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Problem of unbalance opeiatton of induction manly 
has been of Mat interest to a large mbar of authors 
(1, 3, 4). Metho8 at symmetrical cnponont have been the 
def tool foa studying this problem. The unbalanced oration 
can be tThiided. into two a 	ri 5; 

(t) Sin& Unbalence $so* lapedanco unbalozee  
either sLde of aigap. 

(ii) Double Unbaluine i.e. .impedance unbalance on both 
amiss of air*gap* 

The principle of spec", scion always makes it 
possible to ezond the an2rsia of e above two categories of 
unbalance to the still more general case where stator voltage 
unbalance is also present siuttaneoua1y. For this reason the 
voltage unbalance has not been considered in separate category 
of unbalance. 

The single unbalance on stator aid* has been deed 
thoroughly by 	authors. The single unbalance on rotor 
side msy be card accidently by any of two possibilities given 



belovi- 
(1) The resistance introduced in rotor circuit for 

starting purpose might not be shortscircuited 
properly during acceleration and thus leaving un 
balanced resistance In the rotor circuit. 

(ii) Lead from a slip ring might be opcnb 

Intentional rotor unbalance has been also suggested 
as a mine of speed controLs (4) While a machine is operating 
with unbalanced rotor impedance due to either accidentally or 
intentionally, , i t Is possible that stator may aiirniltsneously  

become unbalanced due to any of the following roasone A « 

(.) One of the links on stator side might be weak. 

(II) Fuse of one line might bl -off. 
(III.) The resistance Introduced in stator circuit for 

limiting voltage across stator might be unbalanced, 

The problem of double unbalance is thus of practical 
interest* Its por ice Is furor enhanced by the fact that 
It is expected that under double unbalance excessive voltages 
ma y► be present in stator and rotor circuits, which mr ham 
the insulation and moreover saturate the magnetic circuit to a 
high degree. 

Double unbalance has been dealt with by a iw authors 
only (I ebd 7). In the present thesis analysis has been 
carried out for double unbalance with the help of symmetrical 
components. Expressions for steady torque, .r*m,s„ currents 
and voltages, and peak voltage have been derived. No solution 
Is possible in case of general impedance unbalance. However, 
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3 
a solution can be obtained for the case of cymnetrica3. unbars 

i.e. #hen iiupedance is metrical about one of lines In both 
stator and rotor circuits. The equivalent circuits have been 
presented for synmietrical double unbalance. A Table is given 

r vhich equivalent circuit for any specific case can be 

derived. 

A eddy has been carried out for variation of e ady 

torque, r,m.a. currents and voltm s$, and peak voltages with 
motor speed for specific practical cases of double unbalance4 
Stator and rotor resistances have been taken into account in the 
study, while the other authors (7) have neglected ase; but 

of.courze iron losses have ot been considered. Since both 
atator and rotor contain currents having tntnite series of 

harmonic components, the effect  of variation of resistance with 

frequency has been taken into account. 

Because of a number of assumption made in the clysis* 

experimental verification of theoretical analysis is presented. 
The analysis  of since unbalances follows simply fran the 
goner analysis of double unbalance by introducing the necessary 
circuit constraints* Exproesions for peak pulsating torques 
for single stator or rotor unbalance have been derived. Their 
dependence on the motor speed has been studied. The low 
faquen r pulsating torque in ease of aing3. rotor unbalance  
presents a serious praaticai problem on account of possible 
re*onanCe with mechanical parts of motorload rem. 



2,1« 	A general unbalanced operation of aninduction machine .ne 
occurs when unbalanced impedances are connected in stator as 

1. as rotor circuits as shown in Fig* 2.1. The voltage 
appli d across the stator r i$.nals may also be unbalanced, 

The ana1i4s of this general unbalance is carried out under the 
taping assumptions:- 

(1) The machine itself has balanced impedances In 
both stator and rotor circuits. An unbalance is caused by the 

addition of external Impedances in those circuits# 

(.31) The resistance representing iron lose component 
in the equivalent circuit is considered to be much greater than 
magnetizing reactance and has therefore been omitted. More 
over the Iran loss varies, with the frequency and it Is difficult 
to calculate accurately for the wide range of frequencies, 
which are present In the macY ine. 

(iii) Magnetic saturation does not exist. 

(iv) AU impedances are referred to stator side, and 
equivalent circuits are reduced to the sup , frequenOy. 
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om the theory of ayatricsl c pcnents it to under-
stood that it balanced Une voltages are applied to a set of 
three unbalanced Impedances connected in star, the currents 
which flow in the impedances are unbalanced. These unbalanced 
currents can be resolved into positive and negative sequence 
currents. Thus due to positive and negative sequence currents 

y aqua"~ 
in the Im dances# the positive and negatLvevo].tagewiU appear 
across the impedances. Therefore it can be said that the un» 
hawed impedances are a source of negative sequence voltage 
and current when positive sequence voltage and current are 
applied. The reverse is equally true. (Rotor Appendix II) 

When a balanced voltage is applied to an induction 
'chine with unbalanced impedances connected in both stator and 

rotor oiroi4ts, both positive and negative sequence voltages 
would exist at stator terminals as explained above. For the 
purpose of analysis it can be consideree, that first positive 
sequence voltage alone and secondly negative sequence voltage 
alone to applied to stator terminals of the machine i.e. 
a' * b', a' terminals shown in r'1 g. 2..•. When both poet Live 
and negative sequence voltages are applied simultaneously,  the 
not results are obtained by super position principle. 

Let a positive sequence voltage Val of frequency t be 
applied to tho stator terminals of the machine, The positive 
sequence current in stator produces a rotating magnetic field, 



e~ ec. ro ai' 

rotation depends upon 	 phase sequence of stator currents. 
The rotor is rotating with an anger ve2.ocitwith respect to 

Its direction of vhiCh has an angular Yo2ocit r CJ x 2 TI f, 

the stators If the direction of rotation of rotor is earns as 
the direction of rotating magnetic fid, the relative angular 
velocity of rotor with respect to the rotating rnsgnotic field 
Is (W • xi). A positive sequence e,mr `. Of slip frequency is 
therefore induced in 	ro e* where the slip is defined as 

*  «.  2.1 

As the unbalanced impedances are ccnnected In the 
rotor circuit, the rotor currents would be unbalanced and can 
be resolved into positive and negative sequence currents, 
Irl and I respective, , Those positive and negative mequencs  

currents flowing through unbalanced impedances ces cmc ox r' 
naUy to the rotor circuit, would cause a set of positive 
sequence voltage '.,1 and a set of negative sequence voltage 
'ergto appear across the slip rings. brat considering  
positive sequence rotor current 1rj which produces 4 magnetic 
field rotating at an angular v*loci' it of ((J iii xi) z a w with h 
respect to rotor or with gull velocity of 61 with respect to 
stator In the positive direction. The equivalent circuit of 
the machine showing only positive sequence currents and 
voltages in stator and rotor would cunt be as gives in 'ig 
2.2. The frequencies of rotor and stator are of end9 res 
pee tive r,, The circuit of ftg. 8.2 is reduced to the supply 
frequency t, by dividingvoltages and impedances of the rotor  
circuits by s, so that the rotor current remains unchanged* 
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The circuit thus reduces in shown In Fig. 2.3, 

Secondly, the negative se pence volt&&* V Of 
freu.nq if it created at the rotor teratnals an account of 
unbalanced impedenoes connected in e3 p rings* 3t can be 

aid that this voltage is generated br the re ,ection at 
the unbalanced impedance and is fed at the rotor terminals* 
This reflection wow thus be numbered as one* Lot the pori ivo 
direction of negative sequence rotor current i (due to ttz'at 
reflection) be taken apposite 	 t of 	 positive sequence 
rotor ctu4.rent I. . T negative  qw rice rotor curt I 
cif 

 
reney it roduces 4 magnetic field,:  wbicb rotates with 

an angular VelocitY of : w u 0 * s w ith respect to rotor to 

the negative direction or with an angular velocity of (W.,  2n) 
(20 1) W 4th respect to stator in the negative v direction,* 
Due to this rotating field, negative sequence e,m.fe. of  
frequency (e - 3)f are induced in the stator, The etator 
impedances being unbalanced, the negative and pualtive sequence  
currents I,0 and ISS  goul4 flow in the etator circuit, and 
negative and poaittve sequence Voltagaa Of f quenoy (i l)Z 
iwould exist at the stator terms. 

The negative sequence ,s to current i 	produces 
field vhtch rotates with same Vctoctty and direction as of the 
field created by negative sequence rotor current 1. The 

m.*chine equivalent circuit for these negative sequence voltages 
:ensu Currents caused by the first reflection (at rotor terminals) 
is shown In fig,* 24. In the ectutvalant circuit rotor and 
stator are at .frequencies of and (2a 3 f respectLve1y. To 
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reduce the equivalent circuit to supper" frequency f,r divide 
voltages and impedances of rotor by a to keep 	unchanged, 
and voltages and impedances of ata tor by (2e, - 1) to keep I P 

uflChangSd. This results iwtth, equivalent circuit shown in 
Fig* 2.5, 

Now a relaionsbtp bran 	and negative 
sequence voltages ' p and v created due to first reflection  

at rotor terminals cls can be established aith the help of constraint 
equations from the dory of symmetrical components* (Rotor 
Appendix I!) 

ri a r̀od ].. 	rr 

0 	
ip 	 2.2 

r 	rIrl 	rora 

there . ,O 7 ,l end 	are zero, positive and negative 
quay impedances res cti i' of the unbalanced impedances 

connected extensuy In rotor circuit. heir values are 

►o a I (Z + ` a + ) 

Zr1 	( 1,A + szrz+ rc ) 	s * 	23 

Zra a' 	(Zya + a ~S+ *r ) 

A similar relationship between negative and positive 
sequence voltages V p

and ' 	created due to second ratiection 
at stator terminals, can be written 
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V 	 w 

*1 

zoo# Z01 andIs,, ari may**, Vii 	* and negetive  

sequInce la d 	e* r*apiOttVe3y of Uw uflb&Lenc€d pedances 
connected sac1 r s],iy in VW stator civcuits* fir vt2uee are 

	

zso •* I (Z; A 1- 	+ Z) 

	

I (Z- aZ50 -- 2Z) 	I 	••• 	8.8 

	

* I (ZAk ~ 	+ iZ) 	I 
The constraint equate at a reAeati n cwt be 

represent by an equiVaUnt circuit 	 caseUbora 
sires positive end negative : nos iipedenøes bay. 4ifrent  

vat. Therefore ezivelent circuits given in Vig. 8,3 -fit 

# ► 9 $ est be eonnsetod together by 	r aca,i.z*ble 
 pssste •ia$0nk. 

Now the positive quenc voita+ ' MA the gent 

stator i 	atsan be  be #"d to be caumd 	:sew. 
reflection at $tats* teretnals. The current I$I creates a 
field, v44eh rotates in the positive diction with an anger 
l i of (w 	) *(25)tthre$peottGtbestator 

and (w ** O (3s * 2) W vi 	o f 	ro k 
reflection ould new occur at rotor tertnals creating negative 
sequence Vol 	current 	and 	respeetiver of 
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15 
rrsquanay (3s - t)f. The mane eqa .vent circuit for the 
positive sequence voltages and currents caused by the second 
reflection at the stator when reduced to supply  frequency f, is 
given by Fig# 2.6. 

It follows from the above discussions that when a 
positive sequence voltage is applied to the stator terminals of 
an Induction Machine, with unbalanced impedances In both , for 
and rotor circuits$  an Infinite number of reflections  sult. 
The first reflection takes plece at unbalanced impedances 
Connected at rotor terminals, creating negative sequence 
voltages and currents. These first reflection negative sequence 
currents are fed into the rotor circuit and causes an inverted 
operation of the machine. The correøpcnding negative sequence  
stator* currents are re..refleoted at stator terminals (it Is a 
sacc d reflection) dui to unb&lanced eta tar impedances. The 

second reflection thus results In creating positive quence 
voltage* and currents at the stator termtnclo, Tht ► process 
of reflections at stator and rotor terminals continuos for 
infinite number of times. The positive and negative sequence 
currents of various order of reflection create their own 
rotating fields in the airi.gap The order of re ction*  the 
frequencyof rotor and stator currents and the ve3.00itr of 
rotating fields with direction are given in flow chart Nb. I 
of Fig* 2,?. 

V 

I t is to be seen Acci the chart that a reflection at 
the rotor aiwsys takes with an in-coming positive sequence and 
results in an out-going negative sequence , and reverse is the 



eat* at the atator teriUnala. Odd numbered reflection* always 
take place at the rotor and oven numbered at the stator, The 
positive sec uence currents of anr even numbered reflection are 
fed Into the stator terminals and the negative seuance currents 

of any odd reflection order are fed into the rotor terminals. 

The oquivalant circuit of machine ' or the positive 
eec uence cur.x'enta only created by even numbered i.e. 2K th 

flection referred to the supply fretxency f is given in Fig* 
2,8 And the equivalent circuit of machine for the negative 
settence currents only created by odd numbered  .e. ( + l)th  

tier►$ referred to the eup 3' frequencyf to given In 
p̀ig. 2.9k 

The constraint equations between positive and negative  
sequence voltages and currents at odd order of r2ecticn  
(taking place at rotor) Is given by equation 2.6 

(2 +l)? 
ri 	0 rj  

2.6 
+ 0 	( ± » 	OR + 1WW - ZroXr2  

Mid the constraint relationship between gative end 
positive sequence voltages and currents at even numbered rre. 
flection (taking place at stator) to given by equation . 

2KP 	 2V' 	2 
152 	1 ` ~a3 tl + ~e 4: 

2P 	2KP 
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When negative sequence voltage alone applied at stator 
terminals, the analysis proceeds exactly on the same line as 
ex3.aine4 in the positive sequence case. Though the velocity 
of various sequence fields will be different. A brief outline 
of analysis is given below s ' 

when a negative sequence voltage "a of frequency ` 
is applied to the stator# a mastic field is produced which 
rotates at en angular velocity W with respect to stator in the 
negative direction and at an angular velocity of (w + a) 
(2 a) w with respect to rotor*. A set of negative sequence 
e.m. '. of frequency (2 -o OO f are induced in the rotor# Due to 
unbalanced impedances connected In the rotor circuits both 
negative and positive a quence currents and voltages of 
frequency (2 	)f appear at rotor terminals. Thus the first 
reflection occuring at the rotor terminals creates positive 
sequence voltage 	of frequency  (2 • s)f, which is applied 
to rotor terminals, Inducing a sot of positive sequence e.m. fs. 
in the stator# Due to unbalanced impedances connected in the 
stator, both , positive and negative sequence voltages Val and 
V  and currents I and 2 of frequency 3 w s) f appear at 
stator terminals, Thus the second reflection occuring at the 
stator ttrmina1a causes negative sequence voltage 'Vg2 of 
frequency (3 - 2a)f. Again this voltage being applied to the 
stator terminals of the machine results In a third reflection 

occuring at rotor terminals* This process of reflections 
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slt.r natsly occuring at rotor and stator terminalswould continue 

for infinite nu*bsr of times 

As discussed In the previous grass (when only positive 
ss(LusnCS voltage is applied to that stator), the negative and 
positive soquenee currents of various order of reflections 
carats their ovn rotating fields in the sir.'g*p. The order of 

re Esc tion, the frequency of motor and stator currents and the 
velocity and direction of rotating fields are given in flow 
chart No,2 of Fig. 2.10. 

it is to be seem fce the chart that a reflection at 
the rotor w* takes place vi th an in.eoming negative sequence 
to an outgoing Positive sequence, and the reverse is the sass 
at the stator terminals. Odd-nua ersd reflections  alvr s occur 
at the rotor and even.numbered at the stator terminals. The 
negative sequence currents of any even.'nuebered reflections are 
fed Into stator terminals and positive sequence currents of 
oddnumb.red reflections are fed into the rotor terminals. 

Following from the discussions given In the previous 
sass, the equivalent circuit of the machine for the negative 
sequence currents created b 2K th reflection re er eed to the 
supply frequency f, is given in the Pig* 2.11. 

similarly the equivalent circuit of the aechin. for 
the positive sequence currents crested by the odd numbered 
(2 	l) th rof2.setion at the rotor#  referred to the supply 
frequency f, is given in the fig 2.112. 

The constraint equations between the negative and 
positive sequence' voltages and currents at rotor terminals for 
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the (2K + 1)th re leotion, is given i t equation 2.8 

(2K + .)N 	
( ' + 1)71 
	(2K -t-1)N 

  
2.8 

(2X-- i)N 	(2K± 1)71 	(2K ±1)71 
ri 	Z ' 

Similarly the constraint relationship between positive 
and negative, sequence voltages and currents at statornds 
for 2K th reflection is given In equation 2.9. 

20 
V 	2801$1 

2" 
V62 z 231181 

2 
No 

 

z5232  

2 I 
2.9 

In the above discussion the machine analrsis vith  
double .b . ce has been carried out when onlr positive or 
negative sequence voltage i.e. V~P or ` 	of freuenoy f Is 
applied at attar terminals, The an&ysis can now be extended 
to the case when both positive and negative sequence voltages 

V 'sl ~. 
 

ON res e i ly) of frequency  are simultaneously 
applied to stator terminals of the machine. tjr the prino pll 
of super position all the currents and voltages of di feet 
frequencies,  which are created by considering poli tive end 
negative sequence voltage separately applied to stator terminals,. 
would new exist si It ously in stator end rotor circuits. To 



obtain phase +iurrents and voltages of stator and rotor, it its 
not possible to add vectoriaUy the sequence currents end 
voltages of different frequencies. A tiasexpreseton can.# how« 
ever* be written by adding the instantaneous cu.3r nts and 
voltages# The aagnituds and frequency of various currents and 
voitages, existing in stator  and rotor duo to different re. 
fectiona, are given in two flow darts presented earlier*. 

The instantaneous stator current for phaae-oA is 

coo (W t 

+ 	cT cos ,..iri t +~) 

* tf Coo ~,, ~"" ," wt+ 

+ 	cog(Wt 

+ 	I 'Ti cos c'+. 	6
) t + ) 

	

a 	 ZK 

	

1 Coo 	 Y 	 ZOO 

2K? 	KP 

	

The currents I 	and i 	are of the 	 r frequency  

and can be added vectoridiiy. Therefore the addition can be 
replaced b3r X '. Similarly replacing the quantities of s. 
frequency by their vector addition, the equation 210 can be 
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written in simplified form* 

i$A 	I 	Cos ( fit + /I) 

00 

Cos +I 	~gw21( i  

C') 

+ 211 	2KN Cos C2 + 2 s w t + K ~ 	+A 	 K 

Nov the r.m.s. Value of current for stator A.phase 

is

L 
1ç1sA=   

Similarly the time expression for the rotor currents 

of phase*A can be written. 

irA 	i 	~ 	Cos (Ks t+ 	2  W t i- 8 

(2K +1)! 
ir2 	. Cao(. 3 t s 	Wt +k' + .) 

Y2K + 1)N 

	

 Cos 	+ - s 	Ccs t +  

Irl 	Cos( 	i»s t+ + 

2#13 

Replacing the quantities of same frequencies by their 
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rector addition, the equation can be aiapli .+ . 

00 

rA 	K # 0 	VA 	Cos s - a «► K cut + i►1 

N 2.4 

The ,m.e. value of ourrent for rotor Aphaee is 

rA 

	

	x 	 'A 
	 Sol$ 

Similarly stator and rotor voltage* can be found. 

Stator A-p tse voltage 

$A * I O 
	

I9
2IP

I 	+ I4~  ? 
	9*16 

Rotor Le  se Vol 

T' A * 2») 
r . 

$ t 	 +l)N 2~ 
rA 

Peak Voltage t  
.After finding the m ium value of canponent vol ges, 

the resultant peak voltage can be ccmiputed by making the 
assumptions that the peaks of all then* voltages occur at the 
some tia. and the s . of all the peak voltages e u*ls. the peak 
of the compoalt. vu s. 

T 
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v„a(r..x) * ~ v°~ + II 	+ Ivy I )
J 
	2.38 

and  

Yrs (Ds~lc) _ 'ir _ 
Ss  

(IQ=(~ t 1)YI I~k(8X + l~Nl ~1 
0  ~ 

Ja m 
These will give higher values than the actuai peak value in the  

*whine* 

Atator4rjj  

The above analysis to carried out when both positive 
snd negative #squaw$ voltages 	and I , reapeotivei of 
frequency t are staultane s r applied at the stator termtnal3, 
I ver, the supply voltage of fundaenta1 frequency f which 
may In general 	 unbalanced, to connected not at eta tor 
terminals of the machine but at the terminals as b, a shy in 
the fig* 2.1, The sup 3i voltage can be resolved Into a 
positive  sequence voltage V1 and a negative SUOnCe VQ1t1gS  
Y of frequency f, The sequence voltage VOPand V 	ppUed at 
stator texitnsls can be related  ► the positive and negative 
sequence voltages V and V2 of the supply by the constraint, 
equations given bel ow s 

' * Z 1 	OO lop 
ON OP I 

#1 

ON ON I 
4- Z00112 t- V 2  

•..  2,2 

 

The other voltages end currents In the stator circuit 
are at different frequencies other than fundamental, and can 



not be considered In the eq on 2,20, which applies arm to 
voltages and cuz me of fundamental freqjiency. 

Now if the supp1r voltage is balanced # V2 a 0 

T#P and N as obtained fre45 equation 2,20 are 

lop * zs0 'I ; V  SV * 
X$0 	sll2 	 I  

QP 
SON  - 	03" 	e0 0  Zoo  00 	l  

From the equations 2.20, V and V can be obtained 
frcz the known values of V and V. on if 	andX02 ate 

Win:* This eve , not been the case, analysis cannot 
proceed at all. Even if a trial and error solation Is attempted  
by assuming the values of V' P end 'SON 0  the currents IOP  and 

Ias cannot be obtained, because of infinite  n ber of refleot 
Ions with the thtezventng constraint equations  at each reflect - 
on being such that these equations cannot be represented by 

an equivalent circuit. The solution ie s  however, possible for 
scae restricted eases Which are t alt witt'h in succeeding 
chapters. 
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3*1. 	In the previous chapter, It i.e found that in case of 
general unbalance, three linpe dances connected oxtternaily In the 
stator circiAt are of different values and so are the impedances 
In the rotor circuit. At the points of unbalance, constraint 
equations have been given but it Is not possible to solve the 
constraint equations and represent tem by an equivalent circuit* 
But, however, the equivalent circuit can be drawn In case of 
restriction i.n unbalance with equal positive and negative sequence 
comports of external impedances. This condition is satisfied 
where the Impedances connected in external circuit are such that 
two out of three Impedances are equal i.e. unbalance is sy- 
mine trical about one phase, 

Under the restriction mentioned above, Z 11 	and 
Z 	ZeB 

 
are the Impedances connected in the stator circuit, 

and Zrl, " Z~rB and Z 	"- ZvB in the rotor circuit as shown in 
Fig* 3.1• The zeros positive and negative sequence impedances 
obtained from equations 2#3 and 2,8 are as fo3lows t* 

MR• 
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Zero sequence impedance Zoo a (Z$A + 2Z) 	t 
Positive sequence Impedance. Z a (z 	Z5 ) I 	3.1 

Negative sequence impedance Z 0 4 	"` Z#B) 

Hence 	Z3 0 Z 	a Z*t (ear) 	 3,2 

and 	ZOO .c .dal * Z 	 #, « 	3.3 

Zero sequence impedance Z is j ( V, + 2 rB) 

Positi e aequence impedance 	0 	u. 	) 	3.4 

Negative sequence Impedance Z 	(Z' Z) 

Hone* 	Z ,a 	Z 	* Zrt (8 ) 	► 	3 • 

and 	Z 	r3, # ZrB 	 .~► ~r 	w6 

The constraint equations of chapter 2 are now modified 
'!vr substituting ase values of  eeqjxence impedances. ire `c 
equation 2,6 for (2K + 3J ► rellectiou at rotor when positive 
sequence voltage alone is applied at stator, is modified to 

('OK 4-1)? 	(2K «F-)? 	I( 	- 3JP 	(8K +1)P' I 
1 	r 	- r1 	rt 4 	0 

(2K s- 1)P 	OOx + 1)P 	OK * )? (2K + I3' 
r2  *Zre2 rt Z  ~ 

The equation 3.7 remains unchanged if voltages end 
impedsncee are divided by (mss + a « 2K) , Thus 



+ 	Zf1 	( 12KP .. 1~' 
a•2K#3 

B 	 KP 

( Ip 	it 
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(2K + 3)P  r  I 

+ a 	2K* * s • 2K 3̀ 

	

Zrt 	(2K 1)? 	x( 	r 1)? 

3*8 

2Xs +r 	2K 	2a+a«2 	 1 

+ ,,.....,.. 	:......i..... 	(2K + 1)? 	1( 	•*- 3) 

The constraint  equation3.8 for (2K + 3) Ui reflection 
at rotor teridnals, can now be represented by the equivalent 
circuit given In Fig. 3.2. Thi8 circuit representing the 
constraint equation inter nks two consecutive machine 
equivalent cirmAts i.e. the machine equivalent aia uit '# t Teen 
2K Ui reflection at stator and (2K + I)tl, reflection, at rotor;. 
and the machine equivalent circuit between (2K -4- l)th reflection 
at rotor and (2K •- 2)th reflection at otator. The overall 
circuit is drawn in Fig, 3.3. 

Similarly the constraint equation for 2K th reflection 
at stator terminals are modified as 



3.2 
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Thic modified constraint equation can be represented 
by an equivalent circuit shown in Fig. 3.4. With the help of 
this circuit$ the machine equivalent circuit between (2K -► 3,) th 
rotor reflection and 2K th stator reflection can be interlinked 

with the machine equivalent circuit between 2K th stator reg» 

flection and (2K + 1) th rotor reflection. 	This connection has 

also been shown in Pig. 3.3. 

Similarly with the negative sequence voltage alone 
applied to stator terminals, the equivalent circuits can be drawn 
from the modified constraint equations for a particular order 
of reflection occuring at stator (or rotor) terminals. The 
constraint equations for 2K th reflection at stator and for 
(2K + 1)th reflection, at rotor would be 

2KN 
X81 	 3a8 	2KN 

K - 	K 	+1 	1 

34 

a 	 N 	2KN 
si 

a 	E 
Z 	 2KN 	2KN 

3.10 

 

~3K + l)N 
~rN 	i( +1)N 

+ w sue * 	+ * 	- a  

art 	 (EK*i,)N 	►31~- )N 
3K + 3 - 2Ke 	a 	i 	~` irl 	 3,11 
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The equivalent circuit corresponding to these equations 
are given in Pigs. 3.6 and 3.6. With i these circuits the machine 
equivalent circuit between (2K ► 3.Jth rotor reflection and 
2K th stator reflection can be connected to the machine equi«w 
valent between 2K th stator reflection and (2K - 3)th rotor 
reflection. Similar € the machine equivalent circuit between 
2K th stator reflection and (2K - l) th rotor reflection can be 
connected to the machine equivalent circuit between (2K +f- l) th 

rotor reflection and (2K * ) th stator reflection as shown In 
ig# «70 

Now the complete equivalent circuit in each *at* can 
be generated by putting different values of K In the circuits 
of Fig. 3.3 and 3.?. 

l4hen both positive and negative sequence voltages exist 
simultz:neouaiy at the stator to rials, the currents and voltages 
caused by each of the sequence voltage would exist eiriultaneaus 

,►' in both rotor and stator circuits and can be uuper posed as 
explained earlier. These positive and negative sequence voltages 

(V  . *nd V) applied to stator terminals are related to 
sequence c ponents of supply voltage through stator sequence 
impedances by the constraint equation 2.20, which when modified 
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for the case of symmetrical unbalance becomes 

 OP 
V1 ZIB sl 

OP 
	Zst C OP ' . 	#2~  

V/y
G 

* Z 182 + z5t (1 	+ 1 ) '4- V 

The equation 3.12 links the equivalent circuits for 
positive sequence voltage alone applied to stator terminals and 
the corresponding circuit for negative sequence voltage applied 
alone*' he complete equivalent circuit of the machine With 
spm ►etrical unbalance impedances In both stator and rotor circuits 

Is given in lri g. 3.8. 

3,2. 	t4 9E4v$etu 
U) Currents and Voltages 

The discussions carried out in the previous sections 
show that the mac ;ne equivalent circuit consists of an infinite 
number of cascaded circuits when a positive or negative sequence 
voltage alone is applied at its stator terminals. These two 
infinite-networks got inter connected at their input ands, giving 
the overall equivalent circuit for to case of symmetrical un-
balance being discussed. for the sake of convenience and clarity 
of expressions, the infinite-net Cork presented by the machine 
xben positive sequence voltage alone is applied # would be 
designated as *in ni *network 1' and the network presented by 
the machine to negative sequence voltage alone would be desig. 
natsd as 'infinite-network 2'. 

It is seen that in both the infinite networks the 
resistances throughout decrease monotonic 	with the increasing 
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TJI 
order of reflection and can be .regarded as zero after a finite 
number of reflections for any specific case. The order of 

ire 
reflection at which this happens would not be general be the 
same for the two infinite networks. Beyond this order of re-

flection, each of the infinite network becomes a react4ve 
iterative circuit] and can be terminated by the Charas t rietic 
impedance of one of its sections* The Input Impedance o each 
of these networks can now be computed. Let Z and Z b the 
input impedances of the 'infinite network 1' and 'infinite, 
network 2' respectively. y. 	quence voltages and current at 
the input of these  two networks Corks would be related as below g • \\ 

	

OP 	 OP 	I  
Val. 0 1 1a~l 

	

SON 	 ON 	I 	,i 

	

Z)3 152 	 \'\\ 

Substituting these values of 'OP and YON in equation 
3.12k the positive and negative sequence cemponentc of the suppXy 
voltage can be expressed as 

V1 a (Z8 + za * Z) Iel " . Zat 102 

V2 0 (ZSB '"1 Zat 	& is2 + Zat I3 

or therefrom 

VI (ZaB + Zst +  
cza i 	; 	; ,& 

'2 (ZsB + Z*t + ZM3,) `` Zat V1 
(ZSB + Zat + Z ) 

OP 
151 

ON 
's2 

Knowing 1 and 1 	from equation 3.14 (b) , current and voltage 
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in each section of the two Infinite networks of the equivalent 
circuit can now be computed. The stator and rotor phase currents 
and voltages can be calculated from equations 2.12 to 2.17 given 

to the previous Chapter. 

til) Torque 

From the theory of induction machine it is known that 

torque in synchronous watts to equal to grower crossing the 

air*gap* 

or 	T (Synchronoua watts) 9 ij as(Z2) 	00 «► 3.15 

where 	is impedance of tl equivalent secondary 

circuit and Ro( ) Is its real part (effective resistance'-rR2 . 

In the cat* of double unbalance under disoueaion#  the 

power drawn from either positive or negative sequence voltage 
applied at stator terminals # crosses the air-gap for Infinite 

number of times* A tom is developed at each Crossing. The 

net machine torque would thus be cut of infinite series one 
contributed by the initial positive sequence, voltage and the 

other by the initial negative sequence voltage applied at the 

stator terminals. each individual component of these torques will 

follow the law of equation 3.16,► 

Lot us consider first, the torques created by Initial 

positive sequence voltage at the stator terminals. The 'infinite 

network It in Fig. 3.8 3a Sectioned at Al  B1  C D, »+.. which 
are locations of air-gap on the equivalent circuit* Let Za  
ZB I  ZC # ,*,0 denote the equivalent impedances to the right of 
those aectiøns. Referring to the flow chart No. 1 of chapter 2, 



it i8 to be noted that power is transferred across the air-gap 
gram stator to rotor with a magnetic field revolving in the 
positive dir rctiQnt while the power across the air-gap from rotor 
to stator is t sna rred by a field revolving in the negative 

direction s  such that all these torques will have the same 

algebraic sign. Thus the total torque produced by the oaitive 

sequence voltage iS 

T1(Syn. watts) a (irl, Re(ZA ) * (1  02) h+ (b ) 

Similarly the ' tnfini a network 2 'with the negative 

sequence voltage applied at the stator terminals, can be 

sectioned at L , MO N, 2, •,*. and the corresponding ixapedencee 

be ZL  9  ZM I  Z $ .gip , .•. ThetorLuoe acting on the rotor would 

be in the negative sequence direction and can be algebraically 

added up, Therefore 

T2(Srn. 'watts) a (1 ) Ra(Z) + (1i) Re(ZM) 

* (I)2 Re(Zr ) 4 (IJi. )2 RO(Z) +- +w 	*17 

The net torque acting on the rotor in positive sequence direction 
is 

tet % (T1 
-* 12) 	 000 	3.18 

A slip-ring induction motor Is usually started with 

external resistance$ connected in rotor circuit* Theae resist-
anoes are short»circuited during acceleration It may happen 
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sometimes that some of the short-circuiting switches fail, to 

operate and thus leaving unbalanced resistances in the rotor 

circuit* Often additional resistances are intentionalI intro-
duced in the rotor circuit in order to obtain speek-control with 
a desired speed-torque characteristic„ The majority of the 

practical probl o:e of speed-control and malfunction of short-

circuit switch fall in the category of symmetrical rotor ung» 
balance, a detailed study of which is made in the next chapter,# 
In addition to the unbalance in rotor impedances, it may also 

happen that on the stator side a iae blows ©ff #  a contact-link 

fails or a link is weak, Such an eventuality would create a 

stator impedance unbalance simultaneously with rotor impedance  
unbalanced. When one fuse blows off with other two intact$  it 
causes a symmetrical stator impedance unbalance while when two 
fuses blow off, it is a trivia ease and the machine stops, The 
stator impedance unbalance caused by weak contact-link is 
symmetrical, anti in majority of eases of all probability one link 
would be faulty at a time.  

Sometime the stator Impedance unbalance may also be 
introduced by the resistances employed to limit the supply  voltage. 
Such a stator unbalance is also usually symmetrical  s inee one 
line resistance would be faulty at a time* 

As discussed above the great majority of ceases of double 
unbalance of an induction machine Late in the category of 
sy rtricel double unbalances,* Various symmetrical stator and 
rotor unbalances along with their relevant connecting circuits 
acre given in fiables3.l and 3.2. Ther. can be various possible 

exmbinations of such double unbalances. Pros these tables, the 
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e% valent circuit for ax 	etrical double unbalance can be 
derived. 

3 *4 s Experj nut Veifiçatton 

The machine used for experimental work has the fallow' 
g data. These data have been found ezperiientn13~r as given in 

Appendix I. 

Machine apeci.Zicationa 

6.5 KW 	8.8 CV 9 400.440 V, 23.2 A 
Cos 0 a 0083 0, 1380 T, tin. 1 60 0/9 , 

3 phase , Star connect , Ro r 102 V 
4596 A 	slip-ring, No* *' 84992 , 

tpe AV 2524-1 V 
A.G.R.C. Welco harlo 'oi, Belgium. 

The machine is coupled itti a D.C.  dyn 	a tor. 

Machine Constants 

R8 a 0.323i3 p,u. ; X a 0,286 p.u. I 	* 8,32 p,u, 

Rr, • 0.269 p,u. ; X * 0.286 p.u. 

Base Volta 	11,5.5 V ; Base Xzped ae * 8 *75rzna. 
Base Current : 134 A ; Base Torque 	22.4 ft. lbs. 

The external impedances in etator and rotor circuits used for 
experimental work are Umi toad to resistances oar, which is the 
normal practical osee. 

In all experimental work reduced balanced voltage of 
200 Volts is applied to the a tator for the reasons given below* 

It has been found that positive and negative sequence 

iagnatis fields, which are proportional to the sequence voltages, 



Mr 
exist simultaneously in the machine. Ther fields rotate with 
dit"ferent velocities and in opposite directions. At each 
Instant some fields are aiding and others are opposing. The 

sum of various components of fields may exceed the normal maximum 
flux density In the machine,, though the Individual components 

may be of normal magnitude only. It may result in a gross 
saturation and therefore considerable increase in magnetizing 
current and deterioration of wave form# This happens when the  

sum of SSCLUOSOG  voltages is more than the normal phase voltage. 

It Is also expected that the high voltages are Induced in the 
e .n►balsnced operation of the machine, which may cause break down 
of the insulation. More-over for unbalanced operation over the 
complete speed range with normal applied voltage a very high 
current would flow at largo slips, which would cause excessive 

temperaturerise and insulation nay be damaged.  Therefore the 
machine cannot be operated at normal voltage and hence it is 
essential to test the machine at reduced voltages 

The various combinations of syixjietrical double unbalance 
of stator and rotor impedances are virtua.'r unlimited. Th Crew 
fore, it is decided to study the operation In the cases given in 
Table 3.3,E 

eble e 

Number 	Z Z3A ZrB ZrC 

C*si Nor l: 	0.332 pu 0 0 0,66 0 0 
Case Not 2 0,07 0 0 0 0 
Case No* 3 0 0 0*66 	0 0 
Case No. 4 	0 	0 	0 	0 
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The various currents, voltages and torque are measured 
over the aoaplete speed range as given in Appendix IV for the 
different sets of unbalances. The results are predetermined also 
by solving the equivalent circuits. While calculating It is 
observed that a wide range of frequencies is present in the machine. 
A suitable linear approximation has been found experimentally and 
is used for finding the resistance offered by stator and rotor 
circuits at different frequencies (Appendix I). It has also been 
assumed that the presence of othor frequency currents does not 
affect the resistance seen for any particular frequency current. 
Speed torque and speed current curves have been calculated for 
all the cases. For ease No. 4 peak and r.m.s. voltages of stator 
and rotor have also been calculated 

The experimental and calculated results are plotted in 
Figs# 3.9 to 3.18 for eU these eases. It is found that the 
results agree with in the difference of 8.l$ • It has been noted 
that It Is difficult to calculate the torque and current aecurateu 
ly at slips *lose to 	, . p 	t  #... where the equimlent 
circuit becomes open at a particular reflection* The ; azimmum 
error occurs at unstable and negative tor que regions. The various 
reasons for difference in calculated and experimental results 
are attributed to the following factors;- 

Cl) The effect of vskrious frequencies on the external 
resistances is not taken into account... 

(2) It is not possible to estimate iron losses to a 
reasonable degree of accuracy for such a wide range of frequencies* 

(3) The winding resistance mar be affected by the 
presence of frequencies other then the one for which resistance 



is considered. 
(4) The magnetic circuit may not remain unsaturated; 
(5) The change of contact resistance between slip ring 

and brush is not taken into account, 

A special note is made for cast No. 4 in which both 
stator and rotor circuits have maximum unbalance i.e. one line 
is open In both the circuits. in this case the torque is 
negative at all slips. The voltages In rotor and stator circuits 
are more compared to other cases* From calculations it is found 
that the maximum value of ratio of peak voltage to normal voltage  
is 7.? at a slip of 0.18 and the maximum value of ratio of r.m.s. 
voltage to normal voltage its 2.8 at a slip of 0.20. The r,m, a, 
voltage to measured with the help of moving iron volt aster. 
While measuring . r.m. a. voltage In the rotor circuit, it is 
observed that needle oscillates *nd the average value in record- 
ed. The oscillations are due to the presence of low frequencies 
voltage in the voltage wave. Thus the experimental rotor voltage 
Is aware loss than the calculated value because the low 
frequency voltage is not read by voltrne her# 

The speed-torque characteristics may be explained 
qualitatively with the help of equivalent circuits and the torque 
equations 3*16 to 3.186 

ase I Resistance of 0.332 p.u. and 0,66 p.u. have been 
connected In one line of stator and rotor respectively. The  
results calculated from the equivalent circuits are tabulated 
in Table 3.4. It is found that the impedance of ' infinite not,  
work 2 i.e. ZM2  is fairly constant t roughout and its value is 
sufficiently greater than 	041 p..u. Therefore I infinite 
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network 2' draws comparatively very low current and produces 
negligible torques* Thus the net torque is produced solsy by 
E infinito network It of the equivalent circuit. For ' ini'inite 
network 1', the torque contributed by the first taxa of equation 
346 is always positive and all other terms contribute negative 
torque upto 0.5 slips The second term of torque equation 
contributes small torque upto s a 0.1 and for 8>0,25 it contri-
butes sufficient torque which is always in negative direction* 
Thus the net torque Increases first and then decreases. At 
a : 0*51  the network at second reflection becomes open. At this 
point all torque oompoiients except first term vanish. For 
a >0.5 the second term also becomes additive and other terms are 
negative. Similarly at a a and 	the network  t cotn open  
at third and fourth reflection and torque contribution by third 
and fourth term becomes positive after those slips respectively. 
But it Is observed that for e>0,666,  the input impedance to not 
affected much whatever be the impedance of circuit after third 
reflection, Thus third and fourth terms do not contribute much 
In net torque 

Case 11 A resistance of 0,0? p,u. is connected in one line of 
stator and one line of rotor is open* In this case Z and Z 
are larger because shunt Impedance of connecting circuit at 
rotor is infinite, , Z is very large cpared to 	9 0.O233 p.u. 
Therefore parallel  m ainati n of Z and 	can be replaced 
by A. Thus the torque in contributed by 'infinite network It 
oris. The torque contributed by second term equation 3..16 
predomI.natos and is negative upto a a 0*51  which makes the net 
torque negative at slips close to 0*5* For e>0.5, the second 
term is positive and thus not torque becomes positive. The 
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operation is unstable between the slip 0.8 and 0.32 (speed 970 
to 750 r.p.T) 

Cele Ill One line of stator is open and a resistance of 
0.66 p.u. is in one line of rotor. The shunt resistance of 
connecting-circuit at stator I.s Infinite. In this case LMl  and 
Zma become connected in series and stator positive sequence 
current and negative sequence current are equal but opposite in 
directions x m  decreases with the increase of slip while Z 

cine fairly constant, At a : . I  Zp,. and Z are equal, + nd 
the voltage across 'infinite networks I and 2' are equal. The 
torques produced by both the networks are equal and opposite. 
Thus the starting torque Is zero. At other slips$ the torque 

contributed by 'infinite network 1.1  has various components as 

discussed earlier In eases I flXid II. The torque contributed by 
first term is always positive and the other ter is give negative 
torque upto a e 0.8, At a a 0«6,, the network opens at second 
reflection. Thus there is no component which gives negative 
torque and therefore positive peak occurs at this slip. For 
s >O.5,  the second term also contributes positive torque while 
other terms give negative torque, Similarly at s a I t  t o  etc. 

the network opens at third, fourth end filth re .ec tions res- 
pective3y and contains all posi tive torque terms and no negative 
term. nus torque peaks occur at these slips, 

Un3.ike previous cases the torque contributed by the 
'infinite network ' is not negligible but increases with slip, 
This torque is always negative. Therefore net torque r*duces=  
but not speed.torque characteristic has also peaks and fps as 
discussed above. 



Cc*paring the case with the previous one where stator 

circuit contains low impedance*, the 'infinite network 21  draws 
very wall current and gives negligible torque* It the exter a . 

pedance chosen to such that ' inflnito netwo 2' draws 
sufficient current, this contributes appreciable torque whish 
is in the negative direction. The net torque reduces. Thera* 
fore if the external impedance is varied trca zero to infini to 
a family of curves can be obtained 

It is observed that Gorges$ Phenomenon or stable half 
speed operation occurs with double unbalance but it .w ►e 
occurs at more than halt speed and not at halt speed. as in t1 
case of rotor unbalance only* 

Voltage Speed Charaeteristioas. `ase could also be died sad 
qualitatively. At a * O the rotor impedance of 'infinite 
network It to infinite at first retloetion and circuit becomes 
open. Thus tyre is only stator fundamental voltage and other 
voltages are zero,. The voltages. in sections of 'infinite 
network 20  are small in magnitude. Thus resultant voltage is 
relatively low at the start« As a. increases, the components of 
voltages in all the sections of two infinite networks increase 
and thus the resultant voltage increases, At s t , 5#  stator 
branch of 'infinite network It at second reflection opens and 
all component voltages vanish after that point and consequently 
lowering the resultant voltage* Similar reasoning would show 
dips in the voltage speed curve ata - # ,,, j and etc. It 
in noted that the cesponent voltag s have sufficiently large 
values at the points where the circuits are terminated and 
voltages converge slowly. To calculate Voltage to a good degree 
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at accuracyfurther sections must be considered using the cuxrent  

solution obtained 'bl the termination. 



Double Unbalance (Case I) R : 0.332 , RrA » 0.66 p.u. 

3.No. 1 
- 

2 
WY{MYlrtrllY/+IOUI 

3 
Mrrr~ll~rrrllMlrrrr+~r 

4 5 
- ' r r rrrw -

Speed 
■ r 

1450 
._hw+W~11+ 

1138 925 855 810 

Slip 0.0333 0.208 0.39 0#43 0.46 

l 4.27 
+ j5.4 

1.6228 
+31.01 

1.067 
+31.03 

1.225 
+j0.954 

1.16 
+30.78 

N2 0.4346 
t30.376 

0.422 
 1- 3 0.585 

0.449 
+30.582 

0.45 
+30.61 

3 0.47 
 r- j 0.749 

RA 10.62 1.685 1.062 1.224 1.11 

RB 0.288 0.42 1.08 - 1.65 2.82 

RD 0.252 0.26 0,288 0«201 0,309 

I ri 0.0868 0.465 0.592 0.565 0.636 

I sp +• 0.249 0.415 0,296 0.1432 

I 0„0262 0.0664 0.0628 

TA % 

0,0631 0.065 

8,0 36.5 38.0 39.1 45.0 

2.5 19.6 • 14.4 5.8 

0.2 

5.70 5.28 5.24 500 5.0 

T % 2.34 28.72 13.26 1.9.7 34.0 

Ll, 



s.No. 6 7 s 9 10 

Speed 760 653 600 310 150 

Slip 005 0.566 0.666 0.793 0.9 

z Ml 1.06 
+ 30.682 

0«935 
+ 30.593 

0.91 
+30,582 

0.706 
+ 30.593 

0.65 
+30.592  

0.48 
+.30.75 

0*483 
+30.686 

ZM2 

 

0.483 
+.30«5 

0.555 
+ 40069 

0.57 
+ 30.59 

RA 0.94 0.792 0.654 0..656 0.496 

RR 0 1*49 4.8 09444 0*343 

R~ 	0.312 	04,331 	0.331 	0.396 	0.416 

I'? 0.736 0.804 0.897 0,96 1.0 

I"P 0 043 0*1675 0.205 0„233 

1 0.090 09 t 	+ X 0 098 0.x,1,95 0. I24 

TA % 49.0 61.2 62.8 61,3 49*6 

TB % 0 2.2 2.25 1«87 i•se 

TIO % 0.26 0*305 0„318 - 0,568 0.64 

T 	% 4.94 4.94 4.94 4#94 4,94 

T % 43.8 43.16 49,76 47#66 45.8? 
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Double Unbalaneo (Case III) R 	R0 : 0.56 p.u. 

3.No. 1 2, 3 4 6 

Speed 1390 1340 1145 968 810 

S lip 0.0'734 0.106? 0.23? 0.357 0.46 

2.42 ZM, 2.68 1.358 1.262 1.16 
+ 32.31 + 31.765 + 30.84 -,. 30.87 + 30#74 

04.425 00425 0#425 0.449 0.,484 
.i- 30.574 + 30.573 + 30.573 + 30.574  + 30.678 

RA 4.11 3.28 1#61 1.23 1.084 

118 0.675 - 0.712 - 0.993- 0.574 -4.82 

Rc • 0.297 - 0.394 - 0,745 • 0.895 

R~ 0.262 0.262 0*26 0,28? 0.323 

Irp 0.192 0.23 0.355 0.42 0,454 
it I t2 0.0896 0.1106 0.184 0.1828 0,0557 

Irl « 0,3.078 0.178 03.76 13.0534 

2 0*245 0.254 0.373 0.482 0,460 

T$ ; 15.10 1744 20.3 21.7 22.3 
T$ % - 0.546 0..8? w3,$7 1.9G -► 1.40 
TO % - 0.30 - 1.25 - 2.28 -2.55 
TL % 1.58 3.69  3.65 5.35 5.82 
TPW % 5.48 5.37 5.21 5.1 4.98 

T % 7.45 9.17 7.82 6.46 901 
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t , 

S.No. 6 7 8 9 10 

Speed 750 605 500 377 1501 

Slip 0.5 0.59€ 0.666 0.76 0,9 

ZM1 101 
+ 30.565 

0.871 
+ 30.692 

0.86 
+ 30.584 

0.75 
-. 30,624 

0.7 
 + 30,562  

0.466 
+30.562 

0.604 
 +3 0..58 

0.52 
+30.578 

0.648 
 +30.58 

0.606 
430.562  

RA • 0.962 0.766 0.716 0,625 0.545 

RB  0 0.0652 1.055 0.229 0.1150 

RC - 1.905 1.86 

RL  0.306 0.343 0.362 0.385 0.450 

1 0.501 0.506 0.521 0.545 0.556 

0 0.1 0.03? 0.0475 

In'  p  ri 0.0924 0 0.0445 *► 

I - 0.514 0.523 0.545 0.556 

TA % 	2 4.2 	19.60 	19.4 	18.6 	16.8 

TB  % 	0 	- 	- 	0.516 

Tc  % 	0 	- 1.63 	0 	0.37 

TIO % 

	

7.60 	9.0 	9.86 	11.4 	33.0 

TFW  % 	4.94 	4.94 	4.94 	4.94 	4.944 

T % 	11.62 	7.25 	4.66 	3.1  
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0 

INDUCTION 	 INE W1 SL 'tom 

4.1* 	In the previouo two chapt r$ the ønalyøis of double 
unbalances in an induction machine has been presence* But*  
however, in practice a single unbalance to most likely to occur. 
The various o.inglo unbalances can be cyst fLed as below s 

1) Stator impedance unbalance with balanced or un-
balanced supply voltage& 

(i1) Rotor impedance  unbalance  with balanced or un 
baked supply  voltage.  

A single unbalance can be treated as a special case of 
double unbalance where ctrc4t on one site of the air-gap remains 
balanced. The supply voltage may as well be unbalanced. Figs. 
4.1 and 4,2 show the machinewith single impedance unbalance in 
stator and rotor circuits respectively. 

The analysis  of single unbalance can be followed from 
the alysis of double unbalance by introducing proper circuit 
constraints at the terminals having balanced impedances. Ae 
has been discussed In chapter 2, both positive and negative 
sequence voltages at the stator terminals initiate an infinite 
nor of reflections at points of unba3.ancd impedances in 
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stator and rotor circuits. However *  if the impedance in one of 
the circuits on either side of air*gap is balanced, no reflection 
would occur there. Thus it the unbalance is on the stator side, 
there will be no reflection at aU1 while there wil , be only one 
reflection it the unbalance is on the rotor side « 

4.2• 	 o 

4.2.1. When stator impedances  are unbalanced, both positive 
and negative sequence voltages wouJ4 exist at stator terminal 
even though a balanced voltage is applied. Therefore the analysis 
can be made with positive or negative sequence voltage alone 
applied at the stator terminals,, and the results are superposed, 
Thus Thus the inaohinc having balanced rotor impedance has positive 
and negative sequence Voltage app led at stator terminals. The 
rotor will have smote set of sequence voltages and currents as 
that cop ed at stator termines. The rotor impedance being 
balanced, no reflection occurs at rotor terminals. Therefore 
flow**ch is No.3. and 2 of Pis. 2#7 and 2.10 got simplified to 
those shown in Frig. 4*3* Between the points 0 and 3., Use the 
balanced induction machine,. The two networks No, I and 2 are 
drawn in L igs. 4.4 and 4.55 when positive sequence voltage and 
negative sequence voltage are applied respectively at stator 
terminals. 

Let the two networks No* 1 and 9 have the input impedance 
ZMi  and Z respectively*  A relation between sequence voltage 
and currant at Input to rminals is give below:' ' 

0? 	op 

	

Y$1ZMII$3. 	1 
	... 	4.3,. 
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At the paint a, the stator positive sequence voltage 
 and negative sequence voltage V are related to the sequence 

voltages of supply through the sequence impedances of stator 
external circuit as given in the equation 2.2. Rewriting it 

V  z  a ~ 	sty 	e~ +  z a 182 ~ + Val I 

Fr a equations 4.1. and 4,2, 

(Zs4 + 	.) (Zeta + Z) 	zap. z! 
..« 4.3  

+ z ?v' 	'38 V1  
(Z 	.f 	) ( so 4- Z) 	2̀03. Zg 

I 

Knowing positive and negative 86q nOe components V 
and V2 of the supply voitagc, 1ell and 1.2 can be calculated. If 
supply voltage is balanced, V. is zero, 

From the networks of Pigo. 4.4 and 4.6, rotor sequence 
currents can be written as 

02 Zr2 

ah*r* 
 

Zn i : C a # a xr Positive sequence iapec ansa of  

rotor 
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Er and Z a ( 	+ 3 xr ) 0 Negative aequance irapedance of 
rotor 

The steadr torques produced by positive and negative 
sequence rotor currents are 

'T 	: (I' Syn. Watts I 

~ ' t 
o. 	4,6 

r2 Sy , Watts I I 

Tp is in the negative direction, 

.►* 	' 	t ( 1L 	+0 	T2) *40 	4*6 

For the case of general unbalance4 stator ixitpedsnces, 
an equivalent circuit Cannot be drawn. Tht, Ivor, sequence 
currents In stator and rotor circuits required are to be 
calculated from eq tions 4,3 and 4.4. An discussed in the 
previous chapter, an equivalent circuit Is possible only for the  
case of syrunotrical urzbr&lance i.e. any two lines contain equal 
impedances. The constraint cqu.atUon 4.2 gets modified to equation 
4,? for the aynmtetrica3. unbalanco, 

= (z8B + Z) I 	+ (I 	' - 182) Zit 

With the help of constraint equation 4,'7,, the two net. 
works No. 1 and 2 can be interconnected and thus the complete 
equivalent circuit to drawn in Fig* 4.6. The sequence currents 
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can now be computed easily from the equivalent Circuits. The 
equivalent circuit for any specific  cage of symmetrical unbalance 
can be obtained by substituting the corresponding sequence in.. 
pedanees of the external circuit in the Fig* 4.6« 

4.2.3,  

Fig. 4.3 it is evident that both positive, and 
negative sequence currents and fluxes. are present simultaneously, 
These are classified as given below $- 

(i) Positive sequence flux 	due to positive sequence 
voltage V., of frequency f. It metates in the positive direction 
with a velocity of CU with respect to stator and a w with respect 
to rotor, 

(ii) Negative sequence flux ;O due to negative  sequence 
voltage V 	of frequency g. I rotates In the negative direction 
with a velocity of W with respect to stator ab (2 8) to with 
respect to rotor. 

(iii) Poet. tivo sequence rotor currant 	of frequency  
of* MW du -a to this current rotates in the positive direction 
with a velocity of a W with respect to rotor and LO with respect 
to stator. 

(iv) Negative se nce . rotor current I of frequency 
(2 w Ø)f• t ' duo to this current rotates in the negative 
direction with a velocity of (2 a) 6) with respect to rotor 
and CJ with respect to stator* 

The inter action of flu.= caused, by primary voltage and 
mr f produced by ae oondzry current, rc aualt; in a torque. It can 
be express as 

T o 	7 Coa 	0., 	408 a 



where $a  is ax1*wm air-gap flux which is proportionsl to 
the induced e.m.t. 2 divided br euenc;  

to iif vhidh is proportional to uecondarr current; 
and 	is angle betven 	and current 

• ? <+ I Co* 	 4.8b 

where L to s torque constant. 

It develops etcadr torque It ankle S betwOen e,mf 
and 

 
meront la independent of tize i.e, vbon both e*mofs and 

current wvoa tVWD3h vith the aars velocitj in the aa* direct.* * 
c- 

lone ffovo.r, if e.t.fo end current vavoc travel with different A 

ftrectlon#  the angle 8 is a fnctton of time anti accordingly 
Pr

fi w  4,77 

T (peak) * T 	 .•. 	4.8C 

The ccpononta of tore devolovd b7 the interaction 
of two flux and to mtt waves MM as foUous ; - 

(1) iOsitiVeBOCAUonCe sit= 	wbich causes induced 
OP of tmCUwCr f In the stator and positive s*qUenOO 

In 
rotor current 1;, rotate with the ao velocity In the *we 
direction and hence produce a stea& torque given by 

a 	C 
* IT1 (f L) II  Øj 	 449 

The angle 	between Sj3  and I 	can be calculated 
by the network !o. 1 and Its value is 

S tan 1  lip  

	

 • 	 4.9* 
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(ii) Negative sequence thix 	whithcauses induced 
e.m. fa EON of frequency f in the stator and negative sequence 
rotor current I rotate with the eaie velocity In the s 
direction and hence produce a steady torque gLven by 

~ 	w 	) 	Cris cS 
	

.4p ø• 	40 

From the network No * 2, 

~F*4 	4*10+ 
r 

(iii) Positive sequence flux p r ich causea induced 
e.r. f* E01 of frequency f in he stator and negative sequence 
rotor current Ir rotate with a relative velocity of 2 0) in the 
positive direction and inter-act to produce a pulsating torques 

: T .M;L I 	Coo l4 	 4.3.1 

where 63.4 a 2 wt + of  

and 	is the angular difference between the two waves E0? end 
Eon at ta0 

T 'I * T ,I+ peak) Cao (2 w t - o( e~ 	» ► 	4,, ll: b 
op 

where p (peak) 0 K 	 441* 

(iv) Negative rq na r fl ON 	 ON ux 	causes induced e.m.. % 
of frequency t in the stator and positive sequence rotor Current 

Irl rotate with a relative velocity 2 w in the negative direction 
and Interact to produce a pulsating torque, 

$Ott 	t 
T 	6 l 	(. .3 	 ) I p` Cos  r 



• 

where 	' 23 	2 &) t +- 0< w ~1 	... 	442 a 

.: 	TP2 * T 2(peak)  Cos (2 w t 	0(- 1) 	4.32b 

whore Tpg(pe ) » 	) Iri  

The items (1.) and t i) give steady torques and the net 
steady torque is 

Tit * (TI * T2) 

The expressi.ons for steady torque have been derived 
already from power transfer concept. 

The items, (iii) and. (i) give pulsating torque rich 
varies s .husotda r with a froquenc of 2f. The inBtantaneous 
pulsating torque is 

TpUnat) 2 (Tp, * p ) 	 Si, 

	

0 T23( 5t) Cos (2 W 	- o(. ,~ ) 

" T (peak) COS (214)t +0< - ) 
	4.33 a 

Tp(peak) 	 + Tp speak) - 2 Tp3 (pe+ c) Tn(plc) 

444 

T **peri tents were performed on the machine whose, 

constants are given In Appendix Is A reduced supply voltage was 

used and iap®danbe unbalance was Umi ted to resistance only as 

to ease of impedance double uribsienee. The , expor3. znte were 

~c A( L" APV UNIVERSITY OF POOR % 
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peri'ozned for the t ''pes of stater unbalance uoua°l ,y occur In 
practice and are given balers 

(i) Addition of resistance in one line duo to weak link, 
(ii) Fuse of one line blown oaf, 

The supply being balanced one.. 
(iii) Unbalanced supe " voltage aM no impedance un 

balance. 

A number of sets were taken 'with different values of 

:SOX  a 

 
0.332 2 p ou. and rite; and Voltage unbalance with 

/Vlf Wa„S?5tfv/s0,l43, and 	';0.?62,/'7 	Q*886p,u. 
The steady torque and current were measured over the complete 
speed range. The results are plotted in Vigo. 4.7 	4.10. 

The results are also computed from the egtivalont 
circuits and are compared with the experimental sults. These 
are found to be In agree ;ent with the mtrnum difference of " , 

A qaLttative explanation can be given below s.- 

Case I - R in series with line A. For low values of RSA 0 

r to very suaali. compared to Zx,12 at all slips $ end therefore 
the network No* 2 tis negligible ,gib current and contributes in' 
significant torque, Hence network No* 2 can be Witted and the 
equivalent circuit reduces to - network No* I, in series with A 
resistance 	. Thus it behaves like a balanced Induction 
machine with tin additional sistace 	in series rith the 
stator, he torque produced would be less than that of a 
balanced machine The stator currents are unbalanced with phase 
C carr 'ing largest current* Therefore phase C will be hotter 
than the other two phases. 

am• 
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Case II - One line open i.e. ZZA  z m « In t# is case two net* 
works  No* I and 2 become connected in series; and positive and 
negative sequence stator currents are equal and opposite* At 

s s I, both Z and Z are equal, therefore the roltage9 across 
them are equal and so are the rotor sequence currents. The 
torque produced by both the networks is equal and opposite and 
resulting in zero starting tots . At lower values of slip, 
z increases and zM decreases but # however, Z does not change 
appreciably. The network No. I contributes more torque than by  
network No. 2 and therefore results in a net positive torque* 

At e * 0 • the rotor circuit of network No* I becnes t off, and 
only the network No. 2 contributes torque which is in negative 
direction and of ams.. magnitude sin** the sequence currents are 
varr Wil.. 

0 

Coiparing the torque in the two cases, it is clear that 
network No. 2 contributes negligible torque in the Case I while 
it is appreciable in the Case 11 In the negative direction* 
Therefore net torque is less in Case 11. Time if a resistance 
in one line of external stator circuit to Increased frost zero to 
infinite, the not torque would decreasefor all the values of 
slip.. 

Sizuir3.y in Case til, the net torque reduces wttth the 
increase of amount of unbalance In voltage.. 

The amplitude of pulsating torque is computed and plotted 
in Figs 4*10 for various values of slips* No experimental varf«►. 
fication could be carried out for pulsating torque► It is found 



that the pulsating torque Is larger in Capt UI compared to that 
in Case I. This can be eeplained by the fact that the negative 
sequence voltage and current In the rotor of .network No* 2 are 
negligible in Case I while thcsa are appreciable in Case I , 
Since pulsating torques arc contributed by the product of positive 
aequence voltage and negat ive sequence current and vice 'versa, 
both components of the pulsating torque and therefore not 
pulsating torque is less in Case I * It Is observed that maximum 
value of peak pulsating torque is 22. of noel steady torque  
at a slip of 0.2 in Case II. he peak 9 s %in torgt a  ncrenses 
with the amount of unbalance, similarly in case of voltage un-
balance s  the peak pulsating torque increases t .itb the increase of 
unbalance. 

4.3.1. A second type of single unbalance occurs There stator 
has balanced impedance  and unbalanced Impedes are connected 
in rotor circuit, This is also a special case of double Impedance 
unbalance and analysis can be followed similarly* On application 
of positive sequence voltage 	 the machine, positive sequence 
voltage 	 current of frequency at are Induced in rotor* The  

balanced rotor impedance cause a reflection iabicb results in 
negative sequence voltage and current also appearing at rotor 
terminals, and so negative sequence voltage of frequency (2a - ) f 
Is induced in the stator* The  stator impedances being balanced, 
no further refL ction would occurs Therefore fLow eMrt No.o 

of rig. 2.? gets simplified as In rig.. 4.0 a. • Similarly for 
negative sequence voltage applied at stator s , the flow chart No* 2 
is modified to Vigo 4.0 b,  
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The netwerkts between points 0 and 1, and points 1 and 
2 of 'ig$, 4*11 (a and b) with positive or negative sequence 
voltage sow applied at stator isrninals are drawn in Pigs* 

4.32 (a sue4 b) and 4.23 (a and b). The constraint equations at 
point 1 (fros equations 2,2 and 2.8) with positive or negative 
sequence voltage alms applied at stator are given below** 

With positive sequence voltage only 

	

V1 	rte 1r1 
I. .., 4.15* 

	

'F 	'P 	'P 

	

Zr3 rl 	r0 1r2 L 

With negative sequence voltage only 

	

VIN  a Zro ir2 #N 	z ISN  

	

t 	7, r] 
4.35b 

r , 

	

rar2 	art irl 

It is found that the equivalent circuits and constraint 
equations are exactly similar In form for the two eases i.e. 
with positive sequence voltage and negative sequence voltage 
elms applied at stator terainals. Tb. only difference li*s in 
the fact that the slip whish is s for the positive sequence 
voltage case changes to (2 • a) for the negative sequence *sorer 
Thus any analysis which will be carried out for voltages # currents 
and steady torques with positive sequence voltage alone applied 
at stator terninsls, wan be used when negative sequence voltage 
is applied by replacing s by (2 w s)„ Therefore analysis below 
is carried out when only positive sequence voltage is applied to 
stator.  

With the help of networks 46:12 (a and b) and equation 



4..25 a t the stator and rotor .sequence currents when positive 
sequencevoltage alone is applied # are given below. (Derivation 
is given in Appendix III), 

z+ Zr ► 	 si ~ ► 	. 	4.13 

0? 

or 	1 	~..... 	* ~► 	4.17 
+ Z,) 

vhere ¼ can be considered as load impedance, and its 
value is 

ZL * 	,,. 	 r EL 4-; X 	s.• 	* 17 ~t 

Z1 a Rr F 30 ( 	+ 0*0 	4,ll i3r 

2 * (2a - 1) 
: Er +T(Xm * X e .4 	t G 	-R t2 	

4#170 

and 	K x 	. ,~..,..~. 	.. ~.... w.,-. 	a constant 	*to 	4.17 d 
R0 + 3Xa + J 

I 	* ..,.~.~.. 	Zrl
G 'op 	4s 

1 d` rO3 Z22* `r4~ - Zvi  ' 

3? 

o * 	+ 	rl 	4.19 

I"? a 	 I 	 «o. 4*20 
I+ m -X 



Knowing the sequence currents the phase currents, 
vol gas and etea torque can be computed. As the air-gaa,p is 
being crossed twice # the steady torque has two con nems as 
given below:- 

	

T2. r (Irl)  ( 	* t ? yn,  vat 	6*0 4,21 

where RL  it the load resistance as defined ear.  er w 

and T2  w 	i02 ) 	) 	 . 4.22 

	

The second r car 	component n 	alto on the stator in 
bC_ 

the negative duction and Its reaction on rotor UIll..A  In the 
positive direction* Therefore net torque acting. on rotor is the  
algebraic addition of theøe two components. 

"net * (Ta. 4 ;3) 	 .,. 4#23 

The direction of ` 	is given by the factor (2a - 1) , 
It is negative for 	a L 0,6 and positive for a > 0.5. 

The currents end t.orquee for any deme of b*1nCO 
can be calculated  by solvihg the equations 4.l to 4.2 vithout 
drawing the equivalent circuita, But#  an discussed in other 

types of unbalances, it is possible to draw an equivalent circuit 
only when the unb woe is spa trical ie.  two of the external 
impedances in the rotor should be equal or ZrB 	Z • For 
such typo of unbalanea inter*connecting circuits are drawn in 
Fig. 4*34 for interconnecting networks of Pigs# 4*12 a and 4.12 b 
for positive icquenee supply voltage, and in Fig* 4.3J for inter- 
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connecting networks of Pigs. 4.33 a end 4.13 b for negative 
sequence supply voltage. No the solution for sequence currents 
becomes angler end can be carried out with the help of equiva- 
lent circuito. P01 any specific case of symmetrical  unb 	ce, 
the equivalent circuits ctn be obtained by uubatituting the 
corresponding values of sequence impedances of externa, circuit 
in Pigs. 4#14 and 4.15. 

4.3.3.E ?'u 	.n Td r 

when unbalanced voltage Is applied to the coaching having 
unbalanced Impedances in rotor )  the various conponenta of flux 
in the air gap and sequence currents in stator and rotor circuits 
exist aimultneoua1y and are listed In Table 4.1. Their frequency 
and relative vetooitj with roapect to stator are also given In 
the Table 

Table ,r 

01,10* 

 

item 	 requcncy w.r« to 
rt 

It Positive sequence flux ' causing  
1 

2.  Negative sequence i causing 

3.  Negative sequence flux 0 causing  
3s

tilN 	• r̀ 	w 
s2 

4.  Positive sequence flux Ori  causing 
e r} 	(3 	3)  

So Positive sequence stator current 10? 14) 

(Contd.) 



Ve 
,i+tt 	Item 	 F quenc' 	vor. to 

6. Positive sequence rotor current 

	

P 	Sr  

7, Negative sequence rotor current 	
w ~3 

r2 

8. Negative sequence stator current  
53 

9, Negative sequence atator cuent 
53 

10, Negative sequence rotor currnt 

r2 
11* Positive sequence rotor current 

	

O N 	( 	o f 	4)+ 2n 

32, Positive sequence stator current 
al 

The f vx caused by primary voltage an m,m . due to 
secondary current interact and produce orqw4 The reverse iø 
also true, The torque is expressed as 

T a KT (4-) I Cos g 

where S is angle between e.m ".. and current and it Is 
a function of time when both a «ani..f: and current vectors do not 
rotate with the sane velocity and In same direction# Frog the 
Table 4.1, it is *Isar that alt e.m.f. and current vectors are 
not rotating with the same velocity, herefore angle E is not 
independent of thus for all torques* If cS its a w on o$ 
time, a pulsating torque would result In otherwise steady torte 
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here 	is independent of time. 

The ccrnonente Of e.a.t, and current producing torque 

along vith their relative velocity are given in 1ab2e 4.2. 

E.M.F8. and Current prot'ucing torque 	Relative 
ve1ocit 

M 

81 and 1 0 

2.  . E and 

3.  and 2W 

and 

S* and 02 

8... and 1 OP 24 LO 

7, WA 1 on 2 (1 • 02 
9 and I 40 2 

a ON 
82  and 

ra 
0 

10. end I 

U, *nd Irl 8.L) 

38. 2 and I 2(1 00 O)w 

13. z 
IN and 1 0 

34. IN 
2 and ION  

(2 w 

35. and I 2(1 	a) Li) 

18. eM 2W 



The items 3., 5, 9 and 33 give stems torque w :oma çaluea 
have been discussed earlier and aU oar i# a give pulaating 
torque. The frequencies of pulsating torque cponents are 2sf, 
2(1 • s)f, 2t and ( - s)t. The osof .i tions are set up due to 
pulsating torque of such frequencies* The aeCillationS caused by 
high frequency torques are sufficiently damped out by motor and 
load Inertia while pulsating torque of low frequency presents a 
aerious problems which Are discussed later. Thus pulsating torque 

of low frequency (i.e. 2 ef) only is of Interest# 

There are only two low frequency torque components which 

are given by items 2 and 6 of T 	44 and their values are 

given below S 
Q' 

x 	2 	 Coo (a a w t '+ o 	) 	* .0 0 	444  

SOP. coo (8Wt 	- 'K 	} 	4.25 

where G71\  .$ n tar dieplscement between. R' and , 
at t : 0 

is anglo by which 10  .laga E 

and 	2 isanglehicbilagsE 

The component T state on the stator In th negative 
direction, Thus Its reaction on rotor will be In the postiV  
direction. Therefore instantaneous pulsating torque s to sum of 
two components  

T , (inst.) = CTp1  4 T 	•1Ø 	 4.26 

Md the peak pulsating torque can be given by equation 



4.2? 

T(peak) a 1( 	) 	ek;  

4,27 

From equations 4.24 and 4.25, 

LOP 

	

* !cT (.4L) 	 .,* 	428 

and 	 (peak) e 	t r  ) lop 	... 	4. 

4.3.4. 	inteeatZon  

The oxexperimentswere peioz'ned on the owe machine and 
under the same conditions  as in the case of double impedance uni. 

enc « These conditions were 
(i) Itoduced balanced voltage applied to stator 

(it) Unbsi.aneo limit to addition of resist only'. 

The experiments were performed for the trpea  of un-
balances which usually occur in preettce and are given below a'" 

(1) One line open i.e. co*  0 P. 0 
(2)  Resistance In one live i.e. 	a A  0  0 0 
() Lu al resistances in two lines t.e, 0 , Rr]B 0 RrB 

A mbar of sets with various values of RrA  : 1 
0.282 , 0.131 and R ; a 1.48 and 0.205 p,ft. vera ta1kn. 

Another set of experiments were perfozed with unbalanced 
supply voltage and unbalanced rotor Impedances of typos give above. 
The sequence c<vponerits of supply voltage were IV:,f a 0.876 0 
/V 	'' 	r 0.343 and /13/: 0.762 * /V2/ a 0*286  pou, 	In eath ease 
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currents and steady torques were Measured over the complete speed 

range and results are plotted in Vigo. 4a16 to 4„21. The steady 

torques are also computed from the equivalent circuits and scan- 
pared with experimental values. It to found that the difference 
to well 4thin the limit of 0% 

The following ing points are observed from the speed-torque 

characteriatics with the increase of amount of unbalance:. 
(I) star torque decreases at all slips 

(2) Dip goes down 

(3) Width of dip region increases, 

If the mount of unbalance Is increased sufficiently, 
the steady torque becomes negative over a sufficient ranie of 

speed. With the ma lmw unbalance whore one line is open # the 

steady torquo to negative between 	speed of 930 and 740 At 
$ z 0,5 ;• the stator resistance 	In the equivalent circuit 
of Fig# 4,14 becomes infinite and the circuit opens !hare. There.
fore this component does not contribute  ,o torque. For a < 0«6 
it gives negative torque and for s ».5 it contributes positive 
torque. Thus or a> 045 , the notatoady torque is positive, 
Renco the machine can run stable at halt speed which 3s cn .od 
half-speed stable: operation and cc only known as #Gorges 
Phen non' . 

The above stated phenomenon occurs even when the supply 

voltage in unbalanced with unbalanced .rotor* The steady torque 
also reduces with the increase of unbalance in supply voltage, 

The ,Peak pulsatInstorque for the specific eases of 
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unbalance mentioned earlier have been computed over the eceplete  

spGed. grin $Z d plotted in ! ig, 4.21.. It to observed that the 

peak pulsating torque increases with the ano nt of ung 

It i s maxim with the value of 1,22 times base torque with th 

xrn 1iirn unbalance i.e • one, line is open* I t is observed that 

the peak pulsating torque dips to a law value at a nearly equal 

to 0.5. This can be explained b r the fact that in the equivalent 

circuit of Figs 4.14 the negstie sequence ct4taor Impedance 

RI 'acs infinite reducing the current Ir to a low value. 

so that one c nponent of pulsating torque becomes nearly equal 
to zero. The clip at which pulsating torque to actually minimum 

would depend on t2to value of unbalance resistances, It is to be  

noted from the graphs of Pig. 4.20 that the slip for minim 
pes pu3.aating torque oh.t 	Slightly to s lose than 0*6 and 

again comes back to s a 0.& when one line is Open. 

The low requoncy pulsating torque in ease of rotor un ► 

balance, presents a serious problemon account of possible 
resonance with the natural frequency of oscillation of the 
aechariical system of motor.'load, At reaonano severe stress t ould 

be developed in the Bhatt and which may cause break down of the 

mechanical parts, Such conditions of resonance must be avoided. 



109 

The aa lis of an induction mace with unbalanced 
impedances connected on both or either side of . gap 
been studied with the help of eynnetrical conte. The 
theoretical and experimental results agree within close degree 
and prove the validity of the theoxy presented within the 
limits of assumptions mom* 

I 	A general 	eia of induction machine wi ► double 
unbalance Its advanced. It is found that either positive or 
negative sequence voltage applied at stator results in ► 
infinite number of reflections occuring alternately at rotor 
and stator terminal* where unbalanced impedances are connected. 

a► flow.ebarta have been devised, with the help of which it 
is possible to trace ase reflections, The machine equivalent 
circuits for positive and negative sequence currents of any 
order of reflection can be obtained from the 	z+3. equivq3,ent 
circuits given in the text. The Viral constraint *quations 
linking ase circuits at any order of reflections are also 
given. The Infinite number of reflections result In an infinite 
numbs of frequency components In currents and voltages, where 
th frvap ncy is a iWictten of rotor speed, Tll r angular 

4 
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frequency for stator currents is (w * n) and for rotor 

current referred. to stator Is ( w 	. ii), ►here K i.e pr 
positive integers negative sign for positive sequence voltage 
and positive sign for negative sequence voltage applied to the 
stator terminals. The general equations for r..m.8. currents 
and voltage*# and also peak voltages in rotor and stator are 
derived. A relationsiip is obtained between supply  voltage  
stator sequence voltage a. It is found that the general solution 
cannot be obtained because of infinite number of reflections 
with the intervening constraint equations being such that those 
cannot be presented by an equivalent circuit. 

A solution and an overt equivalent circuits howeYer , 
are possible for the case of syinznotz'icai unbalance ire the 
.impedances In stator and rotor external circuits are symmetrical 
about one line* This in tact i.e a more practical case and is 
likely to occur accidentally when the machine is operating with 
unbalanced rotor either accidentally or intentionally. A table 
is given from which#  the interlinking circuit can be easily 
looked up for any specific  case of symmetrical   double unbalance. 
A c plete equtvalant circuit is given for symmetrical doubla  
unbalance, for which the voltage applied at stator may also be 
unbalanced, I t contains two infinite cascaded networks, At 
any given slip,, the series and shunt resistances of the two 
infinite networks dcrease monotonicaily with the order of 
reflection. After certain ;giber of reflections, each in vite 
network becomes iterative circuit with no series x'rai5tance 
arid can be terminated by the characteristic Impedance of one of 
its ectiona.. The order of reflection at which the "+rite 
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resistance beccnesbecomes zbro may not be same for the two infinite 
netvorie. Other authors have neglected this series reeist ce 
while computing currents in each section. 

Each section of the two infinite networks carries 
current of a diff rent frequency tZ!OUI those of other sections.* 
Therefore,  a 'regaeacy cmc ton rust be applied in oculattaB 
the stator and rotor resistances for each of these sections,* 
It is assumed that the presence of other 	quencr currents l~ ►~i 

windings does not affect the rosiotance soon for aparticular 
frequency * and also the effects of various frequencies on the 
external  resistances are cnliderod negtiibie*' The iron loss 
is neclected throtighout the equivalent circuit cause the 
iron.loss branchcurront is vorj small and Its o ct is ncgli 
giblo in cotputing Currents, voltages and torques. }3 cause of 
the number of assumptions involved, a practical verification 
of results obtained from equivalent circuits has been carried 
out and it is found to be In agreonont within an error of 
8•.14. To avoid saturation effects and to lixtt the excessive 
voltage in stator end rotor which are expected, the experiments 
were conducted at half rated voltage.  

JJ±th double impedance unbalance, tariouo typea of speed 
que characteristics are possible with different amount of 

unbalance on either aide, The nature of characteristics is 

mainlycontrolled by the amount of unbalance In rotor and it to 
s wh*t similar to that of .5ingle unbalance on rotor aide. How-
ever, the point of stable operation  which occurs at s z 0.5 for 
rotor unbalance (Gorges Phenomenon) shifts towards higher speed. 
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It to observed that eaks appear in sp d*torque characteristics 
at 0 0 *9  i f  •.s. These peaks are clearly shown In case III. 
whore one stator line is open an rotor has a resistance  of 
0,63 p.u. in one line. it is also noted that torque decreases 
with increase of unbalance. If It is increased to Its maxim= 
value i.e. both stator dnd rotor have one line opon, the for ue 
becomes negative throughout and the m ac ine cannot run on Its  
Wim. . "u ther It Is also found that voltages in both Gtator and 
rotor increase with the increase asr of unbulance The maxiuiva  
value of pea. voltage Ia ibund to be 7.7 tis normal voltage 
at a a 048 and riarttriwit value of r,rus voltage to 2,8 times 
nom Value at 0 0 0.2. 

The.analysis of single unbalances Mlows from the 
Viral unbalznco nalysia by introducing 	 recant circuit 
constraints, The reflections stop at the torminalshaving 
balanced impede. Therefore no reflection at 4 , curs in 
case of unbalanced ed ped ee In stator and only one reflection 
at rotor takeG place in the case oZ unbalanced impedance in 
rotor circuit. In chase of stator unb a c e s  the stator current 
has two sequence components each oil' iindamentalfroquency afld 
rotor current has oeq nco components  of frequencies of and 

( - O) ; while in case of rotor unbalance, the stator current 
has two sequence components of frequencies t and (s 1) t and 
rotor current has two sequence components each of 	q enc? e. 
In both the oases of single unbalance, the theoretical  and 
exporiiental results  cic 	agree with each other and differ*  
once being 84O, • I t Is observed that torque decreases with 
increase of unbalance. In ease of unbalanced rotor, the width 
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of dip In speed.torqus characteristic increases with the mount 

of unbalance.. At the dip the torque goes down and *van becomes 

negative with auicientl7 high unbalance* 

Expressions for peak pulsating tort a have been derived 

In both the cases of single unbalance. It is found that the 

pulsating torque varies with a frequency of 2f in case of stator 

unbalance and with +k frequency of 2sf in case of rotor unbalance. 

The low frequency pu luutfng torque $ In came of rotor unbalance 

presents a serious problem on account of possible resonance 

with the natural frequency of oscillation of the mechanical 
system of motorslc . This peak pulsating torque increases with 

the amount of unbalance and dhovs a dip at a . 0,8. As the 
amount of unbalance is gradually increased, the exact slip for 

mini pulsating torque shifts to some what lover value of 

slip, but commas back to a ti 0,6 at the maximum unbalance of one 

line open* 

For limitation of time and space no practical verb.« 

fication of pulsating torque could be carried out. However, a 
low frequency oscillation for the case of rotor unbalance was 
observed with the help of a etrobotac. The low frequency torque 
oscillations cause corresponding frequency speed variation of 
rotor coupled to the mechanical system it is suggested that 

if the speed oscillations could be picked up by a suitable 

traneducer#  it should be possible to measure the magnitude of 

low frequency pulsating torques expenlmentauy. I t would, how. 

•v.rt be necessary to know the time constant of the mechanical 

system.. A bomopolar generator may - be used as transducer for 
this spore previ d the brush robe could be made negltgibte  
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compared to the useful signal generated. 

The high frequency pulsating torque caused by the 
stator unbalance is much more difficult to measure because these 

oscillations are thoroughly damped by the inertia of mechanical 
system and the .resulting speed oscillation would be negligible. 
It may be possible to measure high frequency pulsating torque 
by introducing a pressure transducer in the torque transmission 
mechanism. 
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APPENDIX I 

Machine Constants 

1. Specifications: 

No. r 84991 , 	Type LV 2521-1 V 

Star 400-440 V 	13.2 A 

6.5 KW , 8.8 CV i Cos 0 : 0.83 

1380 T/min. , 50 cycles per see. 

Rotor - 102 V i 45.5 A , Slip ring 

Charleroi - Belgium 

A.C.E.C. Welco Charleroi Belgium 
Induction Machine is coupled to a D.C. Dynamometer. 

2. Determination of Constants: 

The following tests were performed to determine the 

various constants of the machine. 

(i) Voltage ratio (Open Circuit) teats 

The stator and rotor were connected in star (normal 

connections), slip-rings were open and the machine was stationary. 

First the voltage V$ was applied to stator terminals and the 

voltage V was recorded at the rotor terminals. Secondly, 

was applied to the rotor terminals and the voltage V8 was 

recorded at the stator terminals, 

•. turns ratio = -=-- 	.....~ . 	 i 	1 
Vr ge yr 

The voltage V. and 9* were taken equal. 
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(ii) No•load Tests 

The machine with rotor open circuit was made to run 

at synchronous speed using D.C. machine as a drive. The input 

current and power recorded would give the magnetizing and iron 

loss components and dynamooAAreadings would give the friction 

and windage loss at synchronous speed. The same experiment was 

repeated at different speeds to determine frictional and windage 

loss at various speeds. Thus the friction loss is subtracted 

from the output of machine calculated at various slips from the 

equivalent circuits to get output at shaft. 

both experiments (i) and (ii) were performed at the 

reduced voltage of 200 V f  because load tests were performed at 

this reduced voltage, 

(iii) Short circuit test: 

As the short circuit current depends upon the position 

at which the rotor is locked, the rotor was rotated at very slow 

speed instead of making it stationary. Thus average short 

circuit current was recorded by applying low voltage at stator 

terminals. Before taking the readings, the machine was to run 

for sufficient period to bring to normal temperature. Thus hot 

resistances of stator and rotor were found. 

The frequency of supplyuM varied and the same 

experiment was repeated for different frequencies. The curves 

giving the relationship of frequency and resistances of stator 

and rotor were obtained as shown in Fig. I-i. 

Immediately after the short circuit test when the 
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machine was hot, D.C. resistance of stator and rotor were 

measured. 

exults: 

All constants are calculated on per unit basis 

Base voltage = 115.5 V , Base current : 13.2 A 

Base impedance : 8.75 ohms , Base torque a 21,4 Lb.tt. 

1 g : 0.1715 ; $s = 0.286 ; Xm s 8.32 	p. 

Rr 	0.269 ; X 	0.286 ; R = 102 

Voltage ratio : 4.56 

The variation of Ra and qtr with frequency is given in 
Fig. I-i, which follows nearly the linear law given below: 

For stator Rs : 0.153 (5.65 c 10) f 

For rotor 	t~, 	0.240 5.66 x 10 4)f  

These equations have been used for calculating the 

stator and rotor resistances at various frequencies. 

C 
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APPENDIX II 

Symmetrical Components Mr 	rrr++ rr r 	r - i-iir 	riYwrr rr 

11.1 	A set of three unbalanced voltages VA f 'VB and VC 
(similarly currents also) can be resolved into positive, negative 

and zero sequence components as given below: 

VA : Vl + V2 + V0 	I 

V w a71+&t2 +V0 	I 	... 11.1 

VC : aV1 + a2V2 + V© 

Solving these equations, the sequence components can 

be found out. Therefore 

Positive Sequence Component, V1 :. (VA + aVB + ar"VC ) 
I Negative Sequence Component, V2 : (VA + a2B + aVC) I II.2 

1 Zero Sequence Component, 	V0 : (VA + Vg + VC j 

where a is an operator of value 

a « ,rfl~e32_ 	.. Q 	11.3 

11.2 Determination of sequence voltages from unbalanced line 

voltages: 

Let VAB , V3 and 'SCA 	be the line voltages, and 

VAB : 	VA » VD 
I. 

I 
.. • 	11.4 

VCj . 	VC . 	VVI I 
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Substituting the values of V 9 VB  and VO  from equation II.) 

in equation 11.4 $  one gets 

V'AB 	: (1 - a2)V1+ (1 • a)92 	... 11.5 

V Be  (a$ 	a)V1+ (a - AV2 	... 11.6 
From equations 11.5 and 11.6, positive and negative sequence 

components can be found out!  

V 1 	w qAB  + 1 Li VBC 	... II.?  

u2  
 VAB + ' 60 	V 	 ... 11.8 

11,3 Determination of Sequence Impedances of three Unbalanced 
Impedances Connected in Star: 

if three Impedances Za  , Zb  and ZQ  are connected in 

star and Ia  , Ib  and I are line currents as shown in Fig. 11.1, 

the voltage drop across each impedance is given by 

V a - I aza 	(I1 + I 2 )Za 

Vb  = TbZb  : (a211  + aI2) Zb 

VC  s IaZc  : (a11  + a212)Z0  

I 
I 

... 
I 
1 
I 

I1.9 

From equation 11.2, positive and negative sequence voltage 

components can be derived. 

= (Za+ Zb + Zc)I1+ 15(Za+ a2Zb+ aZc)I2  
... 	11,10 

V2  = 	(Za+ Zb+ 20 )12-+- 45 (Za+ aZb+ a2Z0)I1 
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Let . (Za-~ Zb + ZQ) ; ZO Zero Sequence Impedance 
 I. 

3 (Z+ *22b+ aZ) = Zl positive Sequence Impedance 	II.11 
I 

(Za + aZb + a2Z0) : Z2 Negative Sequence Impedance 

Therefore substituting equation II.11 in equation 11.10, 

	

: Z011+ Z212 	I ..„ 	11.12 

	

V2 w Z012 + Z1I1 	I 

Thus the phase voltage contains both positive and 

negative sequence components even the line voltage may or may 

not be balanced. 

If balanced impedances in series with unbalanced 

impedances, are connected in star, as shown in Fig. 11.2, the 

sequence impedances can be determined as follows: 

Va : 	(Za+ Z)Ia z (Za+ Z)(11-i- 12) 

Vb : 	(Zb+ Z)Ib : (Zb+ Z)(a2Ii~- *12) .., 	I1.13 

Vc - 	(Ze -+ Z)Ic r (Zc + Z) (aII+ a2I2) 

Manipulating these equations, positive and negative 

voltages can be derived 

V1 = (Z0 + Z)II + Z2I2  
... 	11.14 

V2 : (Z0 -4- Z)12 -4- Z1I1 
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APPENDIX I T i 

Derivation of Formulae when Rotor 
Z m sae once s are unbalanced  

The analysis is made for positive sequence only with 

the help of Figs, 4.12 and 4.14 and constraints equation 4.15 a 
at the rotor terminals. 

From the network of Fig. 4.12(a) 

VOP ; (R0-,- A ) I 	+ AM (I©P *' 1P) 	0 0 0 	11111 al 	r1 

or vel : (R$ t 3A3 + jxm)I~ - JXy1rl 	... 	1II.1(b) 
«p 

R 
and 	., { * + AAr )i r y + ix (Irl 10P) 	•.. 	111.2 

al 

R 
1~ 

or - ------ 

	

$ 	r -r- IXr + Xm) i 'p ry - X Iap 	.. • 	111.2(b)  s 	m a1 

Solving equations 111.1(b) and 111.2(b), one gets 

'Vrl M s Vii 	 .. Rr-t- 	X )s + 	m 	I p 
s+ s + m 	 ns+mss+ 	rl 

111.3 

	

Let 	- K a constant 

s E 
and Rr + ,J (Xr + Xm) , s +  

Re -raze + U 

Therefore 	V'1 : sI 'Oi - Z1jIpl 	... 	111.4 

Now from the network 4.12(b) 
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'p 
	, 

r2  (I 	- I"P) AAM+ ( Rr + 3X )Irp 	0 &0 s 	r2 	s2 	ffi 	r 	IIx.S 
r2 

and 0 : (_B9 	+ 1x9) xs2 + (x s2 	;; ) jx„,... 	xxx.s 

Solving these two equations 111.8 and 111.6 

2 	1) 2a 
V 	» (I ) Rr +l(7~r+Xm) s t 

s + j (Xm+ Xv) (2s ft 1} 

(Ir2) (Z2 	 III.? 

sX(2sl)  
'where ?22 	it -t- j (Xi- Xm). e t 	m 	 111.8 

Rs + J (Xm•t- XS) (2s » 1) 

But Vri and vtp fire related through sequence impedances of 
external rotor impedances. Rewriting it 

~ P vrl Z 	IP Irl r0 Z 	ItP r2 	r2 

V IP 
* 	.e. 	1II.9 
$ r2 .. 

tri Irl zrO Ir2 

Comparing the equations IIIA , III.? and 111.9 

rl 	$ Z 	- '©Irl Zr2lr2 	"' sR V31 	* 	Z11Ir1 	III.10 

v1f] 	~ z 	tr 	- z 	I P 	M I 	Z 	 #•• 	iI i.0 ri rl rO r2 r2 	22 

Solving equation II1:.10 and III.111 one gets 

I'P : 	222, 	r0 	sK V 
ri 	•(41i 1r©} (.2z Zr()) " Zrl 	

s1. 
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.. 	 1 	 7VOP 
8 y 

Z1! Z'r© Zrl "r2 
$ 	8 	8 	s 

Z22+ ZrO 

K VOP 
r 	 $i 

~1t+ s 

.. . 111,12 

'rlr2 
where Z~ :  _  M R €L ... 

22 + '4r0 
s 	s 

This can be called as load impedance. 

111.13 

Now l Vg3 is Thevenin equivalent positive sequence 

open circuit voltage of network 4.12(a) and li a Ze Thevenin 

equivalent impedance of network 4.12(a). 

A network can be represented from the equation 111.12 
as ehOwn in Ft g. 11 1.1. 

z Now I 	w __.. 	r~ ... 	 stV 	1iI.14 
(Zli+' ZrO) (Z2 4- Zro)  Z2  

a 
 el 

Substituting the values of Irl and Irl i n equations Ili.l(b) 

and 111.6 respectively, the values of IOP and. I' 	can be 
written as follows: 

COP 
OP  m  #F 
sl w s+ s + m 	+ m + dam 	ir1 iil,► 8 

M  

and 	I 82 	R y" 	.. I 	 ... 	111.16 

Similarly these equations for negative sequence supply 

voltage at stator terminals can be derived by.r eplacing a by (2 • s) 
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MERML err 

In a simple load test on an induction machina using 
belt or a loading eaahine, load test cannot be conducted 
beyond the slip at which the torque developed is aaxinuz. In 
order to conduct the test over the oosaplete slip rang. from 
0 to 1,, the Ward#Leonard arrangement shown In Fig, IV .l was 
used. In this a d.e. dynamometer was coupled to the induction 
machine under test and another d«a. aaahine was coupled to a 
synchronous machine. Both the d.a. **chines were separately 
excited and Paralleled. By adjusting the field current of 
d.c, ■aehine, voltage across the armature of the dynamometer 
was adjusted to get the desired speed* The inherent speed 
torque characteristic of the dynamometer should be such that 
its slope is greater than that of speed torque curve, of induction 
machine at the point of intersection of two speed torque 
characteristics,, so that saehins runs stable at all speeds. 
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NOTATIONS 

w : 2 it f Synchronous velocity 

n Angular velocity of rotor 

f Fundamental frequency 

8 Slip 

Rs  Stator resistance 

Rr  Rotor resistance 

X8  Stator reactance at supply frequency 

Xr  Rotor reactance qt supply frequency 

atm  Magnetizing reactance at supply frequency 

ZOA  0  ZsD  , Zee  Stator external impedances in lines At B O  C 

respectively 

ZrA  t  ZrB  Z. Rotor external impedance in lines At  B!  C 

respectively 

Zs0  , Zsl  I  "sB,  Zero$  positive & negative sequence impedances 

of external unbalanced Impedances connected 

in stator 

Zr©I  Zrl  , Zr2  Zero, positive and negative sequence impedances 

of external unbalanced Impedances connected 

in rotor 

V and I R.I.S. voltage and current 

Two sub-scripts and two super-scripts are attached 

to each voltage and current 

The first :Sub-script (s or r) denotes whether the 

quantity exists in stator or rotor 

The second sub-script (1 or 2) denotes whether it Is 

positive or negative sequence quantity 
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The first super-script (dash like o f  N 0  It 6 w  
denotes order of reflection. 

The second super- script (P or N) denotes whether 

the quantity is generated from positive or 
negative sequence supply voltage. 

Vl 

 

Positive sequence component of supply voltage 

V2  Negative sequence component of supply voltage 

ZNl Input tmpedanoe of machine equivalent circuit for 

poeitiv, sequence supply  voltage 
Input imp. anee of machine equivalent eiroult for 
negative sequence supply voltage 

Ti Average Torque when positive sequence Voltage is 

applied 

"T2  Average Torque when negative sequence voltage is 

applied 

'int 	Net average torque 
'gyp 	Pulsating torque 

Tp(peak) 	Peak Pulsating torque 
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