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Problem of unbalanced operation of induction machine
has been of' great interest to a large number of authors
(1, 3y 4)« MNothods of symmetrical components have baen the
chlef tool for studying this problem. The unbalanced operation
can be divided into two categories: |
() Single Unbalance 1.¢. lnpedence unbalance on
elther gide of alwwgaps
(11) Double Unbalance i.o. impedance unbalsnce on both
gides OFf airegaps

The principle of supep~position always makes 1t
possible to extond the analysis of the above two categories of
unbalance to the still more general case where stator voltage
unbalance is also present simultsneously. For this reason the
voltage unbalance has not deen consldered in separate category
of unbalance.

The single unbalance ¢n stator side has been analysed
thoroughly by many authors. The singls unbalance on rotor
side may be caused sccidently dy any of two pasaibs.ntin given



belowie
(1) The m;aistama introduced in 'mtar cireuit for
starting purpose might not be shorte-circuited
properly during acceleration and thus lesving un-
balanced resiotance in the rotor eircuit,
(11) Lead from & slipering might be open.

Intentional rotor unbalance has been also suggested
as a means of speed control.(4) While a machine is operating
with unbalsnced rotor impedance Gue to elther accidentally or
intentionallys it is possible that stator may simultaneously
become unbslanced due to any of the following recasonaie
(1) One of the links on stator side might be weak.
(11) Fuse of one line might blow-offs
(111) The resistance introduced in stator circuit for
1imiting voltage across stator might be unbalanced.

The problem of doudle unbalance is thus of practical
interest. Its importance is further e¢nhanced by the fact that
1t 1s expected that under doudle unbalance exceasive voltages
may be present in stator snd rotor eircults, which mey harm
the insulation and moreover saturate the magnetic cireult to a
high degree.

Double unbalance has been dealt with by a few authors
only (1 ebd 7). In the present thesis analysis has been
carried out for doudble unbsalance with the help of asymmetrieal
components,. Expressicns for steady torque, r.m.s. currents
and voltages, and peak voltage have been derived. No solution
ie possidble in 'c.ase of general impedance unbalance. However,
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a solution can be obtainsed for the case of symmetrieal unbalance
i+« when impedance is symmetrical asbhout one of lines in dboth
stator and rotor circuits., The equivalent circults have been
presented for symmetrical double undalance. A Table ia given
from which equivelent cireuit for eny specific case ean be
derived. |

A study has been carried out for variation of steady
torque, rem.c. currents snd voltages, and peak voltages with
motor apesd for specifie practical cases of double unbalance.
Stator and rotor reaistances have been taken into account in the
study, vhile the other authors (7) have neglected thesej dut
ofecource iron losses have not been considered. Since both
atator and rotor contaln currents having infinite series of
harmonic components, the effect of variation of rosistance with
frequency has been taken inte aceount,

Because of a number of assumption made in the analysis,
experimental verification of theoretiesal analysis is presented.
The analysis of single unbalances follows simply from the
general enalysis of double unbalance by introducing the necessary |
eirouit constraints. Expreasiona for peak pulsating torques
for single stator or rotor unbalance have been derived, Thelr
dependence on the motor speed has been studieds The low
frequency pulsating torque in case of single rotor unbalance
presente e serious practicsl problem on amccount of possidble
resonance with pechanical parts of motor-load system.




STATO R IMPEDANCE UNBALANC

el A general unbalanced operation of sn induction machine
occurs vhen unbalanced impedances are connected in stator as
well as rotor circuits as shown in Fige. 2.1s The voltage
applied scross the stator terminals may also be unbalanced.

The analysis of this general unbalence 1is carried out under the
- follovwing assunmptionsie»

(1) The machine itself has balanced impedances in
both stator and rotor ecircuits. An unbalance i3 caused by the
addition of external impedances in these ciroults,

(11) 'The resistance reprosenting iron loss compecnent
in the equivalent circuit 1s considered to be much greater than
megnetizing reactance and has therefore been omitted. More
oyer the iron loss varies with the frequency and 1t 1s difficult
to caloulate accurately for the wide range of frequencies,
wvhich are present in the machine.

(111) Magnetic saturation doces not exist.

(iv) A1l impedances are referred to stator side, and
equivalent circuits are reduced to the supoly frequency.
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From the theory of symmetrical components it is under-
stood that if balanced line voltages are applied to a set of
three unbalanced 1uyod§nces connected in atar, the currents
which flow in the impedances are unbalanced. These unbalanced
currents can be resolved into positive and negative sequence
currents. Thug due to positive and negatiY? nﬁgganca currents
in the impedances, the positive and negative,voltageswill appear
across the impedances. Therefore it can be said that the un-
balanced impedances are & source of negative sequence voltage
and current vhen positive sequence voltage and current are
applieds The reverse 18 equally true. (Refer Appendix II)

When & balanced voltage is applied to an Induction
Machine with unbalenced impedances connected in both stator and
rotor gireuits, both positive and negative sequence voltages
would exist at stator terminals as explained above. For the
purpose of snalysis it can be considered that first poslitive
sequence voltage alone and secondly negative sequence voltage
alone is applied to stator terminals of the machine i.e,
a'y b', ¢' terminals shown in Flg. 3e1ls When both positive
and negative sequence voltages are applied simultaneously, the

net results are obtalned by super position prineiple,

Let a positive sequence voltago‘vgg of frequency £ be
applied to the stator terminals of the machine. The positive
sequence current in stator produces a rotating magnetic field,
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which has an angular velooity ws 27 £, 1ts direction of elec.rodios
rotation depends upon the phase sequence of aagar?or currents,
The rotor is rotating with an angular veloclity,with respect to
the stator. If the direction of rotation of rotor is sane as
the direction of rotating magnetic field, the relative angular
yelocity of rotor with respect to the rotating magnetic field
is (W= n)s A positive sequance e.u.fs Of 8lip frequency is
therefore induced in the rotor, where the elip is defined as

w
s = "—%L& 1 sow Zel w*:“ﬂ

As the unbalanced impedances are connected in the
rotor circuit, the rotor currents would be unbalanced snd can
be resolved into positive and negatlive sequence currents

'  }
Ig and Irg respectivelys, These poaltive and negstive sequence

)

currents flowing through unbslanced impedances connected exter-
nally to the rotor circult, would cause a set of positive
seguence voltage ‘V;.i and g get of negative sequence voltage
V;.g to appear acroas the slip rings. Pirst considering the
positive sequence rotor current 1 ;; which produces s magnetie
field rotating at an angular velocity of (We n) £ sw with
reapsct to rotor or with angular velocity of « with respect te
stator in the positive directions 7The equivalent circuit of
the machine showing only positive sequence currents and
voltages in atator and rotor would thus de as given in Fig.
242+ The frequencies of rotor and stator are sf and £ res~
pectivelye The cirecult of Flgs 2.2 1s reduced to the supply
frequency f, by dividing voltages and lmpedances of the rotor
eireuits by s, so that the rotor current remains unchanged.
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The ¢ircuit thus reduced is shoun in Flge. 2.3«

Secondly, the negative sequsnce voltage V;g of
frequensy sf 1s created at the rotor temminals on aceount of
unbalanced impedances connected in alip rings. It gen be
imagined that this voltage is penerated by the reflection at
the unbalanced impedance and is fed at the rotor terminals.

This reflaction would thus be numbered as one, Let the positive
direction of negative sequence rotor current 1;% (Gue to first
reflection) be taken opposite to that of the ‘zwsiruve ngaenée
rotor eurrent I;g, The negative sequence rotor current I;g

of frequency sf produces a magnetic field, which rotates with
an angular velocity of (W= n) % swwith respect to rotor in

the negative direction or with an anguler veloelty of (We 2n) &
(28 - 1} W with respeot to stator in f:he m:gavt:iw direction.,
Due to this rotating fleld; negative mv‘quem esieL8s of
frequency (28 « 1)€ are induced in the stator. The atator
impedances belng unbalanced, the negative and positive sequence
P and I;;‘? would flov in the stator cireult, and
negative and positive soquenece voltsges of frequency (28 - 1)f |
would exist at the stator terminals,

]
currents 1;3

The negative sequence stator current 1;? produces &
field which rotaztes with some veloeity and direction as of the
Tield creatad by negative sequence rotor current I;,g + The
machine equivalent circult for these negative sequence voltages
and currents caused by the first reflection {(at rotor terminals)
18 shoun in ‘E’ig. 2+¢8¢ In the equivalent circuit rotor and
stator are at frequencies sf and (28 ~ 1)f respectively. To
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reduce the equivalent circulit to supply frequency t, divide
voltages and impedances of rotor by & to keep I} umhmged,
and voltages and impedances of stator by {28 = 1) to keep I p
unchanged., 7This results with equivalent eircult shown in

Fige 2.5,

Now & mxat&cmm;': betwean positive and nogative
sequence voltages vﬁ and vrg created due to firet reflection

at rotor terminals can bo established with the help of constraint

squaticns from the theory of gymmetrioal wmwemnta. {(Refor
Appendix II)

I 3 - I P $p
Vea * Zo'yr * Zrelie
. ’? ‘F . Dad 73"3
'p | )
v s 2 - i
2 v‘.i. 3 w@ »2 i

where 2., s Zyq 804 L., are gero, positive snd negative
sequence Impedances respectively of the unbalanced impedances
eonnected externally in rotor ¢izcult. Tholr values are

= § Gyt Gyp+Zg) P .
® g (zl'k * QZ”B+ a’aztﬁ} b e 243

. Q(zx +a:r. Bt 8%

A sinilar velationship betweon negative and positive

13
sequence voltages v;;" and V“? created due to second reflection

at stator terminals, can be weitten
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1 p - tbp ,ttp
SAW B4
1 p iip } tp
vhete z 1 and 2 an A0 28O, positive and negative

sequance hpoému respeotively of the unbalanced impedsnces
connected externally in the atator glirpcults: Thely values ere

20 * § @gp* Zep + Zg)

By ® B (B, ahp - 8P20) s 248

z.s 3 g’(z‘Af* l?$‘3‘+ ‘z*g}

The constraint squation &t & reflection cannot be
represontad by an equivalent sireuit for a general csss vhors
zero, positive and negative ssquenve lmpedanves have 4ifferent
valuss. Therefors sguivalent eircuits given in Fige 2.3 and
Pigs 2,6 eannct be sonneeted together by a netvork realizsble
by passive elsmenis.

Now the positive sequence voltage ¥, ¥ and the current
1,," of froquency (2s = 1)f, created by the unbalenced axtarnal
atator impedanesc, san b sald to be cansed w tm soeond
reflection at stetor temminals. The current I nl croates &
fleld, vhich rotates in the positive diraction with an angulay
velocity of (W= 2n) # (28 « 1) w with rospect to the stator
and { W= 9n) & (38 = 8) W with Mespeet %o the rotors A third
refisotion woulld now etour at rotor tominals creating negative

saquence voltage and current V:,a’ and it;;? respestively of
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irequency (3a - 2)fs The machine equivalent circuit for the
positive sequence voltaeges and currents caused by the second
reflection at the stator when reduced to supply frequency £, is
given by Figs 2.6.

It follows from the sbove dlascussions that when a
positive sequenee voltage 18 applied to the stator terminals of
an Induction Machine with unbalsneced impedances in both stator
and rotor ¢ircuits, an infinite number of reflections result.
The first reflection takes place at unbalanced impodances
¢onnected at rotor terminals, creating negative sequence
valtagna and currents, These Lirst reflegtion negative sequence
curyents are fed into the rotor eircult and causes an inverted
operation of the machine. Tha corresponding negative sequence
atator currents are re~reflected at stator terminals (it is a
second reflection) due to unbalanced stator impedances. The
gecond reflection thus reaulta'in creating posltive sequence
voltages and currents at the stator terminals. This process
of reflections at stator and rotor terminalas continues for
infinite number of times. The positive and negative sequence
currents of various order of yreflection create their oun
rotating fielde in the slir-gap. The order of refleotion, the
frequency of rotor and stator surrents and the veleeoity of
rotating flelds with direction are given in flow chart No. 1
of Fige 2o |

It 18 to be sean from the chart that a reflection at
the rotor always takes with an in-coming positive sequence and

results in an out~going negative sequence, and reverse is the
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eate at the stai:@r terminals. 044 mmbem reflections alvays
take place at the rotor end cven numbered at the stator. The
positive sequence eufranta of any even numbered reflection are
fed into the stator terminals and the negative sequence currents
of any odd reflection order are fod into the rotor terminals.

The equivalent circult of machine for the positive
sequence currents only created by even numbered f.es 2K th
reflection, referred to the supply frequency £ 4s glven in Fig.
2484 And the egquivalent circult of maching for the negative
sequence currents only created by odd numbered i.es (2K + 1)th
reflection, referred to the supply frequency £ 4o given ‘m
Flge 8484

The constraint equations betwaen positive snd negative
sequence voltages gnd currents at odd order of reflection
(taking place at rotor) is given by equation 8.6

(2K + 1)P | (3K +1)P (3K +2)P
Vi 2 20 . 2ol §
1 2.6
(2K + )P (2K +1)P (2K +1)P
Voo I = Zyolwn g

And the constraint relaticnship between negative and
positive sequenge voltages and currents at even numbered ree
flection (tsking place at stator) is given by equation 2.7

2KP . _mKP e 1
Vea  * =25l + Zgplys

PPYY 247
2KP 2Ky 2KP

Vai % " Z0%e1  + Zenlgg

O JAC P PR i
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When negative sequence voltage alone applied at stator
terminals, thé analysis procesds exactly on the same line as
explained in the positive sequence case., Though the velcelty
of various sequence flelds will be different. A brief out line
of analysis is given below:=~

\

When a negative sequence Voltags Vgg~a£ frequency f
1é applied to the stator, a magnetic field is produced which
rotates at an angular velocity W with respeet to stator in the
negative direction and at an anpgular veloelty of (W+n) =
(2 = 8) v with respect to rotor. A set of negative sequence
a.msfs 0f frequency (2 - 8)f are induced in the rotore. Due to
unbalanced impedances connected in the rotor ecireuit, both
negative and positive sequence currents and voltages of
frequency (2 « s8)f appear at rotor terninals. Thus the firat
reflection cceuring at the rotor terminals creates positive
gequence voltage V;g»or frequency (2 - #)f, vhich 12 applied
to rotor terminals, indueing a set of positive sequence e.m.fs.
in the stator, Due to unbalanced impedances connected in the
stator, both positive and negetive sequence voltages V:i and
Vgg end currents I:§ and Izg of frequency (3 - 28)f appear at
stator terminals. Thus the second reflection ocouring at the
stator terminala causes negative aaqnanca'voltage V:§ of
frequency (3 = 28)f. Again this voltage being applied to the
stator terminals of the mechine results in & third reflection

ocouring at rotor terminals. This process of reflections
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slternately occuring at rotor and stator terminals would continue
for 1nﬁn£tt nusber of tises,

As 4iscussed in the previcus ease (vhen only positive
gsequence voltage 3s applied to the stator), the negative and
positive ssquenee ocurrents of various order of reflections
create their own rotating flelds in the eir-gap. The order of
reflsction, the Mqucnw of rotor and stator ocurrents and the
velocity and air.ction of rotating fields are given in flow
chart No.2 of Fige 2.10s

It is to be seen from the chart that & reflection at
the rotor always tskes place with an in-coming negative sequence
to an outegoing positive sequence, and the reverse is the case
at the stator t&mimis. Qdd-numbered refleotions always occur
at the rotor and even-numberad &t the stator torminals, The
negative sequence currents of sny even-numdered reflections are
fed into stator terminals and positive saquaence currents of
odde-numbered reflections are fed into the rotor terminals.

Following from the digcussions given in the previous
ease, the equivalent eircuit of the machine for tho negative
sequance currents created by 8K th reflection referrsd to the
supply freguency f, is given in the FPig. 2.1l

Similarly the equivalent elreult of the machine for
the positive sequence currents oreated by the odd numbered
(2K + 1)th reflsetion at the rotor, referred to the supply
frequency f, is given in the Fig. 2,12,

The constraint equations between the negative and
positive sequence voltages and currents at rotor terminals for
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the (2K + 1l)th reflection, is given by equation 2.8s

(2R + LN 2+ LN & +N

Vrz ¥ Zpolpn * Zmln i
% 248

(2K + LN (2K + LN (K + LN |

Vr1 ® gl * Zpolm i

Similarly the conatraint relationship between positive
and negative, sequence voltages and currents at stator terminals
for 2K th reflection 1s given in equation 2.9.

2KN ZKN KN X

va; = zaoxam ~  Zgalan i
i PP 2P

SN ' 2K 1

Vao T Zgyigy - Zgoles %

In the above discussion the machine analysis with
double unbalance has beon carried out when only positive or
negative sequence voltage 1‘e;‘v§§ or Vgg of fraquency f io
applied at atator terminals. The analysis can now be extended
to the case when both positive and negative sequence voltages
(Vgi and ?ﬁg respectively) of frequency £ are simultasneously
applied to stator terminals of the machine. By the prineiple
of super position all the currents and voltages of different
frequencies, which are created by econsidering positive and
negative sequence voltage separately applied to stator terminals,

weuld now exist simultaneously in stator and rotor circultas To
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obtein phase eurrents and volteges of stator snd rotor, 1t is
mt‘ possible to add vectorially the sequence currents and
voltages of different frequencies. A time expresaion ¢an, howe
ever, be written by adding the instantanecus currents and
voltages. The magnitude and frequency of various currents and
voltages, existing in stator and rotor due to digferent ree
flections, are given in two flow charts presented earlier.

The inatantansous stator current for phase-A 1

i e V2 ,I‘w

o oF Con (Wt + %)

. >

2KP ,
51 5'2) Cos (Mo~ 2k +1 !H-)Bm()

-‘xiﬂ Cos (3Re » BE &1 Xt +°(35)}
+ ‘Igg’ Cog ( Wt +\é }

92
. Kéil [ con @EFTTET we + &)

- }xgr cos XTI+ \/ax>} a0

2KP 2RP
The currents I‘l and 1‘2 are of the same freguency
and can be added vectorially. Therefore the addition can de
replaced by Iﬁp. Similarly replacing the quantities of same

frequency bty their vector addition, the equation 2,10 can be
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written in simplified form.

4]
1., = /2 ‘IGA Cos (Wt + Vo)

8A
(=
+K§l Iﬁp\ Cos (BKe = 2K + 1 Cut-l-gax)
3 |
» 2] cos EFTTEE Wt + o0

2411

Nou the r.m.s. value of current for stator A~phase

is
= 0
Ten © / !Iaa

Similarly the time expression for the rotor currents

SKN| #
IsA/

2 &= akp | 2
+K§;1(I‘;§?) + ) 2.12

of phase=A ¢an be written.

P

(2K + 1)P
4 PKs + 8 - 2K
1rA ) K:ZD (Irl Cos( §+s 2K Wt +63K+1)
(2K + 1)P
» . " - ' N
IrB Cos{ZXs + 8 = 2K Cut.+ﬂ2x+1)
> '
(2K + 1N
+K20 Lo Cos(BK 4+ 2 - 2K8 - 8 (Ut + O 417
(2K + 1N - /u
- Irl Coa(ZK + 8 = SKg ~ 8 Wt + 2K+1.{}

2.13
Replacing the quantities of same frequencies by their
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vector addition, the equation can be simplified,

o2
1. = /3 2 (2K + 1)P
TA & EXe a8 = 3K A
XKs0 IM Cos‘ s +8 K W% + ax+1)
2K + LN . .
+ Ii& )ca(ﬁarﬁﬂﬁa«awt*-@*l)
) Beld
The r.z.ss value of current for rotor A-phase is
| (2K + 1)P (2K « LN l
Similarly stator and rotor voltages can be found.
Stator A~phase voltage
P ml 2 ) 2KN| 2.
0 ;
Ver :ﬂv%’ *xufx( ]v% + V| ) 2416
Rotor A-phase v-oltage
, (mc o+ 1P (2K + m ;

Peak Voltaget

After finding the maximum value of wompenent voltages,
the resultant peak voltage can de computed by making the
assumptions that the peaks of all these voltages occur at the
same time and the aum of all the peak voltagas equals the peak
of the composite wave.

 Thus
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o
Vaa(peak) s /3" \vm Z I 2418
| P , N
V., (peak) = /5 x;) ( |y@ ey «r\vﬁx e B

2408
These will give higher values than the actual pesk value in the

machine.

2+54

The above analysis is carried out when both positive
and negativae gequence volitages VQP and ?eﬁ respectively of
frequency ¢ are simultsneously applied Mz the stator terminals.
However, the supply va;.tage of fundamental frequency £ vhich

may in gereral be unbalanced, is conncoted not at stator
termingls of the msohine but &t the terminals ay b, ¢ shown in
the Pige 2+14 The supply voltage can be resoclved into a
positive sequence voltage Vy and & nogatlve sequence voltage
Vo of frequency f. The sequence volteage Vgi and Vg‘g appliied at
stator terminals can be related to the msiﬁiv& and negative
sequence voltages V, and Vo of the supply by the constraint.
squations given balowi~

VL% I Tgh v Zglgp 4 Vg
| | sne 2420

op o
Va 2 Z 1 t+ Zg0 Taz + Vg2

JRGPINE P It I, P P

The other voltages and currents in the stator circuit
are at different frequencies other than fundamental, and can
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not be considered in the equation 2,20, which applies only to
voltages and currents of fundamental frequency.

Now if the supply voltage is balanced, Vg = 0

1°F ana 1 as cbtained frem equation 2,20 are

sl

614 | X

or . Zeoly - Vel + Zg3 Voo i
.l 22 - 2.3 '
's0 ~ “as1 “a2 %

{ ane 2.21
: 4 OP ON

Ion . 2’1("1* V,l) - 280 v'a %
w2 Zgo * 243 %3 {

From the equations 2420, V ‘1 ana 7O m be obtained
from the known valuos of V, and Vp only if Io; and I35 are
knowns This, however, not been the case, analyslis cannot
proceed at alls, Even if & trial and erroyr solution is attemptea
by asauming the values of”val and ?'3 y the currents Isl and
Iaa cannot be obtained, bPecause of infinita nunher of reflecte
ions with the intervening constraint equations at each reflect-
ion being such that these equations cannot be represented by

an equivalent circuit. The sclution is, however, possible for

some restricted cases which are deslt-with in succeeding
chapters.
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3.1s in the previous chapter, it 1s found that in case of
general unbalange, three impedances connected externally in the
stator oircuit 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
conatraint equations and represent them by an equivalent circuit,
But, however, the aquivaient ¢ircuit can be 4drawn in case of
restriction in unbalance with equal positive snd negative sequence
components of external impedances. This condition ls aatiasfied
where the impedances connected in external circuit are such that
two out of three impedances are equal i.e. unbalance is ay -

ume trical about one phase. |

Under the restriction mentioned above, z‘A » Z4p and
Zyoe * Zgp 8re the impedances connected in the atator eircuit,
and ZrA ’ er and zrc - er in the rotor cireult as shown in
Fige 3+1¢ The zero, positive and negative sequence impoedances
obtained from equations 2.3 and 2.6 are aa followsi~
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giator

Zero sequense impedsnce 2_. ® % (2., +22,5)

80

i
i
Positive sequente impedance. zal - % (Z&& " Z’B) i 3.1

Negative sequence impedance 2, ® % (Zgqp = Z4p)

Hence Zg9 ® Zyg * ZLgg (eay) oo 32
and 2o & 25 * Zgp cor 3.3
Rofox
Zero sequence impedance Zyg ® § (Zpg + 22,p) §
Poslitive sequence m;mdamé Zgy ® é (Zoy = Zypd ; 344
Negative sequence impedance Z,g ® é (Zpy = er) ;
Hence z,.i 8 Zyy ® Ly, (say) vos 3.6
and B ¥ Ly % Lg vos 3.8

The constralint eguations of chapter 2 are now modified
by substituting these values of sequence impedences. Therefore
equation 2.6 for (2K + l)th reflection at rotor when positive .
saquence voltage alone is applled at’\se&wr, is modified to

(2K » 1)P (2K + L)P (K + )P (ax +1p
Ve "Zp In *ire )i f %

| }a.v
(2K + 1)P (8K «+ L)P (2K + 1)P (21: + 1)P
Ve ® w2 i RSN f i

The squation 3.7 remains unchanged 1if voltages and
impedances are divided by (2Ks 4 8 « 2K),s Thus



gf + 1F (3K + )P i
OKks 4+ g ,’, QKGM—B-*BK rl i
i
(zx +1P (2K + 1P }
2!(3 .:-a-ex Ire %
)P % S48
(2K 4 1 _ :
v!z 21 - “&*‘ng*l)i? ‘
2Ks + 8 « 2K 2Ks + 8 » 8K |
2 (2K «+ 1)P cax*np_;
% -
* 2Ks <8 - 5K {Irl PN ] %

The constraint equation 3.8 for (2K «+ i}th reflection
at rotor taminals, can now be mp'maented by the equivalent
circutt given in Fig. 3.2. This eircuit representing the
conatraint equation interlinks two amseauﬁiva machine
equivalent circuits l.e. the machine equivalent cireuit between
2K th reflection at stator and (2K «+ 1)th reflection &t rotor;
and the machine equivalent circuit between (2K « 1)th reflection
at rotor and (2K # 2)th reflection at atator. The oversil =
circult is drawn in Fige 3.3¢

Similarly the conatraint squation for 8K th reflectieon
at atator terminals are modified as |

Voo 2| - s
Eﬁs—ﬂ«yi ﬁﬁ-‘-ﬁ?*i ' a;.
2KP 2KpP

2KP .

Va2 . oB (BKP ;
28 « 2K #+ 1 2Xe ~ 2K &+ 1 82 l
| i
, Z 2KP SKP i

+ AL, - (I, -
Sa s K71 Igx ) g

| i 3.9

2KP - w |
i
]
|
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This modified constraint equation can be represented
by an equivalent g¢ircuit shown in Fig. 3.4. VWith the help of
this eireutt, the machine equivalent c¢circuit between (2K « 1l)th
rotor reflection and 2K th stator reflection can be interlinked
with the mechine equivalent eircuit between 2K th stator re-
flection and (2K + 1)th rotor reflection. This connection has
also been shown in Fige 334

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

Statorp ‘
SKN
Val 7 o ZSB IBKN %
“BK = 1 - 2E8 2K + 1 ~ 8Ks sl {
2 oKN 2KN {
2L -
B +T-ake sl ez ) !
{ 3.10
v , 2 2KN
. eB i
§§+§~§ﬁ g[ax-r—'i-m Te2 i
Z 2KN _ 2KN i
e o we -l QU PO U R S '
Roto
(2K + 1)N )
§E *—5 'ﬁx"i = m*ﬁw‘m's ra

Z (2K « 1)N (2K «+ L)N
rt - + s ,
tT2K +2 - 3K8 - @ {Ir?o in JZ 5_”
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(2K «+ LN |
Vel . Zyn (2K 1N
“2K+8 - 2Ks - 8 "Bk 42 «~2Ks -8 1l

Z I(QK + LN I(QK + XN
’.'n » B ra - rl

e

The equivalent c¢circuit corresponding to these equations
are given in Figa. 3.5 and 3.6. Uith these circuita the machine
equivalent ¢ircult betwoen (2K - 1)th roter reflection and
2K th stator reflection can be connected to the machine equi-
valent between 2K th stator reflection and (2K + 1)th rotor
reflection. Simllarly the machine equivalent circuit between
2K th stator reflection and'(zK + 1)¢th rotor reflection can be
connected to the machine equivalent circult between (2K ~ 1)th
rotor reflsction and (2K «+ 2)th stator reflection as shown in
Plge 3e¢7s

Now the complete eguivalent elrcuit in each csse can
be generated by putting different values of K in the eircuita
of Fige 3.3 and 3.7, |

When both positive and negative sequence voltages exist
simultszneously at the stator terminals, the currents and voltages
caused by each of the sequence voltage would exist eimultaneocusw
Iy in both rotor and stator ¢oircuits and ¢an be super-posed as
explained earlier. These positive and negative sequence voltages
(Vﬁ{ and v§g> applied to stator terminals are related to
sequence components 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 becowes

P OP _ ON op
Vl = ZIB Igl L zst (1'1 - 1’2) - Yal i
| . o op b e B
oN op
Vo ®Zep Yep + Zp Uay + T t Va2 |

The equation 3.12 links the equivalent circults for
positive sequence voltage alone applied to atator torminals and
the corresponding circuit for negative sequence voltage applied
slone. The complete equivalent circuit of the machine with
symuetrical unbalance impedances in both stator and rotor circuits
19 given in Flige 3.8.

3.2+ Solution of Equivalent Circuit
(1) Currents and Voltages

The discussions carried out in the previous sections
show that the machine equivalent circult consiste of an infinite
| number of eascaded circuits vhen a positive or negative sequence
voltage alone 48 applied at its stator terminals. These two
infinite-networks get inter connected at their input ends, giving
the overall equivalent circuit for the case of symnetrical une-
belance being discussed. For the sake of convenlence and clarity
of expressions, the infinita-network presented dy the machine
when positive seguence voltage alone is applied, would be
designated as ‘infinite-network 1' and the network presented by
the machine to negatlve sequence voltage alone would be desig=-
nated as 'infinite-network 2! .

It 1s seen that in both the infinite networke the
resistances throughout decrease monotonically with the increasing
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order of reflection and can be regarded as gero after a finite
nunber of reflections for any specific case. _ma order of
reflection at which this happens would not ba:ngeneral bs the
same for the two infinite networks. Beyond this order of re-
flection, each of the infinite network becomes a reacﬁve
iterative oircuit, and can be torminated by the charactristic
impedance of ona of its sections. The input impedance of each
of these networks can now be computed. Let Z,4 and 2y the
input impedances of the 'infinite network 1! and 'inﬂnite\

network 2' respectively. The sequence voltages and curmm% at
the input of these two networks would be related as belowi- \\

1OP I .

val = Ay la % ];?
v 3.

ON | ON i e \

Vo2 * 4mlg % \

A\

Substituting these values of v?% ang vV equation |

sl 82
3.12, the positive and negative gequence components of the supply

voltage can be exprossed as

X
o o i 3e14(e)
or therefrom
v -
%, D (2gp + Zgy + Zyy) = 24, Vg !
(Zgp +2gp + Zyg) (Ggp + 254 + ) = Zﬁt {
§ J:24(b)
ON ValZep + 254 + Zyy) = Zgp Vg [
82 (ABB o+ Zst -t Zm) (ZBB - zﬂt 'Q'Zm) - Zg }

Knowing 1° 1 and Io.g from equation 3.14(b), current and voltage
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in each gection of the two infinite networks of the equivalent
eircuit can now de computed. The stator and rotor phase currents
and voltages can be calculated from equations 2,12 to 2.17 given
in the previous chapter.

(11) Torque

from the theory of induction machine it 18 known that
torque in synchronous watts is equal to power crossing the
air-gap.

or T (Synchronous watts) = Ig Re(Z,) see 3,15

where Zg is impedance of the equivalent secondary
cireuit and Ra(za) is 1ts real part (effective resistancei--Ry).

In the case of doudble undbalance under diaenséien, the
power drawn from either positive or negative sequonce voltage
applied at stator terminels, crosses tho alregap for infinite
number of times. A torque ls developed at each crossing. The |
net machine torque would thus be sum of infinite series « one
contributed by the initial positive sequence voltage and the
other by the initiasl negative sequence voltage applied at the
stator terminals. Each individual component of these torques will
follow the law of equation 3415, |

Let us consider first, the torgques created by initial
positive sequence voltage at the stator terminals. The 'infinite
network 1’ in Fige 3.8 18 sectloned at Ay By Cy Dy esee which
are locations of air-gap on the equivalent circuit. Let 2z, ,

g 3 35 9 ees denote the equivalent impedances to the right of
these sections, Referring to the flow chart Mo« 1 of chapter 2,
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1t 18 to be noted that power 18 trensferred across the air-gap
grom atator to rotor with s magnetlc fileld revolving in the
positive direction, while the pover across the air-gap from rotor
to stator 1g transferred by & field revolving in the negative
direction, such that all these torques will have the same
algebraic sign. Thus the total torque produced by the positive
gsequence voltage 18

e 1p. 8 ,.mpe
T,(Syne watts) (Irl) He(ZA) ﬂ-(Iga} ﬁa(&s)
*—(I ) ﬁﬁfzc) «-o-(I,,',a ) Re(Zp) + +es 3416

Similarly the "infinite petwork 2% with the negative
sequence voltage applied at the stator terminals, can be
gectioned at L, ¥, N, P, se.e and the corresponding impedances
be Zp g 2 9 2y 3 Zp g ees The_tarﬁpaa apting on the rotor would
be in the negative sequence direction and can be slgebralcally
added ups Therefore

T,(Syn. vatts) = (1yh)? Re(zy) + (113)° Re(zy)

w (g 0® Rety + 11TH? Re@p) +0ee 37

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

T, = (T Ty ees 3.8

A slip~ring induction motor is usually started with
external resistances connected in rotor circuit. These resiste

anees are short-circuited during acceleration. 1t may happen -
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sometimes that scme of the shortwcircuiting switches fail to
operate and thus leeving unbalanced resistances in the rotor
circuits Often additional resistances are intenticnally intro-
duced in the rotor eircuit i{n order to obtain speek-control with
a desired speed-torque characteristics The majority of the
practicsl problems of speedecontrol and malefunction of shorte
circuit switeh fall in the category cf symmetrical rotor une
balancs, a dotalled study of which is made in the next ohapters
In addition to the unbalance in rotor impedsnces, it may also
happen that on the stator side a fuse bdblows off, a contact-link
fails or a link is weak. Such an eventuslity would cregte a
gtator iupedance unbalance simultaneously with rotor impedancs
unbalanced. When one fugse blows off with other two intact, it
causes & symmetrical stator impedence unbalance while vhen two
fuses blow offy it 18 & {rivisl case end the machine stops. The
stator impadance unbalance caused by weak contsct-link is
symnetrical, and in majority of cases of all probabllity one link
would be faulty at a time., |

Sometine the stator Impedance unbalance may alse be
introduced by the resistances employed to limit the supply voltage.
Such a stator unbalance is also ususlly symmetrical since one
line resistance would be faulty at s time.

As discussed zbove the great majority of cases of double
unbalance of an induction machine lie in the category of
syzmetrical double unbalsnces. Various symmetrical stator and
rotor unbalsnces along with their relevant connecting eircuits
are given in Tebles3.1 and 3.2, There can de vagious possible

combinations of such double unbslasnces. From these tables, the
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equivalent circuit for any symmetrical dcuble unbalance can be
derived.,

344 E ime Ver i

The machine used for experimental work has the follow=
ing data. These data have been found experilamentally as given in

Machine specifications

G5 KW 3 8,8CV , 400-440V, 13,2 A ,
Cos # » 0,83 , 1380 T/min. , 50 ¢/s8 ,
3 phase , Star connected, Roter 102 V,
45,6 A 4 8lip~ring, No, T 84921 ,
Type AV 2624«1 V
A.CE.C. Welco Charlevol, Belgiume

The machine is coupled with a D.C. dynemometer,

Machine congtants

Rg ® 0,1715 peus 3 Xg % 0.286 paue § X, # 8432 polls
Ry m 0,260 peue § Xp ¢ 04286 Patta

Base Voitage * 115.5V ; Base impedance ®» 8,75rms,
Base Currvent % 13.2 A 3 Base Torgque = 324 £t,. lba.

The external impedances in stator and rotor circults used for
experimentsl work are limited to resistances only, which is the
noymel practical case, ‘

In all experimental work reduced balanced woltage of
200 Volts 4s applied to the stator for the reasons given belows

It has deen found that positive and negative sequence
nagnetic flelds, which are proportional to the sequence voltages,
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exist simultaneously in the maohine. These fields rotate with
different velocities and in opposite directions. At each
instant some fields are alding and others are opposing. The
aun of various components of fields may exceed the normal maximum
- flux density in the machine, though the individual components
may be of normel magnitude only. It may result in a groass
saturation and therefore considerable increase in magnetizing
current and deterioration of wave form. This happens when the
sum of saquence voltages ig more than the normal phase voltago.
1t is also expected that the high voltages are induced in the
unbalanced 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 large slips, which would cause excessive
temperature=rise and insulation nmay be damaged, Therefore the
machine cannot be operated at normal voltage and hence it ia
assential to test the machine at reducad voltage.

The variocus combinstions of symmetrical double unbalance
of stator and rotor impedsnces are virtuslly unlimited. There-
fore, it is decided to study the operation in the cases glven in
Table 3.3

ble No
NKumber Zu ZGB z‘c ZI' A 'Zx.B Zrc
Case Nos 1 0,332 pu O 0 0.66 ¢ 0
Case No« 8 0,07 0 ) co 0 0
Case No. 8 o 0 0 0466 0 0
Case No. 4 oo 0 0 oo 0 O
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The wvaricus currents, veltages and torque are measured
over the complete speed range as given in Appendix IV for the
difrerent sets of unbalances. fhe resulte are predetermined alsoc
by solving the equivalent eircults. While calculating 1t is
observed that a wide range of frequencies is present in the machine,
A suitabia linear approximation has been found experimentally and
is ugsed for finding the roasistance offered by stator and rotor
eircuits at different frequencies (Appendix I). It has also deen
assumed that the presence of other frequency currents does not -
affect the resistance seen for any particular frequency current.
8pead torque and speed current curyes have baen calculated for
all the cases. FOr case No, 4 peak and r.m.8. voltages of stator
and rotor have also been calculated.

The experimental and calculated results are plotted in
Figss. 349 to 3,18 for all these cases. It is found that the
results agree with in the difference of 8«124. It has been noted
that 1t 1s difficult to caleulate the torque and current accuratew
ly at slips close tod y & 42 , &, +.e vhore the equivalent
circuit becomes open at a particular reflection. The maximum
error occurs at unstable and negative torque vegions. The warious
reasons for difference in calculated and experimentsl results
are attributed to the following factorgi« '

(1) The effeet of various frequencies on the external
resistances 1s not taken into account.

(2) It is not possible to estimate iron losses to a
ressonable degree of accuracy for such a wide range of frequencies.
(3) The winding resistance may be affected by the

praesence of frequencies other than the one for which resistance
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is considered.
(4) The magnetic circuit may not remain unsaturated.

(6) The change of contact resistance between slip ring

and brush is not teken into account,

A speclal note Lo made for case No. 4 in which both
stator and rotor circuits have maximum undbalance i.e. one line
is open in both the ciprcuits. 1In this case the torque 1is
negative at all elips. The voltages in rotor and stator circuits
are more compared to other cases. From calculations 1é ia found
that the naximum value of ratio of peak voltage to norual voltage
1s 747 8t 8 8lip of 0.18 and the maximum value of ratio of r.um.s.
voltage to noymal voltage ia 2.8 at a slip of 0,20, The r.m.s.
voltage is measured with the help of moving iren voltmeter.
While measuring r.m.e. voltage in the rotor eircult, it is
observed that neadle oseillates and the average value 1s record-
ed. The oseillations are due to the presence of low frequencies
voltage in the voltage wave., Thus the experimental rotor voltage
is slvays leas than the calculated vnlue.becanse the low
frequency voltage is not read by voltmeter,

The apeed~torque characteristies may be explained
qualitatively with the help of equivalent circuits and the torque
equations 3.16 to 3.18. ’

Case 1 Resigtance of 0,332 pe.us. and 0,66 peus have heen
connected in one line of stator and rotor respectively. The
results calculated from the aqaivalent circuits are tabulated

in Table 3.4, It is found that the impedance of 'infinite nete
work 2¢' 1.0, zuz is fairly constant throughout and its value is
suffielently greater than.~§£§~ = Oull peus Therefore 'infinite
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network 2! draws comparatively very low current and produces
negligible torgques. Thus the net torque is produced soley by
tinfinite network 1' of the equivalent eircult. For 'infinite
network 1', the torque contriduted by the first temm of equation
3416 18 alwvays positive and all other terms contribute negative
torque upto 0.8 slip. The second term of torque equation
contributes small torque upto s & 0.1 and for s >0.25 it contri-
butes sufficient torque which is always in negative direction,
Thus the net torque increases first and then decremses. At

g = 0.5, the network at second reflection becomes open. At this
point all torque camponents except first term vanish. For

8 >0.8, the second term also becomes additive end other terme ave
nogative. Similerly at o = § and 2, the network becomes open
at third and fourth reflection and torgue contribution by third
and fourth term becomes positive after theae slips respectively.
But it is observed that for s > 0.666, the input impedance is not
affected much whatever be the impedance of circult after third
reflection, Thus third and fourth terms do not contridute much
in aat torgue.

Case I1 A resistance of 0.07 p.us 18 connected in cne line of
stator and cne line of rotor 1s opens In this case Zy; and Zy,
are larger dacause shunt impedence of connectingwcireuzt at
rotor i3 infinite. Zm is very large cmyamé to ....é 2 0,0233 paue
Therefbre parallel combination of Zyy &nd ugé can be replaced
mgb Thus the torque is contributed by 'infinite network 1!
only. The torque contridbuted by second temm equation 3.16
predominates and is negative upto 8 ® 0.6, which makes the net
torque negative at slips close to Oube For a8 >0.5, the second
term is positive and thua net torque dbecomes positive. The
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operation is unstable between the slip 0.6 and 0.32 (speed 870
to 750 repemy

Case II1 One lins of atator is open and a resistance of

0s66 pette 18 In one line of rotor. The shunt resistance of
connecting~circuit at stator is intfinite. In this case ZMl and
Zyn bocome connected in series snd stator positive seguence
current and negative segquence current are equal but opposite in
direction. anrdecreasas with the increase of slip while ZMB
remains fairly constent, At & = 1 , 2y and Zy, are equal, and
the voltage across 'infinite networks 1 and 2' are equals The
torgques produced by both the netuorka‘are equal and opposite.
Thus the atarting torque is zero. At other slips, the torque
contridbuted by 'infinite network 1' has variocus components as
discussed earlier in csses I and II, The torque contributed by
first term is always positive and the other terma give negative
torque upto &8 ® 0,54 At s = 0,64 the network opens at second
reflection. Thus there is no component vhich gives negatlve
torque and therefore positive peak occurs at this slip. For

g8 >0.55 the second term also contributes positive torque while
other terms give negative torque, Similarly at s = %, g,. g, etc.
the netuwork opens at third, fourth and fifth reflections res~
pectively and contalns all positive torque terms and no negative
term, Thus torque pesks occur at these slips, |

Unlike previous case, the torque contributed by the
tinfinite network 2' ia not negligible but increases with slip.
This torque is always negative. Therefore net torqus reducea,
but net speed-torque characteristic has also peaks and humps as

dilscussed above.
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Comparing thiscace with the previous one where stator
circuit contains low impedance, the 'infinite network 2! draws
very small current and gives negligible torque. If the extarnal
impedance chosen i@ sueh that 'infinite network 2' draws
suffiefent current, this contributes apprecisble torque which
is in the negative direotion. The net torque reduces. There~
fore if the external impesdance is varied from sero to infinite,
& family of curves tan be obtained.

1t fa obgerved that Gargés* Phenomenon or stable half
speed operation cgeurs with double unbalance dut it always
oceurs at more than half speed and not at half speed se in the
case of rotor unbslance only.

Voltage Speed Characteristicsss These could also be discussed
qualitatively. At a # O, the rotor impedance of 'infinite
network 1' is infinite at first reflection and eirecuit decomes
cpen. Thus there is only stator fundamental voltage and other
yoltages are zero. The voltages in sections of 'infinite
network 2' are small in magnitude. Thus resultant voltage is
relatively low at the start. Ae s incresses, the compenents of
voltages in all the sections of two infinite networks increaee
and thus the resultant voltage inoreases. At s 2 0.5, atator
branch of ‘infinite network 1' at gsecond reflection opens and
all component voltages vaniah after that point and consequently
lowering the rasultant*voltage. Similar ressoning would show |
dips in the voltage speed curve at @ :§ ’ & and g etes It

is noted that the component voltages have sufficiently large
values at the points vhere the circuilts are teminated and
voltages converge slowly. To calculate voltage to & good degree
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of accuracy further sections must be considered using the current
solution obtained by the termination.




Zable 3.4
Double Unbalance (Case 1) R, = 0,332 , R, = 0,66 psu,

S WNO. 1 a2 3 4 5
Speed 1460 1138 916 8565 810
Slip 0.0833 0,208  0.39 0,43 0.6
Zyy 4,27 1.628 1,087 1.225 1,16

v 3504  +31.01  +31.03 +10.864  + 30,78
By 0e415 0,422 0.449 0i46  : 0447

+ 30,876 +J0.8856 + §0.582 + J0.61 : + J0,749
R, 10.62 1,685 1,082 1,224 Ll
RB - 0‘235 - 0042 bad 1«.08 - 1‘65 - 2;82
Ry 0.252 0.26 0,288 0,201, 04309

t . : ' ' ' ¢

Iri 0,0868 0,466 0,592  0.565 04636
1:; - 0.249 04415 04296 0.1432
1y 0,0262 ©  0.0664 0,0828 0,083 0,085
TA % 84.04 3648 a8,0 39,1 45.0
TB % - - 248 | « 19.6 - Jd.4 - 548
TIJ ‘ - - - - - 0.2
L 5470 5,28 5.4 540 540

T4% 2.34 28,72 13,26 19.7 '34.0




SeNo, 6 7 8 9 10
Speed 760 652 500 310 150
S1ip 0.6 0,566 0.666 0,783 0.9

] 0.935 0.91 0.706 0,65
a1 Lo 0u588 130,593  +10,582  + 30,583 -+ 10,592
Zyo 0.48 0.483 04483 0s555 0467
| + 30,75 430,586 + J0.586 + §0.89  + 30459
R, 094 0,792 0,654 0,656 0.496
Ry 0 1449 0.8 0,444 04343
R, 04312 0.331 0,331 0.396 0,416
1;‘; 0.736 0,804 0,897 0.96 1.0
1:: 0 0,12 0, 1675 0,205 0,233
1;2 0,090 0,096 0,098 0.1105 0,124
T, % 49,0 51,2 52,8 513 49,6
T, % 0 2.2 2,25 1,87 1.86
T, % - 0e26 e 0,305 = 0,318 « 0,568 = 0,64
T ¥ 4,94 4,94 4.94 4.94 4,54
TS 43.8 48416 49,76 47466 45487

66
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3.8

Double Unbalance (Case III) Rgy =« » Rgy = 0466 peus

67

SeNoe 1 2 3 4 6
“Speed 1390 1340 1146 965 810
Slp  0.0732  0.1067 0,237 0.357 0ed6
Zy 2.42 2.68 1.358 1,262 1.16
3231+ 41.765 + 30.82 4 §0.87 4+ §0.74

e o7 ' 30,573 0114?3.573 o.ﬁg.?% O 0.575
R, 4,11 ' 3.28 1,61 1423 1.084
Ry = 0.676 = 0,712 = 0,993 = 0,574 = 4.52

R - - 0.297 - 0,394 = 0.745 = 0.895
Ry 0.262 0.262 0.262 04287 0.323
1P 0,192 0.23 0,355 0,42 0,454
I'P o.ee6 0,106  0.18¢  0,1828  0,0557
1:;'1F - 0.,1078 0,178 0,176 00534
1;;‘ 04246 0.254 0,373 0,482 0,460
T, %  15.10 17.4 20.3 21.7 22.3

Tg% = 0,646 - 0,87 - 3,37 - 1,080 - 1,40

T, % - = 0,30 = 1.85 = 2,28 = 2.56

T 6 1.58 1469 365 5436 682

Tog ® 5448 5.37 5.21 5e1 4.98

T8 745 917 7482 6e46 91




SCNO. 6 7 8 9 10
Speed 750 605 500 377 150
Slip 0.5 0,596 0.666 0,75 0.9
Zgy 1.1 0.871 0.86 0,756 0.7
+J0.5658  +30.,692  + 30,584 4 30,624  + JO.562
Zygo 0.466 06604 0,52 0.548 04606
+ J0.562  +30.58 + 104678  +30.58 + §0.562
Ry 0.962 0,766 0,716 0.625 0,546
Ry 0 0.0652 1,055 0.229 0.1150
Rg - 1.905 - 1.86 -
Ry, 0,306 0343 0,362 0,385 0,450
xg_ 0.501, 0.506 0.521 0.545 0.556
"P ’
I 0 0.l 0,037 0.,0475 -
1;'1" 0 0.0924 0 0.0445 -
1;2 - 0.514 0.523 0.545 0.556
T, % 24,2 19.60 19.4 18,6 16.8
T, 4 0 -~ 1,63 0 037 -
TL ’ 7.60 9.0 9.86 1]..4 1340
Tou % 4094 4494 4¢94 4.84 4,94
T4 11,62 7425 4.66 3.1 -
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CHAPTER 1Y
INDUCTION MACHINE WITH SINGLE UNBALANCE,

4sls in the previocus two chapters the analysis of double
unbalances in an induction machine has been presented. Buft,
however, in practice & single unbalance is most likely to occur.
The various gsingle unbalances can be classified as belowi=

(1) Stator impedance undalance with balanced or un-
balanced supply veltage.

(11) Rotor impedance unbalance with balanced or une
balanced supply voltage.

A single unbaiance can be treated as a' special casge of
double unbalance vhere ecircuit on one side of the air-gap remains
balanced., The supply voltage may as well be unbalanced. Figs.
4+1 and 4.2 show the machine with single impedante unbslance in
stator and rotor circuito respectively.

The enalyais of single unbalance can be folloved from
the analysis of double unbalance by introducing proper eircuit
constraints at the terminals having balanced impedances. As
has been discussed in chapter 2, dboth positive and negative
sequence voltages at the stator terminals initiate an infinite
number of reflections &t polnts of unbalanced impedances in
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atator and rotor circuita. However, i1f the impedance in one of
the cireuits on either side of aire-gap is balanced, no reflection
would occur there. Thus if the unbalance is on the stator side,
there will be no reflection at all, while there will be only one
reflection 1£ the unbalance is on the rotor side.

BCA D&.LE

4.2.1¢ Vhen stator impedances are unbalanced, both positive
and negative asquence voltages would exist at atator terminals
eﬁen though & balanced voltage 1s applied. Therefore the analysis
can be made with positive or negative sequence voltage alone
applied at the stator terminals, and the results sre aupar-poua&.
Thus the machine having balanced rotor impedance has positive
and negative sequence voltage applied at stator terminals. The
rotor will have same set of sequence voltages and currents as
that asplied at stator terminals. The rotor impedance being
balanced, no reflection ccecurs at rotor terminals. Therefore
flow=charts No.l and 2 of Figs. 247 and 2410 got sinplified to
those shown In Fige 443+ Botween the pointa O and 1, lies the
balanced induction machine., The two networks No. 1 and 2 gre
drawn in Figs. 4.4 and 4.5 when positive sequence voltage and
negative sequence voltage are applied respactively at atator
terninals.

iet the two networks No. 1 and 2 haéa the lnput impedance
ZM1 and zua respoctively. A relation batween soguence voltage
and current at input terminals £s give below:-

Lt o or
Vo1 * 4glg % «
ON i s 4.1

Va2 Loy Igg '}
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At the point 0, the stator positive sequence voltage
Vﬁi and negative sequence voltage Vgg are related to the sequence
voltages of supply through the sequence Lmpedances of stator

external circuit as given in the equation 242« Rewriting it

LOP oN OoP i
Ve 2 %03 t Zolp + Vu \
I e 4.2
IOP IO!! VON 1
Vo % 25315y + Zgglgg t Vg i
From equations 4.1 and 4.2,
° (Zgo + Tl lBgp + Zyy) = gy Ly
A ; ses  4ed
O (oo + BglVy = Zg ¥y }

Knowing positive and negative sequence components ¥y
and V5 of the supply voltage, Iﬁi and Igg can bo ealculated. If

supply voltage 1s balansced, vg is zoro.

From the networks of Flgs. 4+4 and 4.6, rotor sequence
currents can be written as

2 Zp + TXy

; |
V I’P . IOF | J.Xm i
rl sl zl."& o+ jxm }
;,xm % e Bad
‘N ON '
1, 81 i

R ) ,
where 2.4 = ( -f +J X,) = Positive sequence impedance of

rotor



R .
and 2, ® §§-§-; +J X,) = Negative sequence impedance of
rotor

The sateady torques produced by positive and negative

geqguence rotor currents sre

p B2 R,
Ty = ( Ivl ) :E Syns Vatts .

ses S¢S
N 2

. )] T Syn. Watts

2 8

U0 Juns Pt DL Fen pune Pl

T2 s (1

Ta is in the negative dipection,

b
3
"
~
¥
"
]
#3

2} L X} ) "Qa

For the case of genoral unbalanced stator impedances,
an equivalent circuit cznnot be draun. But; howaver, seguence
currents in stator and rotor eircuits required are to be
calculated from equations 443 snd 4.4. As discussed in the
previous chapter, an equivalent eireuit is possible cnly for the
cese of'aymmetrieal unbalance i.es any tvo lines contain equal
impedances. The conatraint equation 443 gets modigfled to eqﬁation
4+7 for the symmetrical unbalanco. | |

(8} op oN.
V1 = csz + ZMX) xal + (Iﬂl + Iaa) zac

o op on | i aee 47
V2 & (ZBgp o+ Z) 1, + (g1 + Iga) Zg
Vith the help of constraint equation 4.7, the two net-

werks No. 1 and 2 ean be interconnected and thus the complete

equivelent eircult 1s drawn in Fig. 4.6, The sequence currents
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ean nov be computed easily from the equivalent eircuits. The
equivalent circuit for any specific case of syrmetrieal unbalance
can be obtained by substituting the corresponding sequence ime
pedances of the external circuit in the Fige 4.6,

4.2+3. Pulsating Torque

From Fige 4.3 1t 18 evident that both positive and
negative sequence currents and fluxea are preasent simultaneously,
These are classified as given helovte

(1) Poaitive sequence flux ﬂgi due to positive sequence
voltage Vo of frequency f. It rotates in tho positive direction
with a velocity of W with respect to stator and 8¢ with reapect
to potor, .

(11) Regative sequence flux ﬁgg due to nogative sequence
yoltage vgg of frequency £, It rotates in the negative direction
with A veloelty of W vwith respect ﬁa atatpr and (2 « 8) L with
respoeet to rotor. '

{111) Positive sequence rotor curront I;g of frequency
sfe NP dus &0 this current rotates in the positive direction
with o velocity of s (W with rospoct to rotor and W with respect
to stotor. |

™
e
(2 » 9)fe MMF due to this current rotates in the negative

direction with a veloocity of (2 « 8) L with respect to rotor
and W with regpect to stators,

(1v) Negative sequence rotor current I " of frequency

The inter action of flux cauamd'by prinary voltage and
maf produced by secondary current, results in a torques It can

be express as

T C 2, ? Cosg ses 4.88



vhere 24, is maximum air-gep flux which is proportionanl to
the inducod ouu.fe B divided by frequencyj

7 48 mf which i proportional to secondary current;

and $ 18 anglo betucen Q.MeLs and ourrent.

&t e xp et cond os 48D
where Ep 18 4 torque constante

It devolops ateady torque 1f anple 5 botuoen ooftely
and eurrocnt is independent of timn L.es when both cun.fs and

78

surrent waves trovel with the same velooity in the ssme directs

velscs

o

fon. Howover, if c.z.fe and current waves travel with differont -/

airection, tho sngle O 1s & funotion of time and accordingly
the torgue yould also vary sinusocldally whose amplitude Le

Tp (poul) » Xp (.%..; 1 see 48 0

Thie is hnown as pulsating torguo.

-

The eonponents of torque developed by the intersction
of tuwo fux and tuo tuf waves aro o folloupis

(1) Positive soquence fiux ﬁﬁ vhich causes induced
8 1% Eﬁi of frequancey £ in the stator and positive sequence
potor current 1.7 rFotate with tho velocity in the same
direstion and henco produce a steady torquo piven by

oF
B
Ty & Ey (,_%2..; I;i Con 51 von 48
$ | Op P o
The angle O between Byq and 1”' can be calculated
by the network No, L and 148 valuo is

wl g X -
g), ® dan ﬂ*ﬁ-@w) . 91 chn | 44D
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(14) Negative sequence flux ﬂgg which causes induced
esie Ly Eﬁg of lmqueney £ in the stator and negative sequsnce
rotor current I;g rotate with the same veloelty in the seme

direction and hence produce & steady torque glven by

O
o E N . ,
T, ¢ Ky (—38) I 5 Cos &, o 4.10
From the nebtwork No. 2,

82 ¢ gan™t (afﬁg} e s Oy e 4910w

(141) Foaitive sequence flux ;66 a1 vhich eauses induced
e.m;t» ei of mqwmy £ in the stetor and negative sequence
rotor current Ira rotate with a relative velooity of 2 @ in the
positive direction and inter-act to produce a pulsating torque,

op
E N
TPl $ Ky (,“-%L) 11‘3 Cos 514 see 4.11
where 514 2 2 Wt o A = 92 T 4:11&
and oK 1s the angular difforense between the two waves Ezi.;_ and
Egp &t €20
oo TPl = Tpl(pe&k) Cop (BWE & (= 93) ans 4411l Db
GP
where 'Z‘pl(pea.k) » KT (--%L) I - Y 41l e

(iv) Regative sequence flux {%2 GRUseSs mduwd =79 5% 4% Egg

of frequeney £ in the stator and positive sequence rotor eurrent
'.

r:l. rotate with a relative velooity 2 Win tha nagative direction
and interact to produee & pulseting torque,

TPE € K‘l’ (-.-!3..) ]:'P Cos 833 m&“ 4413
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whore S, T 2 Wt 4+ -9 eos 4,128

s Tpa ® Tpolpeak) Cos (2WE + X - 6,0 4,121
Ego i p

where Tpq(peak) = Ky (—3=) I, . 4ol ¢

, The items (1) and (1) give steady tﬁrq,uaa and the net
steady torque 1s

That * (P - T3)

m expressions for steady torque have been derived
already from power transfer concept.

The itema (1i1) and (iv) give pulsating torque vhich
varies sinuscidally with a freguency of 2f. The instantanecous
pulsating torque i

Tp(inﬂt) 2 '(TP]._"" TPB) vee %13
s Tp,(peak) Cos (2 Wt =+ = &)

- Tpo(pesk) Cos (2wt +o = 8) 4.13 8

Tp(peak) = ffpl(peak)ug + Tpolpeak) © = 2 Tpy(posk) Tpy(pesk)
~ x Cos (9]: - 9)

4.34

The axporiments were performed on the machine whose
constants are given in Appendix I, A redueced supply voltage was
used and impedance unbslance was limited to resistance only as

in case of impedance double unbalance. The experiments vere
Hec . 635 3°

CENTRAL I.WRV UNIVERSITY OF OO,
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performed for the types of stator unbalance usually cecur in
practice and are givon below:e

(1) Addition of resistance in one line due to weak link.
(11) Fuse of one line blown off.
The supply being balanced one.
(111) Unbalaneed supply voltage and no impedance une
balance.

A number of sets were taken with different values of
Ryp & 04332 peus and infinite; and voltage unbalang¢e with
/T1/ ® 0875, o/ w 0,343, and NVy/ 2 04762y Ny/ & 0,286 pauas |
The steady torque and curyent woere measured over the complete
speed range. The results are plotted in Flgs. 4.7 a?h 4410,

The results are also computed from the equivalent
circuits and are compared with the oxperimental results. These
are found to be in agreement with the maximum differonce of 7.

A qualitative explanation can be given belowi»

Cage 1 =~ Ry, in series with line A. For low values of Ry
35& is very small compared to Zyp &t all slips, and therefore
the network Nos 2 takes negligible current and contributes ine
significant torquo. Hence nétwork Nos 2 can be omitted and the
equivalent circult reduces to network Nos 1 in series with a
resiatance ﬁgé‘ Thus it dehaves like a balanced induction
machine with an 8d4itional raaistanca=§§3 in series with the
stator. The torque produced would be less than that of a
balanced machine: The stator currents are unbalanced with phase
C carrying largest current. Tharétbra phase ¢ will be hotter
then the other two phases,



86

Case 11 « One line open 1.¢. Zga & P In thls case twO net=
vorks No. 1 and 2 become connected in series; and positive and
negative sequence stator currents are equal and opposite. At

s = 1, both Zyy and Zyy are equal, thorefore the voltages across
them are aequal and 8o are the rotor aeqﬁance currents. The
torque prodgced by both the networks is egual ahd opposite and
resulting in zero starting torque. At lower values of slip,

Zyy incrcases and Z,, decresses but, however, Zy, does not change
appreciably. The network No, 1 contributes more torque than by
network Nos 2 and therefore raesults ln a net positive torque.

At 8 ® 0 4 the rotor circult of network No. 1>ba¢umeﬁfapen,»and
only the network Nos 2 contributes torque which is in negative
direction and of mmall magnitude since the sequence currents are
very small.

Comparing the torque in the two cases, 1t 1s clear that
natwork No. 2 gontributes negligible torque in the Case I while
it is apprecigdble in the Case 1l In the negative direction.
Therefora net torque is less in Case 11, Thus 1f a resistance
in one line of external stator circult ias increased from zero to
infinite, the net torgue would decrease for all the velues of
elip.

Similarly in Case IIil, the net torque reducee with the
ineresge of amount of unbalance in voltago.

Rat to

The smplitude of pulsating torque is camputed and plotted
in Fig. 4,10 for various values of slips. No experimental veri-
flcation could be carried out for pulsating torque. It is found
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that the pulsating torque is larger in Case Il compared to that
in Case I, This can ba explained by the fact that the negative
sequence voltage and currant in the rotor of network No. 2 are
negligidle in Case I while those are appreciedle in Case 1I.
Since pulsating torques are contributed by the product of poﬁitiva
sequence voltage and negative sequence current and vicawversa,
both components of the pulsating torque and therefore net
pulsating torgue is less in Case I, It is obgerved that maximum
value of peak pulsating torque is 22.&% of normal stesdy torgue
at a slip of 0.2 in Case 11, The peak pulsating torevs increases
with the amount of unbalance. Similarly in case of voltage un=-
balance, the peak pulsating tﬁrqne inereases with the ineresse of

unbalanege.

4e.3ele A second type of single unbalance cccurs where stator
has balaneed impedantes and unbalanced impedances are connetted

in rotor cireuit. This is also a special case of double impedance
unbalance and analysis can be followed similarly. On application
of positive sequence voltage to the machine, positive sequence
voltage and current of fraqhenuy af are induced in roter. The
unbalanced rotor impedance causes & reflectlon yhich results in
negative sequence voltage and current also appearing at rotor
terminals, and so negative sequance voltage of frequency (23 - 1)f
is induced in the stator. The stator impedsneces being balanced,
no further reflection would occcure Therefore flow ehart No. 2

of Fig. 2.7 gets simplificd as in Fige 4s1la. Similarly for
negative sequence voltage applied at etator, the flow chart No, 2
19 modified to Pig. 4.11b. |
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The netwerks betveen points O and 1, and peints 1 and
2 of Figs. 4.11 (a and b) with positive or negative sequence
voltage alone applied at atator terzinals are drawn in Figs.
4.‘12 (a and b) and 4.13 (a and b). The eonstraint equations at
point 1 (from equations 2.2 and 2.8) with positive or negative
uqﬁonu voltage alone applied at stator are g&vpn belowsw

¥Vith positive sequence voltage only

]
f'f . oz 1P

'p
i * %o'nm ‘2 “r2

rl
oan 4.15
‘P "p P

PUOE PG INNE IS P oot

with negative sequence voltage only

" N "w
Va ® 2 lg Za’n }

N ™ *N
vrl = zrﬁ 11'8 _zr-o Irl

E ese 405D
It s found that the equivalent eircuits and constraint
equations are exactly similar in form for the two cases l.e.
with poritive sequence voltage and negative sequence voltage
alene applied at stator terminals. The only difference lies in
the fact that the slip which 1s s for ths positive sequence
voltage ¢ase changes to (2 = 8) for the negative sequence case,
Thus any analysis which will be carried out for voltages, currents
and steady torques with positive sequence voltage alone applied
at stator terminals, ean be used vhen negative sequence voltage
is applied by replacing s by (2 « 8)s» Therefore analyais belov

1s earried cut vhen only positive sequence voltage is applied to
stator,

With the help ©f networks 4.12 (a and b) and equation
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4:15a, the stator and rotor scquence currcnts when positive
sequence voltage alone is applied, are given below. (Derivation
" is given in Appendix III).

+ 2 ' P
I;g » Zzz‘ r0 . Kvgl see 4418
. GP
or l’i - Sl sre 417
vhere Z; ¢an be considered as load impedance, and its
value 1is
sy . BB ‘
Z, ® &2 e R X ces  4el7a
| v boy) & 7
=+ 5

2
2% By tlgly ¢ Fp) 4 o ?ﬁm*ﬁ; eve 44170

2
af 2(2a - 1)

: o)
Zno = R +J o+ X8 4+ —— 4.17 ¢
22 p +ICn ® Rg + J(Xpn +X,)(28 - 1)
and K = % - a constant sve 44174
Rs - ng o+ .rxm |
‘P Zpy OP |
I gRV rae 4418
r2 (zxx*zro’ (Zg,+ Zpg) = Zpy Zpp sl
{OP Vo1 Xy
al’ﬁuﬁf*m“'*ﬁ o e el Ak 4,19
1y
np tp .
182 B = ) § 4,20

) . ra see
Z"!"In —y Iy o+ JX,
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Knowing the sequence currents, the phase currents,
voltages and steady torque can be computed., A8 the airegap is

being crossed twice, the steady torque has two components as
given below:-

2.2 R
| T, = <‘,§) ( 35 +R; ) Syn. Vatis sve 4321

where Rp is the load resistance as defined earliey.

np 32 Ba
and !2 x { IGQ ) B ¢ gﬁ*:*i ) ened 422

The second torque component Tp acts on the sfftor in
the negative direction and its reaction on rotor will in the
positive direction. Therefore net torque acting on rotor is the
algebralc addition of these two components, -

A Tmt e (Tl el TB) Ty} 4423

The dircetion of I, is given by the factor (88 = 1).
It is negative for & L 0.5 and positive for & > Ou5.

4342

The currents and torquea for any degrec of unbalance
can be calculated by solvihg the equations 4416 to 4.23 without
draving the equivalent circuits, But, as discussed in other
types of unbalances, it 1s possidble to drav an eguivalent circult
only when the unbalance is symmatfiealki-e. two of the external
impedances in the rotor should be equal or Z,p = Zpce For
such type of unbalange, inter-connecting eircults are drawn in
Fige 4214 for interconneeting networks of Figs. 4.12 & and 4,121
for positive sequence gupply voltage, and in Flg. 4.15 for inter-
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connecting networks of Figs. 4.13a and 4.13b for negative
sequence supply voltage. Now the solution for sequence currents
becanes simpler and can be carried out with the help of equiva~
lent circuits. PFor any speclfic case of symmetrical undbalance,
the equivalent eircuits ¢un be obtained by subatlmtmg tna
corresponding values of sequence impedances of external circult
in Figs. 4¢14 and 4.15.

4.3,3. Puleating Torque

When unbalanced voltage 1s applied to the maching having
unbalanced impedances in rotor, the various components of flux
in the air-gap and seguence currents in stator and rotoyr circuits
axist simultansously and are llsted In Tablo 4.1l Thelr frequency
and relative veloelty with rospect to stator are also given in
the Table. |

Tablie 4,]
- ~ Velooity
B elios Item Froquency vwale 0
, 8 r
1+ Positive sequence flux QOP gaugin
8l
2+ HNegative sequence flux 2'F causing
r2 g'P sf - (We 2n)
En |
3¢ Negative sequence flux ﬂaﬁ n:ua.lng c . W
82
N
4. Positive sequence flux £ , eausi
rl E*mm (2 ~23)2 Wa+2n
rd
\ ‘ ‘ 19)4 w
Be Positive sequence stator eurrent I 4

8l
(Contd.. )




SasNo. Item Frequeney Wel's O

6+ Poslitive sequence rotor current
= ”

7« HNegetive sequence rotor curprent

1'P 3 4 - (= 2n)
3

8. Negative soquence stator current ' '
‘ qenee SHANOT CRET (@ - 12« (e En)
=2

Pe Negative sequence stator augﬂrant
1
K

10. Negative sequance votor current ‘ |

2

1l PoOsitive sequence rotop current »
x*!{ (2 » 8)¢ 4 2n
r

12, Positive sequence atator current
1”’; (3 - 28)¢ e+ 2n
s

¢ - W

The flux e¢aused by primary voltage and m.m.f. due to
secondary current interact and produce torque. The reverse is
also true. The torgue 1s expressed as

T @ KT(—%‘JI c‘tmg

vhere Cg is angle bebtween e.m.fs and eurrent and it 1s
a function of time when both s.m.f. and current vectors do not
rotate with the same velocity and in same direction, From the
Table 441, 1t 18 clear that all e.m.fs and current vectors are
not rotating vith the same velocity. Therefore angls O is not
independent of time for all torques. If S is & function of
time, a pulsating torque would result in otherwise steady torque
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where & 1is independent of time.

The components of e.m.fy &nd current producing torque
along with their velative velocity are given in Table 4.2.

Zable 4s2

SeNoe BMFe and Current proﬁuaing torque Relative

, ‘ valocity

| ) op *9 |
E Egy 808 I °
He Eg§ and 1;& s W
Je Ezgi and x;}g a W
N
4s B ana I, 2 @.ew
Be m;; and :a‘g 0
8 B2 end I -~ 28
s s;g and :gg 8 (e
8. E;g and Iﬁ -2
e g‘gg and xg 0
104 808 and x:,g e (2ws)W
114 gy and 1.7  e2w
12, By snd 1P . 2(1 = )W
'm uﬂ .

13 By 80 14 0
144 | ;.!{ and Igg (2 - )
154 By ang 1% (L = 8) W

18, B e 1.§ 2w
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The items 1, 5, 2 and 13 glve steady torque whose values
nave been discussed earlier and all other items give pulsating
torque. The frequencies of puiaating torque ¢components are Z2ef,
2(} - a)f, 2f and (2 - 8)f, The cscillations are set up due to
Wating torque of such frequencieg. The ose¢illations eaused by
high frequency torques are sufficiently damped out by motor angd
load inertia while pulsating torque of low frequenpy praegents a
gerious problems which are discussed lator. Thus pulsating torque
of low frequenoy (i.e. 2 sf) on:.y is of lntamsm

There are only twe low frequency torque components which
are given by items 2 and 6 of Table 4.2 and their values are
given below:

0 |
B
s Epbit) 18 cos (@awt X = V) e 424
P
Eo . _op e
Tm s K!(-"'r} gl Cos (Zawt “+ A = 2.) e 4435
wlere 0&&3- angular digplacement between Egg and E ‘P
at t = |
f ia angle by which xu_ lags Ew‘

and \/ ismglebyuhichlmlaaﬁm

The component Tpy aots on the stator in the negative
diroction. Thus its reaction on rotor will be in the positive
direction, Therefore instantaneous pulsating torque is sum of
tvo componenta |

And the peak pulsating torque c¢an be given by equation
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4427

—

Tp(peak) » Aﬁ(peak) ﬁ-‘fé(peak) + B8Tpq (pRuk) Tpy(peak) Cos(7-%2)

4427
Prom equations 4.24 and 4.25,
EOP p
T?l(peatc) s KT (—-—?—) 11‘3 wen 4.28
Bf o
and T (pesk) = Ky () Iy e 4.29

443480

The experiments were performed on the ssme machine and
under the same conditions as in the case of double impedance une
balance. These eonditions were |

(1) Redueed balanced woltage applied to stator

- (1) Unbalance limited to addition of rosistanee only,

The experiments were performad for the types of une
‘balances which usually oceur in practice and are given below -

(1) Onc linc open f.ee ©2, 0 , O

(2) Resiatance in one 1lire l.es R, 4 0, 0

(3) Bqual resistances in two lines fees O , Ry 4 Ryp

A mmber of seta with various values of Rpa & 1.48
0.282 , 0,151 and Rypg ® 1a48 and 0,200 peus were taken.

Another set of experiments vere performed with unbslanced
supply voltage and unbalanced rotor lmpedances of types give above,
The sequence camponents of supply voltage were /Vy/ = 0875 ,

Ng/ & 04143 and /Vq/ = 0762 , /Vo/ ® 04286 psus In each ense
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Steady Tohq/ue ( Theoretical)
Rotor Unbalance
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Sl‘eady Tongrue

Rofor Unbalance with Unbalanced Supply

(1) Ryp=0, Ryg=Ryc=0:205 p.u. }/V,/=0-875,b-u
IV2]=0-143 p - u

L (4),?,, 135 pou. /v2/= 0-286 p-u
(5) Ry = 09 Rna=Rpc =0 : *

(2) RAB;-R/:C = 066 p. U, ; RhA=O
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eurrents and steady tarque'a vere measured ovar the complete speed
reange and results are plotted in Figs. 4.16 to 4.21. The steady
torques are also computed from the equivalent e¢ircults end come
pared with experimental values. It fs found that the difference
is well within the limit of &8,

The following points are observed from the speed~torque
characteristics with the increasse of amount of unbalancetw

(1) Steady torque decreases at all slips

(2) Dip goes down

(3) Width of dip region inoreasss.

If the amount of unbalance is inecreased sufficiently,
the atoady torque becames negative over a sufficlent range of
gpeed. Uith the maximum unbalanse where one line is open, the
ateady torque 1o negative between me apeed of 930 and 740. At
8 2 0,5 ; the stator resistance M in the equivalent ciwuit
of Pigs 4.14 becomes infinite and the aireuit opens there. Thores
fore this component does not sontribdute any torque. for g < 0.5
it gzivas negative torgque and for 5>0,5 it contridbutes pogitive
torque. Thus for s 20.8 ; the net ateady torque is positive,.
Hence the machine gan run stabloe aﬁ half speed which 1s called
half-spead stable operation and commonly known as ‘Gorges
Phenomenon! « |

The above stated phencmenon occurs even when the supply
voltage 1s unbalanced with unbalenced rotors The steady torque
also reduces with the increase of unbalaence in supply voltage.
Pulssting Torque

The peak pulsating torque for the speeific ¢ases ef
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unbalance mentioned esrlier have been computed over the eomplete
specd~range and plotted in Fig, 4.21. 1t 1s obgerved that tho
peak pulsating torque incrceses with the amount of unbsglance.

It is moximum with the value of 1422 times Dase torque with the
raximum urbslance f.e, one 1line ia opene It is observed that

the pesk pulsating torque dips to a low value at 8 nearly aqual
to 0.6. This can be explained by the fact that in the equivalent
circult of Figs 4,14 the negative sequence stator impedance

ﬂﬁ‘}—r becomes infinite recucing the current Ith to a low value.
So that one component of pulasting torque becones nearly equal

to zero. The slip at whiech pulsating torque is actually minimum
would depend on tha value of unbalance reslatances. It is to be
noted from the graphs of Pig., 4.20 that the slip for minimum

peak pulsating torque shifts slightly to s less than 0.5 and
again comes back to s 2 0.5 when one 1ine is open.

The low frequency pulsating torque in case of rotor une
balance, presents a serious problem on acecount of possible
rasonance with the natural frequency of osclllatlon of the |
mechanical system of moter-loads At i‘encmnou gevere atress would
be daveloped in the shaft and which mey cause bresk down of the
mechanical partss Such conditiona of resonance must be aveoided,
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SHAPIER ¥

CONCLUSIO

The analysis of an induction machine with unbalanced
impedances connected on both or either aide of alr-gap has
been studied with the help of symmetrical components. The
theoretical and upériuental results agree within close degres
and prove the validity of the theory presented within the
limits of assumptions made.

A general analyels of induotion machine with double
unbalence is advanced. It is found that either positive or .
negative sequenca voltage applied at stator results in an
infinite number of reflections occuring siternately at rotor
and stator terminals where unbalanced impedances are connected.
Two flowscharts have been devised, with the help of which 1t
ig possible to trsce these reflections. The machine aquzval@nt
clrouits for positive and negative sequence ourrents of any
order of reflection can be obtained from the general equivglent
eircuits given in the text. The general conatraint equations
linking these circults at any order of reflections are also
given. The infinite number of reflections vresult in an infinite
nunber of frequency components in currents and voltages, wvherd
the frequency is a functien of rotor speeds Ths angular

&,
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frequency for stator currents is (W £ 2Kn) snd for rotor |
current referred to stator is ( W FTE = 1 n), where X is any
positive integer, hegative sign for positive mguéme voltage
and positive sign for negative sequence voltage applied to the
stator terminals. The goneral eguations for rem.s. gurrents
and voltages, and also peak voltages in rotor and stator are
derived. A relationsiip is obtained detween supply voltage and
stator sequence voltages. It.ia found that the general solution
csnnot be obtained because of infinite number of reflections
with the intexrvening constraint equations being such that thesze
cannot bo represented by an equivalent circuit,

A solution and an overall equivalent clrcult, however,
gre possible for the cass of symmetrieal unbalance, vhere the
impedances in stator and rotor externsl circults ave symmetrical
about one line. This in fact is a more practical case and is
likely to occur sccidentally when the machine 1s operating with
unbalanced rotor either accidentally or intentionmlly. 4 table
is given from vhich, the interliiniing circult can be easily
looked up for any apeciilc case of symmetrieal doubls unbalance.
A vomplete eguivalent circult ia given for symwetrical double
unbalance, for which the voltage applied at stator msy also be
unbalanced. 1t contains two infinite cascaded notuorks. At
any given slip, the series and shunt resistances of the two
infinite networks deorcase mopnotonically with the order of
'mnactiem After certain number of reflections, each infinite
network becomes iterative circult with no series resistance
and can bhe teminated by the eharacteristic impedance of cne of
its sections. The order of reflection at which the series



111

resistance becones zéro nay not be sgme for the two infinite
networks. Other authors have neglected this series resistunce

while computing currents in each section.

Each section of the two infinite networks carries
current of a different frequency from those of other sectionas
Therefore, & freguency cotection must bte applied in caeleulating
the stator and rotor reeistances for esch of these sections.
i1t 1o assumed that the presence of cther fraguency currents wéxm
windings does not affect the reoistance socen for any particular
frequency, and also the oeffects of varicus frequencies on the
external resjatances are considercd negli gibbéa; The iron«loss
is neglected throughout the equivalent ecircuit Yo cause the
ireneloss branchecurrent is vory emall ond its offost 18 noglie
gible In computing currents, voltages and torques. Beoauso of
the number of assumptions involved, a prectieal vorification
of results abcaimd‘ from equivalent cirecuits has been ecarried
out and 1t {8 found to be in agreoment within an orror of
8-128, Teo avold saturation effocts and to limit the excessive
voltage in stator and rotor which are cxpected, the experiments
wvere conducted at half rated voltage.

With doudble impedance unbalance, various types of speed~
torque ocharacteriatics are poasible with different amount of
unbalance on either side. The nature of chare¢teristics is
meinly eontrolled by the amount of unbalance in rotor and it is
somevhat similar to that of single unbalance on rotor side. How-
ever,; the point of atable operation which ocours at sx 0.5 for
rotor unbalance (Gorges Phenomenon) shifts towards higher speed.
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It 18 ohserved that peeks appear in specd~torque charagtoristics
et 8 3 4, §, # +.1s Those poaks are clearly shown in case III.
vhere one stastor line is open and rotor has a rcsistance of
0s66 pette in one lines It 48 also noted that torgue decreases
with incremge of unbglante. If 1t 18 1lncrcased to ite maximum
value $.0. both stator and rotor have one line open, the torque
becomes negative throughout and the machine cannot run on its
own. urther 1% is also found that voltmges in both stator and
rotor increase with the incresse of unbalancc, The msximum
value of pesk voltage is found to be 7.7 times normal voltage
at 8 % 0,138 and maximm value of r.m.ss voltage is 2.8 times
normal veluo at 8 ® Q.34 |

The snalysis of single unbalences follous from the
general unbalance snalysis by intmﬂuamg' the relovant ¢ircuit
constraints. The reflections stop at the torminals having
balancod impedance. Therefore no reflection at all octcurs in
cage of unbalsnced impedance in stator end only one reflection
at rotor takes place in the cace of unbalanced impedance in \
rotor ecircuits. In case of stator unbalence, the stator current
haa two soquensge coaponents each of fundamental frequency and
rotor current has sequenco components of frequencies sf and
(2 « 8)2 3 while &in case of rotor unbelence, the stator current
haa two sequence compenents of frequencles £ and (28 « L)f and
rotor current has two sequence components each of freguency sfe
In both the cases of single unbalance, the theoretical and
experimental results closely agree with each other and differe
ence being 8«10« It 18 observed that torque decreases with
inerease of unbalance. In case of unbalanced rotor, the width
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of 41p in speed-torque characteristic increases with the - smount
of unbalanee. At the dip the torque goes down and even becomes

negative with sufficlently high unbalance,

Expressions for peak pulsating torque 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 a frequency of Bsf in case of rotor unbalance.
The lov frequency pulsating torque, in case of rotor unbalance,
pressnts a seriecus problem ont account of possible resonance
with the natural frequency of oscillation of the mechanical
system of motor-lead. This peak puleating torque increases with
the amount of unbalance and dhows a dip at & X 0.6. As the
amount of unbalance 1is gradually inercased, the exsct slip for
minimum pulsating torque shifts to some what lower value of
slip, but comes back to & T 0.5 at the maximum unbalence of cne

line open.

For limitation of time and space no practical verie
fication of pulsating torque could be carried oute. However, a
low frequency oscillation for the case of rotor unbalance was
observed with the help of a etrebotac, The low frequency torque
oscillations cause corresponding frequency speed varlation of
rotor eoupled to the mechanical system. It is suggested that
1f the speed oscillations could be picked up by & sultadble
transducer, it should bde possible to measure the magnitude of
low frequency pulsating terques experimentally. It would, how=
ever, be necessary to iknow the time constant of the mechanical
system. A homopelar generator may be used s transducer for
this purpose provided the brush nolge could be made negligible
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compared- to the useful signal generated.

The high frequency pulsating torque caused by the
stator unbalance is much more dlfficult to measure because thase
oscillations are shoroughly 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 trgnsmission

mechanism.
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APPENDIX 1

Machine Constants

1. Specificationss‘

No. r 84991 ,  Type AV 2531-1V
Star 400-440V , 13.2 A

" 6.5 KW s, B.8CV, Cosf = 0.83
1380 T/min. , 50 cycles per sec.

Rotor - 102V , 45.5 A , Slip ring

Charleroi - Belgium
A.C.E.C. Welco Charleroi Belglum

Induction Machine is coupled to a D.C. Dynamometer.

2« Determination of Constantss

The following tests were performed to determine the

various constants of the machine.
(1) Voltage ratio (Open Cireuit) test: -

The stator and rotor were connected in star (normal
connections), slip-rings were open and the machlne was stationary.
First the voltage V; was applied to stator terminals and the
volfage V; was recorded at the rotor terminals. Secondly, V:
vas applied to the rotor terminals and the voltage v: was

recorded at the stator terminals.,

Ve |V
J. turns ratio = ——2 LI I1-1
v v v
r s r

The voltage v; and v: were taken equal,
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(11) No-load Test:

The machine with rotor open c¢irecuit was made to run

at synchroﬁous speed using D.C. machine as a drive. The input
current and power recorded would give the magnetiszing and iron
loss components and dynaggfbeadings would give the friction

and windage loss at synchronous speed. The same experiment was
repeated at different speeds to determine frietional and windage
loss at various speeds. Thus the friection loss 1s subtracted
from the output of'maching calculated at var}ous slips from the

equivalent cirecuits to get output at shaft,

Both experiments.(i) and (il) were performed at the
reduced voltage of 200 V, because load tests were performed at

this reduced voltage.

(111) Short circuit test:

As the short circult current depends upon the position
at which the rotor ls locked, the rotor was rotated at very slow
speed instead of making it stationary. Thua average short
eireuit current was recorded by applying low voltage at stator
terminals. Before taking the readings, the machine was to run
for suffieient period to bring to normal temperature. Thus hot

resistances of stator and rotor were found.

The frequency of supply wxs varied and the same
experinment was repeated for different frequencies. The curves
glving the relationship of frequency and resistances of stator

and rotor were obtained as shown in Fig, I-1,

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

measured.
Results:
All constants are caleulated on per unit basis

Base voltage = 115.5V , Base eurrent = 13,2 A

Base impedance = 8,75 ohms , Base torque = 21.4 Lb, ft.

RS - 001715 ’ xa 00286 ; Xm - 8.32 pL\;

Ry = 0.269 ; X, = 0.2%6 3} Rpb = 102 b.w.

Voltage ratio = 4.56

The variation of Rg and R, with frequency is given in
Fig. I-l,‘which follows nearly the linear law given below:
For stator Ry = 0.153 (3.65 x 10™%)f

For rotor R, = 0.240 (5,66 x 10°%)¢

These equations have been used for calculating the

stator and rotor resistances at various frequencies,
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APPENDIX 11

Symmetrical Components

Il.1 A set of three unbalanced voltages V, , VB and VC

(similarly currents also) can be resolved into positiie, negative

and zero sequence components as glven below:

vB = Bavl + a‘Va + vo g sev IT.1
§
Vc - av1-+.a2v2 + VO» g

Solving these equations, the sequence components can

be found out, Therefore

- 1
Positive Sequence Component, Vl =3 (vA.+ ng + agvc) g
_ 1 :
Negative Sequence Component, Vz =3 (VA + a2VB + avc) g I11.2
. » - 1 L
Zero Sequence Component, Vo T3 (VA‘+ Vg + vc) %
vhere & 1s an operator of value
3 R
8 : /’1‘{3 § e e . 1103
I1.2 Determination of sequence voltages from unbalanced line
voltages:
Let‘VAB s Vac and VCA be the line voltages, and
Vg = Ty = Ty g
| i
VBC = % - Vg i cee I1.4
|



substituting the values or‘vA ’ VB and‘vc from equation II.1

in equation II.4, one gets

Vg = (- (- a), oo 11.5

v (a8 - W)V, + (a - By 11.6

Bc : 2 LA B 4
From equations I1.5 anQ'II.G,'poaitlve and negative sequence

eomponents ean be found out,’

Vl - s VAB 5 z 0 VBC (X X 1107
V2 - -3~ v -+ 5 Z 60 VBC see II-S

I1.3 Determination of Sequence Impedances of three Unbalanced

Impedances Connected in Star:

If three impedances Z, , Z, and'zc are connected in
gtar and I_ , Ib and Ic are line currents as shown in Fig, 1I.1,

the voltage drop acroas each impedance is given by

Vo T L2 = (I + 1,3, !
_ 2 | |

. . 2 i

Vc = Iczc s (aIl + a Ig)zc i

From equation II.2, posltive and negative sequence voltage

components c¢an be derived.

Vl s 5(2.1- Zb+Zc)Il+ g(za+ a Zb+ aZc)I2 :
’ ! e e h II.lO

.1 | 1
v2 =% (ZQ+ 2y + Zc)Iz"- % (Za-a- az_b+ !230)11
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+Z) = zo Zero Sequence Impedance
e

(2

Wl Wl W
N
™~
»

+

)
N

+
Q

-

[ £}

|
i
|
zl Positive Sequence Impedance g I1.11
|
i
§

‘4-azb4-a2z°) s Za Negativy Sequence Impedance

Therefore subatituting equation I1.l1l in equation 11.10,
- 1

1 3oty + gl 2

. ! *ee I1.12

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

sequence impzadances c¢an be determined as follows:

Vo % e+ 21, 2 (2« 2)(1,+ 1) %
l .
Vo = (Zp+ 2, = (Zy+ 2821 al)) . f een 11,13
ol 2
Vo = (Z2,+2)1g 2 (Zg+2)(aly+ a"l,)

Manipulating these equations, positive and negative

voltages c¢an be derived

v

11]

1 (zO ¥ 2 + Z,0,

oo 11,14

v

111
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APPENDIX III

‘Derivation of Formulae when Rotor
Impedances are unbalance

The analysis is made for positive sequence only with

the help of Figs, 4.12 and 4.14 and constraints equation 4.15a

at the rotbr terninals.

From the network of Fig. 4,12(a)

0P _ 'p
v'l - (R -+ jx )I.l -+ jxm (I L Irl) sop III.I
oP OP '
or Vsl = (R8+ jxs'f' Jxm)lsl - J m 1‘1 sew IIIol(b)
tp
v R
n . 'P _ OP
. ip
v
el Ef X +3x)1'f 1P 111.2(b
or - *‘r_-(s-hjr'ijm) rl - 3 31 ses 0()

Solving equations II1,1(b) and III.2(b), one gets

' 2
vP - [a,+3<xr+ Xp)e o Tn ]1"’

z 8 V
31 ﬁa-i-ﬁ 3i Rg+ J.'X.+ X
I111.3
x
Let B -
| Rs'* st'+ ixm = K =a eonstant
d R { ) sxg Z
an + X+ X )3 + = =
r r m Rg+ dXg + Xy 11
P op _ 'P
Therefore vrl = sK vsl lelrl oo 111.4

Now from the network 4.12(db)



Solving

'p

Vg =

where Zg, = Rr+ JEXp+Xp)-8 +

'p
rl

external

But Vv

Comparin

'P
Vrl

tp
vrz

124

- p “p Rr 'p
= (Iq I,) J;n*-( =+ #xr)lra cee I11.5
R ' ap ap [} T
- 8 . .
= (‘ﬁs“:fi + JX.) ;32 + (1.2 Ira)Jxm. 111.6
these two equations III.8 and 11I.6
o X3 (28 - 1)
(IrZ) Ry + .‘I(X'r-r xm)- s +
o R'+J(Xm+ X.}(Bs - 1)
(1.5) (Z9) 111.7
axZ (28 - 1)
1I1.8

Rg+ 31X+ X ) (28 ~ 1)

and v;g are related through sequence impedances of

rotor impedances. Rewriting it
p S . 'p }
v_rl = 2 1n e Lro g
'p 'p 'p % eee I1I1.9
= I ‘
Ve Ziatey 7 Zrotre g
g the equations 11I.4 , I11.7 and IIl.9
'p - 'P oP 'p
= zroxrl zralra = 8K Va1 zuln 111,10
tp tp tp |
- 1 I - sas II.]-
Zrl rl Zro r2 Ira zaz. ' 1 3

Solving equation 1I1.10 and III.1l, one gets

1'P

oP
- 8K Vsl

rl 7. — 5
. (Al{" zro) (uai" ero) - &rl Zrz
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. 1 Kvgi
B, ko | En | e
s 8 ~8s T8
423 Zypg
- T %
- ;' K VOP oo I1I.12
Z 8l
o TR
: T4
z, Zr1 . Zpg
where ZL - "";5'- - 8 8 ; = R +JX see II1.138
7 7 L L
22 x0
s 8

This ean be called as load impedance.

Now K V§§ is Thevenin equivalent positive sequence

2
it T ze Thevenin

open circuit voltage of network 4.12(a) and s

| equivalent impedance of network 4.12(a).

A network can be represented from the equation III.12

as shown in Fig. I11.1.

' 2
Now I = —! & vOF 111,24
(Zlf'zrc)(zaf'zro) " Zn Zra .
Substiiuéing the values of I;i and I;g in equations I11,1(b)
and I11.6 respectively, the values of Igi and I:Z can be
written as follows:
oP :
1%° - 's1 - T 1'P 111,18
sl ° R+ ¥ TX, 7 TR Iy« de, rl )
"np j}“
and ISZ 3 " ~)-‘L I;g 'YX} 111016
B 4 §Xp +IX
28 « 1 9

Similarly these equations for negative sequence supply

voltage at stator terminals can be derived by.r eplacing s by (2 -s)
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In a simple load test on an induction machine using
belt or & loading machine, load test éannoe be conducted
beyond the slip at whioh the torque developed is meximum. In
order to conduct the test over the complete slip range from
0 to 1, the Ward-Leonard arrangemant shown in Fig. IV.1 was
used. In this a 4.0, dynamometer was coupled to the induction
machine under test and ancther d.,c. machine wvas ocoupled to a
synehronous machine. Both the d.¢. machines were separately
excited and paralleled., By adjusting the field current of
d.c. machine, voltage acroas the armature of the dynsucmeter
vas nﬂ:uptﬁd to get the desired speed. The inherent speed
torque eharacteristic of the dynamometer should be iunh that
1ts slope 1s greater than that of speed torque surve of induction
sechine at the point of intersection of two apceﬁ torque
characteristics, so that wachine runs atable at all speeds.
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NOTATIONS

w 2 2xf Synchronous velocity

n  Angular velocity of rotor

£ Fundamental frequency

8 Slip

R, 3t%stor reslistance

R, Rotor resistance '

X, Stator reactance at supply frequency

xr Rotor reactance gt supply frequency

Xm Magnetizing reactance at supply frequency

zaA ’ sz ’ ZBC Stator external impedances in lines &, B, C
‘respectively

Z Rotor external impedanee in lines A, B, C

rA * Zrp 7 2c
| respectively

ZSo ’ Zsl ) 332. Zero, positive & negative sequence impedances
of external unbaslanced impedances connected.
in stator

Z y 2 Zero, positive and negative sequence impedances

ro r1? zrz

of external unbalanced impedances connected
in rotor |
Vad I R.M.S, voltage and current
Two sub-seripts and two super-seripts are attached
to each voltage and current |
The first sug-script (s or r) denotes whether the
quantity exists in stator or rotor
The second sub-seript (1 or 2) denotes whether it is

positive or negative sequence quantity



net

Tp(pclk)
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The tirst super-seript (dash like § & .n;...)
denotes order of reflection.
The saecond super-script (P or N) denotes whether
the quantity ie generated from poasitive or
negative sequence supply voltage .
positive sequence component of supply voltage
Negative sequence component of supply voltage
Input impedance of machine egquivalent circult for
positive sequence supply voltage
Input impe®ance of machine equivalent eircuit for
negative sequence supply voltage
Average Torque when positive sequence voltage is
applied
Average Torque vwhen negative sequence voltage is
applied
Net average torque
Pulsating torque
Peak Pulsating torque
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