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ABSTRACT

Predicting transient perfommance of induction motor,
for given bug—transfer conditions, is one of the important
problems faced by systan designers. Looking to the literature
published so far, it is noﬁed that, most of the authors have
considered speed of the motor during supply change-over inter-
val, as bonstant‘ The work presented in tnis thesis gives in

detail the calculation of reswitching( reclosing) transients

in induction motor drives, by considering speed as one of the
variables. The drive considered here 1s a slip ring induction
motor wnose slip power is wasted in extemally connected re-
sistance for the purpose of speed control. The variation of
resistance 4is achieved by a chopper circuit connected in

the rotor circuit.

Induction motors, by and large, operate on uninterrupted
power supplys. Large induction motors, using high voltage supply_
with direct-on-line switching, however, face momentary interrup-

tions of power supply due to two reasons -

i) Fault in the supply system which>takes about 10
cycles to clear.

ii) Emergency bus transfer.

During this small period of interruption the motor

teminals are open and a voltage appears across them which

keeps on changing its phase and magnitude with time. Tnis



voltage is known as open-circuit or residual or motor-self-
generated voltage. If the power supply is restored to motor
at an instant when lbus voltage and the residual voltage are
out of phase ?y‘lSOO and residual voltage is substantial in
magnitude, the effective voltage would be very high and will
produce'excessive forceses This may damage the motor in follow-

ing manner -

i) Stator coils may become loose in the slots
ii). The shaft may twist
iii) The motor may even be ripped from its base plate

In this work, the transient results have been thorough-
ly examined to evolve the safe time for reclosure which may
be used to design the protective scheme of the motor to save

it from this hazard.

The mathematical model for analyzing the steady state
and transient behaviouf of chopper controlled slip ring induc-
tion motor has been developed using synchronously rotating
reference frames The parameters involved in these equations
are such that they can be easily measured experimentally at
the terminals of the induction machine. Here the effect of

saturation has not bkeen taken into account.

In order to investigate the transient behaviour,
the non-linear differential equations describing the dynamics
of the system have been simulated on a digitalAcomputer and

golved by the application of Runge~Kutta method. As the most



important transients from electromechanical considerations
are those of slectromagnetic torgues and speed, these are
investigated in detail« The effects of system inertia and
of applied voltage are also studied on torque -tran=-

sientss EXperimental results are also included.

This work will, thus, be found useful in two

ways -

i) It presents a general approach of formulating
mathematical model for induction motor, whnich is
useful in predicting the safe reclosure time for

large machiness.

ii) The chonper controlled slip ring induction motor
drive has been studied and the results of reclosing

transients provided. .
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LIST OF SYMBOLS

instantaneous value of voltage

instantaneous value of current

ms value of stator phase voltage

ms value of rotor phase voltage
stator and rotor resistance, per phase

self inductance and reactance, respectively
of stator ’

self inductance and rectance, respectively

of rotor

- mutual ir-ductance between stator and rotor

per unit slip

differential operator, d/dt

number of poles on motor

open circuit voltage

déveloped torque and loéd torque of motor

motor inertia constant, sec.

mutual reactance referred to stator

frequency ratio

electrical angular speed in rad/sec.
mechanical angular speed in p.u.

any arhkitrary phase angle between stator and
rotor phasese.
number of turms per phase of stator winding

number of turms per phase of rotor winding



a =
he =
Rexl’Rex2=
§ =
TVRM =
Tyr =
WPTE =
VS =
r-[\ =
0
Subscripts
a.’b 4C =
deq =
S‘gr =

stator/rotor tums ratio (T,/T,)

average dc current supplied by rectifier

External resistance referred to stator

duty cycle of chopper

Time at which maximum resultant voltage occurs.
Worst reclosure time
Worst peak toxgue

Supply voltage

" Open circuit time

phase quantities
direct and quadrature axis quantities

stator and rotor quantities respectively.



CHAPTER- I

INTRODUCTION

With the progress in automation,Athere is a growing
demand for precise and reliable variable-speed drives which
have the ability to respond quickly and accurately to exter-
nal speed and torque demandss The adjustable speed ac motor
drives are popular as the ac motor is cheap, simple in cons-
truction»and more economical to operate and maintain. In the
majority of cases, an induction motor will be used because
of its low capital cost, simple construction and absence of

commutator problems.

As a result of recent advances in solid state tech-
nology and with the availability of reliable and efficient
tnyristors in high power ratings, the use of schemes which
employ stator voltage control, frequency control, rotor re-
sistance control are becoming more popular. Though the schemes
employing stator voltage control and frequency control seem
to be very attractive, because¢ they enable a squirrel cage
induction motor td be used which is rolust, rugged and dieap,
they have a number of disadvantages associated with thems
Tne limitations of stator voltage control are the limitéd 5u b
synchronous speed range, unsuitability for constant tdrque
operation and the problem of thyristor turn off at low speeds
because of low energy storage in commutating capacitorse In

frequency changing scnemes commutation and triggering logics



are very compléx making the inverter more sophisticated

and hence the scneme becomes uneconomical for small and
medium size drives. Moreover this system exhibits a large
region of instability at low values of frequencies, thus
making‘ the system unsuitable for low speeds. The variation
of speed by rotor resistance control is very simple and re-
liable, kut it is very inefficient, because of wastage of
power in the additional rotor resistances. sStill this method
holds feasibility where deviation from normal operatingASPeed
is needed for small intervals. It pmovides nigh starting
torque with low starting current and variation of speed over
a wide ranée balow the synchronous speed of the motor. Smooth-
nass of speed éontrol depends upon the number of steps of
‘resistance that are available« This tYperf control is uséd
when the load is of an intermittent nature, requiring high
starting tordue and relatively rapid acceleration and retard-
ation, such as foundry or steel mill hoists aﬁd craness The
rotor resistance is altered manually and in discrete stepse
This mechanical operation is undesirable because the time
I'esponse is slow and speed variation is not smoothe With the
recent progress in power semiconductor technology, these
ndesirable features of the conventional rheostatic conﬁrol
scheme can be eliminated by using a three-phase rectifier
bridge and a chopper-controlled external resistance. The
chopper electronically alters the external resistance in a

continuous and a contactless manners
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N+¢Se. Wani and M., Ramamoorty(34) hgve investigated
a thyristor controlled choﬁper circuit for the speed control
of slipring induction motor drive. A ;horough analysis of
the steady stéte performance of the system is provided for

the following cases -

i) without filter on the rotor side.
ii) with Ist order filter on the rotor side

iii) with 2nd order filter on the rotor side.

Experimental results are given for open loop and closed
loop control scheme with speed and aarrent feeadbacke.

(32) have also used a solid

P«.Ce San and KeH.J Ma
state speed regulating scheme for induction motor using a
rotor chOpper—contrQlled external resistor. A thorough ana-
lysis of the steady-state performance of the system is
presented. Both dc and ac circuit models are derived to des-
cribe the performance characteristics when the chopper
opzrates under the time ratio control strategye. Effects of
machine parameters on performancé characteristics are studied.
Theoretical results from the model are verified by compari-

‘son with experimental resultse

(33)

M. Ramamoorthy, E. Waltman and N.S. Wani have
again investigated the thyriétor controlled chopper circuit
used for the speed control of slip ring induction motor.
They come to conclusion that simple chopper circuit (i;e.

one without additional inductance in series) produces



discontinuous rotor currents and causes ekcessive rotor
heating. The speed range obtainable by the simple chopper

is also limited.

CONTRIBUTION BY AUTHOR

A mathematical model has been developed for ana-
lyzing the steady state and transient behaviour of system.
In order to derive the alove, the system is analyzed in a
synchronously rotating reference frame.v The developed model
involves such parameters which can be measured experimentally

at the terminals of. the induction motor.

Steady state eqQuations of the system have been
derived from d-C model. The performance characteristics
under steady state conditions have been computed from these
steady state equations. In case of plain induction motor
( i.ee« induction motor without any external resistance),

a good correlation is obtained between experimental and com-

puted results.

The non-linear first order differential equations
descrihing the dynamics of the systéam have been simulated
on a digital computer and solved by the application of Runge-
Kutta method to study the transient behaviour of the system.
Switching transients of electromagnetic torque and speed have

been investigated when the drive is started from rest under



different loading conditions. The transient kehavioﬁr haé
also been studied when the drive is recamnected to the
supply after brief interruption of supply. The effect of
system inertia and applied wvoltage, on the torque and

speed transients have been investigated.

Experimental oscillograms have also been given

under different transient conditions.



CHAPTER ~ II

SYSTEM EQUATIONS

The performance of the chopper controlled slip ring
induction motor, under transient as well as steady state
conditions, can be represented by a set of system equations.
These system equations for the chopper controlled slip ring
induction motor have been developed in this chapter, ﬁsing
the concept of direct and quadrature axis components,
initially proposed by Park, and extended by various authors.
The system has been analyzed in a synchronously rotating
reference frame, Expressions for the average value of
static converter Qariables are also written down., The
equations of the overall system are established from the-
equation of induction machine and from the equations which
express thg average values of the converter variables, The
circuit equations have been so simplified that the electrical
characteristics can be represented by a set of four simulta-
neous differential equations of the first order. An equation
of the electromagnetic torque completes the set of system

equations used in the study.

2,1 INTRODUCTION

Fig. 2.1 gives a schematic diagram of chopper controll-
ed slip ring induction motor. 1In th;s scheme, the rotor
winding of'the induction motor is connected to the three
phase full wave diode bridge., DC terminals of 3-phase un-
controlled bridge are connected to external resistance -

chopper combination,



~

o

e

A chopper is a power switch electronically moni-
tored by a control circuit. When the chopper is in the ON
mode all the time, the equivalent external resistance in
the rotor circuit is parallel combination of REX1 and REXje

When the chopper is in tng OFF mode all the time, the exter-

nal resistance in the rotor circuit is RExl. If the chopper

is periodically regulated so that, in each chopper pericd,
it is ON for some time and OFF for the rest, it is possible

to oktain variation of equivalent resistance between RE&l
REX, x REX

eXternal resistance in a continuous and contactless manner.

« The chopper electronically alters the

Also the rectified current builds up during the ON time

interval lit decays during the OFF time interval.

Representation of the chopper controlled slip ring
induction motor by the circuit equations derived in this
chapter is based on the assumption of an ideal machine.
This assumption, commonly employed in representing a machine

by circuit equations, implies the following.

i) / Magnetic saturation is neglected.
ii) g Hysteresis and eddy current effects are not taken

into account.

A iii) Voltage drop in rectifier is neglected.

242 ‘DEVELOPMENT OF MATHEMATICAL MODEL FOR THE SYSTEM

The overall system comprises of a 3-phase slip-

ring induction motor, uncontrolled rectifier bridge and a
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chopper with external resistors. Hence the performance equa-
tions of the overall gystem can be oktained from the equé—
tions of symmetrical induction machine and from the equa-
tions whiéh express the average values of uncontrolled rec-

tifier bridge.

The gencralised equations describing the behaviour
of induction machine under transient and steady state con-
ditions are establishned by considering it as an eiementary
two pole idealised méchine. The effect of number of poles
is taken into account by multiplying the eXpression for

torque by the number of pole pairse.

A schematic diagram of an ideal 3-phase induction
motor is shown in Fig.2.2(a); wherein it is regarded as a
group Of linear coupled circuits. Distrikuted stato: and
rotor windings have been shown by concentratéd coilse. The
magnetic aies of the individual stator and rotor phases have
also been marked in Fig.2.2(a)e. The connections and current
conventions for the stator and rotor phases are snown in

Fig.2.2(b).
252.1. Equations for Induction Motor

It is more convenient to approach the problem from
the concept of generalized tneory of machinese. In this
approach, the circuit model and its mathematical formulation
’ére oﬁtained through a set of simple steps, which are common

to all problems, and equations of even complicated networks
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9
can hé @asily estacnlished. For the analysis of electro-
mechanical devices,it is necessary to estanlish equations of
two parts of the system, namely the electrical systems and

the mechanical systems. Thus a mathematical formulation will

have -

i) ~a set of voltage current equations, relating the
applied voltages to winding currents, using various .
circuit parameters.

ii) an equation of motion.

The akove two sets of equations are related by a
third eXpression which gives electromagnstic tdrque developed

in terms of winding currents and circuit parameters.

The induction motor equations exXpressed in a syn-

chronously rotating reference frame are well known to be -

Stator
V4g = (R1+Lllp) ids-(lel)iqs-t{LlZp)idr-(Wle)iqr (2.1)
Vgs WLy Jigg KRy tyyp)ig KWLy 5)ig KLy pp)ig (2.2)
Rotor
Vdr =(LlZp)ids_(SWL12)iqs+(R2+L22p)idr’(SWLZZ)iqr . (2+3)
vqr=( SWle)idsd-(Ll'zp)iqsi'( SWL22)idr+( R2+L22p)iqr (2.4)

The electromagnetic torque develéped by the induction

motor in Nm is
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_ 5 P . . . ,
g = oz Lo (1qs tar ~ tas lqr) (2.5)

Let the applied voltages to the stator at any instant be -
Vs =y/2 V, cos wt

Vg =VZ V) cos (wt- 21/3)

- 27
V= /Z V, cos (wt p = )
and the applied voltages to the rotor be -

Var =,/2 V, cos ( swt + 'Qo.}

2
Vior =¥/2 Vy cos (swt +@_ - -3”-)

- on
Vop =V/2Vy cos ((sut +o, + )

Where, o, is an arhkitrary phase angle between stator and
rotor phase voltagese. With the position of d-axis so chosen
that it coincides with phase a axis of stator and phase a_
axis of rotor at time t = O, the equatio;'xs for stator be-

comaes

2 - .. 27 2n =
Vas = 3 |Z Vagtos Wt +’vbscos( wt- 3 ) *Ves cos(wt+3*- ):l

By putting the values of Vas’vbs’ Vcs in above

equation we get

\

il

ds §" C /2 Vlcos(wt)cos(wt)ﬁ/? vy cos(wt- g-;‘;—). cos(wt-% )

ﬁg/ZVl cos( wt +?'§*)' cos ( wt + ?}' )7

=i/?Vl- 5—[ cosz(wt) + cosz( wt— .2%2) " COSZ(wt+ 52'&)]

= Y2 vy
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Similarly for g-axis

\" = e ?'0

ds 3 \/2' Vl ECos Wt‘qin wt + cos{wt - g—;—-). sin(wt- %’-‘-)

+ cos( wt + 2-731- )+ sin( wt + '2';%' )y

which after simplification gives

Vqszo

and since in plain induction motor rotor windings are

short circuited

Vdr =0
Vqr = .O

Now substituting tne value of V in equations

ds’vqs’ V<jlr’.vqr
(2 ol )"" (20 4‘)

VZ vy= ( Ry p) dgg =(whyq)ig o+ (L op)ig=(why p)ig . (2.6)
0 = (lel)ids+( Riﬁ.llp)iqs + (leZ) igp * (lep)iqr (2.7)
0 = (LlZP)ids'(SWLlZ)iqs "'(R2+L22p) idr'(SWL22)iqr (_2’8)

0 =(sulyp)igg + (Lypplig gt (SWLQZ)iqri-(Rzi-Lzzp)iqr (2.9)

Lo (iqs ige = igg iqr ) | (2410)

H
I
SN IRE
*
o]

These equations can be written in matrix form



; /e Vl§ (R1+Lllp) ~WL; L) op ~whis | iigg
0 § Wk (Ry#Lyyp) whyp  Lygp | liqs
| ‘ |
0 lep "'SWLlZ (R2+ .-SWL22 % ar
Loop |
%
;0 | SWLyo Lygp  Swlpp (Rotlpep)iidgy
(2.11)

2.2.2 Bjuations for Uncontrolled Bridge Rectifier

As'suming chopper frequency high and negligihle
ripple in the de.c. current, the rotor current is approxi-
mately composed of altemating square pulse of an dura-
tion, the average rectified current Idc is related to motor

rms current I, by -

I2
15 =2 gc o (2.12)

The rotor rms current Iz'is related to fundamental

of rotor airrent by

3

Iy =15
T

Where, Iy is the ms value of fundamental compoment of rotor
current. The proofs of akove two equations are included in

Appandix~5.
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The power loss in the dc side of the rectifier bridge,
under per phase consideration, becomes Igc. Req/352- From
equation (2.12), this 1is equivalent to tne power dissipation

caused by the flow of I, in a resistance Qe5 R___ in each rotor

eq
phases The balance of power in each rotor phase gives -
o | : R
= rR.1° el 12
Ezlel cos ‘91. = R212 + 05 ""—é-— I2 + Pmech

a
wWhere 121 is the fundamental of the rotor current
in rms, el is the angle between Ey and 121, and Pmech is the
mechanical power. If the mechanical torque is caused by the

rotor fundamental current then Pmech is given by -

: Req 2 .

Hence
é—RIZMBEﬂ 12+[R+O5 iei’\lz(l;-s)/s
Eplpy €08 ;= Rplp o == «1p 21 > = te1 \
a a '
or

(;;g)
= RZO(’IE/B,) 12]_*‘0 5 —%—'(TE/B) 121+ L R2+005 —%’j Izl S

= a* & 2 Req 21

a a S

or

9

where, 15, =1I,,/a, Ej =aE,
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2

1
EL I'y, cOoS O, = 1'2 +(RY + 0.5 R ) 221
B 1'pg) 1 SRy g 2 e

The R, factor that comes in picture because of

harmonic loss due to rectification is given by
2

¥ ' .
Ry =45 ~ LRy + 005 R, | (2.13)
: 2 2
SR, IL7 +(R) + 0.5 R ) I!
E} I}, cos @, = L st Ty SZ - :l,
Rp g 2
Eé Iél Cos @ = ..;..,.,- Iél
where '
Roeg = C R', +0.5 R + SRy N (2.14)

Equivalent value of resistance controlled by chopper

let '
T - Chopper's ON time

T - Chopper's OFF time

Req = Equivalent Resistance
T, - Time period of chopper

Energy loss, when chopper is ON, is given by

R

« R
2 exl ex?2 -
Inc C o T R _J Ton
exl exe

Energy loss, when chopper is OFF, is given by

2
r DC Reax1® Torp

A
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2
Total energy loss = Inc Req' To
or
2 2 (RGXJ.. R8X2 2
ch Rea® Tc = Inc 'R +® Tov *Toc Rexa®
x1 ex2 T
- OFF
or
R = '_P.Qy. + R . TOFF
eq Tb exl T
C
or v
Reg = Rexa L1- O Rexl/ (Rexl * Rex2)--J - (2.13)
T
where, § = O
Tb

2.3 EQUATIONS IN PER UNIT SYSTEM

In the present development, a per-unit notaﬁion has
been adopted because of its numerous advantages -
i) A simple inspection of the per unit parameters
immediately reveals much more akout the basic nature of the

machine than may be observed from the ordinary parameters.

ii) The numerical range of per unit parameters is small
v.nich is valuable for solution by digital computer.
iii) Arhitrary numerical factors which may appear in the

ordinary equations in d-g axes transformations are avoideds
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The choice of the base values for various quantities

is made so that the computational effort is reduced. The base

values cnosen ( Appendix-1) are as follows.

Unit voltage = Vbase = peak value of rated phase voltage

in voltses = 325 voltse.

Unit current = Ibase = Peak value of rated phase current
in Amps. = 10.6 amps.
Vba ‘
Unit impedance = Zpase = 238  ohms = 30.66 ohms
Ibase
Unit power = Prase é Rated apparent power
== é.. v . I watts
o . base Tbase .
= 5-175 Kw
Unit frequency = fb = Rated frequency in c/s 50 Hz
Unit electrical speed =w, = 21 £ rad/sec.=100n rad/sec.
| 2wb
Unit mechanical speed =Y, = =— rad/secs = 50 n rad/sec.
o _
Pbase :
Unit torque = T, . = = , Nw-M = 33.93 Nw-M
se v
base

In order to convert the equations 2.10 and 2.}1 in

per unit system, all quantities preéent in this eguatjon
must be converted to per unit by dividing them with thejr

base valuess



W i I oW i
vg Vl = (R + b L p) ds . baSQ__ ( b wL ) dgs .
base base ase b base
I w i I
base b a r base b
s *G=hep) 3o = o ) 3
base base base
ar Irase
Ibase Vbase
/2 Vl
i I
= (leb L),P ) ds , _base (wall. X))
v I v b
base va "base base :
i i I
ds base + (aw. L ) dr . base
I v b"12 wy a I v
base base base base
i I
Y qr . base
R 3
base base

Vl(P'u') = ( Rl(p'u) +Xll(p.u.) *‘8‘}; ) ids(p.u')-<xll(p.u.').FR).

1gg (Peus) + (Xy(peu.) -a%-k; ) 1y (peus) =(XyeFp), 'q(peus)

where iér and iér are the aurrents referred to the stator
side. i
i i! - qr
dar qgr = =w,a L
! -—
ldr‘ ru ! ’ XM b 12

2n £

el
e
Q
ez
il
i

is called the frequency ratjo

b 27 £y
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and may also be interpreted as the applied frequency expressed
in per gnit. The fredquency ratio Fo is definea as the ratio
of applied frequency to base frequency, and base frequency
has been selected as 50 Hz. This will provide a simple means
of predicting the txehavioﬁr of an induction motor at any

operating frequency.

Similarly the other equations can be written in

peu. system as

= i —) i " Ly
0 =FXyy igg HR &y ) ) igg TR 14t Ry we ar

= X e i - ; ) it . ' '
0 XM Wy 13s = SFg¥y 1gs "'(Ré +Xé2 Wy ) iar = SFR22 iqr

. , 7 ~p ¢t '-‘g- e
gs * SFp Xpp igp KRS +%Xpp <) 4

O =SFRXM j‘cils +XMw b

b

Final equations of induction motor exXxpressed in pe.ue

system can be written in matrix fomm as

(R %) ;FRXll XMK}%D' X ?ds .
|
r (R ) FeX, Xy %iqs
“KM “5; | ;SFRXM | (Ré*xéz"‘f‘r);) -SFRXoo | Har
%ER X, X, -§-g SF X4 5 (R} +x§2-§b)4 {wi 'qg
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similarly the electromagnetic torque equation (2.10)
is converted in to psu. system by dividing all quantities in

this equation with their base values.

T
E 1 3 p . . ,
= . o« o= o Lo (i _ i, =-di. i__)
Tbase Tbase 2 2 12 ds “dr ds qrj'
base 3 p ;
(P ) S o Lo ( igg g igg dq)
base
2w
b 2 1 p) P C . . .
= v - ¢ e wmmLoo(i_ i ei. i
( P 3 vbase' Ibase ) o D) 12( gs dr ~d& qr)
w I '
-~ Db a base C .
- v I g I Lo (iqs tar™ *das lqr)
“base’ "base base
aw L 1 . C .
= bl2 a (I VI ) (lqs tar *as J‘qr) .
vbase/Ibase base® “base
T_. (peus) =XM(p.u.). (i it =i, it ) (2.17)
E gs “dr ds "qr

If rotor of induction motor is connected to 3- ¢
bridge rectifier and dc terminals are connected to the chopper

with external resistance, then Rj can be replaced by R2eq’ which

is defined by equation (2.14). and the matrix form will be

as follows.

| s - st

PV Ry "Ewb‘“"’)‘ T PRy Ky ”% ~Fplv i3s
N - i
0 Fei11 (31*"11“5;) F M A iys
iy - ’
O =%, 7 =SFXy  (Bg® by =SFXho | 4%,
b
..P_.)
w |
| > b' 'd i!
0 SF X Xy 'v'v"};' SFp %20 _(R2eq+ 52 qr
s — — ' P ) i H

b (2..218)
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Hence the akove four equations represented by
(2.18) and the torque equation given by (2.17) completely
describs the behaviour of a choppertcontrolled slip ring in-
duction motore. In these equations various quantities are eX-
pressed in their per-unit valuess In all further developments,
only the amve equations expressed in per-unit systém have
been used. These equations can easily be handled for studying

the steady state and transient- behaviour of the system,
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CHAPTER-III

STEADY STATE ANALYSIS

The steady state analyéis of the plain and chopper
controlled induction motor has been investigated in this
chaptere. Expressions for torque, supply current, power factor,
efficiency are derived using the mathematical model developed
in Chapter II. Steady state performance of a system is com~

puted using these expressions.
3+1 INTRODUCTION

The idealised model developed on the concept of coupled
circuit approach is well suited for determining the dominant
features of this systems The parameters involved in the model
are such that they can be easily measured at the terminals of
the machines The plain induction motor is a particular case
of cnopper controlled induction motor oktained with chopper duty
cycle taken as unity and exXtemnal resistance reduced to zero.
Performance of both the chopper controlled induction motor and
plain induction motor have been computed and the results of

plain induction motor have been compared with experimental

rosultse
542 STEADY STATE EQUATIONS

The generalised equations describing the behaviour of
the plain and chopper controlled induction motor are developed

in the previous chapter. During steady state operation under
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balanced conditions, the system voltages and currents referred
to a synchronously rbtéting reference frame are éonstant. Thus
the 'steady state equations a@f the system are obtained from

the equations(2.16) ‘by setting the time rate of change of all
currents equal to zero. Hence the final steady state equations

for plain induction motor are

AN ;FRXll ¢ “Fly r‘idsn.“

0 B 11 Ry Fev 0 igs

. 0 = SFRA R ;'SFRXéz_ iar

{O | 'LFRXM 0 SFXpo R J | iqr
. | | '1(3.1)”
T, = Xo;( tostidr = tas® ioe .) (3.2)

Similarly equations for chopper controlled slip ring
induction motor can be obtained by ;eplacing R2' by RZeq (eq.
2.14) in equation (3+1)

Since machine paramsters are known, steady state currents
for different values of slip can be calculated by using the
above equations. By knowing the steady state currents, electfu-
magnetic torque can be calculateds Flow chart for steady state
analysis is given in Appendix=3 and machine parameters' in

Appendix-2.
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Supply current is given by

e N T L e e

2, . 2 :
I,= \kras T gs ) (3.3)

r ) . (3.4)

Expression for power factor, power input, mechanical output

and Efficiency are

. i
Pf( power factor) = 95 t (3.5)
/7
Ve I,
P, (Power input) =Vye Igg - (3.6)
Po(Mechanical output) = TE(l—s) (3.7)
S
EFF(Efflclency) = Ez—— % 100

3«3 ANALYTICAL RESULTS AND DISCUSSION

-The performance of the system has been computed by simu-
lating the steady state equations on a digital computer. The
computed characteristics are compared with the eXperimental ones
for plain induction motor. Similarly computed characteristics
of chopper controlled induction motor can be compared with

giperimental onese

34341 Torque-sSlip Characteristics
The electromagnetic torque developed by the system is
computed using equation (3.2). The torque versus: slip charac-

teristics for different values of chopper duty cycle are as
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shown in Fig.3.2. The torque/slip characteristics Of Fig.(3.2)
clearly indicate the range of speed control under full load
condition, ‘with chopper duty cycle as the speed control para-
metere. The torque/slip characteristics for plain induction
motor, for different valués of supply voltages are plotted in
Fig.3.l. It is observed that magnitude of torque dgpends
upon supply voltage. If it is high, torque will be high, if

it is low, torque will be low.
5+3+2 Power Output- Slip Characteristics

The power output has been calculaﬁed using egquation
(3¢7)s The power output/slip curve for both plain and chopper
controlled induction motor is shown in Fig«(3.3). It is seen
that the power output is low under no load condition i.e. at
zero.slip. and as load increases power output goes on increasing
up té full load condition. But the maximum value of power out-
put, is obtained in case of plain'induction motore The value of

chopper duty cycle are taken as 0.8, 0.5, 0.3.
343.3 power Factor- Slip Characteristic

The power factof has been calculated for plain induction
motor as well -as for chopper controlled induction motor using
equation (3+5). In the later case, the duty cycle is considered
as 0.3, 0.5, 0.8s The curve for power factor versus slip is
plotted in Figs.(3.4), (3.5),(3.6). It is observed that the
power factor is poor under no load condition, and it goes on

increasing, as the load increases up to full load conditione
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3.3¢4 supply CQurrent - slip Curve

Figs.(3.7) and (3.8) shows the supply current versus
slip characteristics for loth bl;;n and chopper controlled
induction motor. In case of chopper controlled induction motor
the duty cycle is taken as 0.3, 0.5, 0.8. These curves indicate
tnat under no load condition the current is very smalls And
as slip increases current also increasesSe. The'starting current
is greater in case of plain induction motor as compared to

chopper controlled induction motors
3¢3¢5 Power Input- Slip Curve:

The power input has been calculated for both plain and
chopper controlled induction motor using equation (3.6)s In the
later case, thé results are obtained for the duty cycle of
chopper of values 0.5, 0.5, 0.8¢ It is observed that under no
load condition i.e. at zero slip the power input is minimum,
and it goes on increasing as slip increases. The curves are

shown in Figs. (3.9) and (3.10).

34346+ Efficiency- slip Curve

The efficiency versus slip curves are éhown in Figse.
(3411) and (3.12). In case of chopper controlled induction
motor the duty cycle 4is taken as 0.3, 0.5, 0.8+ It is observed
that in kuth cases the machine is very inefficient under no
load conditione And as machine is loéded, the efficiency increa—

SeSe



26

3,4 EXPERIMENTAL CHARACTERISTICS

In order to verify the accuracy of the cohputed st eady
state performance, test have been carried ocut on a plain in=-
duction motor. Experimental as well as computed results are
correlated in a limited regione Power factor-slip characteris-
tics (Fig«3+4)/ indicate that the measured values of power
fzctor are less than the computed ones. In supply current slip
characteristics (Fig.(3+8)), measured value of supply current
is less than the computed ones. similar is the case of power

input-slip curve (Fig;(3.lO)).

545 REASONS FOR DISCREPANCIES BETWEEN CALCULATED AND
EXPERIMENTAL RESULTS

The discrepancies betwean the computed and experimental

curves may be due to the following reasons -

i) Here, it has been assumed that all the parameters of
the system remain constant. But in practice some of them

will vary with the operating conditions of the gystem.

ii) The effect of harmonics have been neglected in the

analysis of the sy steme

iii) The friction losses of the induction motor have been

assumed constant irrespective of speede

iv) Errors in recording and instrument errors also causes

some discrepanciese
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5+6 CONCLUSION

Expressions have been developed for predetermining the
steady state performance of a plain and chopper controlled
induction motor. The method presented is precise and quite
useful for predicting accurately the operating characteristics
of this systems. The computed characte:istics compare very
closely with the experimental ones for pla;n induction motore.
The evidence of fairly good agreement between the computed and
mzasured results clearly justifies the expressions developed

for the steady state performance.
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CHAP TER-IV

SWITCHING aAND RECLOSING TRANSIENTS

The satisfactory behaviour of induction motors under
various electrical transient conditions i s required to be
guaranteed. The study enables the dstermination of performance
variables such as torque, current, speed oscillations etc. It
is increasingly becoming necessary for the manufacturers of these
motors to quote figures for in-rush currents and peak torgues
under variods transient conditions. There is also need to study
the effect of variations of machine parameters on the tran-
sient performance of induction motors and modify design pro-
cedures accordingly so thet optimum performance is achieved
both in transient and steady state regimes. It is generally
necessary to predict the phenomena by calculations based on
measurable parameters of the machine, witnout subjecting the

machine to actual transient conditions.

4.1 INTRODUCTION

Thevstudy of transient performance of static drives
involving induction motors and static converters is St great
practical interest, bescause of severe instantaneous torque
generation during the transition period. although this condition
persists only for a very short time, the transient torques
impose undue strain on the mechanical parts of the drive.

The knowledge of transient behaviour of static drives is very
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essential for the correct selection of its power capacity, the
requisite power control equipment and for reducing the losses
involved during transient period. The amount of energy expended
during stérting and reclosing is of particular importance in
~drives where frequent starting and reclosing is involved,

Hence the investigation of the transient operating conditions
and the influence upon them of various parameters is of gréat

practical importance,

The tranéient behaviour of induction motors has been
investigated in detail by many authors. The first papers were
published in the Fourties,Aand a good number of papers is being
published even now. For the purpose of calculating transient

torque, speed has been assumed to be constant by certain in-

i

1vestigators so that differential equations of induction machines

(1)

could be solved analytically . Later on analog computer was

used for the study of these transients. Maginnias and Schuitz(z)
have sﬁown that the transiént torque oscillations following
sudden application of voltage to the machine can be much
more severe than the transient torque incident to a short

(3)

circuit at the motor terminals, Alger and Ku also investi-

gate the transients in induction motor when a 3-phase voltage

is suddenly applied to the motor terminals, Smith, Sriharan(ls),
Slater, wOod(23) analysed the transient performance of
induction motor by using a digital computer. They have
shown that quite severe transient torques are generated

(19)

following a switching operation. lawrenson and Stephenson
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studied the transient performance of induction machine with

a variable frequency Supply. They have observed that the fre-
quency of torgue oscillations afe reduced at low supply fre-
quencies, resulting in very long settling times. The'hagnipude
of torque peaks are reduced witn a reduction in supply fre-
gquencysCeFe Landy(Bo) analysed the - transient torque produced
in an induction motor following reconnection of supply. The
study of transient turqﬁes have also been carried out by many

(11,16,14,15,28,35,37)

others They have simulated the dynamic

equations on a digital computer and solved for the transients
using Runge-Kutta mgthod. some of them(4’5’6’22’28’29) have

also studied the reclosing transients characteristics for

induction machinese.

The aim of the present study»is to investigate in
detail the starting and reclosing transients of plain and
chopper controlled induction motor under various operating
conditionse. A set of non-linear simultaneous differential

equations descriling the transient performance of the system has

been developed from the generalised equations of the induction
machine and from the equations of the uncontrolled rectifier
bridge. These have been simulated on a digital computer and

(47). As the most'important

solVed using Runge-Kutta method
transients from the electromechanical considerations, are
those of electromagnetic torques and speeds, these have been

investigated under various conditions of operatione.
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4.2 DIGITAL SIMULATION OF SYSTEM EQUATIONS

A study of transient phenomena mostly involves deter-
mination of currents, torque, speed etc. immediately after an
operational change is madeo Such operations include switching-
in, reclosing ( or us-transfer) and braking. In most of these
studies the equations needed are four circuit equations, torque
equation and equition of motions In the analysis of these
equations the impressed conditions ( or forcing functions)'are

the four voltages V and the load torque T, « The

ds’ Vdr’vqr’vqs . L
unknown variahkles are the four axis- currents, and the speed.
when a study of the acceleration process is required,
speed has to bé treated as variabie. The system equations then
consist 6f five simultaneous differential equations with
variable coefficients. Such equétions can be best solved by
numerical methods and using digital computer, This enables
direct determination of the unknown quantities corresponding

to given machine parameters and initial conditions.

Bquations i the system as developed in Chapter II

are given below-

v ' <3 e
(Ry *Xll“i?;) B E ~Frfy las
| TR (Rl*xllg-v?% FRiM W tqs

Xy ~SFXy  (Rpeq* - SFpkso H1i4
b , r
X! —-)
22 Wy,

2 i

SFeXy ey SFRR22 (Roeq 5 2"5?% ior

(4.1)
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T =% (iqs'iér" tas’ i&r) ‘ (4.2)

The system of equations represented by (4.1) can be rewritten

O o= =] 0l o+ [x)
so that,

(%] =- 00~ (s g™ Vi ()
where,

[R]} ang »[X] are the matrices formed by terms independent

of p and coefficient of p/ Wy e

r“Rl “FX11 0 - FeXy
- PR Ry FrXM 0
[RI=} o _ SFRX,, Rzeq' | ~SF X%, (4.4)
KfFﬁﬁw 0 P20 Roeq
-
: X, 0 X, 0
| o X, 0 X,
Lxl= | % 0 X52 0 | (4.5)
0 Xy 0 X5
L. .



where,

0 M
Xo 0
o X,

..XM O

Cxppe Xop = Xye %, 7]

[x] t-——§ :
i
;
|
)
§

R %M

SF F11%)

"R Xy

“Xv Roeq

(FXhoXy
- SFXh K )

Roea®11

2
("FR)SW

SFRXl 1

+

X52)
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(4-6)

(=FeXboRy

* SEksa).

"R2eq X

( FR’S%‘SFRxll ‘

X50 )

Roeg™11

e g

H
]

e oo

v oot ssap
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BEquation 4.3 thus implies

-, - r— ~—
pJ'ds ids
-1 i )
W P qas : SRS » o lqs
b S [X! ‘hl. + &
pi' eh - ‘ (S i' A
dr ‘ I ‘ dr
] . OO |
‘plqu o 3 lqu

an additional equation of motion is obtained by consi-
dering the dynamics of the mechanical systems. During steady
state condition the electromagnetic torgue is equal to the
load torque. However when the speed changes, the instantaneous
values of electromagnetic torque T, and loéd torque Ti are

E
related by the following per unit expression

dwy
e = T_ = T

TS e~ 1L

where 2H dwy/dt is acceleration torque, H is inertia const. in

is mechanical angular speed in pue

Sec.o Wr
R '
or Uy = E&H" LRy (iggtdr = ias 3qr ) = T (4.8)

The equations (4.7) and (4.8) are suitable for simulation
and numerical integration on a digital computer. The numerical
integration must enable the increments in a set of dependent
variakles ( currents) corresponding to a small increment in the

independent variable ( time) to be determined, provided the
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differential coefficients of the dependent variaules are known
witn respect-to the independent variable. It is therefore

necessary to express the rates of change of the currents with
respect to time in terms of the currents and applied voltages.
Therefore the equations (4.7) and (4.8) are rewritten as a set

of five non-linear simultaneous differential equations as

follows -
i = ﬁ% ';' R, i +(FX XA 4= SF 2) i #R it o+
Pilgeg = =& XpoRy 1gg HFX) X5 SFRXy ) iy sy Roq a1
(F x22xM -~ SF x22xw i! qr +xé2 VL_ | (4.9)
. | |
: = .2 1 2 C 1 (- !
Plgs = & {R-SFRXM g X1 Kbp) iggRiXpp dqm(-SFXpo%,
. o | [ .
FRXéZ XM) ldr + R2eq XM QZT ) (4 10)
. _ b . . - L
Pify = % | %Ry lagm(-SFRX Xt FRryiRuliqeRoeg®ratar
- | ~
2
(Feiy = SFRXy) Xpp) igy XMVli _ (_4'1”
! o= Y.]?. ;TF SF ) i, R X i HF 2--SFX X,)
Pilyy = 3 X180~ SFRX1 1K/ FasRiXutqs N EFR M ~SFRM11%22
3 i1 Tt .
ilgp - Roeg®11 lqr ; | (4.12)
_ o . L _
W, T 2R [XM (igs fdr = fas* iqr/ Tl] (4.13)

To solve alove eguations efficiently,'it is highly
desirable to use a numerical- integration routine in which the
step length can be varied to achieve reasonable accuracys. By
chosing an optimum step length in the process of numerical

solution, a compromise between the accuracy of the results and
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the C-mputer time can be achieved. Rungé—Kut£a fourth-order
method has been used to obtain starting and reclosing tranéients
of this system. The(BO) accuracy of the numericél integration
depends on the integration interval, the smaller the interval
the greater the accuracy. To determine the accuracy of computa-
tion, the increments in the dependent variéb&es corresponding
to a given increment in time are computed, the integration in-
terval is then halved and the increments recalculatede. This
process is repeated until the last two sets of calculated in-
crements in the dependent variakles égree to within O.l percent.
This simulation and numerical integratioh technique is available
in the form of a ! Special application Program' called ' Conti-
nuous System Modeling Program' (CsMP) produced by a Computer
Company for use on one of their digital computers. Thus, a time. .
increment of 0.0005 'sec-' is chosen for a convergent solution of

adequate accuracy-.

The transient currents and speed have been gomputed using
aove five non-linear simultancecous differential equations and

transient torque is calculated from torque equatione.

4.3 OPEN CIRCUIT CONDITIONS IN THE MOTOR

when(BO) an induction motor is diséonhected from the
supply the air gép flux decays at a rate associated with the
electrical time constant of the rotor circuit. Fovr' a short period
of time following disconnection this decaying aire-gap flux will
cause a2mf's to be induced in the stator windings, having a

frequency dependent on the rotor speed and, therefore,
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short time depending on the characteristics of the switeh,
and this will ke assumed here to be 2ero. Since the flux
can not change instantaneously, a balance of mmf must be
maintained over the boundary of switching. Thus the change
) in the stator currents must be accompanied by a ¢orresponding

change in the rotor currents thereby maintaining constant

flux linkages immediately before and after switchinge

The d,q currents are proportional to the mmf's produced

by them so that prior to switching

Fgoadgg *igp
and

+ 1

F a qri

q iqsi
where suffixes 1 and 2 denote the currents befgQre and
after gwitcning.

After switching

Fqg o g0
Fq o 1qr2

Hence to maintain a balance of mmf during switghing

arz = iaa *idm
: (4.16)

3 — - . '
i = lqsl +1qu

Equations (4.16) provide the boundary conditions for

ig, and iqr required in equations (4.14) and (4.15), since

these rotor currents are referred to the stator by the property
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of the transformation used. These boundary coriditioxjxs are
necessary to determine the decay of rotor currents and

stator voltages until reswitching.

DECAY OF ROTOR CURRENTS

Equation (4.15) can be written in the following fom

N1-G] B e 6 ]
so that -
(&)= 7[00 =) 1]
or {L:%_Dl] - _ Ex]-l {R]{lj + [XI—J. [V]

where [ R_| and [ X_| are the matrices fomed by the temms

independent of p and coefficients of p/wb.

' 01 ‘“R' - SF_X.! : : Tt
- . = w | X 0
[v]- {o:{ L N I G e
=4y SFpf22  Roeg 10 xb,
. o Vil !
ry ; .
l.-j_ 1 = 1 X’T‘l — X22
i R 1
' s 0 Xéz
Therefore
] T o
Wy X5
1
0] T
Xooll




or s — pro—ie by e
4 ' - 1
P lap R2 . SFR idr
1 X52
W s ’ - - . R' 0] |
b |p lqr = - | SFp x2§g J.qr
| ] - 22 ] b
‘ Ré ,
. ' : - » ' - 3 '
P i3y, b )?5? i3 = SFp gr
. - (4.17)
‘ 'Réeq :
s 9 = - : (O |
P lqr wb _FSFR ldr + X‘F-ZZ J.q:I
‘*;.. .
where, iér and ic'zr ‘are the initial values of rotor currents

after disconnection. Thus

s ! 3 ]
13y tasl + idrl

il

1 3 I §
ar “igs1 Y gn

The rate of change of current p fI} is calculated
using equation (4.17). From these, the increments in the
currents corresponding to an increment in time ( the.step
length) are calculated. Adding these increments to the initial
values gives the currents, which are then used in equations
(4417) to obtain new p [I], and the process is repeated until

the specified range of time is coverad.

DECAY OF STATOR VOLTAGE
Bquation (4.14) can be written in the following fomrm

'as

r\q: R] a1+ [x] E‘%’-i—}
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0, A C A

| | Vdso '
M
- \Y%
J | 9so

SuffixX o corresponds to the open circuit condition.

Thus,
- : ~, P - e
Vaso Y W, - ¥y igr -
Yaso Fr %y X | (4| —— ®
L ol - ) te

and open circuit voltage is given by

E, = V cos( wbt) -V sin (wbt) . (4.18)

A dso gso

DECAY OF SPEED
The electromagnetic torgque equation is
= . it - it . it
TE xM ( iqs J'dr 13s J'qr )
Byuation of motion is given by

2HP r TE TL

where wr is the speed of rotor in p.u.

= cn-!:w . i! - i ! -
pWr‘_ A Bﬂ ( iqso .'Ldr ids. J.qr) TI;]
Since under open circuit conditions
=i =0

- dm C (4.19)
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The rate of change of speed under open circuit condition

can be calculated using equation (4.19).
4«4 COMPUTER PROGRAM f

The initial part of the digital computer program for
the numerical solution of equation 4.1 deals with connection
of the inert machine to the supply, with the .vumerical inte-

gration based on the Runge-Kutta method.

Equétion (4.1) may be rewritten in the form
I=Teira « [x] R
and the rate of change of current with respect to time is
given by
o] = w [- 0t W[s]« 7RI
- - -7 (4.19)

where tR] and {xj are the matrices formed by terms

independent of p and coefficient of p/wb.

With the given applied stator voltages, the initial zero

stator and rotor currents and the speed, the rates of change of

i
-

the current p [i] are calculated using equation (4.19). From
these the increments in the currents corresponding to an incre—v
roont in time ( the step length) are calculated using the numeri-
cal integration on a digital computer. Adding these increments
to the initial values ines the currents, which are then used |
in equation (4.19) to obtain new p [i] , and the process is
repeated until the specified range of time-is covereds The new

speed of the motor is obtained by numerical integration from
the equation (4.13).
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The next part of the program deals with the open circuit
conditions in the motor, following disconnection from the supply.

In general, equation (4.1) may be written for partition in the

form
Vi %3 %2 i
Vo Zoy Bop i,
.

.

where V, and il refer to the open circuited circuits
and V, and i, to the remaining circuits. since i, = O on open

[a] = [=e] - ] |
‘[RIJ’- [12] + [x,] - E-v%g.iz] (4.20)

il

additionally
’ [vo]= [20] [12]
= [Rzg]l:iz] + E{zi~+wb 121'
e [ig] = wbE [Ko0] [Roa] [327 *[ee] ™ [vzﬂ (4.21)

Equation (4.21) is the same as equation (4.19), with
the original matrix [z"] of equation (4.1) replaced by the im-
pedance mat rix EZ22—J « In the prpg'i:'am '{?22] is found by deleting
the rows and columns of [Z] corrasponding té the opened circuitss
The initial rotor currents after disconnection are found using
the principle of constant flux linkage, and the subsequent decay
of rotor currents and stator voltages are found by using equations

(4.21) and (4.20), reépe_ctively.-
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For the finalApart 6f the program dealing with reswitch=
ing the-impedancelﬁatrix is changed back to [2] , and the
computation-is performed as for.connection kut with the initial
values detemined from the open-circuit calculation. A simpli-
fied hlock diagram for the program is given in Fige4.ls and the

- complete flow-chart for transient study is given in. Appendix-4.

4,5 ANALYTICAL RESULTS AND DISCUSSION

Reclosing transients have been computed for the follgw-

ing casecs ¢

(a) A plain induction motor (slip rings short circuited)

() A chopper controlled induction motor drive

In both cases the procedure of obtaining the reclosing
transients has been as follows. The motor/drive is started
from.rest by applying rated voltage. The switching transients
- are cohputed till the steady statc is reached. Supply is now
withdrawn for a short interval (to be defined later) and the
switch is again closed. The resulting transients are computed,

once again, till steady state is reached.

For the case of chopper controlled induction motor
drive, the chopper duty cycle has been adjusted arbitrarily
at 0.5, Other values of the chopper duie cycle have also been

considered in one case.



{ Read machine parameters
and initial conditions

T

Compute rates of cnange of currents &
+ . and other dependent variables and
1 hence thelr increments correspond- 4%_1F
ing to specified increment in

time | lreduce ]
l step |
i . length
Do these increments agree within : i
.SPeCificﬂ limits with those pre- 4 no
viously computed » :

Yeél

Increase currents etc. by com }
puted increments and compute
open circuit voltage, if any.

L

Print results, if required at } )
the given instant of time :

J{ 1
_ Has the duration of transient 4
no been covered

.3

e
>
-

Yes
No .

: i £ —

are some of the no, lis machine to be
circuits to be ] lreswitched j

ves |

Form new impedance |
] matrix by deleting
rows and columns |
corresponding to F 1
€ opened circuits ang
adjust currents to |
maintain constant { |

- f£lux linkages 4
S

| change impedance |
{ matrix back to ]
! original form

Fig.4+1 - FLOW DIAGRAM OF COMPUTER PROGRAM
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4,541 Reclosing Transients for Plain Induction Motor

Figures 4,2(a) to 4.2 (h) present the relevant details
involved in the study of reclosing transients, The induction
motor is considered to have a constant load torque of 0.5 p.u.Q
present all the time. The inertia constant is taken as 0.25
peu. The applied voltage and frequency have normal values of )

T y.ue Normal parameters of the machine (as given in appendix-

2 ) are considered.

Fige 4.2(a) shows how the open circuit voltage falls
during the period of supply interruption. The supply voltage
waveform is also shown alongwith to indicate the phase differ-
ence between the two voltages. It can be observed that at 0.1
secs the values pf'suppiy voltage and open circuit ﬁoltage are
1.0 pou, and ;0;424 pelle respectively. So that if the switch
is reclosed_at this ingtant the resultént voltage would be
(1.0 - (-0.,424) = 1.424 p.u.). aAn instant} earlier or later
than this ihstant; the resultant voltage is found to be less

than 1 ‘424 P Ou‘d

Figs 4.2(b) shows the decay of speed with respect to
time during the period of supply interrup-tion. It is noted
that after 0,95 sec. the machine comes to rest. The open

circuit voltage has also fallen to zero by this time,

Fige 4.2(c) and (d) represent switching and reclosing

transients for two different reclosing instants. Fig.t.2(c)
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shows the transients when the motor starts from rest, attains

steady statet, gets disconnected from supbly for a period of

0471 sec and is reconnected to supply.

Fig. 4.2(d) shows similar transients when the reclosing

has been delayed to 0.7 sece

On the basis of these figures following points may be

observed

(1)

(i)

- (444)

The open circuit voltage £alls to ~0.424 p.u. after 041
sec. and 0,0 pou, after 0.7 sec., and the corresponding
resultant voltages arc 1.424 p.u. and 1 p.u.respectively

(Fig4e2(ad).

/

The motor speed falls to 0.8) psu.after 0.1 sec. and

003 p.u.after 007 SCCe (Figo4'02(b))-

The reclosing transients with 0.1 sec as reclosing timé
(Fig.4.2(c)) are much more severe than the one ﬁith 0.7
sec. as reclosure time (Fig.4.2(d)). It is due to the
fact that initial momentary dynamic breaking torcue
due to-assymmetrical flux is more in the case of 0,1

sec. The negative torque peak is clearly evident in

shows that the peak torque in this -
Fig«4.2(c)e Quantitative comparison/case is - 343 peue
as against + 2,7 psu. for the case of Fig. 4.2(d). The
settling time is; howewver more when reclosure time is

more, In the present two cases it is 0.5 sec for the

case of Fig.4.2(d) and 0.23 sec.for the case of Fig.
4- 0‘2 (C )Ao,
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(iv) The switching transients, obviously, remain same for

the two cases of Fig.4.2(cland (d).

These observations convergefté the conclusion that
reclosing torque'transients are worst wﬁen reclosure occurs
:at an instant which corresponds to maximum resultant voltage
- at the motor terminals. In order to give further support to
this COnclusion; the peak reclosing torque transients have
been obtained corresponding to several reclosure periods taken
at regul}a‘r intervals of 0,0025 sec. and its wvariation is
pldtted in Fig. 4+2(e). It clearly shows that the worst
case is the one corresponding to a reclosing time of slightly
greater than 0.1 sec. The peak torque for a reclosure time
of 0,95 sec.} when the motor speéd falls to zero and its open
circuit voltege has also vanished; is about 33 psus This
must be same as the peak observed when the machine is.sﬁarted
from rest. The switching transients of Figs. 4.2(c) ana (a)

provide this cross-checks

~Having ascertained that the worst recloéure time for
this induction motor operating under noxmal supply conditions
with a constant load torque of 05 p.u.; is slightly greate r
than 0,1 sec} the effect of variations in supply voltage,
supply frequency, inertia constant and load torque may now

be discussed.,
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4.5.17.1 Effect of Variation in Supply Voltage

During operation of the machine it ié likely that it
may have to be operated for considerable period from acgupply
whose voltage differs from normal value by inO%. Tﬁe effect
of reclosure under such abnormal operating conditions is

investigated. Figs. 4.,3(a) and (b) show the results,

It i1s observed that if the supply interruption takes
place when the motor was operating with 0.8 pyus voltage; the
worst instant of reclosurc appears earlier than the normal
case (1.0 pasue voltage) and the resulting peak torcque trans-
ient reduces in magnitude. The reverse happens when the
applied voltage is more than‘normal value at the time of

supply interruption. Table 4.7 shows the quantitative compari-

SOn.

/ It is also observed that in all the three cases; the

- ——— — - -~ o e e

worst reclosing instant appears slightly later than the

instant when resultant voltage is maximum,

- -

4454142 Effect of Variation in Supply Frequency
The effect of variation in, supply frequency on re-

closure is investigated, Figs. 4,4(a) and (b) show the

results.

It is observed that if the supply interruption takes
place when the motor was operating with 0,92 peu. frequencY;

the worst instant of reclosure appears later than the normal
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case (1.0 zaus frequency ) and the resulting peak torque
transient increases in magnitude. The results are in the

same line when motor is operating with 0,96 p.u. frequency.
Quantitative comparison is shown in Table 4.2,

It is'observed that in all the three cases} the worst
reclosing instant appears slightly later than the instant

when resultant voltage is maximum.

4eDe1e3 Effect of Variation in Inertia Constant

There is a possibility that the inertia constant of the
machine may change becauSe of m&unting or unmounting of certain
components on the motor shaft. The effect of reclosure under
such conditions is investigated, Fig.:. 4.5(a) ‘ " show the

resultss

It is observed that if the supply'interruption takes
place with increased value of system inertia;‘the worst instant
of reclosure appears later than the normal case_(0.25 inertia)
and the resulting peak torque transient increases slightly in

magnitudes Table 4.3 shows the quantitative comparison.

It is observed as before, that the worst reclosing
instant appears slightly later than the instant when resultant

voltage is maximum.

4454144, Effect of Variation in Ioad Torque
The effect of variation in load torque on reclosure is

investigated. Figs.4.6(a) and (b) show the results,



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4

