S,
currents in the rotor and stator is maximum at the nommal
frequency. As the operating freduency is'reduced, the
harmonic currents in the stator and rotor are reduced as
explained in section 2.4,1, of this chapter. - The net result
is that the copper losses decrease with the reduction of

operating freduency in the case of constant-flux operation.
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Stray Load Losses

Fig., 2,10. shows the variation'of s%réygload losses
with frequency for constaﬁf Volts/Hz and constant-flux
operations. As already seen in section 2.4,1, of this chapter,
the stray-load losses for constant volts/ﬁz mode of operation,
decrease with the reduction of the”opérating frequency upto
certain value of the latﬁer and when the freduencey is reduced
further, the stray-load losses start increasing. In the case
of constant~flux operation, these losses progressively decreass
with the redﬁction of the operating freduency, 4s séen earlier,
the stray load losses depend upon the currents, flux and
frequency of the machine in additién to its dimensions. In
the case of constant-flux operation the flux is constant and
the total r.m,s, currents in stator and rotor decrease with
the reduction in the operating ffequency as explained in the
earlier paragraph., Thus the stray-load losses decrecass with
the reduction of the operating frequency in the case of

constant-flux operation,

Iron and Friction and Windage Losses

Comparison between the iron losses, and friction
and windage losses both for constant Volts/Hz and constant-
flux operations on non-sinusoidal. supplies can be very casily
done by referring to the Table No.2.6. 4s shown in the table,
the stator iron-losses for both constant Volts/Hz and constant-

flux operations are same for a given operating freduency.
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Actually, there is some reduction in the flux with reduction
the operating frquency in case of constant Volts/Hz opusration
and so these losses should be glightly less then the ones with
constant-flux operation. The equality in stator iron losses

for a given freduency with both fhe modes of working has occured
because while formulating the expression for calculation of |
these losses with oonétant Volts/Hz operation, the flux densi-
ties in various magnetic parts of the motor are considered to

be approximately constant as discussed in section 2,2 of this.

chapter.

For a given freduency, the fotor iron losses with
constant-flux operation are slightly less than the ones with
constant Volts/Hz mode of working, Again, the Table 2.6 shows
that for a given frequency, the friction and windage losses
with the constant-flux operation are more than these losses on.
constant Volts/Hz mode of wofking. This has occured beccause
for a given freduency, the fundamental slip is less in constant-
flux operation in comparison with its value on constant Volts/

Hz operation, So the rotor iron losses, which depend on the
slip and the frietion and windage losses, which depend on the
speed of the motor are respectively less and more with
constant-flux operation than thelr values with constant Volts/

Hz mode of operation,

Total Losses

The total losses in the case of constant-flux

operation progressively decrease with the reduction of
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Table No., 2.6

Variation Iron Losses and Friction losses with Frequency for

Constant V/f and Constant E/f Operations on Non-#inusoidal
Supply Voltages,

o Tretu- otator Lron Losses Rotor Lron Losses Friction &

No, ency in Watts in Watts, Windage Losses
Hz For constt. For con- For con- For con- in Watts.

V/f opern. stt., E/f stt. V/f stt.E/f for con-for
operi. opern. opern, stt.V/f constt,

' opern, BE/f
_ opern.

1. 50 218,26 218,96 751 751 57.21 57.21
2, 45 184,40 184,40 6,42 6,41 51,21 51.24
3. 40 152,73 152,73 5,41 5.39 45,21 45,27
4, 35 123.35 123,35 4,47 4,44 39,20 39,30
5. 30 96.39 ' 96.39 3,62 3.56 33,17 33,34
6, 25 72,00 72,00 2,86 2,78 27,10 27,37
7. 20 50,38 50,38 2,21 2,08 20,97 21,40
2, 15 31.80 31.80 1.73 1.48 14,65 15.43

9, 10 16.62 16.62 1,77 0,99 7.31 9,46

v
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operating frequency as is shown in Flg.2.11ls It 18 clear

| from the above dlscussion that all the components of the
total losses 1n constant-flux operation decrease with the
reduction of the operating frequency, Naturallyy therefore
the total losses also decrease with the reduction of operating
frequency in ﬁhe case of cbnétént-flux operation on nohe
sinﬁsoidal'Supply voltages When thé variation of the total
losses with frequency on constant~-flux operation is compared
with that of the constant Volts/Hz operationy the advantages
of constant-flux operation beeome evident; The performanecs
of the motor on low operating frequencies for the constant
Volts/Hz mode of working deteridrates considsrably; whereasy
that for the constant-flux mode shows a significant‘improve-

ment.
2els .._...._.wES 1B

In this chapter the study of the various losses for
sinusoidal as well as non-sinusoidal sﬁpply voltages with
constant Volts/Hz mode of working as well as cohstént-flux
mode of operation is carried out in ¢onsiderable details
This study indicates that the total losses on non-sinusoidal
supply are more than those on the sinusoidal one. In ease
of constant Volts/Hz mode of working, the increase in the
total losses with non-sinusoidal suﬁply voltage is as mu¢h as
12 percent over their value with sinusoidal voltage sourde,
which occurs at the normcl frequeneéy. The low freduenty

performancé of the motor with the constant Volts/Hz mode
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of working is very poor, so far as ths efficiency§ total
losses, and fundamental slip are concerned., There is a
considerable improvement in the performancé of the motor for
whole operating freduency range with constant-flux mode of
working. As the total losses increase considerably with non-
sinusoidal supply voltages, there 1s a necessity of optimizing
them for improving the performonce of the motor and limiting
the temperature rise under this condition., The stator as
well as rotor resistance values have a predominant effect on
the total losses, In addition, the losses are governed by
the values of ﬁhe flux densities in various magnetic parts.
Hende it is necessary to select suitable design variables

- which .  influence significantly the total losses and then
optimization of the total losses can be carried out., This

aspeét is considered in the next chapter.
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CHAPTER 11X

OPTIMIZATION OF LOSSES OF INVERTER.FED THREE PHASE
SQUIRREL-CAGE INDUCTLON MOTOR

INTRODUCTI ON

In this chaptér, optimization and various factors
regarding use of the optimization technidues for electrical
machine design problems are briefly discussed: 4 procedures
is developed for the use of Direct Search Technique of
optimization to obtain optimized (minimized) value of total
losses of an inverter-fed three-phase cage induction motor.
Number of conductors per stator slot; (or number of turns per
stator phase), area of cross-section of stator conductor and
core (stack) length are chosen as variables and their opti-
mized values corresponding to the lowest value of total’
losses of the motor are obtained using the optimization
procedure. The flux density in stator teeth has been used
as the main constraint in the optimization, which is reflec-
ted in determination of the 1imiting valucg of the variables,
Another constraint imposed is the stator slot space factor,
The performance factorsy namely various losses, full load
tordue, fundamental slip corresponding to the tordue, effi-
ciency, and all the equivalent circuit parameters correspond-

ing to the optimum design of the motor are determined.
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3,1, OPTIMIZATION AND ITS BACKGROUND

Optimization is an act of obtalning the best i‘esult
under given alrcumstances. In design, construction, and
maintenance of any engineering systerri, the important problem
faced is the allocation of Scarce resources - men, machines,
and raw materials - in such a way that the end product (or
products) meets oertaln specifications, while at the same
time some objective function such as profit is maximized.
Thus, ‘the optimization can be defiﬁed as a collective process
of finding the se¢t of conditions required to achleve the best
results from a given situatibnlg.

3.1.1. APPLICATION OF OPTIMI ZATION

Optimization in its broadest sense can cover a wide
range of examples and applications, Some typical applicatioﬁz
are given below ¢

(1) Design of air-craft and aerospace struc’curés for
minimun welght.

(2) Finding the optimal trajectorie; for space vehlcles.

(3) Design of civil engineering structures like frames,
foundations, bridges, towers, chimneys and dams for
minimum cost, | |

(4) Optimmm design of ¢leetrical machinery, c.g. the
electrical machines can be designed for minimum losses,

minimum welght or minimum cost as per the requirements.
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(5) Planning of maintenance and replaccment of equipment
to reduce operating costs. .

(8) Controiling the waiting and idle times and queueing

A in production line to reduce the cost's.

(7) Design of optimum pipe line networks for process
industries. _

(8) Shortest route taken by a salesman visiting different
cities during one tour. |

(9) Analysis of statistieal data and bullding empirieal
models from experimental results to obtain the most
accurate representation of é physical phenoﬁenon. |

(35 Optimum design of control systems.

(11) Inventory control.

3.7.2, DESIGN VARIABLES

In many design problewms there are Seveprsl possible
alternative design coneepts. Within these design conceptég
there are variables which specify the dimensions, proportions
and other details of the item. Thus, the numerieal quantiti%i
for which values are to be chosen in producing a deslgn are

called design variables.

3.1.3. DESIGN CONSTRALNTS

A design which meets all the requircments placsd on

it, is called a feasible design.

The design restriction837 that must be satisfied

in order to produce an acceptable design are collectively
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¢alled as constraints.

3,1.4. THE OBJECTIVE FUNCTION .

Of all feasible designs, some are fbetteri than
6phers; There must be some quality that the better designs
have more of than the less desirable ones do. If this
quality can be’expresséd as a computable function of the
design variables, we can cdn_sider optimizing to obtain a
best design., The fﬁnction;s wiﬁh respect to which the design

is optimized is called the objective function.

3.1.5, MATHEMATI CAL PROGRAMMING PROBLEM

After meking the appropriate engineering judgements
and defining all the necessary functions and limitations, the
' 22
general optimization problem can be formulated as follows,
It is desired to determine values for n variables
X1y Xoy .,.;.., X, which satisfy the m inequalities or
equations .
g (Xl’ ngoooo" yil){:f'. y = ,\,>/}bi 3y

ees (3,1)
i'= l, 2«, seedsy m

and, in addition, maximize or minimize the function
Y‘ = f(Xl’ ooc;ofog Xn‘) . see vee (302)

The restrictions (3.1) are called the constraints,

and (3.,2) is called the objective function.
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3,1.6. AVATLABLE OPTIMIZATION TECHNIQUES

In the case of electrical machine design problem,
generally, the constraint eduations as well as the objective
function are non-linear, In this case the optimization
problem- can be classified under two‘main categories, viz.,
unconstrained optimization and constralned optimization,

5,18,37

Some of the various technigues 3 for solution of the

problem are *

A -~ Unconstrained Optimization

(1) Gradient Methods : steepest descent.
(ii) Random Search Method.
(111) Univeriate Methods.
(iv) The Pattern Move.
(v) Powell's Method : conjugate directions.
(vi) Rosenbrock!s Method of rotating axes.
(vii) Quadratic interpolation,
(viii) Second Order Method : Newkon's procedure.

B - Constrained Optimization

(1) Lagrenge multipliers.
(ii) Method of feasible directions,
(iii) Penalty function methods. |
(iv) By transformation of variables.
(v) Constraint Approximation methods.,
- (vi) Direct search method.
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3.1.7. CONSIDERATIONS IN SELECTING AN OPTIMIZATION METHOD

When conditions require the inclusion of optimization

as a step in the design process, a decision regarding the
choice of a method is an essential feature. There are a
number of fac’corsl8 which enter into this decision., ©Some of
these are @
(1) The man hours and other costs necessary to develop
the program,
(11) The running time costs to solve the desired
optimization problems,
(1i1) The expected reliability of the program in finding
the de51red solution,
(1v) The flexibility of the program 3 whether it can be
used in different ways on the same gener&l problen,
(v) The generality of the program or parts of it.
Whether it can be used to solve other problems.
(vi) The ease with which the program can be used and its
output interpreted.

3.2. SELECTION OF A SUITABLE TECHNIQUE FOR OPTIMIZATION OF
LOSSES OF STATIC INVERTER-FED, 3-PHASE INDUCTION MOTOR

In order to optimize a system, it is necessary to
obtain a suitable mathematical model representing the systenm.

The model may be one of the two types. First; a
mathenatical model prepared to représent the process system,

in which analytical relationships, together with appropriate
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restfictions, define the response of the process. Alternativ-
ely a model can be developed where the response of output is
considered for varying inputs. A model of this type is called
a 'Black Box Model', since only the range of input is to be
selected. OSometimes, especially for more complex mathematiocal
models, & system adequately represented by a mathematical
model is treated in the second manner , So that‘the outputs

“re dé’cemined.nmnerically for a given set of input wvalues.

+ The mathematical model for the optimization of
losses of inverter-fed,’threewphasn cage induction motor is
very complex due to the inter-relationship of a large number
of design parameters and their conflicting effects on the
losses of the machine. Therefore, a mathematical model of
the iatter type is selected. The 'Direet Search Method! is
used which is most sultable for this type of ma.thematicai
model, In the 'incremental scarch' technique based on the
above method, an ordered search is conducted from a given

19
starting point. As pointed out by Foultan and others™ ,

this method is the only one likely to succedd where so many

non-linearities are involved. Although, this method is not
as fast as other indirecct methods, yet the method involves
lesser man hours (and hence cost to develop the program),
ensures generality and provides ease for application,4nother
consideration in sclection of this technidue is that two of

the three sclected design variables are discrete variables.



-7 S

3.2.1., SELECTION OF VARI ABLES

In the case of small induction motorsy the use of
standard laminations is preferred for manufacturing purposes.
Here it is assumed that the étandard laminations are to be
used'for the design of the induction motor; Onpe the set of
laminations is decidedy the quantities like alr-gap diameter,
number of stator and rotér slotsy; depth of stator and rotor
corey the dimensions of the slots, length of air-gap etcs are
fixed and the only variables available are three, viz,
number of conductors per stator slot, area of oross-section
of a conductor in stator slot and core length., ©So these

variables are considered in the present study.

It is clear from the equations (1.3), (1.5), (1.8),
(1.9) and (1.14) discussed in chapter I, that the equivalent
circult paramecters arc very much sensitive to the change in
number of stator turns per phase. Another factor which
affects the above paramcters considerably, is the core length.
For a given load torquc, as seen earlier, the fundamsntal slip
and various motor currents are governed by the eduivalent-
cireuit paramgtefs. Hence the copper losses and steay-load
losses are indirectly controlled by the wvalues of these para-
meters. Copper losscs, in addition are controlled by the
values of the resistances in the equivelent-circuit. The iron
lossesy on the other hend, are governed by the flux densities
in various magnetic parts. The flux densities in turn are

dependent on the valucs of the core length and the number of
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stator turns per phase., Thus the variables selectedy vizij
the stack-length and the number of stator conductors per
slot influence the objective function i,es total lossesy in a
very much significant manners The third variable namely, the
argu Of (ross-section is not an independent ones The dimen-
sions of the stator slot are fixedy so when the number of
conductors in this slot is variedy the area of cross-section

will: have to be adjusted accordingly, so that the space

factor remains more or less the same,

3.2.2. OBJECTIVE FUNCTION

The term 'design optimization'! only has a meéning
in the context of é glven specification. In the present case,
the optimum machine-is defined as that inverter-fed induction
motor which has minimum total lossecs for a given specification,
So thg objective function is the total losses of the motor,

which can be expressed as @

WT = Jl f W. + Wé +* W4 + W + W + w& + Wé + wg + WlO

2 5 6
+ Uqq ) Xy (3.3)

The procedure for calculating all the loss cdmpo-
nents from Wi through W,, , as already outlined in chapter I,
consishs of three main steps as follows:
(1) Determine the equivalent-circuit parameters from
design variables and calculate the fundamental slip
for constant full load torque condition,



(11) Detemlne the currents for fundamental frequency as
well as for the time harmonics.,
'(iii) Calculate the loss components and compute total losses,
the objective function, as per equation (3.3).

3.2,3. CCISTRAINTS

The main constraint considered in this work is the
limiting value of stator teeth flux density. The value of
the flux density is limited so thét the teeth are not over
saturated and the maximum value has been taken to be 1.5 Wb/m.
The flux density in teeth will automatiéally fix the minimum
values of éore length and number of conductors per stator |
slot. The constraints on the variation of the number of
stator conductors per slot obtained as above are used for

different core 1engths.'

Stator slot space factor is recognized as the .
second constraint, This factor is assumed to remain more or
less constant to about 0.4. When the number of conductors
per stator slot are allowed to vary between the limits as
mentioned above, the conductor cross-sectional area is

ad justed suitably to keep the space factor very near to bhe

assumed value,

3.3, DESIGN SPECIFICATIONS

Here§ the following quantities are considered as

specified for the motor.
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(a) Opcrating voltage and number of phasess

(b) Normal frequency,

(¢) Number of boles. ,
(a) Rl load power output at the normal'ffequenCyé

(¢) Tul load torque.

The term normal frequency used above and‘explained
earlier mcans the maximum value of the operating frequency for

constant torque operationy which is generally 50 Hz;

The specifications of the.m0t0r38§ considered as an
example for optimization, are given in appendix No,9. For
this particular motor the limits of variation of the design
variables based on the constraints discussed in previous
sectlon are found to be as follows 3~ -

(1) Number of conductofs per stator slots
~— varied from 74 to 54 in step of 1.
(1i) Areg of cross-section of stator conductor
= varied in threce steps, viz.
for conductors between 74 to 68 -~ the
crogs-sgction is taken as 0,01038 cm?

for conductors between 67 to 6l ~ the cross-

section is taken as 0,0117 dﬂ?
and for conductors between 60 to 54
| -~ the cross-secetion is taken as 0,01314 cn®
(ii1i) Minimum value of core length

— 8 om ,

7"31‘9‘;} 1 ”pe:k,u;.'; 11

Y o
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3¢4, OPTIMIZATION PROCEDURE .

As seen in chapter II maximum value of the total
losses occurs at the nomal frequency for constant Volts/Hz
mode Or coﬁstant—ﬂux mode of operation on non-sinusoidal
supply waveforms. Consequently the total losses arc first
optimized (i.es minimized) at the normal frequeney by using
inercmental search technique and then with the optimized
parameters obtained, the perfommance of the motor for ecomplcte

operating frequeney range is checked.

) o
Essentially, the procedure of optimization used

here consists of the following steps ¢

(1) Determination of the equivalent-circuit parameters,
for the first value of the number of stator econductors
per slot and the stator conductor cross-sactiqn when

core 'length 1s specified along with other design data
of the machine.

(2) Calculation of fundamental slip and the fundamental
currents. | '

(3) Bvaluation of harmonic currents for harmonies from
5%h Vto 25th order and then the determination of
harmonic¢ losses, |

(4) Determination of component and total losses on hon-
sinusoidal supply voltage.

(5) Repeating the procedure with all the values of

nunber of conductors, and at the same time picking
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!
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due to time harmonics

!
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v

TLM= Total loss.

Store all the losses, design
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¢

y

i

Calculate all the loss components and
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o

Punch minimum design out-
put i.e. total losses, design
variables, equivalent Ckt.
parameters etc.

supply
¥
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efficiency , fundamental slip for
non-sinusoidal supply

3

)

Fig. 31 A flow chart for optimization of total losses by
incremental search tech_nique
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the minimum value of the total loSsces

\

For a given core-lengthy thusy a set of values of
the total losses and the mimimum value of the total losses
is obtained, For different values of the core,lengths; by
repeating the above procedure different sets of values of
the total losses along with a sct of minimum values,one for
cach core length 1s obtained. Finall& out of the minima the

smallest value is apparent and so is easily picked out.

A flow chart for the optiﬁization procedure deseri-
bed above is shown in Fig. 3,1, 4 computer program based on
this flow chart is devdlopéd. A number of runs of this
program on IBM « 1620 diglital computer gave the desired
optimum solution of the problem, The input. data for the
~ computer program is listed in Table No.III given in Appendix
No.9. It consists of the specifications of the motor, stator
" and rotor dimensions, winding details, and values of the
design variables, The output.of the program comprises of set
of values of the total losses as pointed out earlier. This
output data is represented by graphs and thgn the results are

discussed in the paragraphs to follow,

3.5, EFFECT OF DESIGN VARIABLES ON THE TOTAL LOSSES

In the following paragraphs is considered the effect
of design variables on the objeetive functiony viz. the total
losses of the induction motor excited from non-sinusoldal

voltage source, The three sclected design voriablesy as
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already discussedy are the number of conductors per stator
sloty core length and the area of crosgs-section of a stator
conductory, which are used for this purpobes TheBe vardables
are respectively denoted as z 4 Cp ond 45 ond the symbols

are used ..n the discussion, wherever neecessaryy for conven=

ience.

Fig. 3.2. shows how the total losses vary with z,

- for three different values of co.e lengths, when Ag 15 kept
constant, It can be seen from the curves of Figs 3424 that
for a given core lengthias z 18 increased continuously from
the lower specified limit,y the total losses start decreasing
first, then reach a minimum'Value and finally start incrcas-
ing again., This can be explained as follows, For the lower
specified value of z, the iron losses are unusually high duc
to increased flux densities in various magnetie parts of the
motor. Thus in this case the iron losses dominate over the
other componcnts of total losses resulting in the inecrease

of the latter., On the other handy for upper specified limit
of zy the copper losses are wvery high in comparison with all
other loss components and cause increase of thé total losses.,
Hence the minimum volue of the total losses 1s obtained for a
volue of z between the two limiting values, when the copper
and iron losses of the machine are having moderate values.
The stray-load and friction and windége lossesg definitely
play a role in deciding the nminimum value of the total losses,

howevery predominant rolec is played here by the iron and
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copper lossesy Further cxamination of the curves of Flgi3u2ip
re#eals that the minimtm value of the total losses is differ-
ent for different core lengthe and occurs at different values
of z+ Thusj it is scen that when the core length is increased,
the minim.m valﬁe of the total-lqésea is reduced and is obta-

jned for smaller value of z,

In Figg 343 is illustrated the influence of thé
crosg-seational area of stator conductor Agy on thé total
lossess The curves of total losses against z; obtained for
three values of Ag wifh constant core length have a similar

nature to those of Fig, 3,2, The point to be noted here is

that the minimum value of the total losses gets reduced when
Ay is increased and vice-versa for a glven core length,
ObVious reason for this is that the stator copper 1os$es are
affected by the value of Ag and these los§es being élnajor
component of the total losses influence the minimun value of

the latter.

The manner in whieh the core length affects the
total losses of the motor is clearly démonstrated by Fig;3;4.
Exomination of the curves repgesenﬁed in this figure shows
that for a particular value of z with 44 constanty when the
core length is increased consistently from 1OWer linmit of the
lattery the total losses start decreasing first, reach a
minimunm and‘then start increasing again, The reason for this

is the dominance of the iron losses over all other loss
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components for lower values of the core lengthy whereas for
| the higher values of the core length, the copper losses
dominate over all the other losses and thus resulting in the
inereased value of the total losses in either case. The
minimum of the total losses is obtained, when these two major
component losses have moderate valueé as explained earlier.,
Tﬁus the curves represented here are having the same general
nature as those of Fig, 3.2. Another observation, made
earlier, which can be made again from the study of curves of
Fige 3+4. is that as z is decreased, the minimum value of the
total losses gets reduced and occurs at increased value of

the core length,

To swmarize, the study indiecates that to get the
smallest value out of the minima of the total losses, the
core-length should be increased, the number of.eonductors
per stator slot should be decreased and the area of cross-

section of stator conductor should be increased.

3.6, THE OPTIMIZED DESIGN

" Results of the previous section indicate the way to
arrive at the optimal solution of the problem. To achieve
this Objective, lowér and upper limits of z were decclded as
discussed earlier and the values of z between these two
limits were divided into three sets each one having a diffe-
rent value of Ag such that the space factor for stator slot
varies between 0.38 to 0,35 approx, With these values of 2z

and Ag 4 computations for the total losses were carricd out
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for various core lengths. Placing no constraint on core
lengthy the computations were carried out till the smallest
velue of the minima of total losses is obtaineds Results of
these compntations are listed in Table No, 3:1s Examination
of the taole shows that the smallest of the minima occurs for
a certain core length (15 cm here) and if the core iength is
varied on either side of this wvalue, then the minimum value

of the total losses starts increasing.

Table No. 3,1

Variatlion of Total Losses with Number of Conductors per
Stator Slot for Various Core Lengths, the Area of Cross-

sagtion of Stator Conductor Being Adjusted Suitably with
the Number of Conductors,

v N0, of irea of __Total Losses in Watts
O, stator section for for for for for for for

condu- of sta- core core core core core core core
ctors tor con~ length length len th length length length length
per ductor2 = 10,0 = 11,0 = 12,0 = 13,0 = 14,0 = 15,0 =16,0
slot in om cm cm cm cm e om cm

74, 0.01.038 89%.2 916.8 942,7 974,4 1016.5 1062,4 1112.6

73 : 888.9 904,6 928,1 0957,1 991,33 1037.8 1083.7
72 " 87,6 893,1 914.,4 940,8 972,1 1012,9 1056.8
71 " 88,0 883,3 901l,5 925,5 954,1 995,3 1031,8
70 " 860.2 873,0 889,4 911.,2 937.3 971L.5 1008.5
69 " 853.,1 863.6 878.5 89?2,7 921.,4 0952,8 986.6
68 u 846,7 854,9 867,29 885,1 906.6 931.,8 964.5

67 0.0%I? 80l,6 806.4 816,1 829,7 847.1 867,92 895.2

66 797.,3 799,9 807,92 812,8 835,3 83,1 879.0
65 " 793,9 794,2 800,9 810.6 ' 824,3 841,2 863,.8
64 " 791.2 739,83 794,0 802,4 814,1 829.,2 8&47.l
63 " 789.4 785,1 1787,8 794,7 804,7 818,1 834,1
62 " 788,8 781,8° 782,5 787.7 796.2 807.8 822.1
61 " 789,1 79,2 777,9 78lL.4 788,3 798,3 810,9

60 0;03314 759.6 746,929 743,1 744.4 748.,8 756.2 766.1

FOWJNLOKBRWOHOQOOWO~NO oD W

59 7624 746,5 740.6 740.2 743,3 749.1 757.5
58 " 767.5 746,9 1738,9 736.7 '738.4 742.,8 749,7
57 e 775,0 748,6 738,2 7%4.1 734.,3 737,3 742,8
56 " 785,8 751.6 738,3 732,5 731.0 732,6 736,7
55 " 800,8 755,8 1739.6 7231.7 728,5 728.8 73L,5
54 " 824.2 76l.,4 741.8 731.8 1226,8 725.8 1727.1

Note :- Minimum values of the total losseS are underlined,
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A comparison of the optimized design ‘and the normal

design of the induction motor is carried out in Table No:3,.2.

as given below.

Table No,3,2,

A Comparaqsn Between the Normal Design and Optimized Design

of the Induction Motor.

s, No, Ttem. Normal Optimized
Maechine Machine:
1, Core length in om. 9.0 15,0
2, No, of conductors per stator 64,0 5440
slot,
3. Area of cross-section of .0.,0117 0.01314
stator.conductor in «m? .
4, Stator slot space factor approx.0.37 Approx,0.36
5. Stator per phase resistance 4,75 4,19
in ohms., '
6. Rotor resistance referred  4.30 4,18
to stator 4 in olms per phasec. _
7. Stator leskage recactanece at 9,10 10,62
the normal freduency(-50 Hz)
8, Rotor leakage reactance 9.32 10.88
referred to stater in ohms -
per phase at the normal
frequeney (50 Hz),
9., Magnetizing reactance at the 248.6 342.7
normal frequency in olms per
phase,
10. Total loss on non-sinusoidal 810,0 795.8
operation in watts for '
normal. operating frequency
in watts, _
11, Percentage reduction in the - 10,5
total losses for normal '
operating frequency.,
12, Efficiency for full load tordue 0,82 0,835
. at the normal frequency in p.u.
13, Fundamental slip at the nommal O. 0414 0.0398
frequency for constt, full
load tordque operation in p.u.
14. Total r.m.s. input current 4,30 4,06

in 4Amps.
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As seen from Table No.3.3.; the total losses are
reduced by 10.5 percent, efficlency increased by 1li5 percent
and the total r.m.s. input current reduced (by 546 percent)
in the cas~ of the optimized design in‘comparison with the
normal design and thus there is overall improvement in the
performance of the motor with optimized designg

Another Quéstion that should be answered»-is whether
the optimized design is capable of giving better performance
over the normal design of ﬁotor for whole range'of operating
freQuencies, Figs. 3.5 and 3,6 answer this dquestion very
well., In Fig, 3,5 is shown the variation of the total losses
with operating frequency for constant Volts/Hz mode of
working of normal and optimized designs of the motor. It is
Seen that for all the freduencies in the operating range,
there is a marked reduction in the total losses with the -
optimized design. In fact the percentage reduction in the
total losses for low operating frequencies is more and so the
low frequency performance of the motor is improved with the
optimized deslign.

Fige 3.6, Shows a comparison of the total losses on
constant-flux operation with normal as well as optimized
designs of the motor for different operating freduencies,

The optimized design shows a superior performance with this

method of operation also,
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3.7. BESUME

Optimizétion of the total losses of induction motor
excited from non-sinusoildal voltage source has been accompli-
ched by direet search method df the incremental search type.
Threec design veriables, viz. no. of conductors per stator
slot, core length and the cross-section of the stator condu-
ctor are used for this purpose, ILimiting values of the
stator teeth flux dénsity and space-factor of the stator slot
ave considered as the two main constraints of the problem‘ _
from whichy the ellowable variation in the mmber of conduct-
ors per stator slot and corresponding variation in cross-
sectlon of the conductor is determined. Accordingly by |
fixing the limits of variation on the number of conductors
per stator slot and the cross~se§tion of the stator conductary
a set of minima of total losses is obtained by varying the
core length. The smallest of the minima, gives the optimum
solution of the problem, For this optimized design the
perform8@nce of the motor is compared with the normal design
for whole range of operating freduencies and it has been
shown that the performance of the optimized design is sﬁperior
to the normal design. The reduction in the total losses
obtained by optimized design Sver‘the normal. design is 10.5
percent at the normal freQuency and it is evén more at the
smaller values of the operating freduency in the case of the

example considered,
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CCNCLUSI ONS

Developments in the field of power electronies have
led to the use of static converters becoming increasingly
tmnortant for varying the speed of three-~phase squirrel-cage
induction motors, The versatile, wide range variable freduen
drive has brought to the fore many new problems. Onec such
problem of significance js the increased losses of the motor
jue to non-sinusoidal nature of output voltage of the statie

converter.

In the present work, fldw charts have been developec
to study systematically the losses of induction motor for
sonstant Volts/Hz and constant-flux modes of operation on
sinusoidal as well as non-sinusoidal supply voltagé waveforns,
Jomputer programs based on the above flow charts have been
ésed to calculate the losses of '‘a 5 ho.pe induction motor useqd
as an illustration. The losses of the motor have been
jetormined for the two modes of operation over operating
frequeney range of 10 to 50 Hz with the assumption that the
notor drives a load of constant full-load torque. The results
>f computations have 1ndlcated that

(1) The additional losses due to time harmonies in supply
voltage form a considerable percentage (12 percent for
the case considered) of the total losses at the normal
operating frquency. These losses decrease ds the

operating frequeney is reduced from the normal value.



=93

(c) The decrease in the magnetizing rcactance produced an
increase of 6 percent in the total losses, whereas
the increase in the value of the parameter caused only
one percent reduction in the total losses.

(d) The stator and rotor leakage reacténces produced only

2 to 1 percent variation in the total losses;

The detailed siudy of the losses has pointed out
that the additional losses due to non-sinﬁsoidal supply voltage
waveform deserve a proper ¢onsideration and they should be
-minimized so that-the motor operates satisfactorily when
comnected ta a statie inverter for variable frequency opera-
tion, _

The optimization of the losses of the induction
motor has been carried out by using ineremental search
technique based on direct search method. A flow chart has
been developed for the process of optimization. The éomputer
program based on the above flow-chart has been used to find
the suifable values of the three sclected variables, vize
nunber of conductors per stator slot, area of cross-se¢tion
of the stator conductor and core léngth s so that minimum
total losses arc obtained for the motor, For the 5 h.p.
motor used an example, a reduction.of 10.5 perecent in the
total losses is achieved by using this method, Also the
optimized design of the motor when compared with its nomal
design shows an overall improvement in the motor performance
over the entire operating_frequency range.
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CONCLUSIONS

Developments in the fisld of power electronics have
led to the use of static converters becoming increasingly
imnortant for varylng the speed of three-phase squirrel-cage
induction motors. The versatile, wide range varlable frequency
drive has brought to the fore many new problems., One such
problem ofnsignificance i 5 the inecreased losses of the motor
due to non-sinusoidal nature of output vbltage of the stétic
converter, |

In the present work, flow charts have been developed -
to study systematically the 1ossés of induetion motor for
constant Volts/Hz and constant-flux modes of operation on
sinusoidal as well as non-sinusoidal supply voltagé waveforms.
Computer programs based on the above flow charts have been
used to calculate the losses of a 5 h.p. induction motor used
as an illustration., The losses of the motor have been
determined for the two modes of operation over operating
freQuenc&vrange of 10 to 50 Hz with the assumption that the
motor drives a load of constant full-load tordue., The results
of computations have indicatéd,that : |

(1) The additional losses due to time hammonies in supply
voltage form a considerable percentage (12 percent for
the case considered) of the total losses at the normal
operating frequency. These losses decrease as the

operating frequency is reduced from the normal value.
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(11) For all operating fredquencies the perform@nce of the
motor is much better with conétént-flux:mode of opera-
tlon in comparison with the constant Volts/Hz mode of

operation.

(111) Performence of the motor deterlorates considerably ot
very low operating frequencies (so far as losses,
fundamental slipy cfficiency etes are concerned) with

constant Volis/Hz mode of working.

The effect of variation of equivalent-circuitA
parameterg on the total losses, fundanental'slip, efficiency
of the motor has also been studieds It has been brought out

that stator and rotor resistances influence the total losses

considerably. The decrease of magnetizing reactance has been
found to produce increase in fhe total losses, whereas the
increase in the value of the parameter has produced very small
improvement in the performé@nce of the motor. The other two
equivalent-circuit parameters, viz. stator and rotor. reactanccs
have’been found to affect the total losses by a very small
percentage, Thus for the motor tsken as an example, When the
variation of the equivalenfécircuit parameters was confined to
30 percent variation on both sides of the normal valu@y the
effect on the total losses has been found to be as follows?

(a) The variation of stator resistance produced 11 percent

variation in the total losses.
'(b) The variation of rotor resistance caused 8 percent

variation in the total losses.
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(¢) The decrease in the magnetizing reactance produced an
increase of 6 percent in the total losses, whereas
the inerease in the value of the parameter caused only
one percent redﬁction in the total losses.

(d) The stator and rotor leakage reacténces produced only
2 to 1 percent variation in the total Lossess

The detalled siudy of the losses has pointed out
that the additional losses due to non-sinﬁsoidal supply voltage
waveform deserve a proper eonsideration and they should be
-nminimized so that the motop operates Satisfactorilﬁfwhen |
comnected ta a statlice inverter for variable frequency opera-
tion, |

The optimization of the losses of the induetion
motor has been earried out by using ineremental searé¢h
technique based on direet secarch method. A flow chaft has
been developed for the process of optimigzation. The éomputer
program based on the above flow-chart has been used to find
the suitable values of the three sclected variablesé viz,
number of conductors per stator slot, area of cross-seetion
of the stator conductor and core 1éngth 3 s0 that minimum
total losses are obtained for the motor, For the 5 h.p.
motor used an example, a’reduction.of 1045 percent in the
total losses is achieved by using this method, Also the
optimized design of the motor when compared with its normal
design shows an overall improvenent in the motor performance
over the entire operating freduency range.
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Scope for Future Work

Further work of this problem can be taken up on

the following lines,

(1) An optimized degign of induetion motor obtained by using
the procedure developed here can be used to fabricate the
motér. The motor can, then, be tested to verify the results
of the method, |

(2) For'using stgndard framé; inrthe fabrication of the motor,
limits on the vdiues of ¢ore lcecngth ean be imposed and the
optimal solution within this esnstraint ean be agchieved by a
few funs of the program of optimization, _

(3) Vériation of core length in smaller steps can be included
in the above program of optimization by insertion of one more
*do loop! and scarch for optimél solution can be carried out
with ?he help of a present gecneration eomputer in preference '
to IBM. 1620 digital computer,

(4) Calewlation of the ¢ost of aetive materials can be
included in thelprogram of optimization and so the conmparison
.between different solutions {a sect of miﬁima of totdl losses
for various core lengthsfean be effeeted. Thus the proper
design as per requirements can be s¢leeted. "

(5) Instead of using only the three variables mentioned above,
a Few more variables eould be used and then by usitg faster
optimization teehniques a complete optimized design of the

motor ean be obtained.
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APPENDIX (1)
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PROGRAM FOR DETERMINATION OF EQUIVALENT CIRCUIT PARAMETERS
OF 3=PHo SQo CAGE INDUCTION MOTOR

3
*********%********%%**%%*%**%%%%%%**%%%*********%*****%**************%*%

C

C

21

22
23
24
27
28
31
61

62
63

64
65

66
67

68
69

CALCULATION OF SATURATION FACTOR CoBo DESHPANDE
READ ¢ . . V19FlsWFsPsCLsDA3SSSRS

READ 2£19GA9SSOsRSOsDUsDSSsDSRsDCeDCR
READ 21sWSRoWT '
FORMAT (8F 100 4)

READ 19ASsPWeZsaABsCEsDRsPLsP2

READ 15,Cl,sCP

FORMAT (8F10.3)

TP=Z%#5S5/6,0

PHI=V1/{4.44%WF%F1%TP)
BG=PHI*P#0.63661E4/ (CL*DA)
BG60=1.,36%BG

Y1=3,141592%DA/sS

Y2=3,1641592% {DA~2,0%GA) /RS
CF1=Y1%(5,0%GA+5S0)/(Y1*(5,0%CA+SS0)=SS50%#550)
CF2=Y2%(5.0%#GA+RSO)/(Y2%(5.0¥%GA+RS0O)~RSO*RS0O)
CFD=CL/(CL-DU/(1.0+2c5%#GA) )
GAE=GA*CF1*CF2%cFD
ATG=8000,0%BG6O*GAE
BT=2.0E4%PHI*¥P/ (0c9% (CL=DU)*WT*SS)
BT6=1.36%BT ,
BC=PHI/(108E=4%pC*{CL=DU))
CLS=30141592*(DA+200*D55+DC)/(600*P)
WTR=36141592% (DA=2.0%GA=4,0%DSR/3,0) /RS=WSR
BTR=2.0E4#PHI*P /(0o9% (CL~DU)*WTR¥*RS)
BTR6=1,36%BTR
BCR=PHI/(1.8E=4%(CL=-DU)*DCR)
CLR=30141592%(DA=200%GA=2 ,0%DSR™DCR}/ {6:0%P)
K=y -

K=K+1

GO TO (23524427,28)5K

B8=BT6

GO TO 31

B=BC

GO T0 31

B=BTR6

GO TO 31

;=BCR \
IF{B=0.8)61561962
AT=100,0%(B=0o1)+60,0

GO T0(91592993594) 9K
IF(B~1.05)63+963,64
AT=280,0%(B=0o8)4+130.0

GO TO (91992+93494) 9K
IF{B=102)65965946
AT=66606T7*(B=1005)+20000

GO TO (91592593,94) 5K
IF(B=1o3)67:67968
AT=1000,0%#(B=102)+300,0

GO TO (91592:93,94) 5K
IF(B=1o4)69+69571
AT=200000%(B=1063)+400.0Q



«102-

GO TO (913592493,94) 5K

71 IF(B®™1.46)72,72,73

72 AT=3333,.34%(B=1,4)+600,0

. GO TO (91592593,394) K

73 IF(B*™1e5) 74974575

74 AT=5C00000%(Ba=1,46)+800,0
GO TO (91592493,94) 3K

75 IF(B*1055)76576,77

76 AT=12000,0%(B*™1,5)+1000,0
GO TO (91592593,94) 9K

77 IF(B=1.67)78578,79

78 AT=2000000%(B=14,55)+1600,0
GO TO (91392+93,94) 9K

79 AT=3846105%(B~1,67)+4000,0
GO TO (91592593, 94)9K

91 ATST=AT
GO TO 22

92 ATSC=AT
GO TO 22 .

93 ATRT=AT
GO TO 22

94 ATRC=AT
TAST=ATST#DSS*0,01
7ASC=AISC*CLS*O°01 ~
TART=ATRT#DSR#0,01
TARC=ATRC*CLR¥0,01
TAT=ATG+TAST+TASC+TART+IARC
SF=TAT/ATG
PUNCH 101,SF

101 FORMAT(5X5E1548)
R1=200G5E=6#TP*(2.0%¥CL+3,6128308%¥DALP+24.,01/AS
ATG=TP* TP*WF %xWF
BL=CL/COSF(6,2831852%P/SS)+2.4
R3=250 14E~6*ATG#BL/ (RS¥*AB)
ATST=4,0011561E«6*ATG*DR/ (CE*R*P)
R2=R3+ATST
Y1=7o53E=8%¥F1%ATG*DA¥CL .
V2=SF*GAE*P*pP
XM=Y1/Y2
SA=21e OE=8*F1*Tp*TP*#DA¥ (PW=Qe3 )/ (P%P)
Y1=(600/CF1"100)*p*p/(1025*55*55)
Y22 (600/CF2-10)%P*P/ {1c25%RS*RS)
RA=0682246%(Y1+Y2)*XM '
AN=3,289866 7#XM#P*P/ (SS%S5S)
ATST=0o5%( SA+RA+AN)
X1=ATST+90o48E=T*F 1*¥CL*¥TP*TP*P1/SS
X329 4B8E-T*F1*C *¥ATG*P2/RS
X2=X3+ATST ’
ELCO=0,425190E=TxATG*DA*C1/{P*P)
Y1=7011E=3%*SS*WTHDSS* (CL-DY)
Y¥2=22,336723E~3#(DA+DC+2, O*DSS)*DC*(CL DU)
SA=1,5707963#BT
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 .103-

RA=BC
SCLC=0,014322%(Y1%SA*#1,8+Y2%#RA%%1,8)
B=3,1415926%(DA=2,0%GA-DSR) /RS=WSR
Y1l=7,11E~3%RS*¥pSR*¥B* (CL=-DU) '
Y22220,336723E=3%(DA~2c0%GA=2,0%#DSR=DCR) #DCR* (CL=DU)
SA=165707963%BTR

RA=BCR
RCLC=0o014322%(y1#SA¥%1o8+Y2¥RA®%1o8)
ATG=BG*CF1*CF2¥%CFD

ATST=0063837T% (ATG*P)*%2,0%CL%*DA
SSLC=ATST#(DA=2,0%GA) /(RS*%3,0)
RSLC=ATST*DA/(Ss*%3,0)
RSNC=0015959%ATG*%2, 0% CL*DA%* (DA/SS) *CP
SKC0=3,2898667#(P/5S)#%2,0

PUNCH 119X135R19X295R29XM

PUNCH 11 sX3sR13 '

PUNCH 11sELCOsSCcLCsRCLCHSSLCHRSLC

PUNCH 11,RSNCsSkCO

FORMAT(5Xs5E15,8)

STOP
END



APPENDIX(2) '
TR KR KRR X UK H g RN A RN U RN H R HARIR A KR A RERE I HHI RN HRAR

PROGRAM FOR DETERMINATION OF LOSSES
OF INVERTER FED 3=PH INDUCTION MOTOR
WHEN V/F RATIO IS CONSTANT
R R R R S R R R S P R R R R A T SRR R R R
C € CALCULATION OF L OSSES OF INDUCTION MOTOR ON NON SINUSOIDAL SUPPLY
READ1sV1sF15Ps5SsRS
READ1sH9sRsCO9CZ4CBs TFsHP

READL s SCLCSELCOsSSLCHRSLCIRSNCsSKCOLRCLC
READ 19X19R19X25R23X39R34 XM
1 FORMAT(8F10,3)
PUNCH 29X1sR1sX25R2sXM
2 FORMAT (5X$5E15.7)
X1=085%X1 )
X2=0,85%X2
X3=0,85%X3 ’
XM=XM/ 104
W=1lo0
12 V=W#*V1
F=WxF1
X1W=W*X1
X2W=W¥%X2
X3W=W*X3
XMW=W¥* XM
W3=SCLC*¥F%%#1.6
Y1=3,0%V#V/W3
B=(1l,0+{(XMW/Y1)%%2)
RM=XMW* XMW/ (Y1%B)
XMW=XMW/B
. XL1=XMW+X1W
X22=XMW+X2ZW
SA=R1+RM
B=X1W+X2W
RA=(R1I*RM+XMW*xMW=X11%X22) /R2
AN=(R1#X22+RM¥*B) /R2
AT G=RM*RM+ XMW* XMW
D=2,094395%#TF*#Rp*F /{P#V*V)
Y2=D% ( SA#*SA+X11%#X11)/ATG
Y1=D* (RA¥RA+AN*AN) /ATG
E=2,0%D% (SA¥RA+AN%¥X11)/ATG=1.0
S=(~E~SQRTF(E¥*E~4o0%YL1*Y2)) /(260%Y1)
Y1=0o4T7746%Pxy*y*S¥ (ATG/ (R2%F )
E=(SA+S*RA)*# (SA+SHRA)

& Y2= {AN¥S+X11) %%
T=Y1/(E+Y2)
E=X22%S

D==(X1IW+X2W*XMW/X22)

Y1=SA*¥R2/E+R1*¥RM/X22+D
Y2=R1+RM*B/X22+X11*¥R2/E

D=SQRTF(Y1*Y1+Yy2%Y2)

D=v/D

B=R2/E

Y1=RM/X22



50

250
70

60
1¢0

=106~

. SA=D*SQRTF ( (B+y1)%*%2+1,0)
RA=D*#SQRTF(ATG) /X22
AN=D¥SQRTF (B%B+(X2W/X22) %#%2)
ATG=SA*SA
W1=3.0*R1*¥ATG
W2=300%R2¥RA*RA
D=00138*¥HX*XSQRTF(R#SS*F/P)
RM=2,0%D
X11=0o5%EXPF (RM)
X22=0o5*EXPF (~RM)
B=X11~X22

‘E X11+X22

LA SRR SN RN T eI EN = W oem

Sl D*(B+SINF(RM))/fu*COSF(RM))
Wa=3,0%S1%#R3% (CO*ANKAN+CZ#ATG)
WS =ELCO¥F*ATG
D=00138*H*5QRTF( R%6 ., 0%F )
RM=2,0%D

X11=20,5%EXPF (RM)

X22=20, S*EXPF{=RMY

B=X11-x22

E=X114+X22

S2=D* (B+SINF(RM) ) /{E~COSF (RM) )

W .o
W23 55A R ATG S RS xCB

WL1ERPRTAE J5%0% Sk (1.0=5) *u
Exs{SA/AN)**2
CS1=0,00123%(RSxF/P)*%1, 48
C5250,00123% (SS*F/P)%%1.48
W6=SSLECH*CS1*E
WT7=RSLC*¥CS2%E

WIO=RSN(C*{S2

Wﬁ SKCO* (RA/ANI%%¥2  * tW3+w0)
UNCHL59W19W29W39W4vW5
PUNCH25sW11sEsTL TS
PUNCH25 s W6 sWT7sW8 s WO oW1G
PUNCHZ25 sW11sEsTLs TS

SCHC= Oou

[=5.

HARQ=0,0

NCNT=0 -

HASQ=0,0

DOL0II=1+25+6

HO=11

IF{11-25)25052504300
IF(NCNT)Y 70570360

HM= {HO4+1,0~S)

G0T0100

HM= (HO=10043%)

VH=V/HO

SH=HM/HO

B=0,138%H*SQRTF (R¥HM*F)
AT=2,0%8B

TY1=0.5%EXPF(AT)
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300

200

25

15

=106

Y2206 5%EXPF (=AT)
D=Y1~Y2

E=Y1+Y2

Y1=SINF(AT)

Y2=COSF (AT)

RM=E=Y?2
X11=B%(D+Y1)/RM
X22=(165/B)%(D~Y1) /RM

R2H=R2+(X11=1,0)%R3
X2H=HO* { X2W+({ X221 .0) *X3W)

X1H=HO* X 1W
XMH=HO * ¥*xM

XSH=X 2 H+XMH

X2 2=XSH% SH

B== (X1H+X2H*XMH /XSH)+R1%R2H/X22
E3R14( XMH+X1H)*R2H/X22
D2SQRTF ( BXB+E*E )

B=NVH/D _

SAH=B*SQRTF( (R2H/X22) #%*2+100)
RAH=B*XMH/ X SH
HASQ=HASQ+SAH*SAH
HARQ=HARQ+RAH*RAH

- W2=W2+ 3o O¥R2ZH*RAH#*RAM

W5=WS5+2,0%¥ELCO*(F*HQ) *SAH®SAH
W10=WI1O0+RCLCH(HM*F)#%1,6/ (HO%**3,6)
SCHC=SCHC+1.,0/(HO*%2,0)
CONTINUE

I=1+2

NCNT=NCNT+1

IF(I=7)506550520p
W3=W3%(1o0+SCHC)
W1=W1+3,0%R1*HASQ
W4=W4+3,0%S1*R3%CZ#HASQ
B=HASQ/AN#%%2

W6=W6+SSLC*CS1%pB
W7=W7+RSLC*CS2%p
B=(RA*RA+HARQ) /7 AN*%2
WB=SKCO*B* (W3+WQ)
WO=W9+3,0%S2%R3%HASQ *CB
TLEW1+W2+W3+W4+W5+WH6+WT+WS+WO+W10+W1 1
B=T%6,2831852%F%(1.0-S)/P-W11
E=B/(B+TL)
TOC=SQRTF(HASQ+ATG)
PUNCH25sW1sW2s5W3 sWa W5
PUNCH25sW6 sWTsW8 sWOsW10

PUNCH 255TL9SsF3TOCSE

FORMAT (5X35E15,7)

W=W"Ool

IF(W=0,2)15012412

STOP
END
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APPENDIX(3)
AR R o R R R LR SR R R TR R A B R R R R R o R R TR R R R R R T R TR I R X X I
PROGRAM FOR DETERMINATION OF LOSSES
OF INVERTER FED 3=PH INDUCTION MOTOR
: . WHEN E/F RATIO IS CONSTANT

SR IR0 H K I K636 36303 30 3 I 3 36 3636 36 U I 3 e 36 36 33 36 36 % 3 36 36 I 3 I 26 3 I I 36 9 3E 3 36 3 36 33 3 % ¥ %
C CALCULATION OF LLOSSES OF INDoMOTOR=CONST.FLUX OPERATION=CoBoDs

READ1sV1sF1lsPsSSeRS

READ1sHIR9sCOsCZsCBsTFoHP

READ1sSCLCSELCO,SSLCyRSLCHIRSNC» SKCORCLC

READ 1sX15R13X2,R25X39R33XM

FORMAT (8F10,3)

X1=0085%X1

X2=0085%¥X2

X3=0685%X3

XM=XM/ 1,04

SFL=0,03978133

F2=SFL*F1

X2S=X2%F2/F1

A=R2¥R2+X25%X2S

B=F2%R2

CBYF=SQRTF(TF%¥2,094395%A/ (P*B) )

W=1,0 '

F=W*F1

EI=EBYF*F

S=F2/F

XIW=W#X1

XP2W=W*X2

X3W=W*X3

XiAW =W XM :

W3=SCLC*F%%1 .6

Y1=3,C*E1*E1/W3

B=(1loO0+(XMW/Y1)%%2)

RM=XMW* XMW/ (Y1%RB) '

XMW=XMW/B )

D=SQRTF ( XMW¥* XMW4+RM*RM )

AN=E1/D

D=SQRTF{X2W#X2W+{R2/81)%%2)

RA=E1/D

A1=RM*R2/S=~XMWH*X2W

AZ=XMW*R2/S+RM¥*X2W

A3=RM+R2/S

AG=XMW+X2W

Al=Al/A4

A2=A2/A4

A3=A3/A4

B=1.,0+A3%A3

RE=(A1*A3+A2)/B

XE=(A2%A3=A1)/8B

D=SQRTF (RE*¥RE+XE*XE )

SA=E1l/D

PUNCH &4sSAsRAsAN

4 FORMAT (5X33E15086)

ot
N



5GC

250
70

6C
100

=108

RE=RE+R1

XE=XE+X1W

B=SQRTF {RE#¥RE+XE*XE)
V=SA*B

ATG=SA%*SA

W1=3,0%R1*¥ATG
W2=3,0%R2*¥RA*RA
D=0o,138%H%¥SQRTF(R*SS*F/P)
RM=200%D

X11=0o5%EXPF (RM}
X22=0o,5%EXPF {*RM)
B=X11=-X22

E=X11+X22 _

S1=D% (B+SINF(RM} )/ (E=COSF{(RM})
W&=3,0#S1%¥R3*%(CO¥ANKAN+CZ*ATG)
W5=ELCO*F*ATG
D=00138%H*SQRTF [ R*60%F)
RM=2,0%D

X11=0o5%EXPF (RM)
X22=0o5%EXPF (*RM)
B=X11=X22

E=X11+X22
£2=D%*(B+SINF(RMy )/ (E~COSF(RM})
W9=3,0%S2*%ATG*¥R3%CB
W10=RCLC* (S*F)*%x1o6
W11l=HP*74600%00016%(1.0=5)%*W
E=(SA/AN)¥%2

CS1=0o00123% (RS#F/P)*%¥1048
CS2=0,00123%(S5S#F/P)*#1e48
We=SSLC*¥CS1*E

WO=RSNC*CS2
W7=RSLC*CS2+*E

SCHC=0 o0

I1=5

*HARQ=0,0

NCNT=0

HASQ=0,0

DO1011=1+2546

HO=11

IF(11-25)25092505300
IF(NCNT)T70+70960

HM= (HO+1,0«S)

GO TO 100
HM=(HO~10,04S)

VH=V /HO

SH=HM/HO
B=00138*H*SQRTF(R*HM*F)
AT=2,0%B

Y1=0,5%EXPF{AT)
Y2=0,5%EXPF (=AT)

D=Y1l-Y2

E=Y1l+Y2

Y1=SINF{AT)
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Y2=COSF (AT)
RM=(E=Y2)
X11=B*(D+Y1)/RM
X22=(105/B)* (D"™y1)/RM
R2H=R2+{(X11=10,0)%*R3
X2H=HO* { X2W+(X22™1o0) ¥X3W)
X1H=HO* X1W
XMH =HO ¥ W* XM
XSH=X2H+XMH
X22=XSH%*SH
B==( X1H+X2H#% XMH /XSH) +R1%*R2H/X22
CaR1e ( XMH+X1H)%¥R2H/X22
D=SQRTF ( B*B+E*E)
B=VH/D
SAH=B*SQRTF( (R2H/X22) ¥%2+1.0)
RAH=B¥ { XMH/ XSH)
HASQ=HASQ+SAH*SAH
HARQ=HARQ+RAH#RAH
W2=W2+3 0 G¥RAH¥RAH*R2H
WE=W5+2 0 O¥ELCO% (F¥HO) ¥*SAH*SAH
W10=W1O0+RCLCH* (HM*F)¥*¥1o6/ (HOX%¥3,.6)
SCHC=SCHC+1,0/ (HO*%2)
10 CONTINUE
300 I=1+42 ‘
NCNT=NCNT+1
IF(I=7)50550,200
200 W3=W3%#(1,0+SCHCY
W1=W1+3o, 0%R1¥HASQ
Wa=W4+3 . 0%S1#R3xCZH¥HASQ
B=HASQ/AN%%2
W6=W6+SSLC*CS1*R
W7=W7+RSLC*CS2*p
B=(RA¥RA+HARQ) / AN¥*%2
W8=SKCO*B* (W3+WQ)
WO=W9+3 ., 0%S2%R3#CB¥HASQ
WS=WLAWE+WE+WT+WE+WO
TL=W1+W2+W3+W4+yWS5+Wo+WT+W8+WI+W10+W11l
B=TF%602831852%F*(1,0=5)/P*Wll
E=B/(B+TL)
TOC=SQRTF(HASQ+ATG)
PUNCH 253W1oW2,W3sW&oW5
PUNCH 25:W65W7,W8sWIsW10
PUNCH 25sW11S5sTOCsTLSE
PUNCH 25sWSsFsV
25 FORMAT (5Xs5E1508)
W), 1
- IF(W=0o2)15512512
15 STOP
END
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APPENDIX (&)
HRURAHFERRH SRR LR N RR R R HERER R R H IR R R AR RH R AL R R FH X RHXRK R R R BRI
' - PROGRAM FOR OPTIMIZATION OF LOSSES
OF INVERTER FED 3=PH INDUCTION MOTOR
FHFRRERRR IR RN FRH R AR TH KR HH KRR T WK 3% 5 30303 % 336 %% 369 36 396363 36 T 36 336 F 3% 369
C C OPTIMIZATION OF LOSSES OF INDUCTION MOTOR =CoBoDESHPANDE
DIMENSION Z(21),AS(21)

DO101M=1,21
101 READ19Z (M) sAS(M)
1 FORMAT (2F 100 4)

READ24DAsCL3SS95SOsRSsRSOsDCDCR
READ23GADSSHIDSRsWToWSRoHSR
READ2sCEsDRsBL9ABIPLP2
READ2sWFsPWoCPo(C1leCBeCOsCZ
READ2sV1sF1sPsHPSTF

2 FORMAT (8F10,3)
Y1=301415926%DA/SS
«25,0%¥GA+SSQ
Y2=Y1%*B
CF1=Y2/{Y2=550%450)
D=DA=2,0%GA
Y1=361415926%D/RS
B=5,0%*#GA+RS0O
Y2=Y1#*B
CF2=Y2/(Y2=RSQ#RSO)
GAE=GA*CF1%#CF2
WTR=3,1415926%(D~40%¥DSR/30,0)/RS=WSR
SA=DA+2,U¥DSS+Dc¢ .
CLS=0.5236%SA/P
E=0o014322%F1%%1,6
B=WT
STIC=0.00711#SS*#DSS*B*E
SCIC=0,0223367*gA%DC*E
SA=D=2 ., 0¥DSR-DCR
CLR=0,5236%SA/P
B=3,1415926% (D~DSR)/RS~WSR
RTIC=0,00711#RS#DSR*B*E
RCIC=0.0223367#gA#DCR#*E
B={CF1%CF2)%x»2
SA=0000123%{RS*¥F1/P)*#1,48
RA=0,00123% (SS*¥F1/P)#*1.48
E=0,63837%B#P%PxDA
SSLC=SA*EX*D/RS*%3
RSLC=RAXE*DA/SS#¥%3
RSNC=0,15959%#B%pA* (DA/SS)I*CP*RA
SKCO=3,2898667%(P/SS)#¥#2
ELC=0c42519%F 1#yF#WF*DA*CL/(P*P)
B=uo138¥H¥SQRTF({R*SS*F1/P)
SA=2.0%B
RA=0.5%EXPF { SA)
AN=0,5%¥EXPF (-SA)
D=RA-AN
E=RA+AN
CoOB=Bx*{D+SINF(SA) I/ (E~COSF{SA))
Bz=U,138%H*¥SQRTF{R*6,0%F 1)
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22

23

27

28
31
61

62
63

64
65

66
67

68
69

71
72

73
74

. ' -111.
SA"“ZQO*B '
RA=C.5*EXPF (SA)
AN=Q,5*EXPF (~SA}
D=RA~AN
E=RA+AN

BLCO=B* (D+SINF{SA) )/ (E=COSF(SA))
BzpPxp

Y3=(60C/CF1=1o0)%B/(1.25%55%88§)

S Y4=(6oC/CF2~1o0)%B/(1c25%RS%¥RS)

WELC=HP*T746,0%0,016
TLM=10C000,0
D011J=1s21
TP=Z(J)Y*S5/6,0
SASV1/ (444 WFH*EL1#TP)
BG=SA*P#0,6366154/(CL*DA)
D=1,36%BG
ATG=8000,0%D*GAE
BT=2,CE4*SA*¥P/ (Qo 9% CL¥WT*SS)
RA=1,36%BT
BC=SA/(1.8EwystDc*CL)
BTR=2,0E4#SA%*¥P/ (0. 9%CL.¥WTR*RS)
AN=1.36%BTR
BCR=SA/ (1. 8E~4#C #DCR)
K=0
K=K+1
GOTQC(23524527928) aK

B=RA
GOTO31
B=8BC
GOTO031
B=AN
GOTO31
B=BCR

IF(B‘008)61961962
AT=10000*( B-‘Oo 1)+6000
GOTO0{(91992593594) 5K
IF(B-1,05)63,63,64
AT=28000%(B=008)+180.0
GOTO(91992593594) 5K
IF(B~1.2)65365966 .
AT=666067%(B=-1505)+20000
GOTO(91992993994)9K
IF(B=103)67:67568
AT=100G C*¥(B=102)+300,0
GOTO(91992593994) 5K
IF(B=104)69569571
AT=2000 0% (B~163)+400.0
GOTO(91992593+94 ) 5K
IF(B»1o46)72:72,73
AT=3333634%(B~1,4)+600.,0
GOTO(91992593594) 5K

O IF{B=145)TlsT4s75

AT=50000oU0%{(B~1046)+800-0



75
76

77
18

79
80

81

91
92
93

94

-112-

~“0T0(91592993594) 5K
IF(B=155)76576477

AT=12000.0%(B=1,5)+1000-0
GOT0(91992593994) 5K
IF(B=1067)78578,79
AT=20000,0% (B=1,55)+1600.0
GOT0(91992593594) 5K
IF(B~1.8)80580581
AT=38461,5%(B=1,67)+4000,0
GOTO0(91592993594) 5K
AT=60000,0% (B=1,8)+9000,0
GOT0(91592593594) 5K

Y1=AT

Y1=Y1*DSS#0,01

GOT022

Y2=AT

Y2=Y2%CLS#0,01

G0T022

X11=AT

X11=X11#DSR#0,01

G0T022

X22=AT

X22=X22%CLR#*0,01]
D=Y1+Y2+X11+X22+ATG

SF=D/ATG
SA=200%#CL+3,6128308%DA/P+2450
R1=20095E~6*TP*SA/AS(J)
B=TP*TPXWFXWF

Yl= COSF(60,2831852%P/SS)
BL=CL/Y1+204

R3=250 14E~6#B*BL / (RS*AB)

AT=P %P

SA=4.0011561E~-6%B*DR/ (CE*AT)

R2=R3+SA

SA=T7.53E=8%F1%BxDA*CL

RA=SF*GAE*AT

XM=SA/RA

ATG=TP*TP

SA=21oUE=8%F1¥ATG®¥DAX (PW=0c3) /AT
RA=0o 82246 XM*¥(Y3+Y4)

AN=3,2898667%*XM*xAT/(SS*¥5S)

SA=065%( SA+RA+AN)

RA=9 o4 8E~THF1*CL
X1=SA+RA*¥ATG*P1/SS
X3=RA¥B¥*¥P2/RS

X2=5A+X3

B=1o5707963%BT

W3= (STIC*B%%108+SCIC*BCH%1,8)*CL
X1W=0085%X1

sz=00 85*)(2

X3W=0,85%X3

XMW=XM/1,04
Y1=3,0%V1I*V1/W3

B={1loO+(XMW/YL)#%2)
RM=XMW3# XMW/ (Y1%B)



50
250
70

6C
10

XMW=XMW /B

X11=XMW+X1W

X22=XMW+X2W

SA=R1+RM

RA= (R1*¥RM+XMW*XMW=X11%X22) /R2
B=X1W+X2W

AN=(R1%¥X224RM*p)/R2
ATG=RM%*RM+XMW¥*¥XMW
D=20094395% TF#Ro*F 1/ (P%Vy1%V1)
Y2=D%( SA¥SA+X11%#X11)/ATG
Y1=D% (RA%RA+AN*ANI /ATG

E=2,0%D%*{ SA*RA+AN*X11 y/ATG*=*1,0
S=(~E—~SQRIF(E¥E=4,0%Y1%Y2)) /{(2,0%Y1)
Y13004T7T46%P#VI%V1I*S* (ATG/ (R2%F1))
E=x(SA+S%RA) % ( SA+S*RA)
Y2=(AN%¥S+X11)#x%2

T=Y1/(E+Y2)
E=X22%S
Dx=(X1W+X2W*XMW/X22)
Y1=SA*#R2/E+R1*¥RM/X22+D
Y2=R1+RM*B/X22+X11%R2/E
D=SQRTF{Y1*Y1+y2#Y2)
B=R2/E
Y1=RM/X22
D=Vi/D

SA=D*SQRTF( (B+Y1)¥%#2+1,0)
RA=D*SQRTF(ATG} /X22
AN=D#SQRTF (B%B+ (X2W/X22)%%2)
W2=3, 0*¥R2%¥RA*RA
ELCO=ELC*TP#TP%*] o 0E=7
W5=ELCO*SA*SA
RCLC=(RTIC* (BTR#1c5707963)%%1,8+RCIC*BCR*¥*1,8)%CL
W10=RCLC*S%%1,6
HASQ=0,0

I=5
HARO=0 o 0
SCHC=0,0
NCNT=0 .
DO10II=1+2556
HO=11 _
IF(I1-25)25052509300
IF(NCNT) 70570560

HM= (HO+1,0~8)

GOT0100
HM= (HO=1,0+S)

VH=V1/HO

SH=HM/HO
B=00138%H*SQRTF (R¥HM*F1)
AT=2,0%B

Y1=0,5%EXPF (AT)
Y2=0,5%EXPF (=AT)

D=Y1=-Y2

E=Y1+Y?2



Y1= SINECAT) =114~

Y2 = COSFCAT)

RM=E=-Y2
All=B¥(D+Y1)/RM
X22=(15/BY*(D-Y1})/RM
R2H=R2+(X11=1,0})%R3
X2H=HO¥ { X2W+(X22=100}) *¥X3W)
X1H=HO* X1IW
XMH=HO* XM/ 1004
XSH=X2 H+XMH
X22=XSH*SH
Bz~ ( X1H+X2H%XMH/XSH) +R1*¥R2H/X22
E=R1+(XMH+X1H)*R2H/X22
D=SQRTF{B*B+E*E)

B=VH/D
SAH=B¥SQRTF (1o 0+ (R2H/X22)%*%*2)
RAH=B*XMH/ XSH
HASQ=HASQ+SAH*SAH
HARQ=HARQ+RAH*RAH
SCHC=SCHC+1,0/(HO*%2,0)
W2=W2+3 o GH*R2H¥RAH¥RAH

\ W5=W5+2 0 O¥ELCO*HO*SAH®SAH
W10=W1O0+RCLC*¥HM%* 16/ (HO*%3,6)
10 CONTINUE
3CO0 I=1+4+2
NCNT=NCNT+1
IF(I-7)53950,200
20¢ W3=W3%x({1,0+SCHC)

ATG=SA*SA
Y2=HASQ+ATG
B=RA*RA
D=B+HARQ
E=Y2/(AN¥AN)

Wl=3euU¥R1%Y2

W4=3, 0% CDB*¥RI*¥ (CO¥AN*AN+CZH*Y2)
AT=BGH*BG*CL

A=AT*E

W6=SSLC*A

WI=RSLC*A

WO=RSNC*AT

W3=SKCO* (W3+WO) %D/ ( AN¥AN)
W9=3,0#¥BLCO*Y2¥R3%(CB
wll=WFLC¥(1,0+-S)
TL=W1+W2+W3+W4+W5+W6+W7+W8+W9+W10+W11
B=T%6,2831852%F1%(1,0-S)/P~wW11l

E=B/(B+TL) '
PUNCH25 s W1oW2sW3 sW4 W5
PUNCH25 sW6sW7sW8sWIsW1O0
PUNCH25sW11sEsTLT9S

25 FORMAT (5X35E1568)

IF(TL-TLM)20,11,11 -

20 TLM=TL
WiM=Ww1
Wa2M=y2
WaM=W3



: | ~115=

WaM=W4
W5M=W5
WeM=W6
W7M=W7
WeM=w8
WOM=wW9
W10M=W10
W1lM=W 11
T™M=T
SM=S
CLM=CL
ZM=Z(J)
ASM=AS (J)
R1M=R1
R2M=R2
X1M=X1
X2M=X2
XMM=XM
11 CONT INUE
15 PUNCHI10 » TLM»CLM »ZM» ASM
110 FORMAT (5Xs4HTLM=E 15,7 » 4HCLM=F 7 03 53HZM=F50154HASM=F1005 )
PUNCH120 sW1MsW2M sW3MsWaMs WM
PUNCH120 sW6M s WTM sWBMs WMy W10M
PUNCH1205W11Ms TM» SM
PUNCH120 5R1IMsR2M»X1MsX2Ms XMM
120 FORMAT(5X55E1507)
STOP
END



APPENDIX(5)
*************%%**%—*****%%**%*%*%*%**%%%*%*%*%****4’:%*****%**%***%%’r*
LIST OF SYMEOLS

USED IN COMPUTER PROGRAMS
W H K H I R KK H KK KR 0 3 H KK 333 e K

A1=INTER MEDIATE VARIABLE
A2=INTER MEDIATE VARIABLE

A3=INTER MEDIATE VARIABLE
A4=INTER MEDIATE VARIABLE
AB=AREA OF ROTOR BAR
AN=NO LOAD CURRENT

AN =INTERMEDIATE VARIABLE.
AS=CROSS«SECTION OF STATOR CCNDUCTOR
AT=AMPERE TURNS ¢
ATG=AMPERE TURNg FOR AIR®GAP

ATG=INTERMEDIATE VARIABLE

B =INTERMEDIATE VARIABLE
BC=STATOR=CORE FLUX DENSITY

BCR=ROTOR=CORE FLUX DENSITY

BG=AVERAGE AIR=GAP FLUX DENSITY

BL=ROTOR BAR LENGTH

BLCO=DEEP BAR COEFF., FOR BELT«LEAKAGE LOSS
BT=AVERAGE STATOR=TEETH FLUX DENSITY
BTR=AVERAGE ROTQR~TEETH FLUX DENSITY AT 1/3 POSITION
C1=END WINDING GEOMETRY CONSTANT
CB=BELT-LEAKAGE LOSS CONSTANT

CDB=DEEP BAR COEFFo FOR ROTOR ZIG~ZAG LOSS
CE=CROSS=SECTION OF END=RINGS

CF1=CARTERS FACTOR FOR STATOR

CF2=CARTERS FACTOR FOR ROTOR

CFD=CARTERS FACTOR FOR DUCTS

CL=CORE LENGTH

CLLR=MAGNETIC PATH LENGTH THROUGH ROTOR CORE
CLS=MAGNETIC PATH LENGTHTHROUGH STATOR CORE
CO=NO~LOAD* PULSATION LOSS CONSTANT

CP=POLE FACE CONSTANT

CS1=STATOR SURFACE LOSS FACTOR

CS2=ROTOR SURFACE LOSS FACTOR

CZ=FULL—=LOAD PU{LSATION LOSS CONSTANT

D =INTERMEDIATE VARIABLE

DA=AIR~GAP DIAMETER

DC=DEPTH OF STATOR CORE

DCR=DEPTH OF ROTOR CORE

DR=MEAN DIAMETER OF END=RINGS

DSR=DEPTH OF ROTOR SLOT

DSS=DEPTH OF STATOR SLOT

DU=NO, OF DUCTS

*



~117-

E1=PER PHASE EoMoFe

E=EFFICIENCY

E =INTERMEDIATE VARIABLE '
EBYF=E/F RATIO

ELCO=END LOSS COEFFICIENT

F1=NORMAL FREQUENCY

F2=ROTOR FREQUENCY

F=OPERATING FREQUENCY

GA=AIR=GAP LENGTH

GAE=EFFECITIVE AIR®=GAP LENGTH

H=DEPTH OF ROTOR CONDUCTOR

HARQ=ROTOR HARMONIC CURRENT SQUARE
HASQ=STATOR HARMONIC CURRENT SQUARE

HM =INTERMEDIATE VARIABLE

HO=0ORDER OF TIME HARMONIC

HP=HORSE POWER oUT PUT AT NCORMAL FREQUENCY
I =INTERMEDIATE VARIABLE

NCNT=INTERMEDIATE VARIABLE

P1=PERMEANCE COEFFICIEN® OF STATOR
P2=PERMEANCE COEFFICENT OF ROTOR

P=NO. OF POLE PAIRS

PHI=FLUX PER POLE

PWw=PITCH FACTOR OF PRIMARY

R1=STATOR RESISTANCE PER PHASE

R2=ROTOR RESISTANCE REFERRED TO STATOR PER PHASE
R3=ROTOR BAR RESISTANCE REFERRED TO STATOR
R2H=HARMONIC ROTOR REST. REFERRED TO STATOR
R1M=STATOR RESISTANCE PER PHASE FOR MIN. TOTAL LOSSES
R2M=ROTOR PER PHASE RESISTANCE FOR MIN. TOTAL LOSSES
R=RATIO OF COND, WIDTH TO SLOT WIDTH OF ROTOR
RA=ROTOR CURRENT

RA =INTERMEDIATE VARIABLE

RAH=ROTOR HARMONIC CURRENT
RCIC=INTERMEDIATE VARIABLE

RCLC=ROTOR CORE LOSS COEFFICIENT

RE=INTER MEDIATE VARIABLE

RM=MAGNETISING RESISTANCE

RM =INTERMEDIATE VARIABLE

RS=NC., CF ROTOR SLOTS

RSLC=ROTOR SURFACE LOSS COEFFICIENT :
RSNC=ROTOR NO LOAD SURFACE LOSS COEFFICIENT
RSO=ROTOR SLOT OPENING

RTIC=INTERMEDIATE VARIABLE

S1=DEEP~BAR COEFFo FOR ROTOR ZIG-ZAG LOSS
S2=DEEP=BAR COEFF., FOR BELT LEAKGE LOSS
S=FUNDAMENTAL SLIP :
SA=STATOR CURRENT

SA =INTERMEDIATE VARIABLE

SAH=STATOR HARMONIC CURRENT .
SCHC=STATOR HARMONIC CORE LOSS CONSTANT
SCIC=INTERMEDIATE VARIABLE

SCLC=STATOR CORE~LOSS COEFFICIENT
SF=SATURATION FACTOR

SFL=FULL LOAD SLIP

SH=HARMONIC SLIpP
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SKCO=SKEW LEAKAGE LOSS COEFFICIENT
SM=FUNDAMENTAL SLIP FOR MInNo, TOTAL LOSSES
55=N0e OF STATOR SLOTS

SSLC=STATOR SURFACE LOSS COEFFICIENT
SSO=STATOR SLOT OPENING

STIC=INTERMEDIATE VARIAELE

T=FULL LOAD TORQUE

TARC=AMPERE~TURNS FOR ROTOR CORE
TART=AMPERE~TURNS FOR ROTOR TEETH
TASC=AMPERE=TURNS FOR STATOR CORE
TAST=AMPERE~TURNS FOR STATOR TEETH

TAT=TOTAL AMPERE=~TURNS

TF=FULL=LOAD TORQUE

TL=TOTAL LOSSES

TLM=MINIMUM TOTAL LOSSES

TM =INTERMEDIATE VARIABLE

TOC=TOTAL RoMeS, IN PUT CURRENT

TP=NOo. OF STATOR TURNS/PHASE

V1=RATED VOLTAGE OF THE MOTOR

V=OPERATING VOLTAGE

VH=HARMONIC VOLTAGE

W1=STATOR COPPER LOSS

W2=ROTOR COPPER LOSS

W3=STATOR IRON 0SS

W4=ROTOR ZIG=ZAGg LOSS

W5=END LOSS :

W6=STATOR SURFACE LOSS

W7=ROTOR SURFACE LOSS

W8=SKEW LEAKGE { 0SS

W9=BELT LEAKGE (0SS

W10=ROTOR IRON LOSS

Wil=FRICTION ANpD WINDAGE LOSS

WIM=STATOR CU. |LOSSES FOR MINo. TOTAL LOSSES
W2M=ROTOR CU. LQGSSES FOR MIN. TOTAL LOSSES
W3M=STATOR IRON LOSSES FOR MIN. TOTAL LOSSES
W4M=ROTCR ZIG=ZAG LOSSES FCR MIN. TOTAL LOSSES
W5M=END LOSSES FOR MINo. TOTAL LOSSES
WeM=STATOR SURFACE LOSSES FOR MIN. TOTAL LOSSES
W7/M=ROTOR SURFACE LOSSES FOR MINo TOTAL LOSSES
WBM=SKEW LEAKGE LOSSES FOR MIN. TOTAL LOSSES
WOM=BELT LEAKGE LOSSES FOR MIN. TOTAL LOSSES
W1O0M=ROTOR IRON LOSSES FOR MIN. TOTAL LOSSES
WIIM=FRICTION AND WINDAGE LOSSES FOR MINQ TOTAL LOSSES

WEF=WINDING FACTOR
WO=NO LOAD RQTOR SURFACE LOSS

WS=STRAY=LOAD LOSSES
WSR=WIDTH OF ROTOR SLOT

WT=WIDTH OF STATOR TEETH a

WTR=WIDTH OF ROTOR TEETH AT 1/3 POSITION

X1=STATOR REACTANCE PER PHASE AT NORMAL FREQUENCY . -
X2=ROTOR REACTANCE REFERRED TO STATOR PER PHASE AT NORMAL FREQUTENMCY
X3=ROTOR SLOT REACTANCE REF, TO STATOR/PH AT NORo FREGo
X11=INTERMEDIATE VARIABLE



X22=INTERMEDIATE VARIABLE

X1H=HARMONIC STATOR REACTANCE :

X2H=HARMONIC ROTOR REACT. REFERRED TO STATOR
X25=ROTOR LEAKAGE REACTANCE AT SLIP FREQUENCY
X1IM=STATOR LEAKGE REACTANCE FOR MINe. TOTAL LOSSES
X2M=ROTOR LEAKGE REACTANCE FOR MIN. TOTAL LOSSES
X1W=INTERMEDIATE VARIABLE

X2W=INTERMEDIATE VARIABLE

X3W=INTERMEDIATE VARIABLE

XE=INTER MEDIATE VARIABLE

XM=MAGNETISING REACTANCE PER PHASE AT NORMAL FREQUENCY

XMH=HARMONIC MAGNETISING REACTANCE
XMM=MAGNETISING REACTANCE FOR MIN. TOTAL LOSSES

XMW=INTERMEDIATE VARIABLE
XSH=INTERMEDIATE VARIABLE
Y1 =INTERMEDIATE VARIABLE
Y2 =INTERMEDIATE VARIABLE
Y3=INTER MEDIATE VARIABLE

Y4=INTER MEDIATE VARIABLE
Z=NO, OF CONDUCTCRS FER STATOR SLOT
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APPENDIX (6)

CALCULATION OF THE SATURATION FACTOR

It 1s necessary to determine the air-gap ampere-

turns and total ampere-turns for calculation of the saturation

factor,

(1)

(11)

(1i1)

(1v)

The various steps in the process are outlined below:
Compute Carter's factors for stator and rotory
respectively denoted by Ky and Koy from the expressions

below $

_ ¥sp £58 ¥ v10) e (1)

1 R
Y, (B8 + wig= wig

andK2="’""‘" i 2 o de
Vso (8g +wyo) - Voo

(I1)

Where Vsq and Vs, are stator and rotor slot pi%ches
respectively, g is the 8lr-gap length and wloland Wo0
are the stator and rotor openings respectively.

Compute effective air-gap length from the expression:

8o = 8 Ky Ky voves. in om..., - (III)

Compute average air-gap flux density and from that its
value at 300 from the pole centre. The alr-gap ampoere-
turms are calculated from

AT, = 8000 By, g .ee .o (1IV)

Bvaluate flux densities in different iron parts of the
magnetiec circuit. Then the stator and rotor teeth

flux densities are calculated at 30° from the pole



Flux density | Wb/m2

20 v

= v
s + F’"‘-'L"'*‘; ‘7[__[_;:-— =
.Vof L R 4 - 4-4\:—1?.‘_\1.. ::_:r#_,, .
,1' o _r_,\ . ’L_
L T,r . L
1.5 P + 1 LONYS
L4 ‘L_“ /'///
/M- - ;
] ! |
1.0 ' /;/ t T
T e
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|
[ Multiply 100 .~
Ampere-titmsscale by:;10 — —
0] 500 1000 500
Ampere-turns per m
Fig.I-

Magnetization cure for Lohys
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centre. The ampere-turns per meter for iron parté are

taken from magnetization curve of Fig, I and multiplied

. by length of the path to obtain total ampere tums.

(v) Saturation factor is determined from
Ky =Jotal Ap

Alr-gap Ar

as given in Chapter I.

sve voo (V)

The magnetization curve shown in Fig,I is for

38 A
Lohys and for feeding the data of this curve to a digital

computer, the curve is approximated by following straight

lines

(a)
(b)
(e)
(@)
(e)
(£)

(g)

1 -

z

)]

]

]

i

~

100 (y - 0,1) + 60

280 (y - 0.8) + 130
666.67(y=1,05)+ 200
1ooo(y_; 1,2) + 300
2000(y - 1.3) + 400
3333,34(y=1.4)+ 600

5000(y~1.46) + 800

for flux densities
between 0.1 to 0.8 wb/m2
for flux densities
between 0.8 to 1,05 wh/m®
for flux densitles
between 1.05 to 1.2 wh/m>
for flux densities
between 1,2 to 1.3 wb/m2
for flux densities
between 1.3 to 1.4 wb/m®
for flux densities
between 1,4 to 1.46 wb/m2
for flux densities

botween 1.46 to 1.5 wh/m2
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12000 (y-1,8) + 1000 for flux densities

(h) x =
| between 1.5 to 1.55 wb/n”,
(1) x = 20000 (y-1,55)+ 1600 for flux densities
) between 1,55 to 1,67 wb/m2
(J) x = 38461,5(y=1,67)+ 4000 for flux densities
between 1.67 to 1.8 wb/m?
(k) x = 60000 (y-1.8) + 9000 for flux densities

above 1.8 wb/mz



-193~

APPENDIX {7)

The data given below pertains to a 5-h,p.,

'+ 400 - Volts, 3-phase, 50-Hz, 4-pole, delta connected squirrel-

8
cage induction motor taken as an exanple3 .

Table No.I

input Data for Computer Program for Calculation of

Equivalent-Circuit Parameters and Loss-Coefficients,

ﬁ%: Input Quantity Symbol Value
1. Rated voltage T 400,0
2. Rated frequency F1 50.0
3. Winding factor WF 0.96
4, No, of pole-pairs P 2,0
5. Core-length CL 19.0
6+ Alr-gap diameter D 4 15,0
7. No. of stator slots S S 36.0
8. No, of rotor slots RS 30.0
9. Air-gap length G A 0,045

10. Stator slot opening s80 0,3

11, DNo, of ducts DU 0.0

12. Rotor slot opening RSO 0.1

13. Depth of stator slot DS s 2.4

14, Depth of rotor slot D SR 1.05

15. Depth of stator core DC 2.1

16. Depth of rotor core DCR 2.96

17, Width of slot in rotor WSR 0.65

Contdo sae e
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Contdessees

E%: Input Quantity Symbol Value
18. WLdth of stator teoth W 0.60
19, Area of stator conductor AS 0.0117
20, Piteh factor for stator winding P W 1.0
21, No; of conductors/stator slot z 64,0
22: Ayca éﬁ}rotor bar' . A B 0446
23; Area Qf)erOSquéction ofvénd rings,C B 1.2
24, Mean diameter of end rings PR 11,7
25. Permeance coefficient for Pl 1.7
stator slots
26, Permeance cocfficlent for P2 1.65
rotor slbts
27. EBEnd Winding-geometry constant C1 0.2672
28, Pole face constant CP 0.3




Appendix (8).

The data given below pertains the same motor, name

plate details of which are mentioned in Appendix No,7,.

Table No, II

Input Data for Determination of Losses at Different

TFrequencies for Constant Volts/Hz Mode of Working,

Input Quantity

ﬁ%: Symbol Value

1. Rated voltage. Vi1 400,0

2, Normal frequency F1 | 50.0

3. No, of pole-pairs P 2.0

4, No, of stator slots S S 36,0

5. No, of rotor slots R S 30,0

6. Depth of rotor conductor B 0.875
7. Ratlo of conductor width %o 0.885

slot width in rotor
8. No-load pulsation loss constant cCo 0.03028
9. Full-load pulsation loss Cz 0.00139
10, Belt-leakage loss constant CB 0.0855
1l. Full-load torque TP 24,8
12, Rated horse power output at HP 5.0
normal freduency

13. ©Stator core loss coefficient SCLC 04385
14, End loss coefficient ELCO 0.0058
15, ©Stator surface loss coefficient S S L C 0,0557
16. Rotor surface loss coefficient R S L C 0.0324'
17. Rotor no-load surface loss RSN C 0.789

coefficient

Contdoooo;ac
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Contdyeesee

1%1' Input Quantity Symbol , Value

O,

18. Skew leakage loss coefficient SKCO 0.0102

19. Rotor core loss coefficient RCLC 0,144

20. Stator per ghase leakage X1 9,10
reactance at normal fredquency

21; Stator per phase resistance R 1 4,75

22, Rotor per phase leakage reactance X 2 9,32

- at normal frequency referred to

stator ' '

23. Rotor per phase resistance R 2 4,30
referred to stator

24, Rotor slot reactance at normal X 3 3.19
fredquency referred to stator

25. Rotor bar resistance referred R 3 2,97
to stator per phase

B Magnetizing reactance at normal XM 248.6

fredquency.
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APPENDIX (9)

The specifications of the motor taken as an examplc

for optimizatlon are as folldws s

(1) Operating voltage 400,0 Volts
(2) No.of phases 3.0

(3) Normal frequency | 50,0 Hz
(4) Mumber of poles | 4,0

(5) Full load tordue output at 5,0 hp

normal freduency.
(6) Full load torque | 24,8 Nm,
The detalled input data of this motor used in

optimization program is given below in a tabular form.

¥aple No, TIT

Input Data for Optimization Program

S.No, Input Quantity Symbol Value
1. Air-gap diameter . DA 15,0
2. Core length CL Varied between

8.0 to 16,0 in
step of 1,0 for
different sets,

3. No; of stator siots S 8 36.0

4. Stator slot opening S50 0.3
5.. No, of rotor slots R S 30,0
6. Rotor slot opening RSO 0.1
7. Depth of stator eore DC 2.1
8. Depth of rotor core DCR 2.96
9. Air-gap length G A 0,045

Contdeeeoncss
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contd, sses e

at the normal frequeney

S.No, Input Quantity Symbol Value
\ 10s Depth of stator slot . D88 2:4
11, Depth of rotor slot D SR 1.05
12, Width of stator teeth W 0.6
13, Width of rotor slot WSR 0.65
14, Depth of rotor conductor H 0,875
15, Ratio of conductor width R 0,885
to slot width in rotor
16, End ring cross-section CE 1;2
17, Mean diameter of end rings DR 11,7
18, Area of rotor copper-bar A 0.46
19, gfg%?ance coeff, of stator P1 1.7
20, Permeance Coeff. of rotor slot P 2 1.65
21. Stator winding factor WF 0.96
22. Stator pltch factor PW 1.0
23, Pole face constanﬁ for rotor CP 0.3
24, Belt-leakage loss constant C B 0.,0855
25, DNo-load pulsation loss constant C O 0,03028
26, PMull-load pulsation loss C z 0,00139
constant
27; End winding geometry constant C 1 0.2672
28+ Normal operatiné‘voltage Vi 400,0
29. DNormal operating frequency F1 50,0
30, Number of pole pairs P 2,0
31, Rated power output in h.p. HP ' 5.0

cOth....o.oo
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Contdesese

S,No, Input Quantity Symbol Value

32, Full-load tordque output TF 24,8

33. No, of stator Z Varied 'betweeg

conductors per slot 7440 *6 54,0 in

step of 1,0 for
each core length.

34, Area of cross-section A S Varied in three

of stator conductor

steps as 74.0 to
68.0 conductors

- 0,01038

67.0 to 61.0
conductors

- 0,0117

60 to 54 conductors
- 0,01314
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