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A3STRACT

The problem of torjue pulsations 18 very severe in am
inverter fed, three phase induction motor; due to the nonsinu-
goid~l nature of inverter's output voltee. A new mathematical
nodel, giving equations et the filter te-mingls of the systen
is developed, doins awny with the normal aspumption of kunown
and fixed (stepped type) voltege waveforn at the motor terminals,
iffects of filter paremeters, ripples present in the rectified
output and inverter's periodic switehingz are fully sccounted
in the developed model., The model enables to corpute the
pulsating torque, vaerious losses end other perforrence charucter-
iBties of the drive both under dynamic end steedy etete conditions.
The computed results for large sets of system porereters et
different frequencies estadlish, that the higner velues of
leakage end vagnetisin ; inductances reduce the torque pulsations

without approciably affecting the efficicncy snd power factor.

Rosenbrock's Hill Climb 1ethod has been used a8 min~meax
tochnique to find an optimal set of maohine parcmeters giving
minimum torque pulsations; end from therein, suitable design
recommendations have been evolved, The systac is found to be

otabla slmost et all the frequencies with optimal paraveters.

The computed results with nornal paraneters at verious
fragquencies are found to be in close agroements with the

experimental results.
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Il TRODUC T Il

In meny modern industries g.gZ. 8teel, toxtile end
peper mille and for elesctric truction the demand is for a
precipe, continuous varieble speed drives, capable of
givingz long term stability aend zo0d traunusioent performance.

Tha d.c. motorcaa)

hes catisfied thesa requirements sgtise
factorily in alwmost asll these applications; but ite cornmue-
tator ( a mechanical frequency chan zer) has always been &
source of numerous troubles causing frequent breck downs of
the drive(44). In aidition, it requires a very rigorous
maintenance schadule, This causaes difficulty when service
interruptions cennot be tolerated or when the motor is

used at inaccessible locations.

The squirrel cage induction motor is robust, rugged
and pernits reliable maintenance free operation. The
simple rotor ronstruction also results in a cheaper motor
and a highor power/waight ratio, But its inhorent constent
spaed chargcteristios hes harpered 1ts wide use &8s an
afficient drive; which is otherwise nuch superior to tle
conventional d.c. motor. For intermittent opsration, a
few sub synchronous speeds ore possible by stator voltaze
control, pole echanzing, pole amplitude rodulation end rotor
resistance control(g’) (for wound rotors only). iHowever,
efficient, wide renge, stepless sp2ad control of cage induc~
tion motor is only possible when & varlianle frequency 2.0,

supply is avallable., 7he rotating converter ond euxiliery,



2

a.c. conmutator machineg have been usad in the paet(33’80’39)
to make the cage induction motor e variablae speed drive,

The cost of additionel pachines, howsver, makc the systenm
ungconomical when conpared with d.e., rotoras. Also, the
problen of courutation is more severe in a.c. cormutator

mach1n38(33).

As a result of rscent edvaencaes in eolid stete teche
nology and with the availabllity of high power, relieble and

(22), now it has become possible

afficient thyristor convarters
to heve wide spead range cege induction motor, OSince its
introduction in 1357 by General “lactric Company(21). the
thyristor hes bocore firmly established as the octive power
control clement of static electricsl power converc.on aquipe
nent of rany types; ranging in power rating from a few
hundred watts to saveral negewatts. One major epplication
of thyristor is to control electric drives. 1he emlergence
of the thyristor in conjunction with the rapid technological
advances that have been made in the area of transistors

end integrated circuits, has given birth to a nuch widor
fiasld of applications, for the thyristor,

A, HISTORICAL DZVALOPLL.T OF THYRISTOR DRIVESS

The trend during the lest decnde is to make the
induction motor an ideal wide renge variable speed drive,
The thyristor is fast replacin; tha conventional methode of

epaed control of induction motor. The thyristor a.c.
regulators (fig.1), consisting of two thyristors cornected

in perallel opposition, or a sinle thyristor connecied geroes
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rpm to many timues the normal syinchronous spasds, is the
fraquency control of induction motor ucinz inverter and
cycloconvorters. Invertsr cnadl:s a supply o0f dircct curraent
or alternating current of one frequency to be converted to

e supply of alternaiin: current at sore othar frequenecy or
frogquencigs, The direet conversion fron a.c. 2t frequoy 1,
to another fraquancy ré is parformed by cycloconvartera(ss).
Lhe cycloconverters have not still becoms popular for the
purpoce of speed control of induction motor, meinly beccouse

of its following drawbacks.

(L) Only few limited discrate low frequency steps cen be

obteained,
(11) The numb:r of thyristors used are threa times of
that required for simple bridpe inverter(ss).
(111) The commutation and triggering locics are very complex.
A change in the supply froquency would brin: a proportional
change in the synchronous spesad and the actual speed would
follow in roughly the sare manner (£ig.4). An induction
notor is designed to work at a particular flux deusity, and
as the electromagmetic torque is proportional to the magnetic
flux, it 18 neceocsary to have a hih value of flux density
without goingz too fer into the saturati’>n region. Therefore
to keep the mégnetic flux coﬁatant for any freguency, the

’
applied voltage is adjusted in proportion to the frequency'’:'!+36)

The varieble frejuency drive is particularly ettractive

in multimotor systens when large numbers of omall motors are



supplied simulteneously with the came fregusincy. In such
applicetions, the cost of the frequency convarter isc Justified
by the significant reduction in machine costs due to the

largo number of motors inv)lved, Static frejuency converters
can deliver an output frequency of axtremely high precision
and long ter:: stability(se'vo). iultimotor drives have

found wide spread applications in the textile and synthetic
fibre industries, in the paper meking industry and in various
procassing linss where exact speed coordination is egsential
in order to meintain the quality of the product(27'32'72).
Kery schemes have bagen daveloped to achieve a varisble
voltegs, varleble fraquency supply(5'9'1o'11'72'95). In
thaese schemaes, esgentially two methods have bcen sugiested to
obtein variable voltage supply, firot through controlled
ractifier (fig.%) and the second through variable ratio teap
changzing transformer end uncountrolled rectifier, The former
method is suporior to the latter, since any voltege can be
obtained through the control of thyristor firing ongle,

'doing awey with a bulky transforuer,

Sridge configurations is the obvioue choice to gat a
balinced thrae phase voltages. Several connutation schenas
applicable to bridge inverier have boon devaloped in the
paﬂt(17'46)- while selecting a perticular commutetion schore,
tha operational manoceuvring end the ansociated cost are the
major considasrations. Complementary impulse corrutated

HcMurray—Badford(55) inverter (bridge type) is preferred



’ Py l - NNTOU ¢ -2 | — fE=
HREE JJ # l -TL >— MOTOR
PHAS A
E& < 3 T 2 -—0 -
SUPPLY AT
fiHZ RECTIFIER FILTER [NVE‘RTER
TO GATES
PHASE
CONTROLLED |=a PIRECIIESCH
CONTROL
GATE SIGNALS T
FREQUENCY
REFERENCE

FlG.5 FREOUENCY, VOLTAGE CONVERTER .



over thae icliurray's impulse cormutated inverter with suxiliary
thyristorsy since the former is aimple and requiree less
number of thyristors but provides as effective commutation as

with auxiliary thyristors.

The most perious problem with this type of inverter
is that 1t gives a multistep (6 steps) raectanzular output
voltage rich in lower order harmonic voltazes. 4 lerge
harmonic content in supply voltage means not a very efficient
drive. 1Inis probler. hes been approached sarlisr in & number
of waya by diZfarent esuthors by using multiple pulse width
control, phase angle controlled multiple invertvrs eund pulse
width modulation, The eariiest technique for voltege shaping
is the npultiple pulse width control(17’18), where the inverter
valves are switchad ‘on' and ‘off’ a numbar of times during
each helf cycle of the inverter operating frequenecy. With
this mothod of control, it i3 posaible to substantially
raduce or eliminate lowsr fraquency harmonica(94). Another
very afficient method of voltage waveforn control involves
using multiple invertors, and summing thelr out put voltagea(16).
The resulting total voltege is controlled by verying the
phase angle between the individuel inverters. The most
effactive rathod to reduce lower order hermonice ie the
pulse width modulcted (PWM) invertar where both frequency end
volta® are controllad in the sin;le inverter 1tself(28'57).
The greater the number of stepd por cycle the closer io the
wave to s sinusoid., Again commutation and triggering logle

and cirecuitry ere too complsx, for all the above three schemes,
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The 2quipments are largs and costly.

The choice of inverter for a particular motor depends
upon the electronic trigger circuitry, associated logile
circuitry end number of thyristors involved in the systern,
The trigger circults for an invertor, bridze tyre (fig.5)
with a square wave output would be the simplest, relying
on a refarence fraquency genarator and e ring counter.

This system needs twelve thyristors, providiug a veriable
voltuge, veriable frequency output. All other inverters
naed more than 12 thyristors in multiples of s8ix. In genseral
it might be sald that more sophisticated the inverter is the

nore uneconomical it becomes for small and maedium sige drives,

The brief appreisal of thyristor a.c, drives presented
here suggests that for small and medium size irduction motors
which constitute morc than 75 percent of the total electricel
drives usedj the only econondcal way of coutro ! ling speed
i8 by inverter fed, controlled rectifier schere (£fig. 5).
Due to the simplioity(ss) of six step inverter drive, researchers
mostly picked this for further investigations, and continuous

atterpts have bzon made during lest decade to perfect the drive,

B. STATS OF TH& ART3 '

The veriable frequency drive has resulted in many new

problems releting to tha performencs of an induction motor,
One such problen of importsence in the epplication of a reectifior
inverter induction motor drive is that of large speed and

{(48,49)
torque pulsations specially at low frequencies .
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The probler is related to the fact that most of the solid
state variables frequency power supplies provide & voltage
gource rich in harmonicﬂ(5o'56). In certain applicetions e.g.
nechine tool drive, antenna positioning etc. uniforr speed of
rotation is mandatory. <Tharefore sneed and torque pulsations
should bz minimum, Thue 1t is importent to asteblish a method
to prodetermine the nagnitude of 8lectroma;matic torgue
pulsations and to find the ways to minimise them. In addition
to the nonsinusoidal voltege waveform of thae inverter; the
improper machine parameters may further eggravate the torque

pulsations,

The earlisst work in this field is by Rogors®!>)

who finde the lightly dsmped regions of opsration of variable
fraquency induction motor, giving a small perturbation in
appliad voltege and load torque., Author had showr that rotor
legkege reactunce and stator resistence play a dominent role
specielly at low frequencies whem the oscillations ere high.
Lawrenson and Stephenson(47), using a linear two exis model
of Rogers, study the dynearic performanca of induction motor
et verious frequencies, neglecting the time harmonies in
applied voltage. 3ffect of stator rosistance and rotor
inevtia is considered on the settling time of the machine,
The most pioncer work done on inverter fed induction motor, is
by Lreuse and Lipo(37'38’43'5°). Many aspceots of the drive
1like developrent of suitable mathomatical mode1(37) find ing
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the proper computing tool(BB), stability of the system
using liyquist criterion(5o), speed and torquo pulsation
of 6th order harmonic(4’). and the effeots of some of the
prominent system parancters (both rmachine and filter) on

(43); hove beon dealt extensively. ‘%he

the performance
mather atical model, developed in synchronously roteting
frame is only pertly succossful in establishinz e link
between d.c. and a.c. variables. The system parereters play
e deciding role in torque puleations and improper combinae
tion of these as reported may lead to serious torque pulsaw
tions. These pulsations are found to bs both fregueney ond
load dependent. At very low frequencies the pulscting
torque is reported as high as 35 percent of avorege torqua(4’).
The results published by these authors form a zood guide for
future reseorchers, Hobertson and Hebber in thelr publice=
tions(73'74), establish a link between a.c. and d.c. variables
of couposite inverter fed induction motor, by describing

the machine bohaviour direcetly in terms of the stator phase
veriables and three axis rotor transforred vaoriables, retaine
ing the computational eimplicity of dq veriables. FPerfor-
mance of PWH invaerter is investigated. Sixth harronie torque
18 considerably less with PWid fnverter but 24th herronic

torque is found to be comparable to the avarege torque,

An atterpt to build a different mathematical model

has also b2en made by Ward and K831(97), axpreesing mechine
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variabdbles in dq exis. The machine terminal voltege is
gssumed of stepped waveform and i8 expressed as sum of
infinite rLumbaxr of shifted step functions. The reletions
devaeloped are vary complex and only suitable Jor fast
couputers. Aleo, the filtor parameters are naoglected altoge-

ther. Fallside and ﬁortley(zo)

y usinz Routh Hurwite ceriterion.
predict that a normel induction motor sven with sinusoidel
supply, nay become unstable leading to high steady state
torque pulsations, at low frequencies. IThey suzzest different
design conasiderations and proper selection of mechine pera-
maters for a variable frequency induction motor. IThe other
ressgarchers, Ramamoorthy(ﬁa), Charlton(14). Haraahima(24)

and Hyaahiczs), use a simple linear two axis model formuleted
et machine terminals. State variavle techniques ere enployed
to find the response of the drive with a rectanguler voltage
excitation applied at the wotor terminels. Though tie model
is approximate but the results are quite encoursging. The
model suggested by Sabbagh end Shewen’77) though comprehensive
but unsuitable for computetion, sinee ths rotor veriables

are rotor position dependent, A similar appraach is adopted
by Tekauehi(’a”S). Salih1(78) has come out with e improved
version of inverter with euxiliary d.c. supply for corrute~

tion to overcome the commutation failure at low frequenoies.

This {s Aideally suited for traction purnosse,

Very few papers are aveilable dealing with the additional

logmes end effects on machine parameters of high frequency
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excitetions present in squere voltege wavefor:, BarneB(S),
Molaen end othors(ss) have investigated meny intaresting
agpects of inverter fed drive., For axemple torque/earpere
retio is found to be felrly constant in contrast to the wide
torque current ratio normally associated with induction
motors operated on fixed frequancy and voltagza. loeses are
reported to be 20 nercent more in variable frequency operao-

tion,

The latest contribution to thie field is the digital
rodelling of complex sequencing of thyristors's turn ON and
OFF in & iven circuit(e). In this process, open circuit
branches are reroved fror the assoclated graph to formulate
the wodified incidence metrix. =The suggested process is
ideally suited for paseive louad only. Iopological epproach
hes baen used by Revankar(71) and Williams(1°°) in modelling
& periodically switohing networke consisting of controlled

rectifier.

C. QUTLILS OF PROSINT XV ISTIGART X3

Findings of Jacovidaac3o) show that assumption of
known voltege by ecrlier investigators is not sufficiently
accurate for motor current waveform: determination. The
actual voltag: waveforr aoross the mechine terminele is
eiqnificantly affected by the load currants, In perticular,
if a rectanguler voltége waveform is assumed, the difference

betwoen the actual and the assumcd one 18 sufficient to meke
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prediction of the currant waveforr. incorract.

The present work gives a developnéent of o ncer exact
Lathenatical rodel of rectifier inverter fed induction motor
drive (fig. 5)3 comprehencive snough to acoount for the
effeota of -

(1) perenetors of filter present bstwean the controlled
ractifier and inverter.

(11) voltage ripples normally present in the rectified
output wave,

(1i1) inverter's forward impedance.

These requirements necessitate the syster equations formula-

tion at filter terminals; doing away with the normsl essulp~

tion of known voltage waveform at rachine terminels. Thus

o suitecble end computationanlly feasible, transforration is

to bo evolved to establish a link betwaesn two axis d.c.

variables of inverter snd three axis phase variablse of the

notor. To enable to predict the exact torque pulsstions and

other performance charncteristies both under transient and

steady state conditions, it is essentiel to teke into account

the effacts of high hormonic frequencies present slong with

the fundamental, over the machine parameters like rotor

and stator resioctances and inductences, end over the stray

load losses. [he works of Algor(z) and Ohalmers(12'15) can

prove handy for reformulating the stray loss reletions for

high frequencles.
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The other aspact studied here is, to search for a
optimal sat of machine parameters giving th: ninimum torque
pulsetions at any froequency without affectinz the other
parformance indices appreciably. The optimal machine parcg-
meters thus achiceved must on one hand satisfy the stability
criterion and on other hand should in no cagse deteriorate
the transient/dynanic charactsristics when compared with its
corrgsponding normal porfornance. Given a optimal cet of
pachine paramsters, it may then be possible to deduce a set
of viable design racoumendations, to bring suitable changes
at the design stage itsolf to mske the induction motor
fit for variable fraquenoy operation with niaioum torgue
pulsetions giving fairly ecceptable othey porfornence charec-

teristics.

Chapter 1 of the thesis deals with the developmrent

of mathematicel modal. A naw three exis commutator traons-
fornation crgb . ugv is developed establishing a link
between d.c. variables of the invertar with the a.c. variebles
of the mechine, The transforwation has all the added
adventazes of wall known two axis commutator trensformation,
The syster. equations are formulated at the filter terminals.
The systen: 1impedance matrices for all the a8ix poesible
conduction states end subsiates are derived from generalised

one using kron's oonnsction matricos., Helations for torque

both average and pulsating, dynemic equation at mechaenical
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port, end the equation giving the phese voltaie hove slso
been included in this chapter.

The relations developed by Chalwers and ilger for
various strey load loss corpouants, valid for fixed frequency
sinusoldal excitation; have been further modificd and
presanted in Chapter 2 as t0 riake them aepplicable for

variable frequency nonsinusoidal sxcitations.

fhe computed resulis undsr steady state condition of
gverege torgue, pulsating torques, efficiency, powsr factor,
phese current and voltage waveforms, slip and Vorious corpo-
rents of losscs are presented in Chapter 3. All these are
computed for various frequencles covering a range of 5 He
to 200 Hz and esach for thirteen s2lected sets of system
peraroters (machine as well as filter). 4he range of aystem

paremeters is decided from desi.m considerations,

Ths optimisation model dealt in Chapter 4, is built in
multireference franes rotating at their respective hermonic
synchronous speeds. The pulsating torque funcilon, developed
a8 function of dependent phase currents, is minimiscd with
respact to the four sclocted machine parsmaters cond simule-

tengously raximised with respect to the operating frequsncy.

In Chepter 5, the corputed transiont charocteristices

viz; torgue, phase current and speed at selectad frequancies

with optimal machine paremetesrs8 are given. These cheranoteristics
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are compered with the corresponding trensient charvoteristics

obtainaed with normal nuchine parametersS.

The computed results of Chapter 3 with normel wmachine
peramaters have boen verified experimentelly at fow frequen-

cies and gre included in Chapter 6,



CHAPL IR 1

LATHIEALICAL MJDSL POR INVUAT 3} F3D THRES PHAS S ILJUCLIM KoOTOR:

This chapter deals with the development of ¢ methemae
tical model for thae inverter fed, variable speed, veriable
frequency three phase induction motor, The schematic diagram
for the system i8 shown in fig.1.4, The system conuigts of
three phaee bridge inverter using thyristors along with their
commutation circuitry, single saction ILC filter and the
three phese cagze induection wotor. The inverter is normally

fed fror: a three phase controlled bridge rectifier.

In all of the warlier studias the equations deecribing
the system opsration were formulated assuming & fixed voltege
weveform of stepped neiure at the machine tarminala{14'13’47’48’68)
Jocovidea(3o) and L1(48) in their paspers conclude thet the
assunption of a known voltage waveform as daescribed in the
;1terexure, is not sufficiently cccurate for current weveform
detarmination. In particular if a rectanguler voltege is
essuad, the difference is sufficient to make prediction of

the current waveform incorrect. The followingz reasons cen

be zivern for thist

(1) Voltages are induced in a particuler phass from other

pheses which obviously ore dependent upon the cur:rent

wave form,
(i1) ‘The duration of the turn off procese and also the voltage

during turn off depend on the current,

19
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(1i1) There will be spikes in the voltege waveform due to
trensients created by the interaction of tho corponenta
that make up the inverter and the motor as loed. This
hes been confirmed throu-:h experimaental results by
Sabbegh and :s.l'umm:m(7'7 ).

(iv) The voltege ripples in the rectifier output, the
filter inductance and the filter capacitance will elso
gffect the voltiaiza weve 8hape at the machine terminalse

to a greatar axtent.

The voltaze eppasarin: at the machine terminals can no
longer be of fixed unature, but it will be load dependent.
“he congtant spead constraeint is reguirsd in thess cealcula-
tions so that superposition could be employed. 3ince the
inverter performs a series of discontinuous poriodic switching
operation the behaviour of the votor is a succespgion of res-
ponse %o theseswitching transients, For any system equetion
formuletion, to investigete induction motor performence the
inverter and filtes perameters nust also be included. The
matheraticsl model developed in the subsequent sections
includes the effects of inverterspzriodic switching, thyristors'
forward voltage drops, filter emd the ripples in the inverter
inpat voltage., This nocassitates the formulation of tre system
equations at the d.c., tormingls of the invertar giving e
rodel aqually valid both for stsedy state and dynerdc conditions.

Thrae axis comsutator tremsformation is used to overcome the
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problem of d.c., a.c. link. ©The system impedanes r atrices
ere developed in operational fornm for the six poseible states
of the inverter for 180° conduction mode. Using .ron's
connection matrices(Bj), the terminal equations for the
independeunt mashes in terms of machine's phass currents ere
written for =11 possivle switching states and substetes. The

followiug genarel esswoptions are rcade in ordar to simplify
the model.

(1) Iron perts of the tegnetic circults of the mcchine

are unsaturated.

(11) The spece distribution of air gap flux is sinusoidal.
(111) 1he time period of output frequency is mach grester
than tha turn off time of thyristor even at highest

oparating frequencye.

Te1 TR AXYIS TRAANSFORUALION:

To feeilitate the link betwsen d.o. torminasls of the
inverter with the three phase a.c. terminals of the tachine 1t
is esgentisl to maintain the trr:e axes of the machine. The
ryb exes of rotor ere transformsd to gy commutator exes
(figs 1.2) which heve all the added advantazes of well kuown
two exis commutator transrorraxion(aa). maekinz o0ll rotor
inpedances independent of rotor position angle 6. This
trensformation metrix is obtained using well known techniquea(53"’2

The trensforretion is carried out in the following three steps.
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(1) Stator and rotor phase veria lo8 in ryb oxee ere trons-
formed to Oaf exes using well eatablishad(33) trans-

formation matrix.

r? 1 0 0 0 0
0 0 0

o
&

l:cozp.o:J 'E'

o o Kﬁ‘ :id- gyalca
o me ok

%

= R B i
" h;d - O

o
e |
o
o
o

0
0
(1.1)
(11) In order to eliminate the dependence of rotor terms
on rotor augle 6, the rotor variables in Oaf sxe08 ere
transformaed to Odq exes keeping the stator veriables

intact in Oaf oxes. For this the following trensfore

mation is used:

0 a®  p° ¢ o T__
ol [ = [
a® 1 0
ol L y =
8 T = = 0
EOua.Oqu 0 = 1 0
« 0 0 Cos® S4ino
p | 0 - SinG Coe®

(1.2)
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With these two transformeations the stator and rotor variables

are transforrad to two axis stationary reference frame,

(111) In order to get the veriables in three axis fixed

roference frams, a two phass to thres phase trancforration

i8 done using the trensposed of metrix (1.1).

Ths sbove

three intermediate trensformations can be compounded into a

8ingle one by using the relstion -

[cr;b.c;V] = [_CO:‘S.O:D] [CO:p,Odrq] [OO:S‘OO:‘J . ’

giving the final tronsformation matrix as:

. ys v®  oF pr
5
i [1] (o]
bB
[0 e ® ]- ’

ryb,apy o i- + -'%Coae % + : "0392
yr [O] i ER §- 00993 -'3 * %Cose
br % + %CQBGE i + §0080,

whero 0, = 8 -~ 4% , 05 =0 - 4f

The transformed current, voltage amd impadanes rmctiriees cen

be aasily written as follows?
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['r;b.czv] - E;r;boﬁg\a.r['r;b.!‘;q (1.48)
[}l’;b, C;v] - E:r;b'a;';-l‘r E‘r;b'r;}ﬂ (1.4b)
and

[Zr; b, a;ﬂ = [cr;b . ¢E\E}T E"r;b .r;tg E:r;b, a;\] (1.4c)

The original and ths trensformaed impadance matrices are given

in appendix I.

1.2 G2 AL SYST Sl InP SDALCS MATRIX S

There are two distinct stetes of invaerter operation
nemely; conduction and commutation states, It is conveniont
t0 consider these two states sapasrately for the purpose of

formulating state impedance matrices,

(2) Conduction Ststes:
It is assumed that each thyristor in tha bridge inverter

of £ig. 1.1 conducts for full 180°. At eny given instant
three thyristors conducty two from the upper arus end one
from the lowor arus df the inverter bridge (fig. 1.1) or vice
versa. Also the two thyristors belonging to the sere arm can
never conduct simulteneously. with in the above constraints
there can be six possible states of bridze invarter g8 shown

in £ig, 1.3. Table 1,1 1lists thess 81X possible conduction

plates.
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LEGEND :=
STk = kth state.

(k=12 3 486)

’/' ////\\<<\\\///*7// MU
U/ AR, 5/ /R 2 8%
(3 AN/ 777/ AN 3 /7

STé |ST1]sT2|ST3|s74 [sT5{ST6(STI|ST2| ST3|ST4|STSH

o, V".'.‘

/)
e 5

o X 2m W 4W S 27 ZW 8 37 107 #W
3. 3 3 3 3 3 3 3

FIG.1-3 CONDUCTION STATES.
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igbla 1.1 Conduction States

States Jhyristors Thyristors Change of State
Oly OFF Thy. OFF Thy. Ob

1 125,6 2,3+4 3 6

2 1,2,6 39445 5 2

3 4.296 133o5 1 4

4 4,243 155,6 6 3

5 4’ 5'3 112!6 2 5

6 14543 204,6 4 1

() System l.etwork f‘opology:

The system can be considered &8 nonlinser network.
Wnen eny of the thyristors in the bridge chenges state, the
topologzy of the network alters and the nuwmbdbar of independent
meshes change (71), The simplest approach is to coneider the
topology of the network in each state. A genaral topology
of three phase bridge invertar can be drewn with all the
thyristors condupting(100). The tayristors are replaced by
their raspsctive forward finite operational impedeances 39 = Z¢
end the motor is replaced by three phase star connected voltege

sources (fig. 1.4). ([he nodal analysis give the following

relations in currents,
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B
ip =1,-1, (1.6)
1; =1, = ig (1.7)
8

kor belanced system wae got,

8 8 B8
1+ iy +1, =0
(1.3)

T r r _
1a + 19 + 1, 0

(c) Selection of Independent lieshama

It is obvious fror the topology of ths natwork of
fig. 1.4 thet eight indepandent equations ar2 r2juired to
desoribe the network. As well known, tha thyristor amcts ae
& unidirectionel switch which sllows the load current to
flow in its forwerd dirzction only. The care i8 tcken while
selecting the mashes that no loop ourrént flowe ageinst the
forward directions of the thyrisotors falling in the mesh.
The followingz eight indapendent meshes If'rom the network
(fiz. 1.4) are selectad.

(L) 165421  (if) 145321 (i11) 135621 (dv) 1214
(v) 16541 (vi) 453214 (vi1) o 0pTa®™ (viil) ¢%0,%a®
Five devieca currents 11 to 15, one capacitor current ic and

two rotor currents 1:, 1§ ars sufficient to dascride the

network. The current through the sixth device 16 related

with rast of the five devica curraents as given by equation (1.5).
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The eight independont mesh esquetions can be written in the

matrix form as follows:

[7e) = (35 [ 1] (1.10)
where general voltege [vg]end currsent [1é]matrioes
ere,
[vg']u[ﬂd By 34 EGOOOOJT’ (1.11)
(4] =13 45 15 4, 15 4, iz 1; J o (1.12)

and the genoral systsm impedanee matrix [zg] is

given on the next pege.

1.3 CONDUCT ION SWiAxs IMPIOALCS HATRIC &5:

(a) Connection latrixs

A8 discussaed earlier only thres thyristore conduct
et a timwe while the other threa remain in JF? stete, Thyris-
tors in their forward directims offer almost negligible
impedeances, while in their nonconducting stais, they can be
assum2d as perfect open circuit, Thus the currents through
the noncondacting thyristors cen safely be assumsd a8 zaro
megleeting the reverss saturation currsnt which 1o quite small
compared with losd currents., In eny practical situation,
however, it is nscesuary to allow for the infiuite impedence

of nonconducting thyristor. Several possible vechniques
for achieving this were conaidared(71"oo). fhe most obvious

suggestion 1s to replace the nonconducting thyrisior by high
(text contd. on page 33)
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dq + dy
aly + 4y
&y + Iy
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dhy + by (dbt + bg)-

dhy + Yy abpz + (Y2 + be2)
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resistance, und a value of 300 K. Ohm would normally be
euitable(’oo). 3ut with this the algorithr becomcs quite
cornplex and the accuraecy of the results is not appreciably
improved. Also the replacement of thyristor by hizh becke
werd resictance may adversely affects the system time constant,
limiting the maximum step length cormensurate with numericel
Btability, A second suggestion is to remove tha thyristor
impedance terts from [Zé]matrix, and by use of compensetion
theorer, to develop exprescions for the voltazes acroes the
nonconducting thyristors which are then used to modify the
Voltage matrix [yé;(1°°). Howaver, the substantial number
of compliceted terms in the thyristor voltapge expressions
sgadn lecaed to an unaecceptably long corputing time. The

(%))
method finally adepted is based on XKron's approaoh‘3)'.

The appliceation of Kron's approach leads to en effective
method of deslin: with the periodicelly varying topology of
the network. In this appro:ch a systematic method is developed
to reduce the independent sat of v:riables [véq.[ié]and[Zé]
t0 the new sots valid for the new topolo.gy of tho stete of

the network.

With the three thyristora always off (in rotetion), the

number of aquetions for each state reduce from eight to

five only. For computational convenience, the five stete

equations are written in tercs of phass currents of stator

¢nd rotor snd a capacitor current. “he indepsndent currents
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of equation {1.12) are ralated to the currents which sctuelly
flow in each branch in any Jth state of the systen by the
connection matrix EGJ] i.e.

(1] = [eg) [1) (1.18)

Here matrix [CJ']can be written asi

::’ y® e o _a_r
3 [cra] ["'1]
4
CAE : (1.15)
«|[c; ] Lv)
pr

whare{Cy )46 the etate trensformation metrix of 5 x 2 for Jth

etate,
|
(c,] null metrix of 5x3
[c;] null matrix of 3x2
[U] unity matrix of 3x3

The genernl constraints valid for any state ares
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=—14

z - i (1.16)

5
a 8
=2 - (lr + 1y)

The procecs of formuleting tronsformation matrix [0351 may
be illustretad by coneidearinz the reduced bridzgs topolozy of
fig. 1.5 for state 1 when thyristors 1,5 and 6 conduct, The

edditional constraints for state {1 ares

The state transfornation matrix[cT;]becomeas

1 0 0o 0 © (1.18)
(©zq] = 0 0 0 01 ’

Similaerly, other state trensformetion matrices are derived

es given baelows

0
& P
Blo 0 0 =1 0
[Og) = © (1.20)
y°lo 1 o o 0
P
8 o 0 -1 =1 0
* (1.21)
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-1 0
(1.22)
0 -1
P .
0O O
(1.23)
0 =1

Stetes' Voltoge igquationss

The voltaze, current and impedence natrices for Jth

stete can be obtelned with the help of the connection matrix

developed in the precesding ssction in the following form:

[%] . = L%l %3

(1, =0, [eg =2 55 2,

(Zegd = (%3], (%61(C]
= [v9] = [4a1l4]

(1.24a)
r T
1“ 13] z, (1.24b)
(1.25)
(1.26)

For computational simplicity, it is essentisl to heve scme

ptete voltsre and current matrices [V end [IJrespectively for

all states,

This can eepily be achieved by perforrting linear

operetions over equation (1.26) giving

[V:] = ['_Hd Ed
(1 - e

Lv] = [3,4)(%]

24

s

o 07 o (1.27a)

e 1] (1.27b)
T

(1:27¢)
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1.4 CORMMULATION SAL 3 Tiip SIAKCS AL iICS5:

whenever a change of Btate takes placa the thyristor
which is just turned on csnnot take up the load current
immadiately after switching a8 the current continues to flow
in 1ts original direction due to inductive nature of the
load. The transfer of the load current from off going
thyristor to iucoming thyristor takes normally about *'th
to %th of half cycle; this period will be namsd as cormutae
tion state of the system. The topology of the network
changss with the change in the state,

To Biomplify the analysis, the following ideslising
(6)

assumptions are meda

(1) Tha period of the a.c. output of the inverter is
much larger than the turn off time of the thyristor,

(14) Serieu inductence included ae part of the totsl loed
will maintain the load current substentially conastant

at a value I, through out the commutating subinterval

L
8. {fig. 1.6). This ossumption is mads irreepective
of whether the net power fector of the load is
legzing, unity or laading. The seriaes inductanca can
ineclude the loed itself, part of a filter, end the
leakage inductenee of the output transformer. The
total effactive saries inductance io normally quite
large conpeored with the commteting inductance.

(141) “he faed back diodes are connected to a very amall



Lrection 'n' of the total windinz of the sutoe
transforcer.,

(iv) The two halvaes of the corvutatin: inductance 1 are
tightly coupled.

(v) Turne-on time of thyristor and itz reverse saturetion

current zre negligible.

Operation with Inductive Loadt

One half cycle of oparation is illustrated in the

figz. 1,6, 2Zach half cycle i8 divided into five subintervsals,
designated A, 3,C,D and 2 which are bounded by changes in the
ptete of & thyrietor or e fesd pvack dlode from a non~-conducting
to a conducting condition or vice versa. The subintervcls are

described in sequence as followa:

SUBLLTSRVAL 4t Thyristor 1 is OL, connected to the positive
1ine of d.c, supply. If the rate of chenge of load current
is moderate, the voltage aoross commutating inductence L is
& emall frection of the d.c. supply voltsge 3,' and tre

cepacitor C, is charged to the voltage 3. At the end of

1
subintorvel A, the load current hes attainad a steady velue I,.

SUBINISAVAL 3: Supposinz the inverter changes ite state from

2 to 3 (Table 1.1), then to commutate thyristor 1, thyristor 4
is gated 'Ol?!, Since the voltage on cepacitor 01 cannot
chanye instentaneously, a voltage of 2Ed. will appeer acrosa

upper erm of commutating inductance L, ceusinr thyristor 1
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to turn off., Thus, capaeitor C1 not only supplies IL to

load bui aloo provides an equael current throuzh thyristor 4.
Sinca the comutatingz subinterval to is very amall, it is
drewn with an expanded tim: scale, about 10 times the scale
for other intervelas. At the snd of cormutating subinterval

By the voltgze of r phase 1ls raverssd, and the current through

thyristor 4 hes built up to a maximun value %m‘

SUBINTS. (VAL C¢  Current Im would eirculste through lower part
of commtating inductance L, thyristor 4 and diode Dh and

the enorgy % LI. 1s fed buck to d.o, supply through auto-
transformer action of ratio n to 1-n. Feedback diode D4
would also carry the load current, feeding onorgy from the
load back to the negative side of the d.c. Supply, until such
time @8 the load current is reverscd., Diode q‘ clenps the
magaitude of the voltage impresead on (1-n) percent of auto-
tranarormor winding to the d.c. sBupply voltags :a e The
volteze n-T‘-— induced in the n percent of auto-transformer
winding 45 applied to the lowsr arm of inductance L and reduces
the trapped circulating current lincarly from L to zero

in time tf:

I' I!(M) (1.34)
By el

whexre tf =

During this interval, the megnitude of the load voltege 1o

;Q: s and the voltape aeross eonnutating industonce ralses the
8 22, ,
reapplied forward voltage on thyristor 1 to the value q— -
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SUBIITSAVAL D: This subintervol occurs aftar the trepped
circulating current has bean reduced to zoro, but the continu-
ing feed back of energy from the inductive logd keepse diode D‘
in conduction. Thae loed voltaze rameins at 1%% « The
voltage 155 Sd' induced in n percent section of auto-

transformer now appeéars as inverse voltage across thyristor 4,

SUBINTSRVAL 33 Load current revaerses its polarity, diode D‘
blocks and the capacitor C, discharges until the potential of

mid=point comrutating inductance reaches the level of negative
d.c. voltage.

SUBILTaVAL 4's Thyristor 4 now coumences to conduct egain,

In order to do 80, & Zating signal applied at the stort of
subinterval B must heve bdeen maintained by using squeare wave
getinz signols, .inging due to discharge of 01 in the initial
perdod is quite common. At the end of subintarvel A', the load
current has reached a magnitude IL' as in the corresponding
subintorval A when thyristor 1 wee conducting. From the above

description the following coriclusions are drawnt

(1) (he impact of commutating capacitor on load current
responge during a very brief subinterval 3 ip aolmost
nogligible.

(11) During the subintervals C and D, the load current is
cerried by back diode, If the forward impsdance drop
in back diode is assumed equal to the forward ippedence
drop in corresponding thyriector, then no change in the

terminal equations need to be introduced,
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(111 ) Diecharge of capacitor C4 durin: subintsrval &, cause
no noticeadble change in the load current except ringing
which are very high frequency currente and for the
present esnalysis, these ringingz currents can easily be
ignored,

Iha above conclusions lead to the frot that the impedance
maetrix for cormutatin: period will be some as that for the
conduction period., Henceforth the two impedance metrices for
corrzutation and conduction period will be celled 'state

impedance matrix’.

1.5  SYSTAN B JUATIONS:
(a) ZTerminal couetions at .loctrical Portst

The dynamle behaviour of periodically vorying togology
of a network like the one shown in fig. t.1 can oonveniently
be expressed in terrs of first or second order differentiel
equations as forrmleted in saotions 1.3 and 1.4, State
Veriables selocted are norrolly the independent currents through
inductors ang capacitor voltages“z’. In our case, the phase
currants being of prime interasst, :re retained as stcte
veriables in addition to the filter capacitor voltage Vo

end its dorivative. The state impeodance metrix in volt ampere

equation (1.27¢)can be written as$

[2ag] = (5] + » (1] + 3la5] (1.35)
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where - [“J] state resictonce natrix

[LJ] atate inductonce natrix

[ J] state capecitence matrix.
F

Four out of the five volt ampore equctione of (1.27c)
gre of firet order differentiel equations while tho fifth
one is of second order; which can also be reduced to first
order. Tegking, for instance the eysten of equations of

state 1 (equction (1.28)) the equation

By = ( Rp + LFp) 1: + (RF + Lgb +-§%; ) (1.36)
conteins e second derivetive term, which can b2 reduced to
first order by ths following substitutions.
Let PV, = Y33 Vo=UYg (1.37)
Then B = (RF"'I‘FP) 1; + (R?CP-rI.FCIpM) s (1.38)
Thus aquation (1.38) replace the squation (1.36). Similar

expresoions can be obtained for other states as well. The

followinz are the six state variables,

5 8 -
Jy=ig3 ¥y =ig3 ¥z =pv,

r (1-39)
r r -
y4“°; Y5=1ﬂ3 yﬁ vc
R [Y]=(y, v2 5 94 ¥ Y], (1.40)

AB B result of above state reduction, the 2nd and 3rd terms

0f equation (1.35) get amalgumated into one giving new matrix
[?5] . 'The modified state impadence patrix can be written asi
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A
2 = [R L
Zea) = [%3) * »[4]
Substituting this in equation (1.,27c), the following relations
ere obteineds

A
[v] - [aﬂ [rﬂ + [LJ] [p!ﬂ
A ~
oR [T -[LJ‘J"' [33] (%) * [LJJ"[VJ (1.41)
Equetion (1.41) is eimilar to the standard state spuce

equeation

pY = AY + B (1.42)

All the parsmetars and other variables involved in equation
(1.41) are converted into per unit values for corputational
and generalisation purposes (appendix II), Let the equation

(1.41) be rewritten in per unit eysten ast

A > TP,
[P¥) = - [*1]-'[“3][’.1] ’[9‘3] ‘[v] (1.43)

Blatricaa[-_i]and [R]for all the six states are:

™ o 0 0 0 o 1]
X

WX #hp) = Xyw -é PRI BV v
ié = % Xw 0
Ap
kS
0
0

0 0 0 (1.44)

(211+J{F)w Xqw
[£ = A.w 0

¥
Sy % Xy
2 Xy 3Xyw

2x2w x2w 0
xaw 2X2w )
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F
0
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%me 0
X w 0

- g-xmw
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(1.48)
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X
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0 1 0 0 0
-(324-2.24-26) -8, 0 0 0

_R? - 84 0 0 -1 (1051)
T

0 0 -R2+a5 -232 0

0 1 0 0 0|
~(2,484) =8, 0 0 0
-(212002) -a 0 0 0

-a3 0 -2R2 -32-85 0

0 0 -R2+35 -2R2 0

0 1 0 0 o
~(Ry+dy) =By 0 0 0

- 0 0 |(1.

R“-p-z3 34 0 .( 53)
0 ..34 0 0 —1\

-0y 0 -2Rg -Ra---a5 0
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F 0 1 0 0 o
| Z.‘,’-rau1 33-0-354-62 -8y 0 0 0
A AT A i T 9 a
[as = &, Rp -8, 0 0 -1 (1.54)
C —ty 0 -21-12 ""“2"'35 0
0 0 "'“‘2'“"5 -2R2 2_ |
0 0 1 0 0 0|
n1+23 23+35+a2 -2, 0 0 0
[at]. 0 Ry -a, O 0 -1 (1.55)
0 ~agy 0 ~2R, -Ry-tg 0
Bq 0 0 —Iiz-bas -2R2 ?_
1.56)
end Xy = gx, 4 Xy (
| 1.57)
X, = 3.;“ * X (

(p) ¢ nal 2quations at

The well @otablished torque balance cquation under

dynacic condition at machanical port of the aystem is given ass

dw
J-‘Q +awy + I = To {(1.58)
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where all variables in the above equation are in per unit
velues end the expression for electromagnetic torgue I, is

given by equstion (1.62),

(o) [Torque Raolationt

(1) Gencral ixpreesioni- The relation for the instentaneous

electromgznetic torque as function of stator and rotor phase

currents 13(”).

8 T
- l i 8 o _O.I.'H_bam i a r (1 99)
2 ryb,ryd 7 00 ] ryh.ryb] " .
where (1)end([L)ere the current end inductance matrices in
TYb axis both for the stator end rotor. The expression for

the inastentaneous torque in ryb, apv reference freme can be

obtained by using the following relationss relating the old
end new currents.

8 r 8 T 8 r 1.60

[teyn, 9] = [Ceyvsap] [Eryn,apy] CFesild

From equetion (1.53) and (1.60) we get -

Ty =& [1r;b,u§,]m = [nm a6V) [ tzpb,afv]  (1:61)

Simplifyins the zbove relation, 1t becomes,

- 2P2x, (sFag-4517) (1.62)
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(41) Steady state Torques:

For the syctaom under consideration the steady stete phese

currents are nonsinusoidal and can be axpressed ast

1: = 5 I:n Sin (awt + 0? )
13:51;15111@%4-09--2-%‘2)

1: = é Ign sin (nwt + Gg ) (1.63)
i - z £ sin (owt + 63 - £ )

where n = 6k # 1 (k is integer)

The steady state torque developaed by the motor cen be
considered to be consisting of two components unidircotional
torque produced dus to the interaction of harmonic fields of
the same order, and the pulsatin; torque with zero averego value
produced due to the interazction of harponic fielde of different
orders. The fraquency of pulsation of such torques depend
uron the order of intersctinz fields. sundamental emnd fifth
harronic fields, for instance give rise to the pulsating
torque vaprying with e frequency six times the fundementel.
Similarly it can be shown that all pulsating torques are of
the order six and its integral multiples. But it is foun&(‘;)
thet pulaasting torques of higher order aspacially of the order
18 end zbove are of insignificemt amplitudes, therefore, can

be ignored, Thus the resultant steady state torque developed
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is the sum of unidirectional constant torque 7T £ 6th and

cons
12th order pulsating torques T . end Te12 respactively, giving -

(1.64)

Ta = Toonst * Tag * Yotz

Since the pulsating torques of order greater than 12 are
neglaected, it is sufficient to consider the fundanentcl, Sth,
7th, 14th and 13th harmonics of phase currents. Substituting

the steady state currents of equation (1.63) into equation (1.62)

ve get -

Toonst 'qlxu,’;' [1;;'1 I" sin (0 - 0‘1‘:;,313(81 F) (1.65)

where

Gy ==1 forn =1,7,13

Ql x4 forn = 95,11

0 3 3; N

tgg = A2 x, sin &% p K, Stn (6wt + ) (1.66)
(1 = 1.2,’..-0‘0008)

Ta12 - ZP xm Iin ‘? f G;] sin(12wt + pd) (1.67)
(J = 1.2.390000-.6)

f] .68
end 1, 06 * To12 (1.65)

where -
Ky =~ Ing Tng K, =~ Ing Yo By = Ing I
Ky = 155 I:,':-:11 Kg = I::'? 1;1 kg = *’:ﬂ ’:13 (1.63)
K = =Iny Ing % o Iniz Ing
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1 5 7 1 5 1
" O TN, 13 . 9
_ 11 _ o5 13 _ o7

G, = =Iny Inyy G = ~Ip I§13 Gy = 1;5 e

(1.71)
a8 r 8 a8
Gy = ~Ing Ins G5 =Ingy Ing O = Inys Iy
1, 11 13 _ 1 5 , o7
= G, + 6 = 0,7 =0 fa = 87 + 0
Pp =0+ 8 B2 =0 1 = e (1.72)
1 1 1
by =01 +03 Bg =0l's0y g =037 ~0]

(d) Steady State Voltae d Tower Fuctorst

The volt ampere aquation for 'r' phase of the stator
oon , 8 T
be written from phase irpedance [?ryb,aﬁi] (eppendix IB)

ass

8 8 r
v = (Rg+Dh,p) 12, + % up AT (1.73)

Under steady state the phaso voltsgze con ba exprecsed est
8 s .
vy = E V2 Vg, sin (nw,t + ) (1.74)

The nth hermonic steady state volta:’e ':n (rms) as obteined

from egquations (1.63), (1.73) end (1.74) 1ot~

e [0 = (Rysdwm X4) 2, E!} +% dwn X, A | % (1.75)



where X1 = wa1 ] xm = wbld
‘n' a, are phase wmigles,

Rewriting equation (1.75) wo 7ot -

V;n Eﬂ = {[Ign \/ R% + (nwx, )® gos ($,+ 0,)

+§nwxm1:ncos (%_._an)jz

o [18, /% +ansy)? sanld, + 0,)

-l»g-r:nm{H I:n sin (e, +§ )]2 }1”2 (1.76)

-] nwi
where Bn = ¢ten 1

18 k2 h(nwky )2 s1n(d +0, )+ gawk, 15, stin( Fea )

By =

\@a-r(nwx" YCos (¢,+6, )+ % nwxmlzn cos( f-u:n)

8
Irn
(1.77)

The rms phase voltege V: a8 avallable at machine terminel 1813

N = \/gr(V:n)a (1.78)

Similarly the rms stator phase current 18t

12 s,/g (18 ) (1.79)

ihus the effectiva power fuotor Cosg iai

Ccef = p V:n I;n Cos (g - ﬁn) -~ (1.80)

32
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1 ] 6 RSSULLE H

The ayetem equetions are formulated at the d.c. terminals
of inverter fed thres phase induction motor. Thres axis
cormutator transforration has baesn developed, to retein the
three phase exes and to establish the link with two terminal
d.c. source. Due to the poriodic awitchinz, the notwork
topology of the systam differs from state to state, A generao
liscd system impedance matrix is developed assuming gll the
thyrictors in conduction rode. The syvter impedance matrix
for any state ie derived from the genaeralised ono using Kron's

epprvach.

The mathematicel model devslopsd includes the effecta
of invertor's periodic switching, filter pzrameters, ripples
presont in the inverter input voltage given by controlled
rectifier bridge, thyristors' commutation and thelr forweard
impedances, ‘he system equatlions are converted into standard
forr. of first order state Spece aquationss for cosputational
@aBe and simplicity. <he phase currenis ere retained as

ptate variebles in addition to filter capccitor voltage.

*he model developed here is simple snd close to physicel
pystem. The model is even suiiable for dynamic/trensient
responsg and for Sirmmlation of any typs of fault condition
eithor in motor or in inverter. The model along with other
relations deveoloped in this chapter eonable us to evaluate the
powsr fagtor, rrs valuas of voltage and currents, torques
both the cometant and the pulsating types ovar the wide

fraquenay renge of operetion with varying systen pcreneters.

- 0 =
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105588 Il TURAES PHASS ILDUCTION WOLOR WITH 1OUsIlUSOIDNAT

EACTLATIONS

Variable froquency opseration over a wide frsquency
renge brings in many problema unseen in its normal operation
et fixed frequency. Tha nonsinusoidel voltaze when fed to
en induction motor, modifies the motor operstion consideredly

fror that under conditions of pure sinusoidal applicd voltage.

High frequency excitations due to varieble frequency
nonsinusoidel invarter output lsed to the stray loed lossas,
reducing the available torgue and increasinz the tenmperature
of the nachine. If these losscs are of significent order, it
ie nocescery to know their nature, locations and reletionship
to the motor and convertexr design featurese., In somc of the
earlior publioationa(1’2'13) the losses and torgue produced
in cage induction motors owing to distorted supply waveform
have been consideored; the results of these publications
indicate that the resultant additional steady state torque
end losses are insignificuent, 3ut more recently('3'36)
1t hes baen shown thet, if the input waveforns have high
harmonic content as in the case of inverter output voltage,
the additional locses are quite high compared to the losses
contributed by the fundemental voltage end curronts. Fluxes
end currents resulting fror the input haxrmonio voltages

are of relatively high fraquenciaes, and effgots of these

60
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pust b8 taken into account in both 12R end cora l05s calculations.
lio previous puvlication has cinsidered the effects on losues
produced by skew leakege fluxes; Jorden and Kilingshirn(36)
clone have given a little attention to and leakege losses.

In this chapter an attempt is made to formulaote the
relations for verious losses in induction motor with veriable
fraquancy nonsinusoidal excitstionas. The various well established

loos formulae(2'3'12'82) are modified to take into account the

high frequency effects.

?he following types of losses are investiigated for

variable frequency operation,

(1) <Core losases.

(11) Stray losses both at no load and at load.
(111) Prictionel losses,

The following assumptions have been made to got simplaer

relations;

(1) Saturation of iron psrts of the mechine is neglecteds
thus egch time hermonic cen be considered independently
exeept in epecisl case of synchronous locking wiich 1s
not conpidered here.

(41) A1) formulse are developed for sm2ll velus of slip, so
1t 1o dropped at convenient points without affeeting
the results.

(i11) The nonsinusoidal output volteze from three phese bridge

invarter is balanced.
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2.1 HARNOLIC FIZLD:s

The inverter's output voltage of stepped wuveform consists
of harconics of 6k + 1 ordur (k is positive integer number),
Triplen harmonic voltejge end currsnts cennot axist in a three
phoee balenced system with star connected notor with ite
neutrel isolated. Therafore, only 6k + 1 ordars of herronics

slongz with funderental are considerad for loss corputations.

Operation of the nachine is considered as constant
torque drive upto the nornal fraquency and constent horse power

drive for frequenoies above normal, giving oparating frequenecy,

fo = lfb, (20‘)

where £, ie base (Yiorr.al) frequenays

w < 1.0 for constaent torjue
a— q | (2.2)

end w > t,0 for constant horse power,

242 CORE IOSSiSE

Hysteresis and eddy current losses in stator and rotor

with operatinz froquency fo are(53.80) 5
STATOR
E I Ve A (3
IR N S - A2
ROTOR
e BCef, 22
‘:' Te 'ﬁ ("0’2 . NaEe?
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ibe total iron losses arxe;

W =, 810 £ (148) vy, £ £2 (1487) (2.7)

whare 'Qh'le are the hyeteresis losz and eddy loss corstants.

Bm maximum value of alr gap flux density.
8 slip of the motor.

The psak value of the alr zep flux dansity of nth hermonic
field am(“ j» cen be related to thet of the fundarental flux
density by essuming that the nth harmonic voltage ie % times
thet of the fundarental, but its frequency is n times the

fundexentel. The nth harmonic flux density then is -'2- times
n

the fundanental flux density 1.e.,

1
mn) = 7 (1) ° Ll

n

and the nth harmonic slip 8, 1is,
8, = e;.;.l , (n=1,7,13...0tc.)
s, = E.at! s (B =511 .,..etc.)

then the iron losses for nth harmonic becomej
2
2
)= " Bt:l.(?) 2, (148,) ( ;%-_5) * e ai(‘l) fﬁﬁ'mn)( _-:T)
(2.9)

For CONSTANT TORJUB operation when w £ 1,0 the flux density
is held oconstant by kesping %— ratio fixed,
o
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then the nth harmonic loss becomaes.

9
1+8 s

Uy (o) =X Wy (7B ) 4k W —73 (2.10)
n

Total iron loss sumred over all the harmonice ic then -

%
b’iakwfb(t 72+t I -9—2)+ kzﬂzfi(i i!+3:\ ::9)(2.11)

ou

oy = kg why (K +6y) + koW 13 (K + §p) (2.12)
where k‘ = "]h rn(‘l) (2.13)
K = Yo Ha(y) (2.14)
wund

- (2.16)

hgm: £ o5
§y = : ;-;Bg (2.17)

2

14}
g, = : —;Q' (2.18)

For CONSTALT HORS:S POWSR operation when w 2> 1.0 the
voltage applied is held constant therefors the fundemental

flux density vary aos

Ba(q) (at frequency £,) = Bng1) (5‘: fraquency fp) (2.19)

From equations (2.3) end (2.13), nth harmonic loes ies
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3 ¢ .
") *"M (.;:QJ. )16 :g':? (148)) *%%.L) *

5
—3 (1 +82), (2.20)

end the total iron loss is,

k, £
¥ e :3_6& (K +8y) +ky T2 (K5 +6y) (2.21)

2.3 STRAY 1055353

The stray loed losses ere defined as the axcess of the
totel losmes actually ocecuring in a motor at a given load
currant over the sut of the calculated 12R loases for that current,
the no load core loss, and the friotion snd windege loss.
ihey are caused by the megnetomotive forces (mmf) of the motor
load currents, which divert some of ths no load magnetie flux
into leakage pathe; thore-by craeating flux pulsations and eddy
current losses in core plates, the conductors, and the adjacent
metel perts. These 105588 arc difficult to maasure end thay
rey vary.materielly in individuasl rotors, as a raesult of

menufacturing variations.

These losses are assumed to be independent of the rain
flux. Since rany of the components of iron losces and stray
loed losses are produced by flux veriations and addy currents in
the some physical componento, some discrepancy ie bound to be

introduced by thz aesunption of super-position, lievertheleso,
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for ell practicel purposes, it is assumed that the separate
losses be eddad directly. The quasi-empirical reletions

to find the stray losses with sinuscidal excitations are
widely reported in the literature(2s12:13)

When nonsinusolidal voltage 1s applied to the stetor
windingz, the space hartonicse must be viewed with reopect to the
principal time harmonic of the applied waveform and not simply
%o the fundarental.

This epproach coupled with linearity of magnetic circuit
leadsto the superposition of each tim? harwonic's interaction
with all the principal space harnonics including the fundecentel.

The following components of stray losses are considered here,

(1) ond leskege flux

(11) 28gzeg leakage flux, which normally cause high frequency
surf:ce losges in stator and rotor.

(111) nigh frequency rotor flux pulsations.

(4v) skew lcakage flux.

(a) Logpes Due to ind Ieckage Fluxs

The eddy curreants sat up in the end structure of the
meehine by leakege fluxes which enter the laminations in an
gxial direction, and also penctrate the end fingoers, flenges,
and other parts cause end lsekage louses. They are significant
when the coil ovaerhang is large, the distance between the
centers of the peripheoral currents (fig. 2.1) in the stator

end rotor end windings is large, and when the ventileting
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shields etc. zre close to the end turne. It is not poassible

to devalop a formula for the end loss, due to the wide varie-
tions in decign except poosibly for lerge nachings. However,
it has boson found by Algar(a) that satiafactory results are
yieldad by assundng that the end loss is equal to thet portion
of tho kilo volt amperes (kva) of and leakaze reactence that

ié due to flux entering the stator leminations axiclly ! ulti-
plied by an ecpiricel constant power faoctor. Ohalmers(12'13)
elso supports Alger's semi-erpirical formula in his publication
and comes to th: same conclusions from the results obtained

by modified 'rotor removed test', The ond loss forrula as

developad by Alger lset

2
W, = C; I°f, (2.22)
vhere
0.63 m ¥ D B s 2
C, = Hm g +
- 10° # X,
H end loss power factor (for medium sized end big

mochines H = 0.3 and for small machines H € 0.3)

1 phase load current
T effective number of turns per phase
P number of poles

D'A.Y,.!é cre shown in fig. 2.1

Ty nearly equal to half of the stator slot depth
nesrly equal to half of the rotor slot depth.
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The mechine is considered to be excited by series connsctad
voltagze sources of different fraoquenciss, The totcl end
losues cen be obtained from equation (2.22) by applying the
prinuciple of superposition,

i, = c, £ [ 1§ ) nut, ) : (2.23)

(b) lligh Pregueney Surfuco lossess

() 4t _iv Ioads Due to the prosence of slot openinge

on stator and rotor surfaces, dips in the flux distridution
around the air gap are cauded; ceusing slot freguency pulsae
tions in the radial flux density. These pulsationc cause
eddy current locses in the laminatious that ere usuelly
celled surface loseas due to zig zag leskage flux. Some of
the flux pulsations pasc down the rotor teeth and induce
ceirculating currents in the rotor winding, causing edditional
rotor losees., For convenience in analysis, the peripherel
elr gop flux density distribution is analysed into & series
of rotating space harmonic fields, the principal ones,
besides the fundsmental veing the stator and rotor slot
hermonica, with number of poles equul to 26' + 1 and 2r' £ 1
times the fundamental poles, wheore s' and ' are the numbars
of slots per pole in ctator and rotor respsctively. The slot
hartonie fields ere prrtly due to permeance varietions

coused by the slot openings ond partly due to the nature of

mn? wave. The permesnce variations cause lossas at no load
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while the muf oteps cause losses at load. 3Since tlese two
con.ponents have Bame number of poles and same frequency, the
resultant losses are proportional to the square of their
vaector sum., Coneidering first the affects of tho no load
permuance verietions, the loss in the rotor surfece is glven

by the following relationca).

"o = 79 L Bi Kpf 0927\| watts (2.24)

whore L core laongth in meters
‘pr pole face loss coefficlent for stator slot
openings, from fig. 2.2.

082 rotor iron loss coefficient from fig. 2.3

in watts per inch® for stator slot frequency
S
1.

p
)” tooth piteh for stator in metoers.

which 1s aqusl to wnfb

The values of Cg in fig. 2.3 are basad on constant impresssd
mmf, assuming the permeability equal to 800 a constant value.

(11) At lomd: #hen the machine is lowzded, space harmonics
produce hermonic fields of nature similar to psrmocnce
hertonicas except for magnitude end phase engles., Alger
produces an ncceptable fory. of ratio (R¢) of mmf hermonic at

load to permeance harmonic ot no load asi

mmf hermouic at load
t permoance harmonic at no load
12

u'iixp‘

(2.25)
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Therafore when the equstion (2.24) is multiplisd with retio

Rgy an expraosion for rotor surface is obteained as:

W = 73 DL (=% ) B Oy )y (for roter) (2.26)

To find the actual surface loss under loed, the phese anzle
between the permeance and mmf ripples of the sacme order should

be determined. Howover, the best approximation ie obtalned

by addition of no load loBses Wy, and loed lossas ""32(2'1”'

By analogy %o egquation (2.26 ), the stator surfece loss

undar lopd isti

2

W, =79 DL (-1-,-;.-3;) Bi Caq Mo (2.27)

81

Since the nth harmonic flux density B = iéll
m(n) -

the surfaece losses for nth harmonic are,

For w £ 1.0

'.1(n) = 79 DL ( &i."u)z [( %’2 ‘11 O.mJ)g » (2.28)

s2(n) = 79 DL ( %?1)2 K ;L’z R ] 2y 4 (289

end for w2 1.0'

= (207 [ J5 e 0o

I
.z(n)""m‘(;-pl)z [(T‘-‘—)Q L °.zn]7\1 s (2.31)
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Hence, total surfoce losses ara:

z \732 (n)

W, = T W +
8 e s1(n) s

i 2
v, = Cgp [;2 Cx(n) ( %.;) J (for w £ 1.0) (2.322a)

and

c I
W, = .;514 [': cx(n)(ﬁn)j (for w > 1.0 ) (2.32p)

where -

c c the iron loss coafficients at harmonie slot
8in? “B2n 3
fraquency, which 18 aquel to wnf, 3-1 end

S
wnfb _]_)2 for stator and rotor respectively.

fhaese coefficients can bo detormined from fig.

230
Im no load current for nth harmonic
Mo tooth pitoh for rotor
Sq stetor slots
Sp rotor slots
P pair of pnles
x' rotor slots per pole
8' stator slots per pole

_ 2
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A C C
ey = —x 2P *M—r#

r n 8'n

(c) High Freguency iotor Pulszction LossgBs

when the rotor end stator have equal number of slots,
then no eppreciable part of slot harmonic field would go
down the rotor teaeth, and no currents would be induced in
the rotor winding. The maximum flux goes down in the rotor
8lots linkin: with rotor winding when -

(1) either the slots are oper
(11 ) or numbver of rotor slote are of the order of two times
the numboar of stetor slots.
In a cage rotor too, the net rotor tooth flux roemoins almost
constant and the flux pulsation locs i1s negligible unless
the protor slots are skewsd., If the slots are skewed by one
stator slot pitch, each rotor bar spens nearly 360 degrees
of the ptator slot harmonics, regardless of the slot retio,
énd the net voltege induced in eamch bar will b nesrly gero.
liowever, there will then be a consideradle voltage acting
frou bar to bor at the midpoint of the core lanzth, and
this will gsuse current to flow through the laninations in
this region to & extent depanding on the level of ber
insulation, In this case there will be soma pulsation loss
in the teeth and also Ian lous in the bars and ths rotor
iron. As has been shown, the actual losses will vary widely

with the insuletion level, e8 well as the slot ratio, tho
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62)

emount of skew end other factors( « The fraction of the
load current that will flow in the rotor for each harrondc
is detertined by the ratio of zig zag leakaze reectence for
glot harmonic to the fundamental mmf mametising reectance.,
The wall cstablished aguivelent circuit for space hernonics
is used to fornulate a relation for rotor pulsation 109393(3),

given as:
wz 2 lea kB RZ(d.C.) (2-33)

If the effeots of time harmonics present in the current

waveforn arae included then the totsl rotor pulsztion losses

are 3
2 2,
W = C2 Byg.e.) ( i Ken 1n) (2.34)
vhere =
C the loss foctor {fig. 2.4)
ksn okin effect ratio for rotor bars at stator

slot frequency.

Similarly the no load rotor pulsation losses can b wvritten

&6

Wao = Cm Rog e,) ( & Kgn Iin) (2.35)

Ag Ian’ the no load current for nth harmonic is very srall,

the no losd rotor harconic pulsations are of 1little signi-

ficance.
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(d) Iosses Due to Skow Leaksge Flux:

In the cese of a rotor with skew of either of its stator
or rotor slots, the skaew loakagze flux ray be apprecieble,
The skew mnf 1s gero at the cantre of the cors and increases
epproximately linearly aloug with the length of the core,
reegching ite greatest value at the core ends(as). The overall
phase chenge in the ckew leakagze flux over the full coare length
is 180°. A8 the distance fror the core conter increases, the
difference of stator and rotor mmfs increases lincexrly, and
thers is a corresponding increese in the radial flux deneity.
Since the load component of the stator current is displaced
neerly by 30° from the magnetising component, thig increase
in flux dus to the skew cay be considered as independent of
the no loed flux, to the first order of epproximation, With
68' slote per pole in the stator and one slot pitch skew, the

ratio of the axtra rnf at each end of the cors to the no

loed mognetising nmf 13(2’51’62)s
ckew mm¥ n ' - ’
— e 3 2 {(8in ==,) = gl.-r (2.36)
fundamental mmf 4s" {; e
wherae
I's | 1= Tol (2.37)

The average lose ovar the whole core length 1s approximated

263

- 2 . : )
Kk = %;.( EJIQ) x (Iron losses in the stator) (2.38)
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Accounting the effects of time harvonica, the sguation (2,.38)
is modified to -

I
e = O [!11: (1‘;)2 "1(:1)] (2.33)

Vhere Wi(n) is given by equations (2,10 and (2.20) and

2 2

T ratio of skew to one stetor slot pitch.

2.4 2nDY CURRBHT LOSSES IN COHDUCTORSS

When a oconductor of finite section lies in a pulesifing
momoetic field, it becomes tha sasat of induced enf, wvhich
cause parceitic circulating currente procisely similexr to
thoss in steel plates under the same conditions, The addi-
tional lomsee from this cauwse nay be quite large, the ectual

losegs are incressed by @ loss factor Ly defined asi

Actual Iaﬁ lose extre eddy loes (2813
Ky = —g.o. 2R 1088 = V% T o 13 1oss
It cen be shown that the above eddy loss ratio X, depends
upon tha geonretry of the conductor“"- The averege loes
rotio for 'l' layers is given
2
: 4 (2.42)
Kiavg ™ 1 + {ah) (%-)
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whore
bf
@ = 2:’(—9—)) (2.43)
[ 10
. R numbor of layers in the slot
b ratio of width of copper to slot width
f recisgtivity of tke conductor material in
ohms/cm3
8 4 fb = gnzb, tha averagze logs £ ctor for nth harmonic baecomes,
bwf
b 2 .4 .2 2
Byaven ® 1+(/——‘°,) h* 1° n (2.44)

2.% FRICTIONAL LOS3353

The frictional losses are approxiuated as:

Wy = AN+ e = AN, (1-8) + B2 (1-8)° (2.45)

where Na = fundamental synchronous speade.

For small slip velues, the reletion can ba furthor modifisd
est

W

e = AWty + BWLy (2.46)

Coefficients A, and 34 cen pa determined exparimantelly by

variable voltage test (appendix V)

2.6 RESUMSsS

The verious components of additional losesos produced in
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induction motor having nonsinusoidal supply waveform have
been elucidated. In perticular, the importance of loscaes
due to end leekage flux, high frequency flux pulsations and
gkew leakege flux hes bsen well demonstrated. The methods
of calculations of losses with sinusoidal excitations whose
gccuracy heve been well established by the exparimental
results by the sarlier researchersj are uesd to forrulete

expraseions for losses with nonsinupoidal exeitetions.
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STZADY SIATS PSRF IUACS CHARACTIUISIICS AND PORJUS PULSATIJ:S:

In applications where a wide speed range oleotrical
drives are required but with mandatory uniform spaed of
rotation, such as paper and steel industry to produce peper
and billets raspectively of uniforr thicknessesj it is
important to establish a method for predetasriining tre
megnitude of torque and speed pulsations of the drive. One
problem of importence in the application of a rectifier
invarter induction motor is that of steady state torque
pulsatione due to nonsinusoidel voltage at the machine ter-
minaln as discussed in chepter 1. It has also been shown by
Krauge(so) that instability can occur over a wide speed range
1f the systen perametere are impropsrly selocted, &amd the
other obvious concarn is the resulting increase in motor
losges ag has bosn discussed in Chapter 2. Thus the steady
state torque pulsations are originsted not only by nonsinue
soidal volta:es but also by lmproper system paraseters. The
speed oscillati.ns is e naturel consequencs of the torque
pulesations. In previous studies considereble attention has
been ziven to the calculatione of these harmonic electro-
pagnetic torques.

Jain(31’ by neglecting stator resiotance, hes established
a general equastion only for average torjue with & balanced

43)
set of voltaces of arbitrary waveform., Iipo and Krause(

80
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conelder only the 6th harronie torque in a synchronously
rotating reference frame for inverter fed induction motor,
Thesa esuthors assume an ideal voltage of stepped waveform

et pachine torminals, a constant d.e. current in inverter
naglescting sixth harronic and its multiples. Also tle ayster
equetion 8 are linearised, assuring small perturbations about

a fixed point of operation,

The rectifier dnverter drive syotem of fig. 1.1
is genersally equipped with a filter batwesn the rectifiasr
and the inverter. Storage of energy in the filter inductance
end cepecitance and subsequently the exchange of snoxgy
between the filter components and magnetic field ewd rotor
of the notor may cause the motor to develop even high
megnitude pulesting torjques which may even lead tie system
t0 ingtability at low opaerating fraquencies(so). Therefore
1t 15 vory essential to investigate the effaect of filter
Peramgters on torque pulostions along with machine parametors
8pecilally ot low frequencies. This chapter endecvours the
investigation of the effects of system parametars not only
on puleating torques but olso on the other importert perfor-

I anes chapcteristics ¢.g. power faetor, losses, efficiency,

current ete, The maxinum and the minimum limits of the

systen perameters are fixed from design considerantions, Torque
pulsations and othor performance indices ure computed varying
one perareoter at a time and koeping the others fixed at thairx

norcal values. Corputer algorithm slong with important
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subroutines are also given.
Je 1 SALL ST COHPUTALIVL AL FiaTURISS
{(a) Critical Voluiaze:

If the motor is doeired for coastant torgue operetion,

it 18 essential thaet the applied voltage et first sprroxita-
tion changes linearly with tho operating frequenoy(gs).

Jut it is not advicaeble and aleéd not possible sonetimas to
run the motor at more than its norual voltage, when ite
operating frequenoy 1s larger than the normul frequency.
Thus it is decided to cousidser the motor as constant torque
drive upto the normal froqueney and constant horse power
drive for frequencies greater than normal. Ihis type of
drive ic ideally suited for the traction purpoaeB(YB). A

fixed norral voltage should be epplied for all frequenoies equal
10 or greater then norral value . 3ut since considerable
Voltage 18 lost, both at very low operating fraquencies and

at high frequencies graster then normal frequoncy; therefora

it becomes emsential to find the minimum voltsze raquired to

be applied, to develop a required amount of torque. The

critical fundexental voltagse 'vﬁhase can be determined from

the well xnown esquivalent circuit(ao) of the motor given as:i

SES) .\/_2_;: [R‘ ﬂ[lﬁ . (X 0‘12)2] (3.1)

Wl = congtant for constant horss power

b o = constant squal to load torjue valus for constant

torqm ®
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A plot of oritical voltagze azainst frequency for difierent
machine parareters is shown in fig, 3.1. It clecrly esteblish
that ~¥6ratio is not a fixed value for all operating frequencins.
Y“hie ratio is ruch higher then its normal valus for low
frequencies, cince applied torminal voltage nszeds to be
boosted up to neke up for the hizh stator resictance drop.
Siwilarly, more than normal voltage may be required to be
applied at machine terrinels at high frequency opcretion even
for conetant horse power Operation(za). The quantum of

boost up required depends meinly on stator resistance and
leckege inductances. As shown in fig. 3.1, the boost up

is ag high as 125 perecent at 5 Hz with maximun stotor resie-

tance.

(b) _Applied Voltpge §o Invertor:

In norval applications tha inverter ie caunected to the
controlled rectifier throuzh a filter, To maintain generclity
end to ptudy the effects of ripples normally present in e
rectified voltaze, the inverter input voltage %, is consl-

derad of tho forwmt

_ 2
By = Ed.c.+0631n6wat+c1281n12 Wt (3.2)
whore -
£ 6th and 12th hervonie ripples,.
Cg end Cyp amplitudes ©
w ig the angular frequenoy of supply voltage.
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The bridge rectifior with 6 states will have ripples of
frequencies,multiples of six in its rectified output voltage.
For practical corputation, it is sufficient t> consider the
sixth and 12th harmonics only, contributi.nse dus to the
higher harmonics beingz negligible.

In fig. 3.2 en ideal voltage waveform at the rachine
tertinals with respsct to the mid point of d.c. voltege is

shown, The line and phese voltage are -

8 8 2} = g - <]
8 8 - T
o = V5o~ Yoo = Vgu - Vo (3.3)
¢ s 8 B o
Vor = Yoo~ Yro ® Ymu — Vi

v;y - T2 = 20 - (v;o Vo, ) = SV (3.4)
where Voo Vyli' Vyy ere the phasze voltages and vro""yo'

V.o are the voltages of respective phese with respect
to the mid point of d.c. Bupply.

Squetion (3.4) gives, that the emplitude of the phase
stepped voltaze at the racidne torrinals 18 only %ﬂl of
inverter's voltage. From fourier enelysis maohine phase
voltage waveform Vg, , 1t can ba sean that tho arplitude of
its fundamential is %Ed.o. which should be aequsl to the

ratod pask phase voltage Vm.
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Vo = X %.e.
or
33.0. ° ?! vphase (3.5a)

ind in a normel three phase bridge rectifier the ripple

content ic given asi

+Co d.c.

3.2 COMPUT3 ALSORITHIS

(a) Subroutiness

The system equation for Jth state obtained in Chepter 1

(equation( /-4/)) ere of first order as reproduced belows

;] = @]1 Bl l%) + [?‘.1]-1 M (3581
Thoge equations zre solved with the esssumption of constent
rotor speed, This assumption of constant spead golution is
felrly veliq, sinee the inertia of the rotor is gquite high
and the spoed pulsations will ou.ly produce a current response
of socond order which ocan easily be ignored for pulsating
torques of 6th and 12th harmonics. The dynauic responee
obtained in Chapter 5 justifies this assumption, Therefore
the dynamie equetion at mechanical port given by equation
(1.58) does not form the part of state veetor [Y] .

For constent epeed oporation these equations become a

oyotem of simultaneous first ordsr lincar differential
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equationsg for the solution of which only num:rical methods
ere best suited. The computer program for the solution of
these equations may be divided into the followin: cubroutines.

(1) R3KSH Inversion of matrix to find [ﬁﬂ ~1

(11) R4KSH Produit of two matrices to find [_ZJ]“ %]
and (1577 (V]

(114 )RK 35H humerical integration of simultansous
differentisl equations,

Mfferont numerical integration techniquas hove been
used, e.g. predictor corrector msthod by Jorden(34) and
wiederhold(1°1). and Runge-kutta method}iih order by
sm1th(®) ana serkar{7d), Runge-kutta metnod, enables the
increments in a set of dependent veriables (eurrents) corres-
ponding to & small increment in the independent varisble
(time) to be determined, provided the differentisl coefficients

0f the dependent variables are known with respect to the

indepandent variable.

The accurscy of this rethod depends on the etep length,
e sualler step length gives increased accuracy but needs more
computetional tire, The variable step length mathod tekes care
0of the accuracy as well as the computing timas, In this method
a relatively large step lenzth nay be salacted initielly
whioh will automatically bve adjusted during course of compute-
tion depending upon the slope of veriables, A subroutine
RKiSH wos developed for the solution of system
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gqueti me using Runge-kutta mathod of 4th order with variable
step length,
The other subroutines used in the progran for evoluatior of

performance characteristics are -

(4v) RSLSH PFourier analysis of one of the stator and rotor
phase currents (pteady state valuss) to resolve the current
waveforss liito their fundamentel, 5th,7th, 11th and 13th
harmonies. Phase anzlee assoclated with each harmonice can
also be deterunined by the sams subroutine, For acourate
results, the half cycls period is divided into lorge numher
of segments of equal intervals,

(v) R6KSH Computetion of average and pulsating torques.

(o) Mein Zine Alzorithms

The program hes been written iu a genersl form, so that
it can be used for any mechine whoese differsntial equations
can bo oxprecsed in the form as given by equation (3.6), and
various input and outnut reguirancnts are catered for. A
subatantial part of the program is dsvoted to the meny
logical decisions, although the major pert of the comnuting
time 19 spent on the numerical integration, witieh is perforted
repeatedly. All computations are carried ovar IBk 1130,
Usual techniques ae 1listed by London(sz) are used for core
memory savings. & flow diagram showing the nain part of the
progren is given in fig. 3.3. The prograc "GARG' accounts
the voltage ripples in the rectified output voliege.
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33 SYSi'dl PARAMST 813t

The work on the effects of machine and inverter parareters
on steady state torgue pulsations in induction motor is reported
in a very limited way(4g’6°). Nelaon(6°J and Lipo(49). for
example, nuve studied the effects of syster paranaters on the
8tability of induction wotor. A4s the instability of the
induction motor is very much linked with the stecdy state
torque pulsations, the resulis presented in thesSe pepers
though obtained from different maetheratical models but form
en important uidance in the proaant work, As reég§%23'60’75).
the most important system perameters which are likely to

affect the torque pulsations both under transient end steady

state conditions aret

(1) Stetor resistance
(1;) Hotor resistance |
(114 )iutual or magnetising inductanee
(1v) Isekage inductance of both stator and rotor
(v) »®ilter inductaence
(vi) Pilter capacitance
{(vil)Filter resistance
(viii) Operating frequency.
sinece the torque pulsatione at low oparating frequencies
gre of very high magnitudecza'so). even with most properly
selactaed saet of system paranetersj it becomes imperative thot

the computati n for torquo pulsations be dona over e large
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frequency reungs for sach set of system paramatars. The

scheme of investigetion as adapted hore 18 as followe:

Unly one system parareter is varied at a time with
in its preselected maximum and rinimum limits, keeping the
other parameters fixed at their reapective normal values,
ihe computation ia performed over a frequency ranze of 5 Hs

to 200 Hz in adjustable discrate steps.

() lachine Porameters:

The normal values of the induction motor are deterrined
from well sstablished lizht run and blocked rotor tents
(eppendix I1I)., To study the effects of meching parsmeters
over torgue puleatione end other performence charocteristies,
the conservotiva estimate of the runme of variations of the

Belected rachine pararaters is decided from the following

decim coneilderations.

Since the MAGLAETISING INDJICTALCE is proportional to the
8quare of phase turns, by increasing or decreasin; the number
of turns with in alloweble linita; it is possible to increase
or decrecse respectively the magnetiging inductonce. It cen
be seen thot megnetising inductsnce ia reduced to about
75 percent of its norumal value by decreasin:; the number of
turns by 18 percent , on the other hand en increase of 41

percent in phase turns con almost double the magnetising

inductzanca.
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The L3SAKAGS ILDJCTANCS of a rotating macihine depends
upon the complex geometry of the leaskage flux pathas. For
induction motor it is coumon practice to divide the total
leakege flux into stator and rotor slot leakage flux, end
connection leakage, zig zag leaskaze or differential leekage,
belt lsaksge end skew leskage. The inductance celculastions
ere pade on the assunption that thess leakege flux paths
are ungatureted. All the comnonents of the laakege induc~
tance are function of megnetising inductance and the geometry
of the machine(41'8)). It may be assumsed that 75 percent
of the totel loekege inductence is controlled by maunetising
inductence and the renaining 2% percent by the nachuine geomatry,
Thus the leakage inductonce ray ba expressad in the following

forms
o
X = ( 0.75-225 + 0.25 G4 ) Xqy (3.7)
vhere
Xym Horcal p.u. leakege reactance
XEN ormal p.u. magnetising reactaaco
c Constant fzctor which can be controlled by the

d
geomatry of the leskage flux paths,

With the known limits of magnetlsing induotance X, ond

agsuring a range of C, as 0,25 to 2.0, the low:r and the

highar 1limits of leskage inductance cen be cateulated.
STATOR ALD ROTOR R3SISIANC3S can be decreased by

suitebly increasiny the conductor 's oroesw-sectional area
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or by reducing the number of turns. 3By these menoeuvres,

it is poceible to reduce the raesistances of stator and rotor
to half of their normal velues. The Ligher rotor resistance
can be obtsined by havin: rotor bars of alnico=z high resis-
tivity material, end high stator resistanecs 1s no problen

a8 any amount of additional resistance in each phsse of the
8tator can be insertad externally. 3Since the :igh veluaes

of stator and rotor rasistances will cause axocenpive rosise
tence lospes bringing down the efficiency, thus the upper
values of these rseistances ars fixed purely from afficisncy
consideration. Three hundred percent of normal stator
registance and two hundred percent of normal rotor resistance
are congideorad good enough a8 upper limit veluss, The

renge of varietion of mac:ine parameters along with their

rormal velues ere listed in table 3.1

Table 3.1 Machine rarameters (Fer Unit Values)

B, - 5o A e -l

Liormal 0.113 0,081 0,113 0.113 3.564
Einimum 0.05 0.0324 0.031 0.031 2.67
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(b) Pllter Parametorgs

The desi.m of single section IC filter pararaters is
g£iven in appendix IV. The range of voriation of these
peramaters along with their normal veluss are given in

teble 3,2,

lable 3,2 Filter Paremotors (RP in Per Unit),

Ry Ly Cp
I'soedmum 0.25 25 mH 4000 )L 7
Horma) 0.01 100 mH 400,; F
¥inimum 0.001 312.5 mH 80 UF

3«4  COMPUTED RASULTSS

The symmatrical induction motor in most casaes will not
demonptrate sustzined oscillations when supplied from a
belenced set of sinusoidal voltages which are indspendent of
loed ocurrent. 3ut the wide range of operating volteges
end frequencies ancountered in rectifier invartar drive lead
to torque pulsations whieh do not occur at fixed frequency
operation. It is in this context that proper salection of
pysten parometoers is vital to avold these torquas. 4 systew

metic study of the effects of machine and filter paraneters

on steepdy stete torgue pulsationa end on
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other relevant parforrance indices like power faotor and

efficienoy is carried out hore using the rodel developed
in Chepter 1,

Mgital computations of performcnce charcoteristics are
cerried out for large sets of system perametors (appendix V)
over IBN 1130, each set at different frequencies covering a
range from 5 to 200 Hz. A small frequancy step sige of 5 Hz
is selected between 5 to 35 Hs, keeping in viow the widely
reported foect that the machine tends to beconre unsteble at
low frequencies; whereas for constant horse power operation
between 50 to 200 Hg, a frequency step lengih of 50 Hz is

The corputed loss cocfficienta for various lusses
The

adeptad.
foruulated in Chapter 2, are given in appsndixz VI.

following perfiruance indices are computed for each set of

syatem peraretsers and for each operatin; freoquencys

(L) Averege torque
(44) sSixth end twelveth harmonic pulsating toragues and

their resultant.
Stealy state phese voltage waveform at machine terminals

(114)
(iv) Steady state stator and rotor phase currents wavaforns
(v) Critical voltege and operatingz eslip for full load

torque of 1,5 por unit,
(vi) All componants of stray locses, iron, copper end

frictional loosges

(vii) .ifficiency
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(vits) Powar factor
(ix) Stator phase current (rmsc velus)

Pulseting torques es percantaje of respactive sverage

torque, powar factor, efficienoy and phase ourrent veriations

egainst frequenoy ere given in fiz. 3.4 throush %.22. To

fecililete the comparison and to study the effects of stator
resistance, rotor resistance, mametising and leekege indue-

tances, set of three characteristics corresponding to norral,

meximum gnd minfwmum valuaes of the councerned parsneter are

given in s single graph. Each charaeteristic has been drawm

for two distinet raezions of operatioa of the motor, i.s.

constant torque and constant horse power, Difforent perfore

nance indious are dealt in fige. 3.4 to 5.1)3 when only

rechine paramsters are varied taking into account the

ripples in rectified output voliaze. UIhe computed results

with variable filter and with fixed weohine parauecters at

their norral valuesy are siown in fige. 3.20 and 3.21.

3.5  DISCUSSIVL OF RZSULISs

(a) agfects of Stator Resistancet

Torque puleationsg are conglderably raduaced, when tha
The increasad stotor rools-

stator resistonce 1B incraeased.
tence provides gufficisnt dempening effect on torqus pulse-

ut this denpening 16 achisved as can be

tions (f£ige 3.4)e
The curves

expected at ths coO
of rig. %.5 clearly eatab

8t of efficiency of the motor.
lish this result, where the efficlency
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cornsiderably goaes down at all the frequencies both for constant
torque and constant horse power oparation, The decrease in

efficieney is observed t> be wore severe at low fraquencies

(£13. 3.5). However, the power feetor tends to improve

slightly (fig. 3.6). ‘“he stator input current is clso increesed

marzinelly (fig. 3.7), prectically at all tho frequencies,
gince a part of the applied voltare is lost in ndditional

resistance therefore, to produce the sape torque thet with

the normal rogistance valua, tLe Lotor nesds additional input

curreant. Jue tu the deterliorated performanes of the maohine,

the practioce of usin: stator resistance as dampener 1is

normaily not reconmended unless 1t beoonres insvitable. On

the other hand, the adveniage geined in terme of efficiency
is not that pronounced &s

pulseting torques.

romisive

by reducing the stator resistance,
conmpared with the disadvantage of ii.croased
Therefore, the motor ueeds to be provided with a comp

velue of tha estator resistanece which does not lead to unnecessary

a3 avoidasble high pulsating torques or poor afficiercye.

(b) affects of Rotor Resist nges

he rotorx resictance does not sesu to affect substane

x

tially the pulsating torguas (fig.
10), and tnhe stator input (£12. 3.11),

It hes been found fron the

3,8), efficicncy (fig. 3.3),

powar factor (fig. 2.
frequencles.
ne inecreesed rotor rasistonce do

tance looses but this eddition

execspt at very low
computed resulte that ¢

caues additional rotorxr resis

@nificﬁnt order compared with other lossasf,

is uot of eny Bi
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Therefore even in effiociency the increase in rotor resistance

is not reflected. Fig. 3.8 seems to establish that harronic

pulsating torque which 18 produced by the intersction of
stator harvonic fields with rotor harronic fields of different

ordersdoes nol change appreciably aven when the rotor resis-

tance is doubled or halved of its nornal valua, This happens
r
o2

bacause the apparent resistance of the rotor given by 5
48 1uoh ameller than the apparant reactance (n timee the funde-
mental rotor reactence ), Therefore oven a large perturbation

of rotor resistance fails to cause a noticeable chenge in
eithar pulseting torque or othor performence indices, iiowever,
the power factor geta elightly improved in the frequency

range of 5 to 15 He (fig. 3.10)3 whers the rotor leskege

reactance becomes insipnifieant. {he fact thet rotor resis-

tenoe is quite dominative at low frequencies, is cleer from

fig. 3.8, where the pulsating torgque increases conalderably

whan the rotor resistance ie decreased, Interaatingly, the

efficiency goes down at 10w freguenciea (fig. 3.9), when the

rotor resistunce i decreasad. This happens probaobly due to
large pulszting and very little average torque, aAnother
effact of verying rotor resistmnce 1o on slip, both for
constant torque and constant horse poweTr drives. The slip

inorsasss with high rotor raesistance and vice vorsa

(2ig. 3.22).
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(c) 3iffects of Leakere Inductinces:

The simultaneous ch:nge in stator end rotor leaskege

inductance ers cerrioed out both balow and ebove their normal
velues. Ieakage reactence being directly linkzd with frequency
has a dominant and decisive effects on the performance and
developed torque of the induction motor (fig. 3.12 to 3.15).

Torque producinz cepacity of the machine is greatly affected
by eny change in leakage inductance, but constant torque

condition is ensursd by applyin; proper voltags at eech operat-

ing frequeney. A raduction of 10 to 15 percent in pulsating

torque is achieved by doubliny the leakage induectonce (£ig.3.12),

whereas it increases by 200 percent at normal frequeney and

by about 300 percent at very low frequency ( S5 Hg), when the

lecksze inductance is decraased to 30 percent of its normal
*value., GSince with the inecreesed rotor lcekage inductance the
irpedence scen by tha harmonic rotor emf i& very bigh, therefore

only weak harmonic fields are established which ultimately lecd
to the considerable reduction in torque pulsations.

The power factor aend efficiency both improve nerginally
with high leakage iunduoctonce, and deteriorntes substentielly

with low inductemce (fig. 3.13 and 3.14) ell contrery to the
expectotion, This psculiar phenomanon o&n be expleined as
follows:

The fundawental ond the harmonic currents congstitute

the totsl input current given as «
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T=T,+ 1 T (3.8)

n

The hermonio current I in the muchine with low inductence
form a nonnegligible part of the total current I, since

these currents see relatively a low rotor hermonic irpedeances.
Fig. 3.15 clearly establish this fauoct, whera ths current at
50 Hz with low inductance is 80 parcent morse than thot with‘

high inductonee. <hess abnormelly high velues of harvonie

currents cause not only the poor powexr fuotor but corsideradle
sdditional losses aleo, bringing down the effioclency (fig.3.13).
High loskage inductance is thus a big bensfaotor for inverter
fed induction machine which curbs pulsatin: torque and improves
the performznee characteristics though marginally.

(d) facts of Kametis d 091

Negnetising and leskage inductances are linked es given

by equation (3.7). It 18 a very raleastic relation from

des{gner's point of view, since tho magnetising and leakage
fluxae ca-not be thought of 8xisting independent of eech

Thus, with the high magmetising induclonos, the

othars .
Therefora, it can be

lepkage is also high end vige versa,

concluded, thet the effects of loaikage inductance es discuBaed
in earlior subsection are valid hare too, FPigo. 5.16 to 3.13
desl with those sffects, and fully confirm the reoults of

section 3.4(0).
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(8) _ffocts of Filter Paramoterss:

When the filter cepacitor ie decreased to %th of its
normel value there is a considerable increase (figz., 3.20)

in torque pulsations at all the fraequencies, ziving a meximum

ineroase at lowest frequeancy. But surprisinily & ten fold

incresse in the filter capecitor does not bring iv eny sub-
stantiel change in the pulsating torques (fig. 3.20) at any

frequency. These resultis szom to indicate that pulssting

torque i2 almoet paturated with respect to the higher cepaci-

tance values and unsaturated with rospect to the lower velues,
(49.50)
|

This result fully conforms with the darlier rasults of@Lipo
whore he shows the varistion of torque with filter cepecitor.

It is observed from fig. 3.21 that the pulsating torgque

is only marginally effected even by large ohange in the filter

inductive resctance., Toryue pulsations with very large

filter inductance are obsorved to ba about 1 pegcent less than

those with normal paremeters. The other performauce charsctore

istiocs are also not affected substantially beth by filter

inductive and capecitive reactances.

3.6 RaSULkys

y aiate torque pulsatione and other perfor-

peremoters on stead
ke power factor, ourrant, elip ond

rence charsctoristics 14
¢ iz carried out uaing the nesr

verious componsnte of losses
ohe motor is concidersd e constant

exact model of Chepter
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torque drive upto the normal frequency and a constent horse
power drive for frequencies greater than normal, Comnuted

results in convenient graphicsl forns are presented, for

thirteen sete of systen parameters, Computations have been

done at discrete frequency steps, selacting a smaller step

for lower ranze and a biggzer step for higher range (more

then normsl).
The results establish that the leakege inductange plays

& dominant role in torque pulsations and othar porforrence

cheracteristics. It is shown by dscrsasing the leakege induo-

tence, the torque pulsations shoots up by as much as 300 percent

8peoially at low frequencies. A similar effect of regnetising

inductancoe ie sleo noticed. The high valuses of stator resis-

tence also dampens the torguse pulasations but at the cost of

effiolsnocy. 1ke rotor resistancse sesns to be ineffective over

torque pulsstions. The penelity on efficiency and power factor

due to high leskcge and magnetvising inductances is of varying

degraa, rerginal at normal fraguency and quite substeantial at

low frequencies. The large filter capuoitive reactence gives

lerge torque pulsitions, but the filter inductance does not
The computed results, eloarly eeteblish

effect aither wey.
and filter paremciers be

the di{rsction in which the machins
ut apprecisbly

adjusted to reduce torque pulsations witho
effsoting the other performance characteristios.



CHAPT 3t 4

TINISATIUN Of PULSATING TOR)US

0

The results of Chepter 3 and those reported in ths

11teratur0(49’50’73’73) anply establish the faot that & normel

induction motor is not fit for inverter fed operation, parti-
cularly with large frequeney variation, It has been chown

in Chapter 3 that induction motor with even normal mechine
peramsters at normal frequency develop pulsating torque of quitse
high magnitude of the order of 20 to 25 percant of its full
load torque. This figure ic still highor for low frequency

operation and aggravete further with low leskapge reactance

valuas giving a8 high as 50 percent pulsating: torques. These

torques pose a ssrious probler singe aventuolly :ay lerge torque

puleation will lead to high speed pulsations under steady stete

condition,
Computed torpue pulsations obiained for large nunber of

sots of system parareters confirm that the design coneidere-

tiong for an induction motor mesnt for variable frequency

operation have to be differeit then those for fixed frequency
‘ |

operation.

It is endeavoured here to develop a sultable optimisation

teohnique to minimise the pulseting torqus. fhe objective

funoction (peak pulsating torque ) is developed in the rotating

multireforence frumes to &6
variablas,

¢t simpler relation as funection of
Algorithm suitable for

dependent phase current
Optimisation §£8 ocrried ocut

digital computation is disoussed.

114
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With realistic design constraints and with relaxed constraints

on nachine perasreters. Torque minimisation is cerried out
for the following two conditions.

(1) Iinking leekege reactance with magnetising resctance.
(14) Delinking leakage from magnetising reaotance .

Optimal machine paraneters are arrived at and complete perfor-
rence indices of the machine with optimal mechine paramaters
ere roported using the near exact model of Chapter 1; end the

recults comp:red with mechine's psrformance with norrel

persneters. Sultable desi m recommendations have baen formulated

to translete the optimal set of wachine parsucters into

Practica,

4.1 FORKULALION OF THS PlOSLSMS

(a) stztem:nt of the Problems

Pulpeting torque is a very complex and nonlincer function

of machine end filter peremeters, operating fraquency, load,

end quality end megnitude of inverter input voltoge. It meene

eny technique used for optimisation will yield rany optiral
eets of nachine paraneters each valid for the given losd and
then to recommend a single set of optimal

operating frequency.
will be an impossible task,

mgchine parametexs out of meny

This is overcome by optimising the pulsating torque &t FULL

set 8o obt ained. Admit todly

104D OHLY, end adopting the optimal
the torque pulsaetions need not be rinimum at all loeds like

at full load, but cortainly thesa will reduce at =1l loeds,
|
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the only difference being the smount of reduction may be
different for dirfferent loads, the maximurm reduction bein r gt
full loed. This ascumption is quite fair and valid, os any
drive 1s axpected to run et its full loed for its maximum

tima of operation.

The torque pulsations are also frequenoy dependent and
perticularly at low frequencies they are quite severs. It is
¢lear from the results of Chapter 3, that with constemt load

torgquae the fraquency at which the maximum torque puleations

oceur is decided by the machine parareters., It 18 proposed

here to carry out a simulteneous sesrch for rmaximum pulsating
torque with respeet to the fragueney along with a seerch for

the minimum pulssting torque with respect to the machine

perameters. Thus it becomes a MINwMAX search. It is envisaged

that optiwal set of machine parsmeters obteined through minemax
search will yield minimum pulsating torque at full loed &t any
opersting frequency end considerably reduced pulpations at

other lomde. The minimisation of tho pulsating torgue is done

with respect to the following independent veriebless

(1) Stator resistance
(1) Rotor rasistance

(111) lesksge inductsanae
cra varied similtensously by same amount.

pgsumed to b8 equel for stetor and

rotor and both
(iv) Magnetising inductance.
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(v) Lultireforenge Frumesi

lost of the optimisation techniques(4) essantislly

Gerand that the objocotive function be expressed as en axplicit

function of its independent varisbles, 4As statad eexlier, the

objective function undor consideration is a hi rhly corplex

function of ite machine perarsters and it 18 a next to impossible

tesk even with simplcst model of the mcohins, to develop an
expreasion exclusively in terms of nachine parameters dus to

rulti nonlinear secondi order differential machine terminsl

eéquations., Usin; a simple and approximate mathamaticel model

of Krause(37J it is possible to develop an expression for

pulsetin: torque as function of phase currents the dependent

veriables, Lven with this nathenaticel model, to Jet an

explicit objective function is not possible due to the perioedic

nature of pulsations. Its peak occurcunce in terus of phase

znd magnitude is very much govarned by rachine paraveters the

independent variables, which are non-expressible due to

trignometric product terms, Due to the very severe constraints

of the highly complex, rezl life physical syston a8 out lined

cbove, one is lsft with no other cholice but to adept an impliecit
type of objective function, This can best b obtained throush

multireference tramas(37).

reference frage rotating

fhe major wdvantage in rulti
antal or of hishsr harronies

et eynohronous spced of the fundar
i8 that the voltage and current verisbles including mmfs
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reduce to d.c. values and machine tarninal eguations ere simple

algabric in nature which can rsadily be solved.

The method

of rmltiraference frames transformation sssumes thoe exeitation

voltages end currents coupossd of fundamental and other harronics

thus allowing suparposition,
transforred to synchronously rotatin: reference frams and

bermonic variesles to the corresponding freanes rotating at

bhersonic synchronous speads.

direction of their respective fields.

The fundamental variablee are

‘hose refercouce freomes follow the

From fig. 4.1, the

Park's transrormation(37) for the kth hsrmonic can be written ast

Stator
qs
(2], =k «
o)
Rotor
qr
5, -f
0

Cosd

Sind

[

Cos{p -'§3>

sin(p -‘53)

b®
Coas(d + gs;
san(s 4-63)

p |
2

(4.1)

(4.2)
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! TRANSFORMATION.
FIG.4.1 PARKS
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vhere
2= § -0
8 = kwt (4.3)
e = ku&t
K order of harmonica (k = 1, =5, 7,=11,13)
The corhbinaed transformation mutrix for stator and rotor iss
Ic3
[’P ]k [0'] i
Ply
e —_—

‘he machine terminal voltege is assumed to be of fixed neture
heving stepped waveform (fig. 3.2) end independent of loed

current. Hesolving the voltare of fig. 3.2 in to ite fourier

components (66) wae get,

-‘-ﬁ(axn Wyt +-5 sin 5wt +-}31n Tw,t +

-]-{ sin 11w b +-}-3- S0 13w, 4 eees ) (4.5a)

28
v; = -?g { Sin(wot - 29) 035- Sin(swot + %ﬂ) ¥

% sin(7uyt = §%) + 4q stn(11wt + 25 +

-}, sin(13w,t - %l‘ J & wsw ) (4.5b)

E.Bﬂ(s:l.n(wt +3£)+§Sin(5wt_!§)+
1}Sin(7wt +§-5)+-ﬁ- sin(1iw t - 3’)*

-b sin(13w,t + 31') # oue) (4.5¢)
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The voltaze in the kth harwonic rsference frame cean be written
eina X571

_ K =

8" [~

vqk ':k
B G [¢]

v c
a [

Vok Yok
Kl

v qk = 0

ax * %J?Vu

where mG is explituds of kth harronie phase voltage.

Similarly, the phase impedance [zr;b.x';b] (appendix I4)
cen be transformed to get new impsdance matrix [.zq;o.q:o]k

in the kth reference frere using the following relatiom,

[zq;o.q:ojk = (03" Jk E;r;b,r;b] [Gg‘jr (4.7)

expending, simplifying end ommitting tha zero seguence

terms in the above relation we gat -
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q° a® . o

.® 'a1 +Lp kw L, Mp kw1 .

b8 - d: =KWy by Ry+Lyp =kw, i Mp |

| M (kwy=w, )M Ry+L,p (kw -w,, )L,
AR ~(iongew, Iy By 4Ty

(4.8)

(e) Objective runctions

Formuletin of the implicit form of the objoetive

function in terrs of machine'’s phase currents ie cerried out

as follown, Pirstly, the harronic and fundamsntal currents

ere determined in their respective rotatin: roferenee frames
end then the currenis 8o obtained are transforned to a conmon

staetionary referonce frame. The expression for pulseting

torque cen then be written in terme of stetionary freme
currents. oince the varlables both the fundementzl end
harmonics in their respeotive multirefarence fromes are reduced
to d.c. velues under steady state operation, all Operétional
torms in the impedance ratrix [zqg' q:] g can therefore be
fignored, thus giving the following set of algaebric equationa(37)

(a1l veriables in per unit system),
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wheroiu = %“

Solving for currents wo goet =

K
1:k = (‘iF ) ';k + ( i;) 3y

, [Rolumtsn)?ofi] ¢ xOu-tedip 3
vy (B ) = M
(k10 )W Ty [ W%y ¢ (k=148)Rs X, |
- (k=148 )Wk, [n,aza(b-iu)-’ @ - x,%,)]

N (kw—'a )Iu 0 - (k.w-wa )12 R2

(4.10)

(4.11)

(4.12)

(4.13)

(4.14a)

(4.140b)
(4.14¢c)

(4.144)
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The current variables in rotatiny multireferonee fremes dq

[a,n.‘, + k(k=1+8)w" ('iﬁ - x1x2)]2

+[k32u11 + (kp1n)ﬂ1vxz:|2
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(4.14e)

are transformed to statlonary reference(”) ap freme (£ig.4.2)

givings
l: = n-f.?,ﬂ ( “gn Cosnw t + "gn Sin yw t)
+ n-;,ﬂ ( 1gn008 nw,t ~ 1gn31n nw,t)
1; a m::’?’ﬂ ( 13,Co8 ne t ~ 1;n sin nw t)
+ 0-51:.11 ( 1; Cos nw,t + tzn 8in nw,t)
1: = - f:7.13 ( :l.;n(:os nw,t + ‘:n Sin nwyt)
+ n.g.'" ( ":n Cos nw,t = 1:n sin nwyt)
o= 2 ( 45 Cos nwyt = iz, 318 Bvpt)
¢ 2 ( ":n cos nwyt + ":n 8in nwyt)

n=5,11

(4.152)

(4.15b)

(4. 163)

(4.16b)
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And the expression for inatentaneous torque Ta in terms of

currant veriables of stationary frasme iss

T, = g- u % (1247 5 - 1:1;)

From equations (4.15),(4.16) end (4.17) weo got =
r 8
g5 % [f (475 tag = ta3 L5 )]
N gx..f[..m 6wt (1], 1’ + 1'1 1q5- b g

B r 8 r

8 r - r 8
105 1549 * 1g7 Y41 *+ g7 1 a1 = 135 4a11
e ,r "
= 1q11 1q5 - 1d13 id? iq13 q7 ®

1

l'

' b 3

8 ,r »

r B8 r (4] g r
- 18470 = 1949 145+ Lang Igs * 1q7 tat

o ® R L
- 187 1%, + 1044 145 = tanr Yq5 7 13 Ta7

12€

(4.17)

(4.18)

(4.19)
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I = X [:Si e
e12 % Xy 5 | stn 12wt (17, 15, + 101 4391~ 1313 444

q13 1 a7 tas = q? 1q5 * 1dS 167" iq5 iq?
8 (& _ 48 .Tr B .r
8 r - 8 r r 0

P 8 _ 4T 48 _ T 48
+ 1593159 - Y7 %5 ¢ 137 195 = 35 La7 *

r 8 ) X [} r
135 Lq7 * Tq11 a1 ~ tan g0 * 1q13 a1

(4.20)

The OBJECTIVE FULCTION (0BJICT) is defined as the pulsating

expresged as percentoge of corresponding averege torgue

tarque
The Justification

rather them thet of compon bese torque valus.
e objective function i thet 1t gives

of this definition of th
pening inside the mechlne

better ineight to the physical hap

vis a vis torgue pulsations.

Tp(pesk) y x 100 (4.21)

avg

(a) _gagggg;azg_gn_;nﬂenegdﬂai_.nzxnnlsz
1(e)

The independent veriables a8 listed in ssotion 4.

OBJECT = (
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Just cannot essume any veluee since very hi th or very low
values are not physicolly realisabls. Thus the probler of
optimisation of torqua is not that of unconstrained neture

but it is with finite upper end lowsr constraints on the

independent variabvles. The results given in Chapter 3 for

lerge number of sats of machine parcretors obitained through

& more cooprehensive and exact model of the system con gorve

es g useful guidance in arriving st a realiatic decision
ebout the upper and lower constraints of the independent veriables,

Any decision to fix up these limits must be in fully conformity

with the effects of these perapeters on tha other perfornance

indices which sre in no way of lesser significance, For

instance, pulsating torques minimisation with a set of machine
parameters laading to poor efficiency and poor power factor

cannot be accepted as a sound and viable proposition.

The upper and lower extremes of the independent vsriables

zre decided on the following two criteria. #irstly, the values

of the conesrnad paraneters should be obtainable keeping in

view uoual design practices without involving &y rajor

deesign modifications. Speelel materlals gnd eztroordinery
processes required if any to schieva the targeted pareroters
gt of the product beyond econow

will certainly push up the 00
Sacondly, the three indices of the'goodnesn'

tical throeshold.

of the mackine vig, effieiency,
pt in mind and imposition of eny

ns of them may ultimately lead to

power fauotor end the speed

regulation should be ke

exgonuive penelity on eny O
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Wneoceptebility of the drive by the customer, aven the motor
ay be with considerably reduced torque pulsationa, Increasinz
of stator resistance or loskege reactance, for inptence, will
bring down the effioiency end powsr faotor %0 an uneconomical
lavel, yet these hish veluuws are daosirable to curdb torque
Pulsetions, aseaeping iun view the abova discussion, it may de
concluded that the upper and lower limits on ths r:ochine
perameters o8 evolved in section 3.3(a) and given in table 3.1

Cen sorve ap constrailnts on the veriablaes.

The opticisation of the torque function is elso carried out

with relaxed constreints, just to sce the further improvement

(1f any) in the torgque function. These relaxed conetraints

heve no bearing with their raespaativo physical reclisation

end the exercise is just of scedenie interest. The following

relaxed constraints giveu in table 4.1 are adapted for

cor.putation.

fable 4.1 Raelexed constraints.

Variable R, R, Xpg = Xyp X, w
Lowsr 0.0 0.0 0.0 . 0.0 0.05
Conatraint
Upper 0.5 0.5 0.5 10.0 1.0

Constraint




120

4.2 OPTIMISATION T2CHNI I3

The objective function (pesk pulsating torque) being
tn implicit funotion of dependent variables, it is olmost
impossible to compute derivatives enalytically or nurericelly.
The grodient orxr the conjugate gredient techniques though
powerful tools, ere ruled out for this case. The other class
of optimisation techniques fzll under direct seareh rethods.

Thare are nany well known teochuiques fellingy under sequenticl

direct saarch nethods. The sarliest oneg are of Dichotomous(ee),

Fihonacc1(88’35) and Golden(63'87) saction search techniques,

A1l these mathods are epplicavle for only single veriable

funotions. A heuristic, n-dimensions method, celled pattern

aearch(4) based on intulitive exploratory ssurch though simple

but uncertzin as it nay get ‘'stuck' anywhere. 7The random ae?rch '
40,76

method('s) is offective only for discrete variablee. Rosenbrock

uses g set of n rmtually orthogonal directions in eech cycle

of exploratory roves, the method by wa911(67) seerches in
n conjugete direetions and the method by Swann(a') is

somewhere betwesn the precedin.: two methods in the complexitiss

of each stratezies. Powell's method is beat for smell pumber

of veriables ( n £ 4) and for quadratic objective function

glving a fast rate of convergenco. 3ut both Powell's and

Swann's mathode ere appucab].ﬂ t0 unconﬂtrainad variablex onlyn

The direct search mothod glven by itosenbrock and named
es HILL CLIUB uzTuon(40) 48 adopted for tho problom under
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conslderation a8 MIh=bAX technique. =This method though not es
powerful es Fowell's method but can find the mexims/minima of
e multiveriable nonlincar function subjeet to linecr/nonlin-er
inequslity constraints. The uppor and lower constr:inte can
elther be constunts or funct .on of tha independent veriables,
ihe procedure aBsunes a unimodal function, therefore sgveral
sets of starting values for the independent varigblee cre to

be used particularly for the pulsating torque function which

ie of unknown naeture. The extengive results obtazined from

the earlier model (Chapter 1) can fort a good guide to decide

the best estarting point.
“he objective functiom is uinimised with rcspect to four
rachine peraneters, namely stator raslstance, rotor resistence,

mognetising inductance and lsakage inductance; forming the

firat four variables in the sbove order, and mcximised

with respect to operating froquency the fifth verieble. First,

the sasrch is carried out parallel to the axis of the veriables

by glving predetermined step size S‘. If the function improves

the search is continued in the same direction with incraased

stap size otheorwipe the direction of gesrch i roversed end

stop sige ig hplved. The improvement in the funetion is
decided ez followst

(i) Ist pb be the current bast objective function valus

for a point where the constraints are gatisfied, and

P*» be the current best objective function value for a
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point where the constraints are setisfied and in addition
the boundary zones (Defined below) are not voilated, F, and

F* gre initially sst equal to the objective function velue
et the starting point,
(14) ‘©be objective function is terned as 'improved' under

following two comditions.

1. If function F aveluated with increment in eny one of

the Lirst four varisbles ls less than tha ourrent bhest
function Fo end constraints not violated,

2.4 If function P evaluated with increvent ia the fifth

variable ios more than the currant best function Fo

end construints not violated.

Bound ary Zones If the current point lies within a boundery

zone defined apt

Lowar zone G, SX £ E“g + (Hg - Gx)1°.4]

Uppexr zone o2 X 2 [ux - (HK - G‘)‘IO.‘]

( K= 1.2.0-.,R)

the objective fwiction is nodified as followa$

2 3
- (B - P (Sh=4X ¢ 227)

Bew = To1d

where

G + (A - 0,107 - X (4.220)
(i3, - a 1104

A =

(Lower zone)
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(4.22%)

s [ - Gy = 010
(Upper Zcme?\ (i, - G‘()10..4

At the inner edge of the boundary zone when A= 0 the function

is unaltered i.e. Eow © Fold' At the constragints = 1,

end me = F#, Thus the function value is replaced by the bost
current funetion vaolue in the feesible region andnot in a

bound ary gone. For a function which improves as the constraint

i® appronched the wmodified function has an optitum in the
bound ery zone.
If an improvement within the meaning of 1i(1) and 11(2)

are obtained without violating the boundary zones or constreints,
then P* is sot equal to F,.

/xis itotation The process is coutinucd till the function
feils to improve for all the variablee, The axes are then

rotated by tke following equetions. lach rotation of the

exes 18 termed ap gtapa.

k)
(ke1) _ 1,3 (4.23)
g A 70
lz‘: (ka) X
1my  10d
whore =
(k K
o *f.)

1 k+1)
= 1%9:{1) &()1':3 .L; ) (4.24)
1=1

(J = 2,3...-.“)
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) o 3 %) ix)
od R B (4.25)

HK higher limit of Kth variable
Gy lowsr limit of Kth variable

b § variable index = 1,2,3,,..N

J direction index = 1,2,3...%

k stage index

dl sum of distances roved in the direetion cince

last rotation of axes.
direction vector component (nornalised)

a number of independent variables

X independent vuriable,
Ike soarch is nade in each of the X directions using the new

coorxdinated axes.
New xi“’ « 01d 11“‘) + sgk) "‘1“.‘3) (4.26)

The procedure terminates whan the convergence criterion is

Bgtisfied.,

4:3  PROGRAN D2SCRIPIIJN

The program congists of a mein progrom GARG2 end four
user supplied function subprograms as given below, All input-

output are exscuted in the vain program.

SUBROUTING ATKA specifies objective function based on the
This finde the

multirefersnce frame nodel of section 4.1(b).
eritical funderental voltage V (equation (3.1)), elip, phase
currentes and the currcent vulie of pulsating torque from the
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Velues of independent varisbles transferred fror. the nain

program,
FULCTION Cx specifies the variable to be constrained,
FUNCIIOL CG specifies lower limite of constraints,

FUKCTIOL CH specifies highor iimite of constroints,

The flow disgram for the complats program is given in fig. 4.3.

4.4 OPTIIAL MACHIL 3 PACANSTERSS
NIN-KAX a8 out lined in section 4.2 and 4.3 is cearried

out under the following four conditionss

(1) ith design constraints (table 3.1) and leakage reacteance
linked with megnetising resctance as ;ziven by ejquation (3.7).

with relaxed constraints (table 4.1) and leaknge raczctance

(11)
linked with magnetising reactcnce as given by equation (3.7).
(114) with design constraints (teble 3.1) and lockage reactance

delinked from ragnetising reactancae,
(iv) vith relaxed constraints (table 4.1) and leckege reac-

tenece dalinked from magnetising reactance.
The peme stertin; point values and step sizes (table 4.2)

&re uged oach tims for the above conditions.

Table 4.2 Starting Point and Step Sizes.

b
R, R, >.O% s - Xy )
Start - L0693 0.025 - 3.564 0.1
0.1 0,02

Startin; 0,01 0,01 0,001

Btep size
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The four psete of optimal maci.ine parcmeters along with othor
relevent information a.g., number of eveluationsg, function value
cte, are listed in table 4.3, The first set of mectine perg=
rcters of table 4.3 es discusced in the next scction (4.5)

is establisked as 'Feasible Optimal i‘echine Paroreters'. The
torque pulsations and other porformance characteristice are

corputed with the faosible optimal set st different frequenciess

usinz the near exact model developed in Chapter 1. Thase

results alongwith those obtained with normal parareters are

given in teble 4.4, Comparison of these reesults chow that

torque pulsations with optirel peraneters zre significently

reduced over the whole frequoncy renge of operation. Power

feetor end efficiaency, however, are slightly reduced. This

reduction is 6 to 7 percent at low frequencies and only 2 to

3 percent at 50 Hz. Thus the necessity of cerrying out MIh-MAX

optimisation is fully established,

From table 4.4, it mey be seen that the worst torque

pulsaztion 18 16.2 at 10 Hzjy which is 3.4 parcent more thaen

that predictad by bill=iAX progrum, Thie difference in result

i8 natural since the LIl-MAX model is an idealised orne based

on ideal volta @ waveform.

4.5 DESIGI RI0OMN . 53

looking at table 4.3, ons thing is obvious thet alrost

£ll the machine paraneters need to be increased to reduce

torque pulsations under &ny condition. The bast function velue

(text continues on page 140)
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is achieved under condition (iv) with only about 5 percent
worst torque puls:tions giving a reduction of 72.5 percent. But
to inerease the magnetising inductance to 3.2 por unit about
260 percent of its normc:l volue, is almost en impossible task,
Yhis necessiteates an increase of about 62 pareent in phase

turns; and these additional turns certsinly cannot be eccommo=

deted without crenging the size of machine. Since the condition

(iv) lesds to unrealisable propeeition fror: designer's point
of view, therefore it is dropped.

The second best function velue of 7.3 percent torque puls-

ationgs 18 obtained with relaxed constraints undor condition (ii).

In this gat, the magnetising inductance of 8.0 per unit is

quite comparable to that of condition (iv), In addition to

1t, stator and rotor reasilstences and leakage inductcuce are

increased manifolds, which will deteriorate appreciebly the

perforrance of the drive. Thus this set too can easily be

ruled out.

The third best function value of 12.& percent torgue puls-
ation is obtalnablae with practical design constreinte under

condition (i). Here the magnetisiny inductance 1O ebout 44 percent
wore then its normal valus and the stator resistance and leekage

to ba incrcesed by 12 parcent and 14 percent res-

inductance are
By provi-

at all difficult to roalise,
urns, not only the requicite volue
his will increase the

peoctively which are not

ding extra 19 percent phase t
of the msgnetising inductance is achieved but t



141

lezkage flux zlso in the existing leakage paths, For higher
rotor resistence, Alnico bars may be used. The legkage induc-
tance can further be incrasased by having lonzer overhangs
end/or by havinz deepcr rotor slote. Thus ths optiral machine
parameter set under condition (i) is feasible reducing the
worst torque pulsation occuring at about 7 Hz from 40 perecent

to 12.8 percent ziving a reduction of nearly 70 percent. The

88t under condition (111i) is not considered as the worst
torque pulsation is highest in this case,

Thus the velues of parameters under condition (i) of

teble 4.3 are aestablished as the 'Feosible Jptimal lachine

Pareceters’,
On the basis of the atove discussions, the gencral
design recormendations for variable frequency induction motors

of medium sizes m:ant for constant torque operection may be

mede a8 follows:

(i) %he rotore should be of Alnico to get about 15 to 20

percent extra rotor resistance fron the same crosp-section

of the rotor bara.

(i) The stetor slots should be deeper, 0 acecormodete about
20 percent extra phase turns. For fuller utilisation
of the uotor freme and to kesp the flux density at the
original level, the voltage reting of the machine at
1 fregquency cen ba increased by noerly the same

norma
Thic will help in either reducing the

fagtor of 20 percent.
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8ize of phase conductor or overratin: the .gohine, thus

off setting partly the additionel cost due to extra
phasse turns,

(11i) The deeper slots and 20 percent extra phase turns will
incroase the leakoge inductancs sBufficiently, but to meet
an increase of avout 50 percent of normal leakege induc-
tance, the overhangs nay need to be increased slighbtly.

This of course will incraeese the 8lze of motor snd cost too,

(iv) Ko edditional stator resistance needs to be inserted,
eince the increase of 12 percent in resistance cen eagsily

be met by axtra 20 psrcent phase turns of step (11).

Though the above design recoumandations reduce the offi-

clency and power foetor to the extent of 3 to 5 porcent, but

tlese ore justified es the new recoxrendad machine paremeters

will reduce the pulsecting torque considerably.

4,6 RISUNsy
A set of feasible optimal machine paranaeters ie obtsined

using RIll-MAX search within feasible design constraints on

the independent veriables., The methematical uodel used for

the optimisation of torque pulsations, give the resulis

which are iully in conformity with the results predicted by

noer axaect nodel of Chepter 1.
optinal rachine parareters confirn that the

The feusible
g for a vaeriable frequency opexretion of

design consideration
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induction motor are far more diiferent than thosoe of
normal fixed frequency induction motor. Though the
performance is deteriorated a little from the economical
points of viow but a rotor with hizh leakage inductence,

high stator and rotor resigtonce is praferabls to have

miniman puleeting torque.



CHAPT 3t §
S4AIILIIY AvD OYhauslC RES20HS.::
It has besn shown by Fellside end wbrtley(ao), that the

variable frequency induction motor msy bacoms unetable at

certuin operatin:: freguencios even with sinusoidal excitetion

i1f the mechine paremeters are not properly sslscted. It

hes emply baeen estavlished in the earli:r chapters that tha
nonsinueoidal excitation of the bridge invertar lesde to a

continuocus eteady state torjue oscillations of congiderable

Te.onitude in induction motor. These oscillations cre due to

imporfect systan peraneters; whorein sone casas the point of

operation evon crosses over the break down torgue of the

rotor, leading to the instability of the drive(43), Almoat

similexr resulis are obtainad by Nelson(so). He carries out

stubility study over syumetrical variable frequency induction
rotor by couputing the characteriotic roote or eigen valuss
of the linearised systes diffarential equetions. Regions of
lightly desped operation ere identified and effects of

verious machine paremotors over stebility have becn considered.

the algebrie aquatious giving necessary and safficiert
conditions for stability have been forrculated by ¥Falleide.
to use these published results to

It 48 intended bhere,
optimal mschine paremeters

teat the drive with recommended
for instability at any frequenoy,

obtained in Chapter 4,
ne finality of optiral meohine paraneters.

establishing theraby

144
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The other aspect dealt in this chapter ic the dynantc
rasponge of the inverter fed drive, to establish the usefulness
of the model developsd in Chapter 1, for dynamic resronse and
for simulation of any fault conditionB(BSJ. The trensient
phase currents, speed, and torque values are computed for

load of the rachine at few selected frequencies, Trese results

ere presented both for a nechine with norrel parareters and

a machine with recommended optimal parametsrs,
5.1 SPABILITY TS50

(a) perturbation iguetionss

A8 is well known, the generalised equations of en

induction motor are nonlincar, but useful iaformetion about

steady stete stability can be obtained by linesarising the
equeations about an operating point and iuvestigeting the
stability of the resulting linear perturbation equations. For
the given pachine the steady state point is defined by supply
voltaoge vgo, the operating angular frequeney w, and the slip

8y« The following simplifying assumptions arc made:

(1) Iuverter waveform is approximated to its fundsmental value.

(11) All eigen valuew era daternined for constant slip.
¢ rafarencee

Bquations described in Bynchronoualy rotating
freme are used for deternining stability with fundemental
excitation only(75). For the filter circud® (£igs 5.1), the
following relations can be written.
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/A v X p+ Bp) I (5.1)
- b |
Vi =5 %op (g = Iy) (5.2)

where

Zquation (4.8) developad earlier can directly be usped
substituting k = 1 for fundemental excitations giving the

following relation.

(48 |
5 s T 8
Va, " [?qd,qd 1] (5.3)
o | 1q1
r
Equating the power expressed in d.c. and a.C. varigbles
wa got -«
- 8 .8 s .8

Giving a small perturbation in all volteges, ourrents and

speed sbout a steady atote veluss indicated by subserint

'o!, wo get ~

Vi - Vio + 5?1

sd = sdo & 6%0
(5.5)
IR P IRO + bla




X LF i
¥ .r ! .
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FIG.5-1 EILTER CIRCUIT
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1:1 = 1;'0 + u;'

1§1 . 135 . 613 (5.5)
W, = oo * éwu

751 = v;o + 6':

Using equations (5.3),(5.5) and (4.9) the steady state and

the perturbation equations can be written asi

Steedy siote equationps The stesdy state equations can be

got dirsctly from equetion (4.3) by making the following

substitutions.

k T |

"2 ®* "ro
8 (506)
‘Vq1 = 0

8 8
Y31. = Vao
fexrturhation ggugtionsi
T4 wk, 0
(‘O'J 31 «x’p Wx.' 'zﬂ M
& wi p )
dE

-wx1 R1+wx1p+zr(p) -dig
: - 8 r
0 [wiyp w8 Xy Ry+wipp  wByfp ~%d 40~ *21do
19 4 xaF
0 ||-wagk, WP —wngly  Rpwukp Fylge* %2 )
e il
(] ) > o 5
[617 615 615 Oa wRJm

(5.7)
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Ihe perturbatin eéquations for rectifier invertor sre;

Ba0 = VY40 (5.8)

63y = 6V, + (-E; Xrp + Rp) oI, (5.9)

vy = £ v, (5.10)
&V, = ;'2 Xop (6Ip = 61,) (5.11)
1,8, = 2 e B (5.12)
I, Vi + 6V, I, = 2 (V, 813 + 6v,12 ) (5.13)
- M g 130 (5.14)

6I; = ‘3‘513 (5.15)

ibrough proper manipulations of equations (5.8) to (5.15)

v: can be written as:

85y = 013 (2 B x5+ 2y
5vg . (5.16)
55[} +-=:x;} (‘&; xLI *:&Fﬂ

ihe squation (5.16) is unmansgable for any couputational
The precence of sgcond ordar derivative in the

purposes,
Sinca the filter having

denominator, makes it nonlinear.
high value of X,, are preferrad (Appendix IV), the second

term in the denominator of equation'(5.16) can be easily

neglected. Thus we got.-
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B _ & 8 ’
3 s OBy = bhy Zp(p) (5.47)
whare Zg(p) = ?‘5 (Rp + %= 1z ) (5.18)
Torque gquation in synchronously rotating: frame for funderental
excitation 15(4’)3
A 8 T 8 ,r
2, =%y (gq 21 = 159 ) (5.13)
where ‘2
I, = 5%
writing
T, = P ¥ 6T (5.20)
substituting for currents frou equation (5.5) wo gat =
- 8 ,r B 4T
Loa * *n ( 1qo 130 = a0 140 ) (5.21)
8 ¥ r
5T, = Xy (1q° 614 + b1 1i0?
o r .2
- (ido 6y + b61; :lqo) (5.22)
The torque balance equation neglecting the frioctionsal
coafficiant « (eguation (158) )8
dw
o m Ty =T (5.23)
o ¢ “. 8@
(5.24)

whare TL F Tm + 6TL
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Substitutinrg equations (5.13) and (5.24) in (5.23) we pgot -

T = TID

20

Ip(bwy) = &I - 6T,

(5.25)

(5.26)

Combining equetion (5.26) with (5.7), the complete pertur-

bation (Mue:rised il.crenental differantial ralations)

equation for the syctern can be written asi

0
£i i
=03
0

0

6T

The ahove system equa

-WB oim

-« P
Lidao

wX -Yup wX,,

R, +wx1p+zr(p ) -W-fu WIMD
“Bo-zm Ry+wk,p  wB X,
wXy,p ~ws X,  Ry+wiyp

- X Y ¢B 3
"‘(}ﬁ"qo ~Xddo iqo Iy

tion cen be rewritten asit

o 8 r
~Litao%otg0

X100 %1,

aJ

(5.27)
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S [61] = [A][81] + [B][8€) (5.28)

end in an open loop eystem where [&€] = 0, its stability
cen bs determined from the eigen values )\ of the 5§ x 5

matrix(4A} 1.c. frov the roots of the charactoristic equationg

Jat | A-7AI | = O (5.23)

(b) Stebility Criterions

Routh-Hurwitz oriterion‘?2? 1s applied to squetion

(5.23) for stebility test. The charscteristic equation in

the polynomial form is8 -

>\5 +A>?+B>'3 +C>‘2+D/\+E=O (5.30)

On applying Houth-Hurwitz criterion to equation (5.30), system
1s found to be stable when all 7, to 25 a8 definod below

ere positive,

7; = A

22 = AB-C
'z, = ¢ = A(aAD-B) / (aB8-C) (5.31)
34

(AB - ¢) (CD = £B) - (AD - E)a

Z5-E
the motor with normal snd with

The stability spectrums of
frequency renze of 1 He to 200 He

optimael pararetars govering &
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ere given 11 table 5.1

Table 5.1 Stebility Spectrum.

Frequencies, at which the wmotor is ULSTAB3LS

Load
(Per Unit)
with optimal peremeters with normal perameters

0.3 1 to 12 1 to 14
0.6 1 to & 1 to 14
0.9 1 to 10 1 to 10
1.2 {1 t0 8 1 t0 10
1.5 1 to 16 1 to 22
(Full load)

1.8 1 to 16 1 to 22
2.1 1 to 16 1 to 22

5«2 DY akIC RuSPONSEE

The objective of this section 1is %o look for any
of the machine

rosaible sdverse aeffects on starting transients
its tran-

compare
with recormendaed optiral paravaters and mp £36)
r normal paraene ters. While

8ient performonce with that unde
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80ing through this exercibe, it is aleo intended to establish

the usefulness of the Lathansaticel model, daveloped in
Chepter 1, for the dynarical anslysis of the systemn,

(a) Computer Alsoritinc:
Using equotions (1.43) and (1.58), a main line progran:

'"GARGT1' has been developed. This progran usas the subroutines

0f earlier progrem 'GARG'. The computational gsaquence is

outlined in the flowgraph (fig. 5.2).

(b) Computed lesults and Courgntss

LThe full load switcihiing transient phase currents,

torque end epeed are computed for the tsst motor (specificetione
éiven in aprendix VI), at three sslected frequencies (10,25

énd 50 Hz) both with noriiel and recommended optimel rechine

The frictional loos coefficient « {equetion

Pararetsrs.
Figs. 5.3 to 5.14 deal

(1.58) ) veing swmell is neglacted.
with the treneient charccteristies a.z. phase current,

torque and speed as well as torque-speed both for norral and

Optimel peraretors.

These results oan be summarised as follows:
ues obteined

(1) ihe values of steady state pulsating torq
£ the

through dynexiec solution aptablish the validity o
essumption of consetznt spoed solution of Chepter 3.

(table 5.2).
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iable 5,2 Comperison of dynamie and constant spead solution

torqus values.

Frequeno idachine with Normesl Kachine with opti
% 4 parareters parameterap .
Const.speed Jynomic gpirror Cometant Jynemic @
solution spead solution Zrror
10 Hz 23.5 30,8  ~4.4 16,2 18.7 =~ 15.4
25 Hz 18.5 20,6  -11.2  10.0 13,2 ~32.0
24.0 L= 3.45 1304 15.1 -1206

50 Hz 20,3

(11) The trensient peek current end peak torque get reduced

substantially in a machine with recommended optimal

paraieters when corpared with their respective transient

velues with normal r.achine paremeters. For exenple,

the current peek with optiral parameters at 10 He in
the transient is reduced froz 1.75 p.u. to 1.25 p.u.

and in steady state frox 0.3 p.u. to 0,76 p.u.
(£ige. 5.3 and 5.4). The similar reductions ere also
noticed at 25 Hz end 50 Hz (f£igs. 5.5 %0 5.8).
However, the reduction in the first torque peak 1s only

merginal at 50 Hz (£ige. 5.7 and 5.8).
apistances in the

(141) Due to higher stator end rotor T
the transients decay foster

optinmal parauetera set,
alp the rotor to settle down to ite stoady

end thus h
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gtate values in lesser time. For instance, at 25 Hg,
the ssttlin: time reduces from 10 cyclas with normal
paraveters to 6 cycles with optimal peraneters (fige.

5.5 and 5.6 ).

(iv) Comparing dynamic torjue-speed charscteristics at 10 Hz
with normal (fig. $.3) and with optimal percreters
(f1g. 5.10) 3 it ie noticed that number of peeke and
valleys raduces8 considerebly and the machine settles

dounn to the steady speed without any significent osci-

llations in the case of optimal parameters. Torque

speed characteristies at 25 Hz (figs. 5.11 and 5.12)
and at 50 Hz (figs. 5.13 and 5.14) also confirm the

above resulta,
Thus it can be concluded, that trensients are leos
gsavere with optinal naciine parameters, a point which goes

gtrongly in favour of its adaptation.

53 RaSUls:

A check is conducted for the possibility of any instability,
et eny operating frequency over a wide rangs of 1 Hz to 200 Hz

ueing douth-Hurwitz criterion, for a rachine with reconmended
ned in Chapter 4. ZThese

optinal weo.ine parsmeters obtal
The mechine with

resulte ere very encoursaging as expected.
stable at almost all the frequsncies.

optimel pareccters becim?
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The dynamic responses both with normal as woll es

optimal Lacliine parcmeters have been computad. The tranasients

ere found to be less saver, the motor needs less settlins time

and torque speed characteristlcs are smoother with optimal
paraueters speclially at low freqiencies,

Thus it can be concluded thet optimal maclhine perameters
end the general design recomsendations of Chapter 4, ylold
not only the cinimum stesdy state torque pulsations, but
en ell round improverent in trensient performance too. By
adopting these design recoumendations, stable region of
operation increases considerably, and thess gaine offeet

the carginal loss inecurred in terms of efficioncy etlc.



I0i, OF THS MATI MATICAL MODSL:

P S IE i TAL VARIFICAT

To establish the validity and corrsctness of the computed
results obtained using the near exsct model developed in

Crhapter 1, the test motor was put to actuul test under variable

voltaze end variable frequency condition. The inverter

used for this purposs was a laboratory model desizmed and

developed recently by Central Zlectronics inginaserirg Research

Institute (Cs2RI), Pileni (Hsjesthan).

6.1  EXPuiltiual S2TUPs

The experimental setup consicted of the followings

(fig. 6.1)

(L) Test Motor
(11) 3 H.P., 250 Volts, 2300 rpm, d.c. shunt generator

for loading the test motor,
(111) iestingz house's torque transducer of 8 £t.1bs capacity.

(iv) 5 KV4, 350 Volts (Line), 420 Volts (d.c.), 12 to 60 Hs,

three phase bridge inverter.

S5ingle phase bridge controlled ractifier.
roctifier and tke

tput of

(v)
(vi) n-filter con:iected betwesn the

| ou
inverter to reduce ripple contents in the

the rectifier.
18 are shown in terms

The rectifier end the inverter contro
6.2 aﬂd 60’0

of functionel blocks in fig.
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ihe exparimaents wero carried out under the following
physical constraints, restrictinz the renge of loading end
range of opereting frequ:ncy.
(1) The thyristor used in the invarter wara of 440 peak
inverse voltage (P1V), restricting the maximum
operating d.c. voltage to 420 volts.

fhe dynamometer (d.c. shunt gZenerator) fails to build

(11)
up substantiel voltage if run below 1700 rpm, thus full
loeding was not possible below 30 Hz operation of the
induection motor.

(111 ) Commutation circuitry of the bridge invertsr worked
satisfactorily only in the frequency reage of 12 to
60 Hz.

6.2  SAP ATENTAL RESULLS:

The expurimental performance char:zoteristlies like
efficiency, powsr factor, slip and input phass ocurrent at

constant full load torgque for frequencies in the renge of
20 to 42 Hz were obtained, The oscillogrephic displeys of
steady state pulsating torgque, phas? current, line voltage

end inverter input current at verious freguencies et quarter
The resulis wr'e

load end full loead were also raecorded.

conpared with the couputed onas.

(a) Zerformancys Chnractorisc;0l=
@ conducted at oconstant full lond

The experiments wer
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output torque of 3.0 ft. 1lb (1.34 P.U.), for froquercies batwsen
30 to 42 Hz. The ratio of phase voltage to froquency was
kept constant. The obs:rvations were racorded for edjusted

inputs. For convenience, these observations are given in

table 6.1,
ine calculated results along with corresponding corputed

results indicsting the pereenteze arcor; are givon in table

6,2, For overall and quick conparison the computed end the

experimental results for all performancs indices hsve been
shown irn graphical forue in fig. 6.4.

Zable 6.1 Ubservations (Full Ioad Torque)

forgua meter gives 0.4 volt/ft.lb.
« Full load torque = 1,34 per unit (nearly 3 ft.lb.)
x w + atator rezigtance lossce +

ﬂévg.

Fotor input = Tav’ g
Iron lossas.,

v ¥ oL Observed Veriables -
F—mpﬂ% T —Spesd I %orque meter
d«Ce sp Qoo reading

oquency phage mogor P
{watts)

30 151.0 42 320 6.5 1700 2.9 1.2
32 162.0 1024 352 6.5 1800 3.0 1.2
35 177.0 1122 385 6.6 1370 3.05 1.21
37 186.,0 1165 403 6.8 2120 3.0 1. 18
40 137.0 1230 430 7.0 2260 5.15 1.20
7.0 2420 J.1 1.22

42 206.0 1370 450
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ifhe experimentul phese current is noticed to be 6 to
10 percent mors thaa the corputed valuses, but tha actuel
power fectors and efficlencies ot verious frequaaciss wure
poorer by 2 to 5 percent (table 6.2). Considering that the
induction motor is coupled wi‘th 3 HePs d.c., machine, for loading
purpoge which is not accowztoﬁ in coumputetioni it cen be seld
thet the computed end the experimantzl resulte sre in quite

close agreenents vith in th2 elloweble experimental error.

(b) pulssting Torgue !grsuraronts:

iaveforme of pulsetin: torques &t difforent loads and
xperimentel volusze of poek

frequencices were recordad.
pulsatin ; torques (half of pesk to pesk value) are corpared

with the correspondivz computed voluss (table 6.3).

Yeble 6,3 1Torque Pulsations
Torque meter - 0.4 volt/ft.lb,

Frag- Load axp. Pack Puls,torque s poak puls. 4 gigf;g;y
HeReY iVoite) Femk velus # puls. ;gﬁggﬁ“"’m' frror  Lo.
(volts) torque
15 0,18 025 140.0 125.0 + 10,7 Fig.6.5
20 0,26 0.34 136.0 113.0 + 12.5 Fig.6+6
25 0. 30 0436 120.0 7.5 + 18.7 Fig.6.7
30 0.30 0.34 112.0  101.0 + 7.8 Fig.6.8
30 1.20 0.38 31.7 20.5 + 35.0 Fi1g.6.9
45 1.20 0.36 30.0 21.0 + 30,0 Figz,6.10
+ 20.0 Pig.6.11

50 1.20 0.32 26 .7 21.4
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&periwentsl value - Computed valuo

Sl Jx 100
“xperimentcl velue

The experimental results claarly establish the
prasence of pulsating torque of basic time paried of‘éth
of the operating frequency, when the induction motor
le fod from nonsinusoidal voltage of the bridge inverter.
ihe amplitude of tnese pulsavione i8 as high as 140 percent
0ol ave ayge torque at 1i:ht load and at low frequencies,
forque pulsations decreasas steeply ee the load is increesed,
giving a8 low as 26,7 percent at 50 Hg at full load. The
values of »ulsating torques obtained frow C.R.0Q. dicplays
follow closaly the computed results, giving errors in the
range of -+ 10 percent to + 18 percent at light 1loed end at

low frequencies, . But, the errors are quite substential

{+ 20 percant to + 35 percent), under full load condition.
Another thin: noticed from the displays of figs. 6.5 to 6.11,

i6 that the peake of the pulsating torgues are not of uniform
This means, the torque signal is baing modulated
iha atterpt to filtar out the nolse

81,nal bein: gencrated by commutator prushes end mechenical
(98), tnrough a filter did

applitude.
by some noise signal.

coupling of the torque transducer

1not sucessd because of ths very closeness of
It saoms that, the

he nolse

fraqueney to that of torque gt gmal.
es ovar the actual pulsating torque

noige signel dominat
The results

signal &% full loud, giving srroneous resultf.
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of torque pulsations at low frequancies, which are in close
ezresment with the corputed onas, fully establish the corrgcte

ness and hence the veclidity of the near exact model.

(c) Phase Oyrpent end Iine Voltpze Waveformss

ihe phase currant waveforms for aeach frequency snd

load a8 given in table 6.3 are shown in fige 6.12 to 6.18,
ihe computed current waveforme at 25 Hz, 0.75 ft. 1b loed

(0335 Poll.) tor{lue and 50 HZ’ 3.0 £t. 1lb. (‘034 p.u.) load

torque are given in figs. 6.22 and 6.23. hen, compered,

the experimental waveforus (fige. 6.14 end 6.18) are found

!

to be in quite agresment with the computed onas.

The computed and the experimental line voltege wave=-
forms as giver in fi:8.6G.1) acd 6.20 respectively, clearly
estublish the earliaer apprshension that the mochine terrcinal
voltsze need not remein of fixed nature at all the loeds,
Figz. 6.21 gives the inverter input current, showing thst the

invertsr's current consists of riprles of 6th order raflactad
from the motor side.

6.3 RiIsUNd:

The limited sxperimental results obtained witkh in
the immediately aval lable
rter, are found to be
euant with the conputed

wany physical eonstrainta of
three phase, 6 step bridge 1uve

encouraging and in quite close agre
ancs indices 1ike efficienoys povwer

ones, <The perforn
1 1ine with thﬂir

current at full load are i

{

factor, 8lip and



‘ 200

v

» 0

o |

o

>

l—zoo
-400

FI16.6.19

LINE

ala 2m/3
——RADIANS

VOLTAGE , AT

182



o
l

Xz
T

183

CURRENT (P.U.) —
o
~

R

J
e
o

|

FIG.g-22 PHASE CURRENT AT 25 HZ AT

SRR e
& o ® O
FRELa

Qe
n
l

ADIANS ——

1
— TH.
4

FULL LOAD.

CURRENT (P . U.) —P
o

! | | [
o © © o
@ o ~ N

-1,0 p——

FIG.g-23 STATOR PHASE

— — RADIANS -»

\/

CURRENT

soHZ, FU

AT
NORMAL PARAMETERS:

LL LOAD WITH






PLATE II

Pig. 6.5 Torque Puloctions 140f
et 15Hz, .45 £t.1b.loed torque

> & 6'6 X 10 medCes Y= 5-0 X 0'1

Fig., 6.6 Torque pulestions 136%

Bl ot 20Kz, 0.65 ft.1b load toraué
gl . - 5.0 x 10 msec., ¥ = 6.8 x0.1

Fi{;. 6-7 Torqu
at 25Hz, 0.75 f¥
X = 4x10 £8OCe»



PLATE  III

Fig. 6.3 forque Prulsetions 31. 79 | ]
@t 30Hz, 3.0 ft.1b.load torque ﬁ-.
£ = 7.0 x5 meec., ¥ = 7.6x0. 1 1 ) T e

g T
YT
LA LA

| '|1 I
i'l."' ".
I |

Fig. 6.10 Torque Pulsctions 30,0y
at 45Hz, 3,0 f£ft.1b loxd torjue
: x (= ‘;.5 x 5 MGCQ, Y-_- 7.2 X 001

Fig, 6.11 Torque Pulsations 26, 7¢
at SOHz, 3.0 ft.lb. loed torqde
X=4x 9meec.,, Y=64F% 0.1

Fig, 6.12 yhage Current at

158z, O 45 ft.1D. locd torquad
5Hz, O.



PLLATE TV

Pig. 6.13 Phase Current et
20Hz, 0.65 ft.1lb. load torjue

Fis. 6,14 Phase Current et
254z, 0,75 ft.1b. load torjue

Fig. 6.15 Phase Current at
30‘“-75’ 0.75 ftolb. load toraue

Fig. 6.16 Phego current at
30Hg, 3.0 ft.1b.load torque



., 6,17 Phase current at

%, 0ft. 1b,load torqueé

Fig. 6.18 Phese current atb
50lizy 30 £5.1

b, loed torque

a Volteg® ot

Fig. 6.20 Lin
b. lownd torque

$Otiz, 3.0 £t-1




COLCLUSIOLSS

With the availability of high power, reliable ang

efficiant frequency converters; it has becoms possible t
o

Lake the induction motor a versatile, wide 8p3ed renge elect

Ticgl drive., The variable frequeney drive has rasulted 1
n

many new proolems relating to the performanca of ar inducti
on

motor. dne such probvlem of irportance ir the applicection

of a rectifi r inverter induction rotor drive ls that of large

speed and torque pulsations speclelly at low frequencies, In

the present work & new nethod logy, for predieting the per-
formance charactaristics of the inverter fed induction motor,
hss baen deve:loped special attention has boan paid {o the

steady otate torque pulsations and their minimisation.

A comprohensive bit simple methaonatical rodel hes been
developed for a inverter fad, variable speed drive systen.,

“hrea axis commutatoxr troneforration is used to esteblish a

link between a.c. and d.c. variablss, The system equations
The

gre forrulated at the d.c. terminals of the inverter.
chanzin > network topology of the system due to the periodie

switching action of the inverter, is aceounted by forrulating
giitable Kron's connection matrix fir oach state. The

modal also duly accounts the effects of filter parereters,

and the thyristor's

ripples preseat in the rectified output,

forward impedances. The syptem equationg are converted into
raotaining the

standcrd first order otate Bpace agquations,
»r voltage oo the ptete variables

phage ourrents and the capacit

185
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for computational easa end simplicity.

she erfects of hizh fraequency harronge excitetions

présent in the inverter output, over the statir an: rotor

reslstances, anl over the verious loesss are congidered., In

particuler, the importance of losses due to ond leekege

flux, high frequency flux pulsations and skew loakege flux

has bgen well demonstrated. The rethode of calculations of

pitray load losses with sinusoidsl excitetions whose cecuracy
heve been well established by earlier researohers; have besn

used to formulate expreesions for such losses with nonsinu-

soldel exeitations,
A systematic study of the effects of machine end filtar

paranaters on steady state toryue pulsations and om other rele-

vant performance ch:racterigtiocs is carried out using the

developed model. The motor ia conslderad &8 constart torque
drive £5r sll fraeguencies less than or @qual to its normal

operating frequency; end constant horse powar drive for
Comwputed results are

freguaneics greater than normal.
reported for large sets of systen pareceters.

It is found, that the lerge values of leakage and

megnoetising inductences, tend to deorease the pulssting

torques apj:reciably, with corresponding marginal decraase

in efficiency end powsr factor values. The large stator
but

resistence also help in dempening the torque pulsstions,
The rotor resistanece 19 proved

at the cost of efficiency.
to be ineffective for torque pulsations. It ig also shown
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kept with in g reamsonable

The

that the pulseting torque can be
velue, by properly 88lacting: the filter capacitor,
affecte of variation of filter inductance are only rarginal.

It apnears that the mathod of analysis presented herein ip

asdequate to predict the ma(;nitudea'l)r pulsating torgues for

eny change in syster. paramaters,

The other aspect of the work is the esarch for an

optimal set of waciine peraweters, giving the minimum

torque pulsetions, A simultaneous scarch for minimisation

with respect to the few pvelected machine parsmsters and for
mexinisation with respect to the fregquency, is carried out

with in the feasible desi,m constraints on the independent

vaeriabhles, Rosanbrock's HILL CLINMB METIIOD has besen used

as NINeMAX tachnique for this purnose,
The feesible Joptl! al macrine parereters coufirxwr, that
the design considerations for a variable frequoncy oparation

of induction motor are far more diff.rent than those of

normel fixed frequency inductlion motor., Though the perfor-

aicae is deteriorated a little frou tiie economic point of

o
view but a motor with optiral parematers is cartainly pre-
The cuiteble

ferably to have ninimum pulsating torque.
lvad to trauslate

gerierel desijgn ragonmendations have baen evo

the optiral peraveters into preactice.
machine perareters,

The mschine with recormended optimal
urwits

has been taBtaed for any instebility using Routheii
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eriterion over e frequency range of 5 to 200 Hzy end 4s
Tound to be stable at almost all the frequencies., 7he
trausient torque, speed and current characteristios with

optivel machine paraceters are corputed and comporod with

those obtalued with nornal machina pararstors. The trensients

are found to be less savers, the motor needs lees settling

time, end torque spsed cheracteristies cre smoothor with

optimel perenaeters., Thus it caen be concluded thot optimal

machine paraneters aund the gensral design recomwnendations,
yield not only the ninimur steady state torque pulsationsg

but en all round improvewent in transient performance too.
The conmputed results with normal machine parereters

et various frequencies are experimentally verified usini a
recently devaloped six step bridge inverter by Centrel
lectronics xngineering Hesearch Institute, Pilani, The
expaerimental resulte are found to be in closa egrestent

with ocorputed onss in general, establishing the correctnass

of the unified mathaec.atical model.
The FURTH:I] WORK, of investization of dynemies of the

; system, with the availacle computer programesj csi lmmediately

be taken up. For exsuple, systen response for a sudden
change in frequsicy, inverter's input voltage or loed torque
needs to bs probed further. 40 £ind the dagres of severity
of transients undsr aifferent fault conditions, or due to the
nutation or triggering circuitsg

-

pertiel feilure of the COK
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is enothor crea whare the present metherctical model can
be usefully employed. This information may prove to bde

vary -usaful for the desl;n of protective circuitry of

thyriestors. The 8tability studies of the closad loop syster _,

by incormorating speed monitored triggering circultry,

i8 the proposad extension of tho present work.
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APPsOIX II

It UsIT VALUSS Uliogit VARIAILS PRIJA.CY Op 3 (ATTON s

| — dape Voltage
I, 58 3ase Current
Py cna Base Fower
Vool Actual Voltage and Current
L Operatin.; Frequency
Yo Actual Spead of Rotation in Electriccl Raedians
per 8sec.
W, Base Fraquency
Gy Aetunl Prictional Coefficient.
"'Rl Per Unit Velues of Frequency, Spaed, Voliage,
V. Torque, #rictional Coefficient, Reccterce,
?
& X Current znd Inertia Respectively.
1,d
Transforuex Shiys
di
0
Yo ™ L 3t
Iw dai di
b (15.1)
:.9._ = w( ruasezba“} A > (%, %)
bano
Resiotive pd?
(11.2)
v = Ri
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v, =% [t

(&) JF Bk dviyt)
vV =

w
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w_ (1=-8)
Yo - .
1—‘) -
'R = '( .b
:
9r
'0 = M "o ‘0
i
v = 13 YR
ﬂ‘»‘o“ZO
To -
/v
e P
!buﬂ buse
11‘2
r = u
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> - i
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J w )
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J w’ w
§o= % ( P""L)
pase (1I.7)
Frictional Coaffic :
aO Wro = Tfo
T a .
bose P base R
_‘iv,é
a = (Pbaaa) (11.8)
I the above equotions tpase e %r 0 gince this gived
o
" elnotrionl rediong for

me pexiod of 2

COnBtant ti
g the comput

thus eimplifyin

ahionge.
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LORBAL WACHIL 2 PARAKCT 215
I11-4 SKP R IM I TAL, DETSREL:ATION ¢

ihe following observatlons were recorded for no loed

test with the motor driven et synchronous speed ond blocked
rotor test, ovar the teet motor of 2 H.P., 400 V, star

connected, 2360 rpm.
Iine Amps. Power (watts)

Tost . Line Volts
NO LOAD 400 1.65 160.0
BLOCK3D 64 4.0 384.0
ROTOR

Frictionel losses ams determined by variable voltage
test (£ig. III.2) sre equal to 35 watts.

4'32 Ohﬂlﬂo

stator resistance (d.c.) =
Ko load input - no load sistor

corrected power at no load =
reoistance losses = frietional

losses
= 81.0 watts.
.11 umed at 50 Hz to
A skin effect ratio kg of 1.1 1s ass at 5
fractive stator pasiotence, giving R, = 4.76 ohms, The
o ° rosiotance and resctance fLrom

tive
rocssions for effec
11101) are =

exp
the equivalent circuit (fis.
_‘_fﬁg fxg"!’
(R Ry - xzzxu"ﬂu +Ry) + (RyXy * Rou * )
K g .
D e > x
a8 = 4 (By*”z) + (X0 + X4 e
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(R o8 :
Xmx, ot 2)(du*u*‘q2‘xu"‘;r‘m) - “m*xu)(&.‘,arxnx.)
(Ry + Rz)a + (X, + xm)‘?

. (111.2)
L, = 142.6 ohms
Ry =  1980.0 ohus
R = 8,0 ohms

L - 3.04 ohms

= X
R, =  4.76 ohue

Fronm cquations (III.1) end (TI1.2) with other parsneters known,

RZ and xm can be determined, glviag:

82 = ,o“ ohno

xm = 4.56 OhtﬂB.

D.Co Hotor Rasisteancel

Verieble frequenoy blocked rotor test is conducted

varyin; frequency Irom 75 Hz to 5 Hs keeping short oircuit

current at constant level of 3 ampS.
The okin effect ratio k. approaches

The observations are

given in tavle (IIL.1)

o8 less than 20 Hz‘“ ). The aevarsge of

unity for frequenoi
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-
FIG I -1 EQUIVALENT CIRCUIT UNDER BLOCKED ROTOR
CONDITION
l
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rotor res
istances at 15,10 and 5 Hg may safely be tok
the d.c. 5 o
rotor resistance, giving Rz(d y = 2,71 ohos
.c. ® -

lable II1I.1
Variable Frequency 3locked iotor Tests

a(‘-’;':t}uenoy #;;.1:5 ﬁggz. R, + R, R, =
AmpsB,
5 83 228 - vy 6
70 86 213 7.75 3.02 5.0
65 80.5 205 7.56 2.79 3,0
60 75 194 7.60 e 5.8
55 72.5 186 7.45 2.72 5.0
50 63.0 170 7.65 g Bl
45 65.0 154 8.0 3,27 3,0
40 62.0 144 7.55 2.82 3.0
35 53.5 133 7.52 2.79 3,0
30 55.0 120 7.54 2,80 3.0
25 43.0 7 7.52 2.79 3.0
20 47.0 83 7.45 2,72 3.0
15 43.0 59 7 .36 2.63 3.0
10 43.0 38 7.46 243, P
5 36.0 20 7.51 2,77 30




APP 3. DIX IV

DESIGH OF SINGL3I S3CIION IC FILT iRy

The objective of filter connectad betwsan the rectifier
end inverter (fig. IV.1) 18 to attenuate the harmonic ripples
pregent in the rectified output voltage. The basic considera
tions in designing a filter osre as given below(T).

(1) The mininisztion of total rectifier output current, by
providingz a suitable value of shunt filtor elerent.
(14) 7The minimisation of voltage regulation with proper

value of filter seriss elerent,

(1i1) The minimisation of filter coet, size and weight,

The attenuation of a given froequency is deterndned by

ite ralation with the resonamnt frequenocy of tha filter. It

is reletively simple to deternine the required IC product(81)

to attenueste a heruwonlc by e given amount. The gttenuetion

is .
rotio K, ; defined ee 2/ ziven &8 (en approximeate

relation).

2
KA,n = 2 = Wy L.F CF-1 (Iv.1)

Fig. IV.2 gives the veriatlon of Kh.n (for n = 6) ageinst

¢ product IC. A lorge value of L, and small Cp will give

jon and a value of rectifier current slightly

high regulat
On the other hand, a emell value

lerger than the load current.

ow regulestion but a
of Lg and a large Cp will result in low regu

211
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large increase of rectifior current over the load current

valuse. In oither cave ratin: of the rectifier is edversely

effacted.
of the loed as i8 shown in the subssquent relations hae an

It is desirable to

Thus, a TRAJDZ OFF is required. The powsr factor

importent bearin; on this trade off,

conpider the effects of the values of both L? and CP on

ettenuation of harionic ripples present in SR. This informa-

tion is needed to detecrmine the circult relationship required
to give & desired attenuation of a given frequenoy corponent,

From f£ig. IV.1 for nth harmonic the following relations can

bec written:
Xepe = B |Xppl = n & |2 (1v,2)
1455l
Xipm = -;u- = nﬁ' ,ZLI
where . ) <lfl!i (IV.3%
|21
i} |Xap! (IV.3Db)
“ |23
zm = RI‘ + Jn 'xl’"
= |4g| (Cosd + Jn5iné )

2 - e
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where
Gy = Ycpn
Z =
on ;
Zip + (..jxclm)
Lot
I
K = ign' (Attenuation conptent for nth (IV.5)
A0 -
permonic)
K
2 -3 El (Cos® + Jn5ingd)
- X (IV.6)
IZLI (Cos8 + jnaina) -J5
whore & 18 tp2 1o0ed jmped~nce enzle.

IV.4, IVe? and IV.6 WO gat -

From equetions

cosd + jnoiné |
& g % T (L"n"‘)
X ' 3
£q n Cost + $(n5iné = "4 )
(IV.?)
Th ariation of ¥ with Kq 18 ghown in fig. 1v.5.
e Vv
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B
¢ = ¢ (Iv.9)

Thus the epparent load impedance is -

B = -ﬂ = -
zq 48 32 3y
Q
K2
.8
2, = g °n
where -
‘N apparent loed impedance on inverter oide
z: epparont load impedance of the motores.

For a three phase motor teking 4 Amps, at 220 Volts
(phase) at 0.8 p.f£. lag. at full load, the apparent load
impedance zP1sequal to 55 [:__360 ohms, thus giving an apparent
load impedence on inverter IZs egial to 31.6 /-36° onrs,

for oixth harronic ripples, Fig., 1IV.2 gives

sssume K, ¢ = 20
g 2 2 6
gsec)” end, X = w, LC x 107" = , 355,

a IC product of 30 (m
From fig. IVed,s the constant K1 = 0,1 for X = 0,355,

Here low velue of £41tor inductznce has besn preferred, as it
g the dip or overshoot of the output voliagein cose of
pissipated power in choke is aleo less with

Choosing a value of 0,035 for K1 we R0t

roduce
sudden loed change.

emall filter inductance.

XL’ = ,035 X 91.67 = 3.2 ohms = 0.08 p.u.
100 mH and O’ = 400 LF or 0.2 p.u.
= 0,01 p.u. 18 aitached with

p
& R
A reasonable rosistancs value F

the filter chok@a

- O -
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SSI3 OF SYSY3M

With the maximum and the ridnimum limite prescribed in
teble 3.1 znd 3.2 of Chapter 3, tre following sets of sycten
pararetors (table 5.1) are obtained by varying one at a time

end keeping the other fixed at their noreal voluess

Table V.1 Sete of System Parameters,

set R 11" X X R
1 R2 XLQ M ) 4 Ic P

0.119 0.081 0,113 3.564 0.08 0.2 .01

0.081 0.031 3.564 0,08 0.2

1
2 0.357 0.081 0.113 3.564 0.08 0.2 0,01
3 0,06 0.081 0.113 3,564 0.08 0.2 0.01
4 0.113 0.138 0.113 3,564 0.08 0,2  0.01
5 0.119 0.034 0.113 3.564 0.08 0.2  0.01
6 0.11) 0.081 0.25 3.564 .0,08 0.2  0.01
7 0.113 0.01
8 0.119 0.08 0.137 7.128 0.08 0.2  0.01
3 0.119 0.08 0,093 2.673 0.08 0.2  0.01

3,564 0.25 0.2 0,01

10 0.113 0,08 0,113
0.01

0.119 0.08 0.113 3.564 0.02 0.2

11
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L RAIDIX VI

BACHIL 3 CQu.STA.TS AdD LOSS COSFFICI i3y
—“

Vie1 digchine Constentg:

The relevant dimensions (all in ems ) and other design

inforr ation for the TAST WOTOR are given belows

(1) Diemeter at the inner surface D1 = 10,25
(11) Iength of the stack I = 6.4 cms,

(111) Kumber of stator slots S, = 24

(iv) liumber of rotor slots S, = 31

(v) Stetor wire size = 20 swg

(vi) liumber of turns per phase = 344
(vii) liumber of poles = 2

(viil) Alrgep length = 0.175
Stator slot openingi = 0,3

(1x)
(x) Rotor slot opening = 0,1
(xi) Rotor slot skew = 1.6

(x11) ¥, (fig. 2.1) = 2.5
(xii1) Y, (fig. 2.1) = 187

(xdv) 4 (fig. 2.1) = 8.1

(xv) Rotor tooth width = 0.35
(xvi) Stetor tooth width = 1.1

(xvii) Stator coil pitch =8 glots,

VI-2 Loos Coefficientss
(e) Iron Iove Coefficient:
with the

the hysteresls and eddy losses ere senparated

217



218

p f usual U&riable fraquency no load teBt ThB
[ ] no

8t
ator resistence lougses which are quite substeontisl
al, ean

no
t be ignored. The test is conducted at constent V/f

ratio, to keep the airgop flux density fixed

From fig. VI.1, we get -

k1 = 0.55 and k2 = 0.0164 and

5, = 0.55 £, + 0.0164 qf

The other iron lous coafficlents as defined in eguestions
- 13 (2- ’5)'

(2.16)y (2.17) emd (2.18) are =

K, = 1.0535, K, = 1.0744
gy = 0.0)608, G, = 0,12865

(b) sStray 1oss.

(1) gs Coe jicients epondent of Freguencyt

s 0.061

Coafficicntss

Ca
© -4
.2 x 1C
CoL -l
c = 0.114
soly

(11) Erequency pependeit Logs Coeffiolentat.

The high fraquency gurfece loss &nd rotor pulsation
losg equationsd éonsiat of frequency dependent constantis
C and reapectlvely. The velues of these constants
=g n table VIt
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