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ABS TRACGCT

In the present work, a steady-state equivalent circuit
has been developed for the general case of rotor unbalance
in an induction metor using three different methods based on
symmetrical components concept, Generalised Fotating-Field
Theory and Generalised Electrical Machines Theory. The
equivelent cireuits so derived have been found compatible

and represent the same circult,

It has been shown that the equivalent circuit developed
in the present stﬁdy is of general nature and covers all
special cases studied by earlier authors., It 1s found valid
in all cases of gsymmetrical or ungymmetrical rotor unbalance.
The effect of varlation of resistance or reactanee or both
in the rotor cirecuit over the toraie/slip characteristie
can be conveniently studied,

Using the cirmit, fast and economical computerised
calculationé can be carried out for a large number of
asymetrical cases for computing the perfomsance characteri-
stics of the machine. The equivalnt circuit can also be
used for predicting the transient behaviour of the machine.



Eandii AL R AR

Page No.
Cortificate ese : ces i1
Acknovwledgements P soe ’ :Lii
Abstract . .o oo iv
List of Symbols v
List of Figures cee eee vii
INTRODUCTION o oo 1=k
CHAPTER I . STEADY-STATE EQUIVALENT CIRCUIT WITH
GENERAL ROTOR UNBALANCE 5-42
1.1 Positive-sequence Equivalent Circuit 6
1.2 Negative-sequence Equivalent Circult 8
1.3 Positive-and Negative-sequence Machine
Impedances oo 10
1.4 Simplification of the Positive-sequence
Equivalent Circuit by the Thevenints '
Net-work Theorem oo 12
1.5 Extemal Rotor- Sequence-Impedances 15
1.6 Rotor-sequence Voltages coe 15
1.7 Rotor-sequence Currents ‘oo 17
1.8 Rotor-sequence Voltages cee 18
1.9 &egguiﬁmﬂ Ehoge Bteady~state Eqivalent
neral Rotor Unbalance 20

1.10 Compatibility of the Equivalent Circuit
to those reported earlier by seversl Authors 24

1. 11 Symmetrical Stator with one Rotor-phase
open-circuited P 24

1.12 Symmetrical Stator with the same External
Impedances in the Two FRotor Phases 2k



1. 13 Symmetrical Stator and Short-circuited
Symmetricel Fotor fed from a Balanced

mpply s e 27
1.1 = Nature of Symmetries «oo 44
1.15  Altemative Form of Equivalent Cireuit X
1.16 Torque Expre'ssion‘ cen 30
1. 17 Variation of Torque ore 36
1.18  Losses in the Machine 40
CHAPTER Il ggxm.mr CIRCUIT OF INDUCTION MOTOR- o
ERALISED ROTATING FIELD THEORY L3.64
2.1 Analysis of an Induction Machine having
a Single-Phase Winding on the Stator and
a Single-phagse Short-circuited Winding
on the Rotor ‘oo LY
2,2 Fields Produced by the Interaction of
| Stator and Rotor CQurrents ... Lh
2.3 Voltage Eqations . 3 cen 46
2.} Euivalent Cireuit e 48
2.5 Frequeney of Reactance vas 48
" 2.6 Analysis of Induction Motor with
. General Rotor Unbalance cos 50
2.7 Voltage Equations ‘ s 51
2,8 Equivalent Circuit coee 53
2.9 Coupling Network cos 58
2.10 Altemative Fomm of Equivalent Circuit 60
2.1 Torque Expression e 60
CHAPTER III-. STEADY-STATE EQUIVALENT CIRCUIT.GENERA- ‘
LISED MACHINE THEORY ese 65-8k
30 1 M‘chine Im;;edan ce ee e 66

3.1 Stator/Stator Impedsncs Zyq oo 66



3.12
3.13
3.1

3.2

3.21
3.22
3.23
3.2k
3.25

3.3

3.31
3.32
3.33
3.34
3.35

R

CHAPTER IV.-

REFERENCES
BOOKS

Stato r/ﬂ)_tor Impe dan ce Z1 p) sen
Fotor/Stator Impedence 254 ... '

Symmetrical Coﬁ:pon ts Trensformation
Stator/Stator Impedeance Z4q ..
Rotor/Fotor Impedance Zpp «..
Stator/Fotor Impedence Z,, ..
Rotor/Stator Impedance Zpy ««»

Complete Transformed Impedance Matrix 2!

~ Reference Frame Transformation C,

8tator/Stator Impedance Zqq .«
Stato.r/Rotor impedance Zyg ees
RFotor/Stator Impedance 2,y ...
Fotor/Rotor Impedance Zos  «e.

Complete Trensformed Impedance Matrix 2

Complete Equivalent Circuit ...

CONCLUSIONS AND SCOPE FOR FURTHER WORK

Conclusions oo

Scope for further work “es

68
69
70

70
71
71
72
7k
74

75
76
77
78
79
79

83
85-88

85
87

89
93



vy Vi

Voor Voo Vo

I94s 14

I29.0 Too.
T11o0 Ty
Iy I
I, , I,

Ry By
X10 %3
X

Rgy Xg

23y Zby 2¢

Zn4y Zne
oy Zyy Z-

(V)

S YMBOULS

Supply voltage and Thevenin's open-circuit
voltage per phase respectively.

Zero~-, positive-and negatlve-sequende components
respectively, of the woltage across the seguence-
components of the extrs impedences added in the
rotor circuit.

Induced e.m.f. per phase in stator and rotor
windings respectively

Stator positive-and negative-sequence currents
respectively.

Negative-sequence rotor currents

Negative-sequence stator currents

Stator end Rotor currents for mschine with ene
winding each in stator and rotor,

Stator and rotor currents matrices

Stator and Rotor resistances per phase
respectively.

Stator and Rotor reactances per phase
regpectively at line frequency

Megnetlizing reactonce

Resistance and reactance of the supply lines.

Extra impedances Zg, 2y, and Zg added in the rotor
circuit respectively.

Positive-and negative-sequence magchine impedances.

Zero-, positive-and negative-semqence components
of extemal rotor impedances respectively

Series impedance obtained by Thevenin's Theorem



Machine Impedance

Self reactance of the stator winding due to
the forward and backward fields.

Extemal impedance added in the rotor circuit

Self reactance of the reference winding due
to the forward and the backward fields.

Supply and shaft frequencles
8tator and rotor frequencies

Synchronous and actual speed
Fractional slip

Synchronous and actual speed , electrical rad/sec,
032_“/'3 operabor,
Fotor-and stator-registance matrix

Fotor and statoy leakage-reactance matrices

Stator mutual-impedance-coefficient matrix
due to forward field,

Rotor mitual-impedance-cosfficient matrix
de to forward field.

Stator-to-rotor mutual impedance-coefficlent
matrix due to forward fileld.

forwvard and backward fields.

positive-, negative and zero-seguence components



i

| LIST OF FIGURES |
Flg. No. , ‘ Page No o.
1.1 Positive-sequence Equivalent Circuit 7
1.2 Relative Direction of Fotor and Stator
m.m,f Components | 9
1.3 Negative-sequence Equivalent Circuit 1"
1.4 Negative-gsequence Machine Impedance 13
1.5(a) Positive-sequence Equivalent Circuit 1
O e o n
1.6(a) Equivalent Cireuit Pertaining to Bquation(1.23) 19
1.6(b) Complete Equivalent Circuit _ 19
1.7 Equivalent Circuit of Induction Motor 22
1.8 Circuit perteining to Impedance Temm -21;5-'-'- 23
1.9 Equivalent Circuit of Induction Motor under
General Rotor Unbalance 25

1.10  Equivalent Circuit of Motor with one Fotor
Phase open Circuited 26

1.1 Equivalent Circuit of the Motor with the
same Extemal Impedances in the Two Rotor

Phases 8
1.12 Equivalent Circuit of the Motor under
balanced operation 2

1.13 Equivelent Circuit Represented by Eqation(133) 31
1. 14 Altemative form of complete equivalent Cirenit 32
1.15 Torque Slip Curve for Single-Phase Rotor
og:ration with Nomal Characterlstic-Broken
Line Y1
2.1(a) Stator forward field 47

2.4(b) Stator Backward field 47



Fig, No.
2,2

2.3
2.4

2. 54
2.5B
2.6
2.7(a)
2.7(v)
2.7(c)
2,8

2.9

3.1

Emivelent Circult for Buations 1 to My

Equivalent Circuit of Machine with Asymme-
trical Fotor

(a) Pogitive-sequence Bquivalent Circuit
(b) Negative-sequence Equivalent Circuit

Sequence-circuits
Equivalent Circuit of Induction Motor with
General Rotor Unbalance

T-Type Coupling Network Consisting of two
Controlled Voltage Generator
Positive-sequence Cireuit

Negative sequence Circuit

Coupling Circuit

T.Type Coupling Net-work Consilsting

of One Controlled Generator only

Complete Steady-state BEquivalent Circuit of
a Symmetrical Induction Motor

Diagrammatic Representation of the Three-
Phase Slip-Ring Induction Motor

Page No.
49
52
55
55
56
57
59

61
61
61

59

62

67



WA MBS whN M S AR AR AR A e deee



INTRODU GCTION

Generally the performance characteristics of induction
motoras have been obtained based upon the assumption of

symmetrical phase windings and balanced supply voltages.

" Due to technological or operational impefféct:_lons,
electrical machines may not be perfectly symmetrical., Technolo-
glcal asymnetries are sometimes created intentionally., However,
due to practical considerations it is generally difficult to
design an absolutely symmetrical machine, Unbalanced voltages
may occur owing to line disturbances or unsymmetrical load
distrimtion., Unbalance on rotor side may exist due to improper
short-circuiting of starting resistances during acceleration
or a lead from slip-iing may be open. Uhbalance on the rotor
side may also be created for speed contro18. Simul taneous
unbalence on both sides of the air-gap due to a blown fuse, a
contact fallure or inclusion of unbalanced extemal impedance
in addition to rotor unbalance, results in the phenomenon of
multiple reflections. This results in unequal flow of currents
leading to reduced torque and increase in copper losses. Further,
excessive voltages in the windings may damage the insulation
and saturate the magnetic circuit to a high degree. Thus one
finds that assymentry in induetionmotor may not be completely
avoided; it may be either intentional or due to faulty operating

conditions,



The unbalanced operation of induction machine has been
a subject matter of considerable interest over the years. The
operation with an unbalanced secondary circuit was first investi-
gafed by Goorges1. The Georges ph;momenon 1s the operation of *
a 3-phase wound-rotor induction motor at half-synchronous speed
and '1s obtained by unbalancing the rotor circuit. This pheno-
menon has been used to advantage in the starting of synchronous
motors. The half-speed property was subsequently explained on
& non-mathematical basis by menoz using the theory of two
oppositelj rotating fields arising from the single-phase
secondary winding. The effect of uhequal extemal rotor
resistances was studied by Joneg10. . The equivalent circuits
for certain particular cases of unbalance were derived by
0

Garbino etal Methods to remove certain disadvantagesg in the

reduced-speed operation, such as low power factor and decreased
breakdown torgue, were presented by Barton eta.115 Leung etal 25
derived the equivalent cirait due to unsymmetrical rotor-
winding connections. Brown etal13, using symmetrical component
theory, established a general method of analysis for the
operation of induction motor having asymmetrical primary
connections. Brown cta123 proposed a generallzed rotating-
field theory where the aggregate behaviour of the machine was
obteined through the summation of effects produced by each
phase, Jha ota126 developed a generalised rotating-field
theory of induction machines having asymmetricel windings on

both the stator and rotor. The phase-by-phase spproach of



this generalised theory made to develop an unified approach

for a m/n winding induction machine with no constraints either
on the number of tums or on the relative displacement of the
winding axes, Recently Vas3° derived a new equivalent circuit
for the general case of rotor unbalance. The positive-and
negative-gsequence circuits are coupled through a four-port net- .

work consisting of current or voltage controlled gemerators.

The fact that in a number of cases, induction machines

work undey aaymmetricai operational conditions, made necessary

to study the operation of ungymmetrical machines. The studies
made by various snthors so far as deseribed in the preceding
paragraph cover a smaller range of unbalanced operating conditions
with symmetrical rotor unbalance. The circuits so developed con-
| sider only the simple and special cases viz., operation with one
rotor phase open--c:l:c'c:ui(:erl2 and equal resistances included in

two phasas"s. Furthermore, all these studies consider only the
variation of external resistances added in the rotor circuit and
the reactance has been neglected. Therefore, it i1s necessary to
develop & genersl method for performance evaluation of induetion
machine with all possible cases of rotor unbalance. Therefore,
1t has been the purpose‘of the pi'esi:xt work to develop a general
method for the computation of opergtional characteristics(trensient
and steady-state). The equivalent cix?cuit of a machine fumishes
a very convenient and easy method for predetermination of its
perromanca. In the present work a general equivalent circuit
has been derived. Using this single-clrcuit, fast and economical



computerised calculations can be carried out for a large
number of &symmetrical cases, &s only one network is to be
solved by using _routing._r_xetwork-'-golvin..g procedures available
at most computer systems. The squivalent c,ircui‘t developed
also presents the physical ooﬁc'epts‘ clearly. The method of
symmetrical components has bgeh uged for the devalopment of
equivalent circuit for wound-rotor induction motor under

rotor unbalance created by connecting unegal impedence in
the rotor circuit., The equivalent circuits derived so far in
special cases of rotor unbalance ,l}ava been shown as particular

cages obtained from the general equivalent circuit so obtained.

A chapter-wise summary of the work presented in the
thesis is outlined here. In chapter I, theory of symmetrical
components has been used t’ol develop the complete general
equivalent circuit by superposing the positive-and negative-
sequence equivalent urcuits; The génaralized rotating-field
theory of an m-n winding 1n_dqction machine, has been extended
in chapter II to develop equivalent circult of a wound rotor
induetion motor under general case of rotor unbalance. The
concepts underlying the generalised machine theory have been
utilised in chapter III to develop the general equivalent
circuit of the machine. All these squivalent circuits have
been shown compatible representing the seme general circuit.
In chapter IV, conclusions and scope for further work is
ni ghlighted. | |






CHAPIER I

STEADY. STATE EQUIVALENT CIRCUIT WIS

INTRODUCTION

With the ald of the methed of symmetrical components
and the knowledge of a balagnced induction motor, it isg possible
to analyse the motor with general rotor unbalance on a mathema-
tical basis. In thig chapter, a steady-state equivalent circuit
is derived foi a three«phsse induction motor with symmetrical
stator and rotor asymmetry created by adding unequal impedances
in the secondary circuit. Positive-and negative-sequence
circuits are developed and combining the two, the complete
gsteady~gtate equivalent eircuit of the motor is obtained. The
circuit has been shown to be valid forvany casé of gsymmetrical
or asymmetrical rotor unbslance and helps in writing the general

equations determining the perfoxmance of the motor.

The following assumptions have been made;

(1) The stator and rotor windings are symmetrical and unbalance
created by adding unequal extemal impedances in the rotor
circuit,

(11) The three-phase supply voltage is balanced and sinusoidal.

(111) Saturation and iron losses are neglected.



1.1 POSITIVE. SEQUENCE EQUIVALENT CIRCUIT

When a balanced three-phase voltase of positive-sequence
V,_,, and frequency f 1is impressed on the symmetrical stator
winding of a three-.phase inductim motor, the positive.sequence
currents flowing through the stator winding set up a sinusoidally
distrituted magnetic flield in the alr-gap rotating forward at
speed *° radian per sec. relative to the stator., This field
induces an e.m.f. in the stator as well as in the rotor. The
fomer emf tends to balance the applied woltage while the
latter circulates unbalanced currents in the rotor windings.
The field rotates forvard relative to the rotor circuit with
a speed s and induces in its winding a positive-sequence
e.m.fo sE, and frequency sf and canses positive-sequence
currents I, to flow in the secondary impedances. The stator
and rotor positive-sequence currents satisfy the m.,m.f, balance
equation so that the difference of their m.m.fs. just produces

the positive-sequence flux.

For the rotor circuit,

I =
2+ Ra-a»}sxa
LB, -
2" 5 |
= eoef1e1)

.132 + JX

8 _
The positive-sequence equivalent circuit assuming unity
tum ‘ratio is shown in Fig, 1.1,
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Vig " Va+
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R |

FIG.11 PCSTIVE -SEQUENCE EQUIVALENT CIRCUIT




1.2 KEGATIVE.SEQUENCE EQUIVALENT CIRCUIT

The rotor voltages and currents are of slip frequency
sf. By resolving the currents into symmetrical components,
the positive-sequence m.m.f, will be rotating at a speed gw
relative to the rotor, or a speed B8LW+ly = 8W+ (1=-8)W = W
relative to the stator. The stator field reacts with the
rotor positive-sequence current to develop a torque T,
which accelerates the rotor snd thus decreases the relative
speed (& - wy) of the stator field with respect to the
rotor winding. A similar principle applies to the negative-
sequence field, arising from the negﬁtive-sequanca currents
in the rotor and rotating et a speed -so relative to the
rotor or a speed 8we wyp = 8wW-(1-8)w = (2s+1)c) relative
to the stator. This negative-sequence rotor field will induce
stator currents of frequency (2s-1)f and produces a torque
I-. 1%t follows that T. will aid 7T, %o speed up the motor
1f (28-1) >0 and vice versa.

The negative-sequence field having a speed (2s-1)cw
relative to the stator, 1nduq93 in the stator winding a
negative-sequence e.m.f, of (2s-1)f frequency vhich in tum
circulates negative-sequence current in the balanced sﬁator
impedance. The path of this ecurrent is through the resistance
and reactence of the gtator winding and the power lines
supplying the induction motopr. ItA is likely that the impedance
offered to the flow of these currents by the supply lines will
be small tut it may not be negligible, so that the impedance
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of the power lines will be considered while deriving the

negative-sequence equivalent circuit,

For the rotor circuit,

-

I S ettt
2- R2 + JHXQ
8 2 vee(1.2)

Also for the stator circuit,

(2s-1)E,
=7 TRy+Rg) + 3(281) (X, + Xg)

I
E - |
1 . ees(1.3)

+J(XT+ XS)

.

(28-1)

vhere Ry and Xy are the resistance and reactance of the power
lines. The negative-sequence equivalent circuit, assuming

a tum ratio of unity, is shown in Fig. 1.3.

1.3 POSITIVE. AND NEGATIVE.SECQUENCE MACHINE IMPEDANCES

The positive. and negative-sequence impedances

(Zy4» Zp.) of the machine are easily obtained from the
positive-and negative-sequence equivalent circuits as given
in Fig. 1.1 and Fig. 1.3 respectively and are given as under
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R (250X, Rg J(ZS T)Xs Iy - JSX)
— M 500 - WA— 30 h _W__T
' (2S 1)ET§ E2 V|2-

|

FREQUENCY-(25-1;4 FREQUENCY -5t

< J - (2——5_]) J(X9+Xs)

?’I"*"*’v—ﬂfm\—g* AT — —
'z E X m

t Y ]

F16.1.3 NEGATIVE-SEQUENCE  EQUIVALENT CIRCUIT
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eee(1.l4)

+ a

m————

Ty I (BHX) Bo iy
8 R1+ J(x““&]) 8 2

)
1%, (Ry +Fg v 30K+ xs):’
: 2 ‘2o ) - s3 + 3% (1.5)
an 8 = (R1+ Rﬂ) -] 2

w + ng."“ Xs"' &n)

The circuits pertaining to the positive- and negative-sequence
machine impedances are shown in Fig. 1.k,

1.% SIMPLIFICATION OF THE POSITIVE-SEQUENCE EQUIVALENT CIRCUIT
BY THE IN'S NET- WORK_THEO

The Thevenin's theorem, when applied acro#s the points

a, b in the positive-sequence equivelent circuit, pemits the
replacement of the circuit to the left of a, b by a circuit

 having a voltage source V, in series with an impedance 2.
and thereby the circuit of Fig. 1.5(a) simplifies to that
given in Fig. 1.5(b). Here V. 1s the ope-circuit voltage
appearing across the points a,b and the impedance 2y is that
reviewed from ﬁ:e same polnts when the voltage source in the
network is shost-circulted, |

Referring to Positive-sequence equivalent circuit
simplified by Thevenin's '.I‘l'xeorém,Fig. 1.5(a),

J X . |
V¢ = Ry Kt Ry 14 ree(1.6)

Zt = Ry + JX¢
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WW—— G000 |
Zg1+
—0 i
POSITIVE- SEOUENCE MACHINE IMPEDENCE i
(R1+Rg) (X 14X o
Ra/s (25 H) ) ‘+ :
o— VAV VA
‘Zm- — =
S
0_‘“ - — - - - .——-—-J

FI1G.1.4 NEGATIVE- SEQUENCE MACHINE IMPEDENCE
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SIMPLIFIED BY THEVENIN'S THEOREM
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~

I % (Ry+ JX4) L
= R1+ J(x1+&n) 00.(107)

asnd ="'2"t M '_(Rt*i?h J(Xy+ Xg)] o I,

Y2 .
=5+ To

v2-|-== Svt « %4"12-} ooo(‘oa)

1.5 EXTERNAL ROTOR SEQUENCE-IMPEDANCES

The rotor asymmetry of genersl nature is created by
inserting unequal extemal impedances Z,, Z, and Z, 4in
the rotor phases ea,b and ¢ respectively, the rotor is
assumed star connacted.‘ Resolving the extemal rotor impedances
into sequence components, the zero-, positive-'and negative-

sequence components of extemal rotor impedances are given

by~
| 20 a‘% (Za-f- 2n+ Zp) | eee(1.9)
Z+ 2‘% (Za'l" aZb‘f‘ 3220) 0.0(1010)
Z. =% (Zg+ a2+ az,) (1.11)
- 3 ‘b e 200 .
1.6 ROTOR-SEQUENGE VOLTAGES;

The zero, positive- snd negativee-gequence components
of the voltage across the rotor sequence impedances 2, 24
and Z, may be given by-
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V2° = 20120 + Z-IQ';O- Z+12_ ves(1.12)
Vo, = 24l + Zolod 2.0, | vee(1.13)
VQ_ & z-IQo + ZJQ_?‘ ZOIQ.u 0’0(1- 1"*‘)

Voo v,, and Vo. in the above equations are the zero.,
positive- and negative-sequence components of the rotor

phase voltage.

In this case, the star point is assumed to be ifsolated
and a8 such the zero-.sequence currents will not be present.
From the positive~ and negative-sequence equivalent circuits,
it is evident that 1f the rotor positive-sequente current
flowing out of thq impedanee is assigﬁed a positive sign, the
rotor negative—séqumce current flowing into the impedance
will be agsigned a negative gign, &ince the star point is
. isolated, the equation (1.12) vanisghes as the zero-gequence
voltage V., 1s zero. &Substituting I,, = 0 and affixing a
| po_sitive sign before 12* and a negative sign before :2; in
squations (1.43) and (1.14), the following equations are
obtained.

72+ - 2012+ - Z-Iz‘_ -00(1015)
Vo = 2415, = ZoIg. eee(1416)

Rearrenging equation (1,16),

24 '
‘i—a—. a%'ﬁ' m._ ’noc(1o17)
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vhere
V. ' o
Zm- ® T— » ‘the negative-seqence eoe(1.18)
p- 2 impedance of the machine
Substituting I, , from egation (1.17) in (1.15),

.
24 vee(1019)

P =I2+ * g
vhere,
. 2, 2 o
Z —— g o—
Zos % 5 "3 veo(1.2)
8 8 Lo , 4~

1.7 ROTOR-SEQUENCE CURRENTS
Expressions for the rotor positive- and negative-

‘sequence currents I, and Ig. are easily obtained from
» .Qquations (108)' (1#15). (1-16) and (1017).
From equation (1.8),

Sv% - Vé+
x2+ = ' zm+ 7

Substituting for V, ~from emation (1.15),

th - (Z-OIQ+ - Z"_IQ_) )
Tay = s |

Substituting for I, from emation (1.17) and simplifying,

8(Z + Zy..)
12 = ) vt
Y (Zo+Zm4) (Zo 2. ) - 242

000(1021)
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Substituting for I, from equation (1.21) in eguation (1.17),

82,

1 = - . vt eee{1:22)
= (Zotins) (Zo+Zn.) = Zel-

Rearranging equation (1.21),

v
Ipy = & 7
Zy
oy, B 5 F
= —
° o a
v -
= t ces(1.23)
SRS
vhere,
R
+ 24
T: ---8—- + JX2+
E &'"‘ '-"Z':' ‘
3 8
= b . - ooo(1o,2'+)
s . ' B
Z ,.Zm.-
) s
224+

Here —J— can be interpreted as the load impedanee such that

the current 12+ passing through it canses a voltage drop

VQ +

equal to -—= . The equivalent circult pertaining to equation
(1023) is shown in F.‘Lg. 1'6&

1.8 ROIOR-SEQUENCE VOLTAGES
Expressions for the rotor positive- and negative-

sequence voltages V,, and V,_  are easily obtained from
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Zm+
14 5
g T —

| .

FI1G.1.6(@) EQUIVALENT CIRCUIT PERTAINING TO EQUATICHH1.23)

JX1 JX?2

1+ Ry 1+ R2ts

FIG16(b) COMPLETE EQUIVALENT CIRCUIT.




=0

equa.tions (1015)’ (1016)' (1021) and (1.22)0
Substituting for I, end I, from emation (1.21)
and (1.22) in equation (1.15),-

( w) = 2402 -
o) = 8 [29(Zo+7n + . W er(1.25)
(%""zn-r) (%*‘%m)"z.pozu

Substituting for Ios and Io. from eqations (1.21) and
(1.22) in equation (1016)’

v 824 o %- v )
= . . seeflte %
2“ ’ (20 + Zﬂ"*)(%%— )—Z.,_.Z. t ( )
1.9 DEVELOPMENT OF STEADY-STATE EQUIVALENT CIRCUIT WITH
GENERAL ROTOR UNBALANCE

The equations (1.4), (1.5), (1.12), (1.13), (1.1%) and
(1. 24)nithe equivelent cirenit of Flg. 1.6(a) show the nature
of the circuit of induction motor and helps to develop the

eomplete equivalent circuit for the general case of rotor

unbalance.

From the Fig., 1,6(a) pertaining to the equivalent
eircuit of induction motor, the machine impedanée 2 is

given by,
Zny 224
2= —4 +5 eve(1.27)

Substituting from equation (1.24),
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2, | 4

Z = -Z%ti- -ZP-- I eee(1.28)
8 E?.-t- E_“i.:
g ]

Substituting the values of Z,, Z, and Z. from eqations
(1.9), (1.10) and (1.11) in equation (1.28) and simplifying

Zn  (ZatZo-2Z0)  (ZaeZpmZD)

%*b ZQ T ¢ 8 +

Z = T +—8“— + ‘ —3 3'§ see1e2¢
(za'i' Z‘b“l' ZC) .%2::
3s T s

Equation (1.29) can be represented as follows-

z oz |
7 aﬁf+_g+zp+3-§-9 : e0e(1.30)

8 8 8
where

[Zm.. (Zb*zc)] [233, -(2p + zc)J
8

2, .
= = eee{1e31)

[2,;_ zb+ZcJ [?Za -(zb + ZQ)J

| ‘*__zm_ (2zq +~b +3Zc)] l'(zb-z L
and 32 : eee(1.32)

[ . [ )

The equivalent cirouit of the induction motor as re-

presented by equation (1.30) 1is shown in Fig. 1.7.

The circuits pertaining to impedance tems ;?2 ’

| Zq
and §~ are shown in Fig. 1.8.
Inserting the circuits pertaining to impedance terms.

Z
'&; ‘nd 'ig' from Fig- ’08 in the Qcpiﬂlmt cireuit of Fig. 107,
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,______,
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FiG.1.7  EQUIVALENT CIRCUIT OF TNDUCTION MOTOR
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the complete equivalent circuit of the induction motor with
general case of rotor unbalance is obtained and shown in

Fig. 1.9,

OMPATIR 'Y OF THE EOUIV

1.10 ) B! ~
SABLIER BY SEVERAL AUTHORS:

The equivalent circuit obtained in the previous
section is very general in nature and is applicable to the
calculation of the behaviour of induction machines uhder
several types of unbalanced operation, The equivalet
cireuits for specific cases of rotor unbalance, reported
earlier by several aﬁthora, can be easily deduced from the
generel equivalet eircuit, A few of these cases are given

in the following sub-.sections,

1.11 SYMMETRICAL STATOR WITH ONE ROTQR-PHASE OPEN..CIRCUITED

In this case the extemal rotor impedance in phases
&,b and ¢ are o© , zero and zero respectively. The equivalent
elrcuit is obtained by substituting 25 =oo, Zy = 2, =0 in
the general equivalent circuit of Fig. 1.9 and is shown in
Fig, 1.10. This 13 a well known case discussed by Lamme>.

1.12 TRI STATOR WITH THE SAME EXTERNAL IMPEDANCES IN
THE TWO ROTOR PHASES
In thie case, the extemal rotor impedance in phases
a,b and ¢ are 2,, Z, and Z, respectively. The equivalent
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— X
e Ry X Rys X2 X2 Rys 1,25
»-WMM
|
T : l
Vit JXm I Xm
|
|
O I :
| STATOR | ROTOR | ROTOR | STATOR !
| ‘
| | | | |
o— / ZG:OO
o- \ Zp=0
o -\ ZC=O

THE. TCTAL IMPEDENCE OF THE CIRCUIT IS GIVEN BY

7 R+JX~,+ ‘———Jxm
14 HXen
. JX
] + -J._x...n.l... —
R1
— = = ] X
(25- !

FIG.1.10  EQUIVALENT CIRCUIT OF MOTOR WITH ONE
ROTOR PHASE OPEN CIRCUITED
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circuit is obtained by substituting Zy = Z, 1in the general
equivalent circuit of Fig. 1.9 and 1s shown in Fig. 1.11,

This is a well known case discussed by Barton etalﬁ.

1.13

case
This is the very common for the performance of the

balanced three-phase induction motor. The equivaicnt
circulted is obtained by substituting in Fig. 1.9,
Za = Zp = 2o = 0 and is given in Fig. 1,12.

1.1+ XNATURE OF SYMMETRIES

On examining the equivalent circuits in several
specific cases of rotor unbalance, it is observed that all
these cases could be divided in two categories of rotor
unbnléneo—symmetrical md ummetr:lcal' unbalence. In case
of symmetricsl unbalance, the extemal impedence added in the
two rotor phases is symmetrical with respect to the third
one while in the case of unsymmetrical unbalance all the
three extemal impedancesare unequal and no symmetry exists
with respect to any phase. 1‘_&19 circuit in the former case
is simple snd symmetrical about the air-gap. In the latter
cagse, there is no symmetry about the alr-gap and the equiva-
lent circuit 1s complex.
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THE TOTAL IMPEDENCE OF THE CIRCUIT 1S GIVEN BY .
Jx
Z=Ry+ Xy + — - LSS
IX
1+ T
R2/S +JX,

F16.1.12  EQUIVALENT CIRCUIT OF THE MOTOR
UNDER BALANCED OPERATION
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1.15 RNATIVE PORM OF v cu
From equation (1,19),

. A Ze 2. _
5 = - 2 ees(1.33)
SR

This represents the circuit shom_ in Fig. 1.12.
Inserting this circuit in the complete equivalent circuit

of Fig. 1.6(b), altemative form of the ciTcuit is obtained
as show in Fig. 1.13.

1.16 TORQUE EXPRESSION

- The voltage equations for the circuit shown in
Fig., 1.9 may be written as follows for the six meshes:

Vie = (Z443%) Iq, = $%,To,  Mesh T ...(1.34)

Zp  (Zy+Zp+2e)
0 .-.-.-JXmIN+[-§g+ a§s < "'JXm] I,

22 - 22 (2Zy~2,) )
- —z-ﬁ—-g—:u-f I, = —é-;-’-f-“- I Mesh IT (1.35)

(22g-Zpy-2,) (2 +42p42,) 2 |
0 - 68 Iz* L X, 3-5 +§"‘ +an 121“

=3Xp I4q. Mesh IIT ...(1.36)
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s -

28

e

8 8

=335y 190

z
0 = - 3% Ipq_ + (zz + 3%)14,.

24 :
0 = =3f¥p Ipy + 3 + KTy,

Zn=2 32, (2 Ze)
(Zy 0)124-*‘32* g+ *io

+ 33%] Too.

MGSh Iv 9:.(103?)
Mesh V s +(1.38)

Mesh VI  ...(1.39)

Writing the voltage equations for the six meshes in the

matrix form,

W = 2715

y—

~here

V‘H-

[ﬂ = * [I] =

o O O O O

cee(1.40)

o
oo

Ty1-

112‘

z11 212 ' 213 LR N RN Z16-}
221 222 223 evenney Z26

and Ez] - 231 232 Z33 tevonsn 236
%1 2’4,2 %3 seesren &_’_6
251 252 253 tevesen 25‘6
L_261 262 ' %3 *ves0ea %6
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In the impedance matrix, elements are defined as follows-
299 = 293X
Bo = By = Uy = By = -1k
256 = %5 = -.BJXm
| s
%6 = 55 =3 Goopy *

A, = 333 = 3 = 3 |5 + 53 *‘”‘A

and remaining elements of the matrix are all zero.

The voltage equations given above are obtained by
making referenee to the .mtor freme as agymmetry is created
on the rotor side, This is necessary to obtain frequency-

equivalence for the sequence components:

Substituting p = Js , the operational impedance
matrix Z(p) of the machine is obtained as given below-



l Zz.‘(p) 322(1)) 223(:9) esesnes 226(1))
Z(p) - | 231(p) Z32(p) ‘ 233(P) I NN NN 236(p)

Z!+1‘(p) Zﬁ_a(p) 21,_3(13) evesone Z).’é(p)

Zg4(®)  Zgo(P)  Zg3(®) seenens Zgglp)
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eos(1.141)

Various eiements of the operational impedance matrix Z(p)

are defined as belows
Zﬁ(p) = 111.4-(1;.,4-113)(p«t-.j('0 r)
240(p) = ~Ip(pHiWy)

26(p) = 3Z35(p) = 32p4(p) = ~3Ipip .-
R, +Ry+R,)

B (0) = 3233(8) = 320 = 3| Rpr 20T

| (2Ry-Bp-Be)  (2Lg-Lp=Le)
323(17) = 232(})) = - 6 - - 6 p

- (Ry=Re)  (Ip-Lg)
Zoy(p) = Z|+2(p) = - 5 | - >— 1

Z61,(p) = 3253(p) = -3Iy(p-1W )
Z6(P) = 3 Zx5(p) = 3Ry + 3(Ly+ly) (p-JWy)

and the remaining elements are all gzero.

(Lg +Lp+Le)

4
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The torgue expression is given by-
T=Hhe X_It NGI] eee(1.42)

where @, the co-efficients of ® , in Z(p) matrix, is

glven by-
1" . 4.
s Xy #¥y) 3%y O 0 0 0
)L/%‘V 0 0 0 0. 0 0"
&‘ V 0 0 0 0 0 0
G =
0 0 0 0 0 0
0 0 % 0 i(XqeE) 0
0 0 .0 33 %y 0 -33 (X1+Xm)
o .
eee (1.43)
The torque expression for the machine on simplification
is given by,
T = Re (V. I )oRyI,..I. BT S
[ bd *a + .
= 1+ 2170 e T ey 11T
. 331 I 1 o ’
(2s-1) * T12-7 T12- v (1.1
1.17 YARIATION OF TORQUE
The torque expression given by the equation
(1.4%), |
0 Py R . 3R ®
T = RG(V1+'I1+)"' H1I1+'I1* + 1 I I 1 oI 0112_

. +
(28-1) M- 11- (29_1) 12-
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may be represented by,
T=T +T ;..(1.1!»5)
vhere Tp = Pdsitivé»sequmce torque
= BTyl - Rl dg, |
and Th = Negativa-aaqumce' torque

"R ° 3Ry
—J—n——— » ---v--—-‘-tI *

-]

Wiile obtaining the net torque T from equation
(1.45), the sign of negative-sequence torque T, has to
be taken into account, which will depend upon the value of
slip, Wiether T, helps or opposes Tp can be qasilly'
ascertained by considering the motion of negative-sequence
m.m.f, with respect to the stator conductors, Fig, 1.2.
For slips less than 0.5, this m.m,f. moves in the same
direction as the rotor causing a torque in the stator tending
to accelerate the stator in the same direction as that of
the rotor, The reaction torque, therefore, opposes t.he

'positive- gequence torque.
TaTp~ T, for slips less than 0.5 ees (1.46)

This can be verified from eqation (1.45) which yields
negative velues for T, for (2s-1)20 i.e, for s5.0.5.

As the slip increases, the rotor slows down and the
negative-sequence m.m.f. gains speed with respect to the
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motor, At hglf aynchronous speed the rotor and the m.m.f
speeds are equal and opposite . so that the relative speed
of the negative-sequence m.m.f with :fespect to the stator

is zero and no negative-sequence torque is produced, This
is in agreement that for negative-sequence torque to be zero,
(28-1) =0 1.e., 8lip is equal to 0.5. When the slip is
greater then 0.5, 1.6., below half synchronous speed, the
m.m.f due to negative-sequence current acts in opposition

to that of the rotor. The reaction torqie thus alds that
produced by the positive-sequence current and

T lgAl'p + T, ~« Cfor slips greater than 0e5  «oa(1.47)

This can be verified from equation (1.45) which yields
positive ira:l.ues for T 'for (2s-1)>0 4.e. for s70.5.
The direction of the positive- and negative-seqence torques
at different speeds and corresponding sliés are summarised
in Table 1.

IABLE 1
Speed v 811p —forque direction
r ! s ! Positive- '  Negative-
, ! ! . __sequencge ' sequence
Wy (W 8> + - Forward Forward
00:. = ¥ 03. 8 = % Forward  Zexo
$U0 WOy <> +>8>0 . Forward Backward
W, =W 8 =0 Zero Zero

W L 5w 8 <o Backvard Backward
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The general equivalent cireuit and the torque
expression derived n.bov‘e enable the complete performance of
the machine with asymmetric rotor predicted, The first mesh
in the equivalent circuit of Fig. 1.13 shows the main stator
current Iy, at supply frequency f, the second and the
third meshes show the referred rotor currents I, and I,
at slip frequency s8¢ and the fourth, the negative-sequence
stator current I,  at a frequency (2s-1)f. The torque
expregssion shows that between stand still (s=1) and half
speed (s=%), all the torque temms are positive. Between
half speed and synchronous (8=0), some of the tems in the
torque expression are positive and some become negative,

A sudden change in the torque/slip characteristic at half
speed may thersfore, be anticipated, The equivalence eircuits
presents the physical congideration clearly., The supply
voltage in the stator produces a rotating field at synchro-
nous speed which induces a slip.frequency current in the
rotor. Since the rotor is asymmetric, two equal uid opposite
rotating fields at slip-frequency sp are produced. The one
synchroniges with' the main rotating field from the stator
end the other induces in the stator balance current at a
frequency (2s-1)f. These currents circulate through the
supply lines, The machine behaves likes two direct-coupled
nomal induction motors. The stator of first is connected
through the supply. The rotors are connected in series

wvith two phases interchanged., The stator of the second is
short-circuited.



40

The shape of the torque/slip characteristic with
agymmetric rotor is shown in F.ig. 1. 1k,

1.18 LOSSES IN THE MACHINE

The losses in the circuit shown in Flg. 1.9 represent
per phage the total input to the machine, so that if the
actual copper logses are subtracted then the difference
must represent the output, Division by (1-8) then gives
the torque in synchronous watts,

Considering the equivalent circuit of Fig. 1,9, Power

input per phase or per phagse circuit losses

o (BatRey o Ry Rb"'Rc)

= I?_._"ef'a.' o, — 5 + 121_(3- + s
+ Iy Iog )*. (2#&;?-%) Iﬂ-‘ 72'?.7)'
+ 3155, (32 23&;:“3%) + 3Tgp - (21:21)
+ (I, - 122_?2-53;3;-—@ ..;(1.1185

Actual losseg per phase

2 R | 2 R +.
= Iy Byt 12+ (Ry+Ry) + 121_(32 =)

2 (Ry-By-R) o
+ (12+ 1,0 ¢ 3 +I &
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2R_ +Ry,+3R,
‘305, ¢ (?—2 + R"Rg ) + 312, « Ry
2 (By-R,)
+ (12_‘_"122_) ¢ 5 2 | ,..(1.!.’.9)
2 (1-8) 2 (1-8) Ry +Re

output = 12+ p (R2+R )+ 121 ¢ —— (R2+ m-é.---)

2(1-8) (2Bg-Ry-Re) o 2R,(1-s)
Ty ——r — e e

(1-s) . 2Ra+Rb+Rc R,y

| 2 (1-8) (R, ~ R, -
+ (12+ - 122,) * B 2 % 000(105‘0)

Torque =

(B,+R) [n2 (Ry + 1@]
I +* r— R ————
8 s ] 21—

2+ 28
.3 \_1_2_2. 2R, +Rb+3RcJ L 631 2
) (25-1) 11~ (2s-1) T1o
(Ry-Rg) 2 (2R,-Ry-R) 2 |
+ 28 (I2+‘ I22-) + 68 (12.0."121_) '00(105’1)

This torque expression is found to be the same as
given by the equation (1.uli),



CEAPTER II

BQUTVALENT CIRCULT OF INDUCTION MOTOR-GENERALISED
ROTATING FIELD THEORY



CHAPTER II

EQUIVALENT CIRCUIT OF INDUCTION MOTOR. GENERALISED

NTRO DUCTION

Generalised rotating-field concepts have bem used
in this chapter to extend the analysis to the case of
induction motor with general rotor unbalance. The interaction
of a single-phase stator winding with a single-phase winding
on the rotor has been studied and the aggregate behaviour of
the machine obtalned through the summation of the effects of
each phase., The current flowing in each winding produces
forward and backward rotating fields, which in tum reaects
with all the windings on the msachine. The performance of
the machine is determined from the voltage equationg of the
stator and rotor windings. These emations cen be easily
interpreted to obtain the complete equivalent circuitvof the
machine with agymmetric rotor. A new oqnivalent circuit has
also been developed and is shown compatible with the earlier
eircuit developed in chapter I.

In the following analysis, supply voltage haas been
agsumed balanced and sinuseidal, stator and rotor windings
symmetrical and rotor unbalence created by adding unequal
impedences in the circuit., The saturation and iren losses

are neglected,
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WINDING ON THE ROTOR:

Before proceeding with the generalised case of a
three-phase machine vith genersl rotor unbalsnce, 1t will
be proper first to sﬁuc&v the interactions between a single-
phase stator winding and a single-phase rotor winding rotating
with an angular speed of &, electrical radians per sec,

2,2 FIELDS PRODUCED BY THE INTERACTION OF STATOR AND ROTOR CURRENTS

When the single-phase winding on the stator is
excited by a single-phase sinusoidal voltage at frequency

£ = -é"*-yir cycles/sec., the current flowing in the winding

produces an m,m.f., which, act.ing on the mggnetic circuit
of the machine produces an sltemating magnetic flux. The
current flowing in the short.circuited rotor-winding reacts
vith the stator current to prodice a resultant air-gap field
which may be resolved into a series of component rotating
flelds, all with the same number of poles but with different
speeds. The forward and backward-rotating filelds produced
by the stator current of fundamental frequency f rotate in
space at + electrical rad/sec., and hence induce, in the

w
, r
rotor, currents of frequepcy f-f, and r+fr, where fr'-"‘g"]‘f

cycles/sec. Each of these currents flowing in the single-phase
rotor winding produces forward and backward fields, the two
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The stator-voltage eqation for fundamental frequency

eurrent 1s,
Ve I4(Ry+ 3%+ §Xqp+ JXp)
~3Iye gy /12" Xoe = ITp(54g) / F1bFob vee241)

The bracketed subscripts against the currents refer
to their frequencies for identification purposes.

The rotor-voltage equation for current of frequency

(£-£,) when referred to the stator is,

0 = Iz(f‘rr)(n‘?‘ TT‘ r + Jxa'.' Jxaf""szb

-3ycey o Xeg Xor ~3Tq(g-20,) ¥V ¥op Kot vee(242)

The stator-voltage equation for currents of frequency
£ty = (f +kf,), vhers k 1is even but not equal to zero is,

Licey By ':f‘? MELIR LIV BANIE E VRSPV ST o

3ot A/xm'jf =0 ...(23)

and.the rotor-voltage equation for currents of frequency

fz = f‘fr is, Vo

I (R, 3 + X ax X 1 X
25 Bo T, T I 2 Xor WXan)=3T (1 gy M Eqp Xor

- JI.‘(f,-* f )/J—i;b-:x. =0 o.o(?oh’)
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forward fields (en induced field has been considered forward
when it is in the direction of the indueing field and backward
if 1t 12 in the opposite direction) have speeds in space of

+ (w electrical rad./sec., end are stationary individually
with respect to the inducing stator fields, tut the two back-
ward fields have velocities in space of -+ 24, indueing
currents of frequency f+2f, in the stator winding. These
in turn produce forward and backward fields, the forward
being stationary with respect to the inducing fields and the
backward producing another series of fields.

' This production of inducing flields due to high fre-
quency currents goes on ad infinitum. The current in the
gstator has the fr.aquencias £, £ + '2'1‘1., £+ Ufayeee, Lo, ,
of the order of f + kfy, ‘where k is even (including zero),
while the current in the rotor has the frequencies f + fy ,
f + 3fpseeey 1.0, of the order f 4+ kf, where k 1 odd.

The speeds of rotating fields and reaction frequencies for

currents are shown in Fig. 1.1

VOLTAGE EQUATION

It may be noted that the rotor winding is on short-
circuit for currents of all frequencies, while the stator
winding is on short-cireuit for all frequencies except the
fundamental. The mutually coupled colls have self reactances
as expressed and unity coefficient of coupling.
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ROTOR CURRENT FREQUENCY=t+ktr

STATOR CURRENT FREQUENCY=t+ i1

WHERE k IS ODD.

WHERE k IS EVEN ( INCLINDING )
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2.4 EQUIVALENT CIRCUIT

The equations (2.1 to (2.4) show the nature of the
equivalent circuit and is shown in Fig., 2.3, The equivalent
elrcuit contains an unending chain of forward and backward
field loops showing an infinite number of stages of inter-

action between the stator and the rotor.

2,5 FEEQUENCY OF REACTIONS

The following points may be noted from the above
analysis: ’
(a) The presence of asymmetry in the stator and the rotor
(in the fom of single-phase winding on each) leads to
the induction of currents of specific frequencies 1,
in the stator and f, in the rotor glven by f, = £ + kf, ,
vhere k 1is even., and f, = &+ kf,, vwhers k is odd. |

~(b) Voltages of frequency f, are induced in the stator
vinding by rotor currents of frequency f,~f, and

(¢) Voltages of frequency f, are induced in the rotor
winding by stator currents of frequemcy f, - £, and
fz + fro

Keeping in view, the above interaction between a
stationary and a rotating winding, the analysis can be
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o0

extended to induction motor having three windings on the
stator and on the rotor. The current flowing in each winding
may be considered to produce forward and backward rotating
fields, which in tum would react with all the windings on
the machine. The aggregate behaviour of the' machine can then
be expressed through the voltage equationg of the stator and
rotor windings for all frequencies present.

ANALYSLS OF INDUCTION MOTOR WITH GENERAL ROTOR UNBALANCE

Assuming the stator symmetrieally wound and tpe rotor
agymmetrical, the balanced currents flowing through the
stator windings will produce no backward rotating field end
the first loop of the squivalent circuit would consist only
of the mutual reactance due to the forward field. Owlng to
the rotor asymmetry, the stator forward field would induce
unbalanced currents of frequency f-f,, in the short-circuited
rotor windings, vhich in tum produce both forward and back-
ward rotating fields. The forward field produced by the
rotor currents 1s synchronous with the inducing field, while
the backward field induces balsnced currents of negative=
sequence and frequency (f-2f,) in the symmetrical stator
vinding. Since the stator ourrents are balanced, these

. will produce no backward field, and hence further induction

of currents in the rotor will cease, The equivalent circuit

175917
GENTIL LITRARY [1"~STY OF ROORKEE

K o,



of Fig, 2.3 will th_erefore, close at the third loop of
(f-2f,) stator frequency and is shown in Fig. 2.4,

2.7 YOLTAGE BQUATIONS

Consider the case when the stator winding is symmetri-
cal and rotor asymmetry 1s introduced through unequal exter.
nal star connected impedance Z,, Zp and 2Z, in series with
the rotor windings, The stater and rotor mutual-impedance-
coefficient matrices due to forward field, which are functions
‘or winding tums and.their respective space displacements,

are given as follows:

1 a a2 -
- [M-;] =[My] = [Mm_,] = |a? 1 a ' wee(2:.5)
. . . v L-a az 1 -] . .

- For the symmetrical-stator machine excited by a
balanead supply, the stator carries only the frequencigs
- f and (f - 2f,), vhile the rotor carries only the frequency
(- £

The three voltage equations in the matrix form aiex

(V4] ¢ = C 124 w0 [Mq] X [T0] -3 [My5] % [T,] (£-1,)

+eeu(2.6)
e o f e £ . . , | '
0 = VI or =(Z 5w+ IMI Xy o g
= (M2} Xp [12](1:_1:7) P (2 -"7)
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-3 TMyp] X [19] p=3 [Mgp] % [T4] (£-214)

eee(2.8)

Wnhere [Z,] is the stator impedance diagonal matrix, having
seme eleménts (R1+3X1); [M,] X, and fM.,]' X, are the
stator mtual-reactance matrices dne to the forward and |
the backvard field; [M,,] X, and [M,,] X, are the mitusl-
reactance matrices between the stator and totor windings due
to the forward and the backward fieldsy Z,, 1s the total
rotor impedance diagonal matrix (including the extemal
impedances added in the rotor phases) having elements Z,+Z,,
Zp+Zp and 2p+% and Zp = (Ro+ §X)5 [Mp] Xp ema [M,] Xy
are the rotor mutualereactance matrices due to the forward
and the backvard fields, and [M,,] = ¥r and ru12]'txb are
the mutugl-reactance matrices between the rotor and the

stator windings due to the forward snd backward fields,

2.8 EQUIVALENT CIRCUIT

The equations (2.6), (2.7) and (2.8) show the nature
of the squivalent clrcuit. Premultiplying these equations
by the 3-phase symmetrical-components transfommation matrix

83
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a b ¢

o |1 1 1]

83 = % + 1 a 8.2
- 1 32 a

and discarding zero-sequence voltages and currents as these

are abgent. On simplification, following equations sre

obtaineds
Ty = (RuXI,, ¢ 31, - 10 .e+(2.9)
V.l 31 _ S
ooy = (ot W TRy T) e (2090)

Y24 (--- X,)1 (I,,-1,.)
0 = —&— = + JX )T, ¢ 3% (Tg =14,

Zo A L
e g 5 cee(2.10)
V. R ' | z
0= = = (22 WXNT, WXy (I, -T, )45 ¢ Ip,
'*'szn 12‘_ .0.(2-12)

where. Z,, Z, and Z. are the zoero-, positive- and negative-
sequence impedance components of the extemal impedances Zj,

Zy and Zp added in the rotor circult, snd are given by,

"Z+.. (za+a2,,+o.22c) - (2-14)
Z_ (Za+0 z,+aZc) | o @15)

Equa*lons (2 9) t (2.12) vepresent the equivalent civcuit shown
m Fig.2.5.
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2.9 CO NETWO

The rotor-sequence voltage equations given by equations
(142), (1.8 and (1.14) may be expressed in the matrix fomrm

as follows,

- - - 7 -

P Zo 2 24 Iy

Vz* = Z+ ZO Z., o 124, . ¢¢(20 16)
— _ e _ - L -

where V, , V2 ) Vo, end 1oy, Ip,, 12; are the symmetrical
components of the rotor voltages snd currents and 2Z,, Z,,
Z,,' are the symmetrical components of the extemal impedsnces
Z,, 2Zp and 2o added in the rotor circuit. As the rotor is
star-connected, zero-sequence currents are absent, Therefore,

neglecting zero-sequence component, voltage equation may be

written,
- - - -
Bl (& 2| n o
® - ® ® . eee(2.17)
Yo- 2 B I,
s I el

The voltage expression given by eqation (2.17) represents
a four-port network consisting of two controlled voltage

generators and represents the circuit shown in Fig, 2.8,

The complete equivalent circuit of the machine Fig,2.5%
may be splitted in three component circuits as shown in
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€0

Fig., 2.7. It is observed that the circuits Fig, 2.7(a) and

'(b) correspond to positive-and negative-sequence eircuits

already derived in chapter I, Flg., 1,13 and the third eircuit
is seen to bs the coupling network connecting the positive-

snd negative-sequence ctrcuits,

ALTERNATIVE FORM OF EQUIVALENT CIRCUIT

The coupling network can be of T or T type, and
from each of these types, two different networks can be
realized. One of them,the T -type coupling network shown
in Fig., 2.6, consists of the symmetrical component impedances
and two voltage genérators controlled by the positive-and
negative~sequence rotor currents, The second one, the
T-type coupling network as shown in Flg, 2,8, consists of
one voltage generator only controlled by the positive-

sequencs rotor current,

By combining the equivalent circuits, given in Fig.1.13
and Fig, 2.8, the complete equivelent circuit of the asymmetri-
cal machine is obtained and is shown in Fig. 2.9,

2.11 TORWE EXPRESSION

Voltage equations for the circuit shown in Fig., 2.5

may be written as follows for the four meshes,

v’+ = (21 + ij)I.“, + J% I2+ MeSh I 000(2018)
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' Y.
,,.Jxm}' I2*+-§'— 12‘ Mesh II 900(2219)

' (Zy+Z0)
0 z_z-;: 12+ + [ 2820 + J&]IQ-'* J)gn 11- MeBh III ~..(2.3))

: 2,
0 = §XIo. + %—é;:“ﬁ + jxm].I.‘_ Mesh IV ,..(2.21)

Writing the voltage equations for the four meshes
in the matrix form,

vl = [z). [1] | e (2.22)

- ""\
Fv1+ I’H
0 Ia+
where [V] = |0 ’ I = 1.2;
0 I,
1=
T~ -‘ - . -
2,0 3% 0 0
, (Z475) 2. |
. 3% —2t) yx, Z 0
and z“ -~ ) Z (Z
° = 2%
Zyg.

-

The voltage eqations given above are obtained by meking
reference to the rotor frame as asymmetry is created on the

rotor side, This is necessary to obtain frequency-equivalence



for the sequence components.
substituting p = jsw, the operational impedance
matrix 2(p) of the machine is obtained as given below-

-
-

R, +(Ly+lp) o
1 (plj ) L (p +3 .U"r) 0 0
(By+Ry) + (Lo |
me +ig +1y) D R +jL.p 0 N 4 .(2_ ,
Z(p) = ++(2.23
' (Ro+Ry) *J(Lg
0 R.+JLp +1p )P
. ) R]\"'J(La'-i*lm)u
0 0 ilm (p-3) (p-J ©r)
— o
The torque expression is givem by,
T = R [ 1w ar
where G is the coefficients of W, in Z(p)
Xy %) 3% O 0
0 0 0 0 o
¢000(202‘+)
G =
0 0 0 0

The torque expression for the machine on simplification 1s
gliven by,"
. I,.1 eee(2,

o ®
T xR (Vygelgy) - Bylqpe Ty, #



CHAPTER III

 STEADY- STATE EQUIVALENT CIRCUIT-GENERALTSED MACHINE THEORY



CHAPTER IIT

STEADY. STATE EQUIVELENT CIRCUIT.GENERALIZED MACHINE THEQORY

NTRODUG

The analysis of the performance of the induction motor
under unbalanced conditions of operation foms en interesting
application of the methods of generallzed machine theory. In
the following, steady-stste equivalent c¢ircuit is derived
for a polyphase induction motor with symmetrical stator
winding and unbalance created by adding unequal impedances
in the rotor circuit. The ana.ljmis employs the transforma-
tions from three phase to symmetrical components and then to
rotor reference frame, The complete equivalent circuit so
obtained 1s velid for any case of symmetricel or asymmetrical
rotor unbalance and helps in writing the general equations

detemining the performance of the mechine.

In the analysis, 1t is assuned that the three-phase
supply voltage system 1s balanced and sinusoidal, the stator
and rotor windings symmetrical., The alr.gap of the machine
is constant, saturation and iron losses are neglected. The
extemal impedances of the rotor differ and are 25, Zp and
Z, respectively.
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MACHINE IMPEDANCE

The windings of the induction motor may be repregented
dipgrammatically as shown in Fig. 3.1 and in the first instance
1t i3 agsumed that both ends of each of the stator and rotor
phase windings are accessible. Thepe are six voltage equations
and each of the six voltages depends upon all of the six
currents. The impedance matrix therefore consists of 36 non-
zero tems, To simplify the presentation of these equations,
compound matrices will be used, the suffixes 1 and 2 being
ugsed for the stator and rotor windings respectively. The
individual phese windings will be distinguished by capital
letters ABC for the stator and by small letters abe for
the rotor., The clockwlise direcetion of rotation will be taken
as positive.

In compound matrix form, the voltage equation reads,

1T T 7.7

Y4 211 L2 | | M o
= . "0(3¢1)

v z Zoo | |T

Y2 | | P 1=

 STATOR/STATOR IMPEDANCE Zq

The stator resistance and inductance matrices are
given by,

[2, o o
{Rﬂ = 0 R1 0 Ao-o(302)
0 R1




. A
E;
E STATOR
. (STATOR]
| ~

FIG.3.1 DIAGRAMMATIC REPRESENTATION OF THE

THREE PHASE SLIP-RING INDUCTION
MOTOR.
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[Ld=| o

where R4y Ly and L,, are the resistance, coefficients of

0 0 1 cos120°  cos240°
Ly, 0 [+l |cO8120° 1 cos120°
0 Lyg cos240°  cos10° 1

68

000(303

-

leskage-and self-inductances of a phase of the stator winding

respectively and L4, the inductence of & phase.

The stator self.impedance matrix is given by,

A B C
-
A | Ry+(Lqyg +Lgg)p =4lq gD ~4L4gp
Z11 = B -ﬁ'L1sp R1 + L-‘Q +I-1S)P '%Iﬂsp
C| -3LygP -3lygP Ry #(Lqg #ugg)P

3.12 BOTOR/ROTOR IMPEDANCE Zp,

The rotor resistanes and inductance matrices are

glven by,
i ]
R2+Ra 0 0
Rl=| o0 BeRy 0O
0 0 R2+Ig
- e -~
and[L)= |0 Ly O | iy |cos120® 4
0 0 LQQ cos240° cos120°

cos 2402

o8 20°

ooo(3oh)

eee(3.5)

1

A
tnc(306:
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where R,, L, and Ly, are the registance, coefficients of
linkage inductence-and self-inductance of a phase of the rotor
winding respectively and Lo, the inductence of a phasey 25, 2p
and Ze are the extemal impedances added in the a,b and ¢ phases
of the'rotor winding given by,

Za = Ra + Lap
Zb = R‘b + pr '00(2-7)

and : 2canc +ch

The rotor self-impedance matrix is given by,

a b c -
8 |(Rpo+Ry) +(Lg+Lof +Log)p ~3Lin P -#LogP
Ro+By) +( I+ Logtls,) -%L
Z,, = b -3Lo D ( Ry +Rp) H(Ipy+Lottlog)D $LggP
c o Hp?  (Rpeor ol kg
.00(3‘8)
313 SIATOR/ROTOR JMPEDANCE 24,
The statolr-to-rotor mutual-impedence-matrix is given
by,
-~ a b ¢ -
A |p cosx p cos{x+120%) p cos(x + 240°)
Zyp =M B |p cos(d +240°) p cosw p cos( x+120°%) [...(3.9)
C|pecos( +120°) p cos( & +2+0°) b cos
L J
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3.1% BOTOR/STATOR IMPEDANCE 2,

The impedanee matrix 221 1s the impedance 312
with its elements trensposed, that is with rows and columns

interchanged,

221 e 212t . 000(3010)
3,2 SYMMETRICAL COMPONENTS TRANSFORMATION

Bafore transformation by the Symmetrical Components
Transformation C,, it 1s convenient to derive the general
fom of the transformmed impedance matrix, The c'omplete

transformation in compound fom is,

1 2
1¢, 0 o
C =  eee(3.1%)
2|0 c,

80 that the transformed impedance matrix becomes,

/ C1t 2110y Cqf 29204
Z=C 28= cee(3.12)
1t Z1% G 220 |

The Symmertical Components Transfomation Cy is given by,

a + -
NE 1 1

| V3 2 j
CJ 1 a8 a
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The trensformed stator self-impedance matrix is given

by, |
A B c
0 r‘! 1
R 1 2|
11 =4t 411y
v/ 3 2
-1 a a
S =
- A B | S 0 e
A Ry#(Lyy +145)P -$LqgP ~$L4gP aft 1
. ' | v 3
c | «4Lygp -$L4sD R+(L1L+L13)P_ c _1 a a2
on simplification, |
0 + - - AU
1 0 R,*L‘mp 0 0 ooa(3.1’+)
' -
-0 0 R1+(L1L+3/2L1_s)p‘

| /
3.22 BOTORZROTOR IMPREDANCE 7.,

The transformed rotor self-impedsnce matrix is given by,

Zgy = Gyl
- f22 = Cgg 2G4
o~ b c a

of1 1 1] a\'(aema)m.a

‘ .+L20 +L23)p
x —-1- + 1 & a‘? D L
/3 l | Hhas?
2 |
- '1 a%a Ty
L 1 el ¥ ogP

b ¢
. | 1
~#Logp =4Logp
- 172‘+Rb)+( Ly «$Logp ,
+Lpg *hog)P
g +log)P
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. 0 + -
a1 1 1 ‘I
/3 2
LY L1 a a |
0 + -
0 r(112-»1?0)+(I-2L+L‘,)p R +up Ry+L,p
Zog= + Retlyd  (Ry+Ry) H(Lng +l3log) P Ro+lop
. R.+LD R (Ry#Ro) (Log el +3log)D
000(3‘15)
o . ,
3.23 SIAIOR/ROTOR IMPEDANCE Z..

Substituting,

CosSA = % [aj‘* + a"3°q ’
2
cos(& +120°)= % YOJ( % *_})4- o T)] 3 (aeJ* -09.29""*)
(ks 2Ly | gl ) 3ok
and cos( A +240°) = % [ gdl &+ =370, ¢J -3 ] .& (ae me—do()

in the stator-rotor mutual-impedance-matrix given by equation
(3,9), the result is,

a b ¢

-y

A “é(ew ““J‘« ) p(aeM a2~ ) p(ael® sae=3% )

12 .-.-.lg B p(age'jd +ae~3%) p(ejd‘ It ) p(aej& +a29"’°“) oo (3o

c Lp(a.e'j %1% ) p(a%d* jae? ™) pred* 4emi%)
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24o 18 glven by,
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The transfomed stator-to-rotor mutual-impedance-matrix

a

—

) »
Z12 = G4y 24204

p( QJO'L +e"'J°K )

B C
-
1 4 J
1 a?
a,2 a_j
b

' p__(ate:j"L sag=3% ) p(a‘?‘edxme"""()

—O S

1 1
2

a 8 .
1 a
0 +
0 0
0 pos‘*
0 0

e

p(a%e?™ tae™3% ) pred™ 4™ ) plaed™ 4a2emd*)

p(ae.‘l‘* +a2é"'3°t ) p(azej -me"'d ) p(g"ox ...e“"s"k)

]

900(3017)
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3,24 ROTOR/STATOR IMPEDANGE Zo;
Using the relation,
' °
231 = 2qp

the transformed rotor~stator mutual-impedance-matrix is given by, .

0 + -
oo 0 0 |
2'21 = _&é__" 0 pe‘j')\ 0 b00(3018) ‘
-|o 0 ped™|

.25 COMPLETE TRANSFORMED IMPEDANCE MAT
It 1s now possible to combine the four component transformed
impedan ce matrices together to form the complete transformed matrix,

The result is, | | »
0 + - 0 + -

O Byslyp O 0 0 0 0
o Pl g 0 %p.e"’* 0
' %"15)1’ '
| | | e
-l o 0 R1+(L1L+ 0 0 %Hpe d
’ '31"19)1’
z' =
| (RyeRy) +
4] 0 R +L.p R, +L,p
| 0 t (Ly(+)p +, +
+ 0 .é__pe 0 R++L+p R_+Lop
~ +L°+.3L28)p
- ‘0 o ﬂpeJO\ R "“L P R +L+p (Ra*%) "'(La(
L 2 ol +
_ . +Lo + %LQS)P

vl (31
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Bafore the voltage equations for the asymmetrical
machine may be written, it is important to observe that if
symmetrical components are used decomposition of them cen be
carried out in the usual way only in a reference frame ﬁxeq to
the asymmetrical side. The reason for this is that the frequen-
cies of the positive.and negative-sequance components will be
equal only in this reference frame,

For ensuring frequency-equivalence for the positive-
and negative-sequence componats, these components will be obtained
in the rotor reference frame as unbalance is created on the

rotor side,

In compound matrix form, the voltage equation is

given by,
7 / / 7 4 7
Yol % F2 | T -
v/ | |z 2,0 | |1 e
Y2 | |21 %22 2

The stator will be transformmed by the Reference Frame
Transfomation C,, the rotor will be left unchanged, The

complete transformation in compound fom 1is

(e 0
C = e ee(3.29)
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‘'so that the transfomed impedance matrix becomes

4 /
/ / ,cét 241 92 6212 Z‘IQ :
Z = %’ Z c = 0..(3.22)
/ /
Zyq C2 222
The Refercnce Frame Transformation C, 1s given by,
1 0 0 o
c2 = 0 030{ 0 0.9(3023)
0 =34
A ©
and — . -
11 0 4] o
C:?t = 0 e-dd\ 0 . 000(302)‘")
0 0 e"d\

3.31 STATOR/STATOR IMPEDANCE Zqq

Considering each element of the transformed impedance

matrix in tum, the stator/stator element is given by,

v . ’
Zyq9 = Ot 219 G

_ ; -
10 0 Eﬁn,,_p 0 0 1110 o
4 | R, (L 1l
= lo g=J* 0 i 1 31Q » 0 o ejd\o
+ 2 L1B)p
00 o 0 0 Ry#{Lye 0 0 e‘-’j
i~ 1L +§1s)p - ‘




Zy=| 0 Ryt (g e agpe’™ °
B | N
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e (3.25)

The differential operator p in Z,; operates in addition

upon the current terms, since Z.‘.: is only part of the original

expression 2.2,

» j&

e« o PO j"‘

i = eafpe(-i + 6  opl

= ejo{ Jwri + aj"( +pi

since p«= W,

. A
..peJ

= o “(pyy)
similarly pe~d = ¢3% (p-3w,).

Substituting these, the complete matrix is given by

0 0 Ry #(Lqq 43/2L45) (p=3* )

7
3.32 OR_IMPED 12

2
The stator-to-rotor element 212 of the impedsnce

matrix is given by,

. 0(30%)
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B 7 5 T
1 0 0 0 0 0
/@ EL -3 . b
0 0 ej& 0 0 pa"jp\
- - - .J
0 0 0 0 0 0
- il
=Flo e 0 1 H o uen o
o o & ped 0 0 (pgwyp
, - - ST
eee(3.27)

' | 3 4
3.33 Wm

The rotor-toestator element of the impedance matrix is

given by,

zé.’;‘ = 25,0
0 0 o | |1 0 o |

= |0 Hpe-dt 0 0
0 0 %—Mpej‘;(‘ o 0 %
0 0 0 |

= |0 %p 0 ...(3.28)
P B
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| /4
3.3+ BOTOR/ROTOR IMPEDANCE Zo-
As the rotor/rotor element is not transformed, it

remains unchanged.

' ¥/,
'3.35 COMPLETE TRANSFORMED IMPEDANCE MATRIX 2~

It is now possible to combine the four component
transformed impedance matrices together to form the complete

transfomed matrix, The pesylt 1s,

So 8, 8. To r, T
So [Ry#lyp O 0 0 0 0
Rye(Lyp+
s,| 0 31 e 0 o M. 0
L4s) (p i) 2;) wr)
R, +(Lgq +
. 0 3'11' )2L3w) 0 0 Zp-
s. 2L4g) (p-Ju.)
- | 271 r 3utr)
) (R,+R.) + )
r, | 0 0 0 | _32 ° " R4.P  Rlyp
(L +o)p
- (RoeRy)e.
r, | 0 = 0 Ryslsp (Lol  RoL.P
' 3M | (R,4R,) +
r L_O 0 ""2'13 R +L.p Ry+l,p (I‘ZL +I,
$3k23)P
e i

¢eer(3.29)
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When the fourth row and column are moved up into second position,

a compound matrix of the fomm results,

-y

i Zo
AR
Z

—

‘which possesses the impertant property of having tems on the
leading diagonal only. It follows that the two systema mpresented
by two voltage equations

have no com;-ec_tion or reaction between them, and may therefore

be treated quite independently. Farther, gero-sequence current
in the rotor will be absent as there is no extemal (slip-ring)
connection to the star-point. The stator zero-sequence current
will also be absent as there is no three-phase four-wire aqpply
It follows that for normal conditionsof operation, zero-sequence
currents cennot flow, The zero-secuence voltage equations may

therefore be neglected.

The impedance matrix given by equation (3,29) trans-

foms to



84 B
By 0
-%1«,8)(1)44 Uor)
R1+(L1L+
S. 0
_ ;2}"18)(p"3w r)
lez Ty | "23'!1) | 0

r‘. 0 . -%,

Rearranging equation (3.30),
. Ba T,

oyt y
) 220D

. %  (By#Ry) (L +
' + ,
y , | LO'G' gjlgg)p
Z =
Tr. 0 | | R.;.*‘L;gi
8. 0 0

(Ry+Ry) fm'gl
+L°+ -23'1'28);’

R,,_ +L,p

R. +L.p -

( RQ*RJ) + L2L

Hp-30 1)

Hp-w )

R.+L-p

( R2+PD) +( Lzﬁ
+lp *_‘3;‘23)13
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0~o(3030)

=

h1g) (P30 )

X 0(3.31)

Since the frequency reference has been made to rotor side,

—d



P = Jaw
o.- (p“JL\)r)c 3(28-1)w

and (p+jg)= §uo

Substituting these in equation (3.31),

84 r+ r.

Ry+) W(Lqg 3
o "’%L‘ls) 'zjwm 0
L (R,+R)#J® s .
3 4qun 2 0 "
T |3 is (L o+ ngs) R.+j Wal,
"
2=
(R.+R.) 48
r. 0 Retis YLy 2 b 3
' (LQ (g + 3l2g)
0 0 33(2s-1)u> M
8. 2"
L

Substituting further,

w(l‘ﬂ *’%Lw) "x1 + Xy

(L +30o8) = Xy + Xy

and %wu a)&'

an

%jswx
R,+j(2s-Nw

3L1s)

Lyt 3

vve(3.32)



the impedence matrix given by equation (3.32) becomes

8¢ Ty \ X, S. -
84 .31 +J (Xa' "'xm) Jxm 0 0
0
e | d5% W)t p e
+ 38(X2+X0+Xm)
v |
2=
(Ry+R,) +
X Js
r- 0 R,+jsX, Jﬁ(xQ'f'xo*'Xm) Xn ‘
R, +§(28-1)
28«1
_ 84 r* . N ‘ Q.l -
S+ | Z,+1%p I % 0 0
re | 8% (Zp+7%0) 4%, 2. 0
"
or 4 =. ..
B, 2 0 Z+ (Z,+%,) +) 8%y Is¥y
8- 0 0 3(28-1)%, Z,+3(28-1)%,
L - o
0000(3.'33)

% COMPLETE BQUIVALENT CIRCUIT

From the impedance matrix given by equation (3.33), the
voltage equations may be written,

Vo, = (248X Tq, ¢ 3% I, 0s0(3.34)



84

| z- se 0 035)
0= Jiy Iq, ¢ XZQ:ZO +3Xm1 I, +5 1o, 3
" .. (3.36)
0 5312 + izz*z"uxmlraﬂuxmxd,_ eee(3.3
= 8 + g |
- '-El'— "‘Jxm] I-‘ '0.(3’37)
0= JX Ip + [(23-1) . -

v - v tions
These voltage equations are the same as glven by ema

9 | ted to
(2,18),(2,19), (2.20) and (2,21) and may be interpre
r - eq v b ed
epresent the complete equivalent cirecuit already obtained

P

in chapter I and II shown in Fig. 2..9.
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CHAPTER 1YV

CONCLUSIONS AND SCOPE FOR FURTHER WORK

CONGCILUSIONS

e e e

The method of symmetrical components has been found
very effective in deriving a steady-state equivalent clrcuit
for the general case of asymmetrical rotor unbalance. Using
the circuit computerised calculations can be made to obtain
operating characteristics of the motor under various rotor

unbalance conditions.

The equivalant cirecuits have been developed using three
different methods based on Symmetrical Components Concept,
Generalised Rot_ating Fileld Theory and Generalised Machine
Theory. The equivalent circuits go obtained have been found
compatible,

It has been observed that the equivalent circuits
derived in the previous works pertaining to cases of symmetricél
unbalence form the particular cases and are easily deduced
from the general equivalent circult deve‘;.oped in the present
work,

All cases of rotor unbalance are seen to belong to two
types-symmetrical and asymmetrical. In case of symmetrical
unbalance, extemal impedance is symmetrical about one phase
‘and the equivalet eirculit so derived is quite simple and
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possesses symmetry about the air-gap., In case of asymmetrical
unbalance, the extemal impedance is not symmetrical about
any phase. If possesses no symmetry about the air-gsp and
the equivalent circuii: is complex.

The equivalent eircuit developed in the present work
congists of controlled generators. However, in cases of |
symmetrical unbalance these controlled generators are absent
which greatly aimplifies the circuit.

while deﬁaloping the general equivalent circuit it
has been observed that the decomposition into symmetrical
components can be carried out in the usual way only when the '
reference frame is fixed to the asymetrical side. This is
required to ensure freqency-eqivalence of the positive-
and negative-sequence components, _

Using the general equivalent cirecult so developed, fast
and economica.i computerised caloulations can be carried out in
all uymmptrica.l cases &g only one network is to be solved by
using routine networkesolving procedures available at most
computer. systems.,

The derived equivalent circult cen be meaningfully emp-
loyed for predicting the transient behaviour of the machine
at constant speed.

The geeral equivalet circuit can be conveniently used
to compute the reactance values to be added in the rotor circuit
to obtain pre-detemined torque-speed characteristic.



SCOPE _FOR FURTHER WORK

The present work unfolds further scope as outlined

below:

FREQURNCY DEPEN OF WINDING RESISTANGE

The wind;ng resistance does not remain constant tut
varies with frequency. The relationship has been found to
be linear and can be easily obtained from blocked rotor tests
over a frequency rahga. Thig may be accounted to compute the

performance characteristics aceurately.

REACTANCE DEPENDANCE ON MAGNETIC SATURATION

The reactance of the machine does not remain constant
but varies with.magnetic saturation. It has a higllér value
at low saturation snd decreases cdnsiderably wvith inereased
saturation in the machine. It may be accounted to predict

the characteristics accurately.

TRANSIENT OPERATION AT CONSTANT SPEED

The derived equivalent circult can be meaningfully
employed for the study of constant-speed transients., For
carrying out this study, operational impedance of the
coupling, positive-and negative.sequence cirecuits must be

used.

87
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TRANSIENT OPERATION AT VARYING SPEED

The differential equations govermning the trensient
behaviouy of the asymmetricel machine may be written in state.
variable fom by using Park-vector technige, The derived
equations cen be directly solved by a digital computer,

EQUIVALENT CIRCUIT OF ASYMMETRICAL SCU

The method outlined in the present wrk for the develop-
ment of equivalent circuit: may be extended in case of asymme-
trical squirrel cage induction motor. Such asymmetries may |
be presmt due to die-casting difﬁcultiea, inpurities in the
casting material or due to broken rotor bars giving unequal
rotor impedances.
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