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PART A

UNBALANCED OPERATION OF POLYPHASE
SOLID ROTOR INDUCTION
MOTOR



-3 SYNOPSIS: =

In the present dissertation work, the unbalanced
operation of Polyphase Solid rotor Induction Motor has
been studied utilizing electromagnetic theory and Symme-
trical Component approach. As a preliminary step, starting
from Maxwell's equationsg, the impedance of the solid rotor
at various slips for both positive sequence equivalent
circuit as well as negative éequence equivalent circuit
are found out. A cfitical reviaw, on unbalanced operation
of Induction Motors, in general, has been presented. Later,
using the derived rotor parameters of the equivalent circuits,
the operation of a particular Solid rotor Induction Motor
1s studied especlally with reference to the additional
losses incurred due, to the negative sequence currents. It
has also been shéwn how the different phases are loaded when
various percentages of negative sequence voltagcs'aro
present. The operation of the motor while one of stator
phases 1s open, 1s also investigated. In the end, heating
effects are studied and an attempt {s made to determine
approximately the variation'of derating factor of Solid rotor
Induction Motor.

- wo-
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NOMENCLATURE

Arbitrary constantsg

Tangential component of flux density
(Wb/m?) |

Normal component of flux density
(wo/m®)

Volts/Phase |

Axial Component

Aty gap length

Magnetic field inteﬁsity

Tangential components of magnetic
field intensity of air gap and rotor

respectively.

Stator current per phase.
Positive sequence current
Negative sequence current
Yol

A ratio.zz

I

Pitch and breadth factor
Core length

Numbeyr of phases -
Number of pairs of poles
Ratios

Resistanci

Fractional slip
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Tonh or Tegg
. |
Va1sVi1,Ve,
Va2 Vpoe Ve,
Vabs Vet Vea
X

xlﬂ

z

r

G N = @

BOLS:

Time in seconds
Effective tums per phase
Torque

Positive sequence system of voltages
Negative sequence system of voltages

Line voltages

Reactance

Magnetising reactance

Alr gap impedance

Usged aﬁ a suffix for rotor parameters
Used as a suffix for stator parameters
Used as a suffix for positive sequence

Used as a suffix for negative sequence

Angle between I and I,, as an abbrevia-
tion.

=/
Abbrevlation
Arbitrary notation(real numbers)

Resistivity of rotor material -15x10‘9
ohmemeter ’

Pole pitch

Radian frequency (radians/sec.)
Permeability of free space -4:X10'7Wb/amp-m
Relative permeability

Y/piy an abbreviation



~ 3 INTRODUCTION: -

Cenexral Considerations and Scope of the Problems

The problem of unbalance is not new to the
power engineer. However, the study of an electrical
machine on unbalanced conditions has gained its impor-
tance as the supply gystems grew more and more complex
and further with increase of single phase loadings.
Hence, this necessitates the engineer to study the
operation of the given motor on unbalanced conditions.
We find that much study and investigation have been
done in case of normal Induction Motors ( wound type
and cage rotor type). Out of the different typesg of
Induction Motors Solid rotor Induction Motor 1s one.
Though 1t is used rarely for continuous operation due
to low torque and poor efficiency still, the solid
rotor machine is used for special purposes such as
* pony motors * for starting rotary Convertors and
Synch:onous motors. Also,the machine has its speciality
with its high starting torque, as s servomotor. Further,
recently it hag also been proved that the machine has
charactersgstics particuiarly sultable for solid-state
power controls. |

Probably due to the above mentioned reasons,

much analysis i{s being attempted in thie direction.



"D

As & part of the problem, it ig proposed here to study
the unbalanced operation of the Solid rotor Induction
Motoxr which, it is hoped, may lead to the better under-

standing of the usefulness of the machine.

Brief Description of the Problem:

The unbalanced applied voltages to stator
terminals of Polyphase Solid rotor Xnduction‘Motox-will
ad#ersely affect the operation due to the increase in
motor losses assoclated with eddy losses and also due
to the presence of negative sequence currents. However,
at the outset, a faclng problem in the analysis of the
Induction Motor i3 to determine the phenomena connec-
ted with penetration of magnetic fluxes in the solid
iron and distribution of cufrent. This has a peculiar
characterestic arising from the fact that the totor
impedance values alter according to the slip and
their relationship to the slip is to be determined
befére pxoceed;ng further. Once the impedance value is
known, then a knowledgé of varilation of losses with
varying unbalanceri might prove ugeful. Furthor. it is
algo of interest, to know whether Solid rotor Induction
Motor can continue to run 1f one of the phases is opened

while xunning.



Other common and important aspect of the
operation of Solid rotor Induction motor is from the
viewpoint of its heating and rating. These, of course,
depend upon various factors. The machine while produ-
¢ing its output must in general, meot its sbecified
performance. Another basic requirement is that the
1ife of machine shall not be unduly shortened due to
overheating. Hence, to know all these factors, variation
of losses, temperature-rise indication from these
losseg and the simultaneous loading of-all the three
phases under unbalanced conditions are the major factors
to know the new rating of the machine.

So, in the present work, the following cases
of unbalances on the operation of Polyphase Solid totor
Induction Motor have been attemptaed using electromagne-
tic theory and Symmetrical Component approaeha

1) Unbalanced supply voltagesto the stator,

11) One phagse of the supply voltage to the

stator belng open,
1i1) Double unbalance,

iv) Heating and derating.



CHAPTER-1

ELECTROMAGNETIC EQUATIONS AND SOLUTIONS:

1.1 Introduction:

A}

In order to find the operation of Solid rotor
Induction machine under unbalanced conditions, initially
the parameters of the stator and rotor are to be known.
Stator paiametars can be known from the usual methods
whereas it is not possibie ﬁo know the parameters of
the rotor which is simply a solid.

The object of this chapter is to find out
the equiyalent cireuit parsmeters of the Solid rotor
machine undexr consideration for both positive and nega-
tive sequence input voltages., However, the rotor being
s0l1d one 1t does not have clearly defined circuits.
The resistance and reactance of the rotor are to be
attributed to circuits‘spread over the entire volume of
the rotor. In such a case, we can not follow the method
of lumped circuit parameter approach since this falls
to take into account the actual electromagnetic pheno-
mena 1nvolved within the rotor medium of the Solid rotor
Induction Motox. Obviously the most direct approach to
such an eddy current type of machine i1s to formulate
a2 boundary value problem baged on Maxwell's electromag~

netic equationsg and solve them to obtain flux densities
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and therefrom to get other parameters of the rotor.

To analyse this physiqal~condition of the problem

1t 1s to be viewed from the point of mathematics to
enable ug to apply the mathematical principles easlly,
simultaneously representing the actual machine model
without loss of main physical features of the machlne.
Heie,the analysis is attempted with two types of machine

models under rectangular co-ordinatess

1.2 Asgumptions:

1) The curvatuxre of the airgap surface ig
negligible.

{1) sStator and rotor are of infinite length.

"111) Rotor has an infinite radial depth.

iv) The rotor regiOn‘is considered to be cbmpo-
sed of a linear, isotroplc, homogeneous
medium and a good conductor.

v) Infinite values for stator resistivity
and permeability.

vi) Hysteresis effects are negligible.

vii) pDigplacement currents are negligible.

l.2.1 Anaglysig:

A machine model as shown in figure 1 is
congidered. Hexe,it 1s further assumed that the airgap
is very small.



At the rotor surface,

H, = Re3( K, o3 5”“Wbt)§

The electromagnetic equations which govern
the field in a rotating machine are bagically depen=
dent upon Maxwell's Equatlons. For the rotor body,

. the Maxwell's Equations are:

Curl] H=1
Curl E = _-'g%
Dlv B =0

Algo, as for the assumption (4) if the
conductivity as well as the permeablility of the rotor

materfial are constant, then we'haVQ.

E= R}
B = gH

The sbove relationg are sufficient to reduce
the field equations to only one containing any one of
the variables B,H,E, 1. J

From equation No.l for two dimensional flelds

H , H, exist, Hi = 0

x* 'y

12 and iy do not exist.iz exists.

(1)
(2)
(3)

(4)
(3)
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Also, since Hx and Hy do not vary with. respect to 2,

4t can be found as:

oH o0H ’
Eiy - EVx * 12 (6)

and from Divergence Equation No.3

aB * . 9B '

Ox dy )
since, electromotive force only exists in axial direc-
tion Ez is present and Ex = Ey = 0. So, from Curl

Equation No.2 it can be obtained as :

v " " BT Ja
%, , By (2
ox ) 4

Thus, the space variation of E; has been corre-
lated to time ca&dluates. Now fxom (6) and (7) with some
manipulation it is obtalned as :

2By 8%, _ i 8By |
x * av' Q ‘ ot (8)

The above 1s the differential equation of
which left hand eide shows the variation of flux density

component BY with respect to space coordinates being equal




o
O

to variation of By with respect to time co=0ordinate.
So By should be a f (x,y,t).

The complete solution of the differential
Equation No.8 is as in Appendix No.l.

LN By = Re [{H%Q'W}'J(ﬁxvswctﬂ (10)

Algo, from divergence Equation

By = Re E_&Rlév?ej(ax-swot)] (11)

Now, to calculate the current density i, Curl Equation

XE = -'__g.g__ s used.

8x 8t

Therefore, E, wj_. o8 +8x
which meansg that i, = ,_i. BBy .ax
N

However, from equation No.lO

By = Re [EM%Q“YY}Q.’(BX‘SW;‘&)J

or aa ROE-juHoswge‘W} ,ﬁ'gx-»swot)J = --a———-—ag"

by equation(2)),



Hence E, = Re ['{:Ju;-!gswg .-W},S(.ewswot):\

Therafore, 12 = R.[{ -u-ﬁs\fl .-W},J(Bx-swot)‘] (12)
Now, Ampere turng = .g, mlﬂ%%lgﬁﬁ_’
4 _pla7) '
g0 that I, = - 13
ph .. 3 g-;i.?- - (13) 4
Also, one can write Iyp BS f,.dx.dy

o}
Hance,current per phage

0 L
négo{- 4 p.;l;{;swg .#-W}Qj(ax-swot) dxe dy

Thereforxe,

Ip = Re|dputhsm _ o (reswote 2)] (13)
3Tarf 8°Y

Now e.m.f Induced per phase can be found out from Blv
concaepte.

Therefore, e.m.f induced = R‘[f2”HoL~g~Teff ej(px—wt{]‘

Impedance = .g%é;;g%. both being peak values.

"'3‘“0 —Fe-»?aff

4ph H, sWy
STaff poY
Therefore,
7 =3 3LTEfECpY (14)

Zp I s
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which represents the expression for rotor impedance.

Since Y‘ui:,(ﬁ”* 23%9&)1/2 is a complex numbexr and is
of the form «831+38,

then -3(-01+438,) = 062+J0)
So,the condition is that the real part of ¥ should be less
than zero 1.e. negative and the imaginary part of Y should
be greater than zero i.e. positive.

For the purmposes of finding the unbalanced
operation of Solid rotor Induction Motor, the design
data for a typical type of Solid rotor machine were as belows

L u 0,14 moter

p =6
Toef = 408
@ = 15x10"% ohm-meter
B = 85.7
s = Glin _
B = ugur = 4%.1077.800 = 1.1073
Yy =@ 23_?&) /2 w (7380-3s 2.o9x1o°)1/2

From the expression (14) it was found thats
25 = -3 0.075 Y/8 '

KW
At higher slips i.e. s 0.1 this becomes 2Z = /Vs

so that Torque = K"Vs. Hence, Torque-speed Characterestics

approach a parsbola.
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1e262¢ Here another type of electromagnetic
model as shown in figure No.l has been attempted.
All the qssumptioni in 1.2 will hold good here.
In this case, Méxwell's Equations are to be writtem

(a) For the air gap which is a current
free region | |

(b) For rotor whose permeability is finite
and where eddy currents exist.(

In the air gap,

VX H=O0 | (15)
veBmoO - (16)
B = uH : (17)

In such a case after expanding the above equations, the
final differential equation involving one variable,
worksg out to be

2
By, 0”55 -0 (18)
X Y :
The above being a Laplace's Equation
in two dimensions has a solution as in Appendix II

By = Re [(Mﬂhw'ﬁv) ed(prwot) J (19)
where A and B are constants yet to be evaluated.
Also, from the divergence Equation (16) the tangentisl

component of flux density is given by
B, = Re [j (acPY- Be‘B‘I) ei(ﬂwwgt)] . (20)

Now, considexing the rotor reglon, as in case (1)
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we have, ag before

XH=1 (1)

XE=~ 32 (2)
B=0O ,,(3)'
E= 1 (4)

B = pH - (%)

which lead to the differentlal Bquation in one variable

_ 29 83
+ Y ™ _)_u_ .88
In such a case, the sclutions of flux density comonerits

. in the rotor region are found to be
B

y = Re [{w»\'y§ ej(ﬂm-swot)] (10)
By = m[{%’- g'YY} cJ (Bx-swyt){(11)

Now, the equations {10}, (11), (19) and
(20) are still general solutions since they have the
constants A,B and D which are not yet known. However,
these three constants A,B and D can be evaluated from
the boundary conditions by matching the two fields
at the rotor side of the air gap L.e. from the elect-
romagnétic theory of reflection and refraction. The
firgst boundary condition is "Normal Component of flux
density is continuous at rotor surface"

“d.e. Byr(atr gap)= ByIT(rotor surface)
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0T, a-[(n ePYan e'”)ej(ﬁ""‘"”]y._g

= Re \:D e” VY gi(ﬁ"'“ﬂ‘_ e (21),

Second condition 1s obtained from_thc'kﬁown value
of the stator smpereturns at the infinitesimally thin

curdent sheet,

d(AT) _ - ~
Ty W% Helat y=0 . : (22)
Also since “Tangential component of intensity of magne=
tisation is continuous at the rotor surface" the third
boundaxy condition will be |

HxI(air gap)™ Hxrr(in rotor) at y= - g (21)y
or R‘[%T{;(A e'-ﬂg-a eﬂg’} ej‘ﬁxmot);)

= Re E..j .i.? _é?;_} gj(ﬂwwot)J

So, the sbove expressed boundary conditions will lead
to three simultaneous equations involving the three

constants A,B, and D as belows

aeP% pePImped (23)
Ac"Bd B eﬂg - Ln.u ng (24)

| - PHp
AeB = uoM g N ¢ )

solving the above simultaneous equations for A,B and
D it i5 obtained as

- Ho Mg (v+plg
eTTBI3(1-m) - e(1-F) (147 ) ¢ (1-7) (26)
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: ) ﬂgMﬂ (Y"P)g 1
a = "e(Y*ﬁ)g(l_vL, - €(BI9 (137) ¢ (1+7)  (27)
al'ld. B
- ' ZioMp (28)
e TRIG (17 )- €\ 7P (14 )
- Y
where, 7| T

Thus, all the three constants A,B and D are expressed
in texms of Moﬁ-Y.Q which are known.

Now, to evaluate the magnetising reactance
and rotor impedance, the alr gap induced e.m.f and |
current are found as in case(%). _

The induced e.m.f in the stator is based
on Blv concept where By is given by equation (19)

Thexefor., induced e.m.f = . -
- m[ \(#B)I eJ(BX‘Wtﬂ Lxwp 2THnt

Emax ™ - |(A~>B)| L2 2T
Algo, current ig found from (AT) relation

if.0. ‘At)inst = R‘[(“ SJ (gx-wot)]
‘ where M w.g~> Eﬂﬁ%széh

Thonforo.. Imax © m—; (13)

I(Ma)L;;o 3 24

Now, in the above genersl expression for air gap impe-

alr gap Impedance = (29)

dance magnetising reactance can be obtsined by puting
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s»0 and utilizing suitable approximation.

If, s= 0 then Y = g and = 3%:

Further, using suitable approximatfonsg Equations (26)
and (27) reduce to the foxr: as

0 o Lt Bt

o o M (31)
B=TeTsa] : |
ThQXQfO“.
(a+B) = BaB (14pq) - (32)

. | . | "
Hence, Magnetising Reatance = (A+B) L;" 3T, (33)

Now, for the particular solid rotor Induction Motor
under consideration from equation (33) the magnetising
reactance ig given by )
1.035X3 = noM , Lxw, TE's .
1.5% s Lxw T'?}
= o °o__ph
P9
= 69 ohm.

As a rough check to the above expression from P.L. Alier' s'

Book (Ref.13) Page 180

6.38 qus(K )'!‘1
P9
6.38X3x50X(408)*(%.51)*
<O173X38X

= T77.8 ohm.

Xm



Also, it is known that ¥ = Yp + Yy
Putting o« = ¢ (v+p)g (1=7 )
oy = € (Y-p)8 (147 )
from (26) and (27) on simplification it can be obtalned

ast
(0(1+¢(2)
!'(1*125

so, following the same procedure as outlined in case(i)

Z = ugplaytes)  Lrw, 3T
| K-<2] ~%*

it can be shown that Mt o 1- VLE'@-
“}"'“2 Bo N

A+B = p . Mg

80, ' :
Liwy o TOR - 4.6%8(po=")
Zp = o Ho p plpo- " (34)
R P [-3.14-6.1 gg+3pigs
for the S5o0lid rotor motox undezx
consideration.

Hence, it ig found that Zy is a function
of fractjonal slip s sinceit contains slip term. Since
all the quantities are known it can be evaluated

numerically.

w000«



«3CHAPTER Il:e

REVIEW ON_UNBALANCED OPERATION OF INDUCTION MOTORS:

ﬁ“w—-w—

2.1 Introduction:

in general, it is observed that though the uge
of Induction Motor is prevalent since a long time,the opera-
ticn of the Induction Motor on unbalanced conditionsg was
not fully investigated till the middle of twentieth centary.
One of the reasons might be that probably the supply
systoms in those times were almost balanced as many of them
were localized. Secondly, the theor®tical analysis of
the machine was not complete enough to explain the unbalane
ced conditions. .

On these lines, 2 paper by Charter and Hilderbran&})
first in its kind, though preliminary in nature was publigh-
ed in 1909, It appears that not much significant work was
done on this aspect for cquite a 1dng period after 1909.
Howaver, the subject galned its importance with the increase
of single phase loading of the supply systems creating
often unbalances in supply voltages. |

With the theory of Symmetric¢al Components intro-
duced by C.L.Fortescue (1919) the problem of attacking the
analysis of Induction Motors §n unbalanced conditiong has
become rather somewhat easiex. Hence, utilizing the method

of $ymmetrical Components J.E.Williams(a) contributed a good
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work of analysis as well as experimental evidence to the
unbalanced operation of Induction Motors and relterated

the importance of the invegtigation into the extravlosses
incurred in such a case. Brown and-Butler‘3) have developed Q
fow routine type of analytical methods to analyse the

situation of different conditions csusing unabalance.

Since the additional losses cause heating and
temperature-rigse which in turn reduce the over-all capacity
of the machine the attention was drawn towards the "heating
and ‘:emperature-rise of the Induction Motor under unbalanced
voltages® and in this connection Duesterhoeft and others(4)
tried to investigate the causes and effects of heating.

However, from the present trend of the recent
papers(e’g“ig) it appears that much importance is attached
to the question of finding the allowable ocutput from a
three phase Induction Motor on unbalanced vditage supply,
in othexr words, how far the machiho 1s derasted? On the

(8,9)

game lines Rovy, Rama Rao and Jyothi Rao(lo) tried to

investigate the variobs methods to find the derating factors.

2.2 A Critical Review:

The state of the art on the theory as well as
experimental methods of unbalanced operations of Induction
Motor are reviewed here. A brief review regarding the same
is included hore because of its gimilarity with the theoxy
of Solid rotor Induction Motor in many agpects. The exceptlons
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are, however, indicated wherever necessary.

Charter and Hilderbrand(t)(l909) in their pasper
regarding the unbalanced operation of Induction' Motor
(both cage rotor and wound type) have encountered in a
most elementary manner and presented their test data with
some useful comments so as to bring about the importance.
The authorgg)have realised that "The operating limit of
a motor as determined by the temperature in any one phase
is reached when the current in that phasé has attainéd its
" noxmal full load value". It was axperimentally shown by
these authors that the performance is practically indepen-
dent of the nature of voltage unbalance that is, whether this
takes the form of two wltages equal and the othexr higher
or lower of all the three at different values. They have
further observed that "two high and one ;ow voltage sppears
to be the worst condltion®". Another lnterosfing feature is
that the suthors made an attempt to find out the extent
to which the reduction in capaclity is affected through
voltage unbalance by comparing the performance of three
commer¢ial motors differing in type, woltage, and rating.
The worst performance of all the machines was observed to
be that of 2 H.P«. 3 phase, 110 volts Induction Motor in
which an unbalance of 10¥ caused a reduction in capacity
to about %54%. The main conclusions drawn in thig paper(%}o:
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(1) Unbalancing of voltage and phase-shift
leads to serious overheating in polyphase motors.

(11) The phase-shift is found to be relatively of
more importance where there is possibility to seperate the
affects due to phase~shift and voltage unbalance.

(141) The reduction in capacity (presently known
as "derating") due to either phase-shift or magnitude
unbalance causes a worse performance.

Among the above conclusions, no attempt has been
made to assess the approximate degree of overheating in
conclusion(i). Conclusion (1ii) appears to be s hypothesis
since no support by theorftical approach was given. However,
coneclusion (11i) attained more importance® later and at
present this aspect is often called as "Derating of Induce
tion Motors”. Thus, though the authors(l) did not enter into
detailed analytical investigations they have emphasised the
{mportance of study of unbalanced operation.

It was Wllliams(z) who possibly for the first
time tried to investigate the maln effects of unbalanced
voltage on the operation of Induction Motor where he ascertalns
- that thé main effects are incroased losses and unbalanced
1ine currents. In his analysis, positive and negative
sequence voltages are evaluated from a set of known line
voltages by the method of Symmetrical Components and method
of querposition. Finally, the motor losges are estimated



and the variation of the added losses in percentage of
full load for various negative sequence voltages have
been studied for motors of single cage rotor and dobblo
cage rotorx.
The main conclusions of the author were:
(1) The additional losgses due to operation
on unbalanced voltages are larger than for motors with
multiple cage rotors.
{1i) Unbalanced line voltages cause non-uniform
digtyribution of stator copper losse.
(114) sSmall unbalances in voltage cause larger
unbalaneces in line currents.
| (2) is
from the view-point that it gives a method of rapidly

However, the importance of this paper

finding the positive and negatlve sequence comiponents of
set of unbalanced voltageé and currents when the magnitudes
of these line voltages are only known. Especlally, the
second conclusion is of utmost importance with reference
to Solid rotor Induction Motor since multiple cage rotor
machine is also basically an eddy current type of machine.
Further, third conclusion gives an indication that the
machine c¢an not be op&rated at rated outpﬁt continuously
without overheating.

ﬁmwn and‘ Butler(s) (1933) in their paper have
analysed different conditlons of unbalanced operation that



can often occur such as :
(1) Primary (Stator) unbalance,
(11) secondary (Rotor) unbalance.

With the assumptions of negligible saturation
vand validity of superposition they attempted to analyse
the above cases of unbalance by the use of "Inspection
Equations® through Symmetrical Component theory approach
and also presented the variation of phase sequence para~-
meters Z] and Zy by experiment. However, in this pnpt:(a)
the case of doubls unbalance, 1.e. combination of cases(i)
and (11) have rot been considered.

Later, in 16%G, a bapar by Gafford, Duesterhoeft,
Mosher 111(4) surveys the effects of unbalanced voltage |
and presents the results of heat-run tests on a particular
motor. They have analysed and shown the great detrimental
effects of voltage unbalance on line currents and tempora~
ture rise of Polyphase machines, and made the following
recommendations:

(1) Tests to determine the bohaviour under
unbalanced voltagcloperatidn should be on a wide range of |
classes and sizes of motors.

(11) Data such as Rge Rrye Zme Zrl' Zr2 should
be listed for judicious derating to account for unbalance.
They concluded that eddy current machines such as

deep bar or double cage type dissipate more power par ampliere
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of negative gequence current than for an equal pesitive
sequence current. They made clear that it is not the total
copper loss that indicates the maximum teﬁperaturo rise
of the motor under unbalanced supply voltage conditiong.
Berndt and Schmitz (1962) (s) in their paper
presented the results which indicate ths need for a sovere
reduction in the rating of the motors when operated with
unbalanced line véltages. They have considered derating ’
for varying amounts of positive and negative sequence applled
voltages. An interesting feature 1s that the suthors
examined the most unfavourable cdnditions for unbalance,
and discloses further in more detail just how serious these
heating effects are going to be Qndcr the most adverse

conditions.

Recent Works:
Nagrath and Sahnité) (1967) have presented an

unique method of analysing the problem of Induction Motor
with double unbalance i.e. stator and rotor both having
unbalance in their circuits. The assumptions are the same
as before and basically utilizes the method of Symmetrical
éomponents. They developed a method that can be called as
“Reflection theory™ which states that "When a positive
sequence is applied to the stator terminals of an Induction
Motor with unbalanced impedances both in atator and rotor
circuits infinite number of reflections result®. In such a

case the positive and negative sequence currents of various
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oxders of reflection create their own rotating fields
in the alr gap. Following these reflectlions, equivalent
circults are developed upto the required order of reflec-
tion for both positive and negative sequence applied
voltages.

After Berndt's work (1962) on derating factor of

(8'9)(1967) suggests a method to compute

Induction Motor, Roy
the relative magnitude of allowable load in texms of the
rated load and further includes a generalised chart that can
be uged for any type of induction Motor. However, this
necessitates a knowledge of temperature coefficients that
are to be deterxmined .xpcrimentally. In his method, the
transfer of heat from the different unevenly loaded phases
has been taken into account by introducing coefficients of
heat transfer. Expressions for the derating factor at any
voltage unsymmetry have been developed with and without
the detemmination of additional parametexs such as heat
transfer coefficlents. In Lits companion paper Roy‘g)
analyses the situation of thxee phase Induction Motor on
single pﬁaso circults i.e. on one line open giving due
consideration to temperature problem under such condition.
In a mst recent paper {Jan.1968) Jyothl Rao
and Rama Rao(10) went a step further and macde an attempt
to incorporate the effect of winding details and heat
conduction in determining the re-rating factor of the

Induction Motor on unbalanced voltages.
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OP T N LY HOTO INDUCTION MGTU 0
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3.1 Introductions

When the voltages applied to stator terminals
of a three phase Solid rotor Induction Motér’are unbalan-
ced, the motor performance is modified. As usual, the
approach to such a problem can be by the method of
Symmetrical Components. The unbalanced voltages are split
fnto two gets of balanced voltages of positive and nega-
tive sequence respectively. The behaviour of the machine
to the positive sequence voltages will be normal. The
negative sequence voltages, however, set up a reverse
rotating field so that if the fractional slip of the rotor
fis's' with respect to the positive sequence, then it will
be (2-3) to the negative sequence. For moderate voltage
unbalances, the machine is principally affected by I*R
losses due to the praesence of both positive and nagativc
sequence currents. In such a case, the positive and nega-
tive sequence currents are functions of thelr sequence
voltages and the machine constants Rp;e Xme Xr) and slip s.
Depend®ng upon the values of the Solid rotor circuit
parameters the line currents are also unbalanced. Here,
the rotor impedance, evaluated frotm the basic principle of
electromagnetic theory, can be used for finding the performas

Ce.
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In this chapter, an attempt is made to
avaluate the losses of a Solid rotor machine on unbalanced

voltages, thus analysing its performsnce.

3.2 Resolution of Unsymmetrical voltage phasors into
Sequence Componantss

From the basic theoxry of Symmetrical Compo~-

nents(‘u) |
B 7]
VABW VaB, |
Vac [= A | vam (3.1)
| Vea 5 VABo |
1 1 1
Where A =1{1 a% a
1 a a®

or it can be written as

VAB]. = A"'1 Vpe (3.2
| VaB2 | Vea |
1l 1
Where AL = % 1 a of (3.3
1 8 a '

Now, by expansion of (3.2) the sequence voltages are

expressed in temms of line voltages as
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VaBy * %(wm%wmd '5

N .
VaBy = % (Vap+a.Vpcta®.Vca) > (3.4)
VAB2 - % (VAB"'BQ'VBC*Q’VCA) J

Further, for a phase order ABC the other line voltages

are given by

VBC) = a®.VaB), VBC; = 2.Vap,
(3.5) (3.6)
VCA) = a.VaB) VCAQ - aa'VABz

To find out Vap), VaB, etc from the known unbalanced line
;altagos VaBs VBC, VoA Bquations (3.4) are to be used.
However, another approach 1s from the utilization of agsymme~
try of the phasor diagrams and analysing graphically to aecount
for all patterns of known line voltage unbalances.(z)
When line voltages are unbalanced, the line
voltage phasor diagram can be represented as shown in
figure 3 by the triangle ABC. It can be observed that due
to asBymmetry of unbalanced phasors the AABC is no more
equilaterai. Taking D as origin, let the point C be at
a distance 'r' from D and further let the co-ordinates of
C with respect to D be C (x.V,y.V) as in figure4 .

Then DF = %V and CF = vy.V



- From the phasor diagram
" Vap ®  Vapto
Ve = VeptVic , (3.7)

» Vea = Vpa-Vpe
Also Vpe can be written as (figure4)

Vpe = Vix+jy) ‘
nc (3.8
-Vpe = Vi{-x=Jy)
Then, Vin',» VBc', V&a are a set of positive gequence
balanced voltages and
Vag = 0 ¢ VBC = Vpc 3 Vga = Vpa (3.9

The voltages Vjg, ifﬁc. VGa contain all the negative sequmce
and also a2 little contribution to positive sequence. On the
basis of Equation(3.4) and (3.9)
VaBp = % (8% Vicra.Vga )
Also, from figure since Vﬁc = y(x+3jy)
VEA = V(=x=3y)

1t can be written as
VABQ'% [a° V(x+ly) +av f—d-i?)_]

n; {ﬂa’-alwfa”d«a-.‘!)]
Therefore, Vap, = 3l y- %) (3.1

Also on the sémo lines VABl = ﬁ[_(l'*ﬂﬂx] (3.1
To express Sequence Components in temms of

unbalance factors p and q using trigonometry,
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a6

x = (P+Q)*kP“QfL (3.1
2 .

y= B3 VTSm0 (3.1

Té—- lnq) - /2")() 30 \

However, the above derivation assumes a condition that
VCA<<&AB<<VBC‘ It can be noted that it 1s only for convenie
ence, this condition is imposed.

Let Vea = V :
pe YCAT TR P (3.1
Vav 1+ BS
q= YAB-TEC . __a (3,1
Vav 1+ 2.39
It can also be seen that P/Q = p/q (3.1

Bquations, 3.12, 3.13, 3.14, 3.15, 3.16 indicate
that 1f Vags VBCs Voa 2re known p,q can be évaluated hence
the sequence Components can be known.

It can be stated that the terms P and Q
indicate the pattexrn of unbglance. This helps to find out
percentage of positive sequence voltage, as well as nega-
tive sequence voltace for many patterns of Q/P. Graphs
are developed as in figurese;n§2) to directly find out the
amount of positive sequence voltages as well as negative
sequence voltages for 3 knowh value of Q/Pe

' | So, instead of calculating the Sequence Compo-
nents from the known magnitudes of line voltages, one can
rapidly find the‘positivo and negative Sequence Components

of a known practical get of unbalanced voltages graphically.
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3.3 Calculation of Sequence Impedancess

The input impedance to positive sequence voitagos,

Z), and the input impedance to the negative sequence voltages
Zy, are evaluated from the equivalent circultg shown in

Figure 5 as below:

‘ 3 a
21 = Ret T 43 Xyt BrpXetXn XXt Xp)
rl Xry+Xm (Ryy ) 34 (Xpy+Xp) 2

o
Z2 % Ry 4Rl X W_
2 R T R i Rrp) 34 (X g # Xen) *

In the above‘expressions. Rgs Xg» and Xy are

known. le - Rrj+jx!1'is ;aléulétad whcn'sifp_b is bgtwonn.

0 ¢t 1. similarlytz is calculated when slip 1s batween

T2
l to 2 4ie. s'=2-3.

Both of these valueg of rotor impedance are
from electromagnet;c'thoo:y appxbach‘basod on Maxwell's
Equations as given in chapter I.

Rotor impedance values are listed belows

- Zrl Zr

2
0.04 365+ §405 5%5.,0+§%5.0
0.08 218+ 3225 5%, 1+4455.1
0.10 242+3242 55,3+35%.3
0.20 168+ §168 56.84356.8
0.3 139+3139 %8.6+3%8.6
0.40 ' 12143121 60.3+360.3

0.50 108+ 4108 62.3+362.3



0.60
0.70
0.80
0.90
1.00

3.4 Synthealis of S an Currents to obtain Line cur

in

90.1+390.1
85 3¢385. 3
80.5+380.5
76.44576.4

Z,Q
64.%4+364.%
67.0+367.0
69.6+369.6
72.94372.9
T6edt3T6.4

Once the gsequence voltabes and Sequence

impedances of the Solid rotor motor are obtained the

currents are given by

The line currents are obtained by usual techniques of

= -Y-b-}'- = a‘lal

Z1

V,
......c..‘!..‘ aIal

23

Iaz

Ib2

= VAQ
22
. Vbz
t -
%5 = aly,
- ch cadl
Zo 82

analysis and method of superposition. Then

Ia

or I! = Ial VI+kn+2k003 o & Ial ’kl

similarly,

7 Ip® Iy Vi4k¥+2kcos (x+120) = 140k,

Ie= 1,3 VI+k®2kcos («=120) = I

aluks

ts:
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Thus, to find out the line currents only
Ia1+ k and « are to be known. Hence I,, Iy and I
¢can be calculated.

Now, Stator copper losses = 31}, R,+31§2'R .

The above equation shows that there is an additibnal

loss term due to negative Sequence currents seperately.
This 15 the second factor in which we are interested in

the case of Solid rotor Induction Motor.
3.5 gffggtg of Unbalanced voltgqges on losses of Solid
rotor Induction Motor:

Following the lineg of fho analysis mentioned
above, the effects of unbalanced voltages on the operation
of a particular Solid rotor Ihduﬁtion Motor of 2 H.P.

50 cps, 400V, degigned and fabricated in the doparfmont of
Electrical Engineering has been studied. Since the motor

is basically a Solid rotor i1t has a high starting torque
with a high rotor resistance. Now, for a slip of 0.04, 1if the
line voltages are unbalanced so as to give 20¥% of negative
sequence voltage,

then Z) = 8.73+3 102.4 = 103 L§§?

Zo = ¥7.743 76.9 = 79.4 |77°
th = 20¥% of 230 = 46 Volts.

v 23X2 |
132 = ....%g_ - wzf_a_..' 0.582 Amp.
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The added stator losses due to the negstive sequence
current are equal to 3 Igzo Ry ™ 3(n.582)® (4.1) = 4.2 watts.
Further, the negative sequence electric input to the rotor=

= 3¢(I,,)" (er-n‘)

= 3 (.582)3(17.7-4.1)

= 13.9 watts.
An additional amount of power éubtracted from the mecha=
nical output and converted to rotor loss

= (Fs-1)313, (Rp - Ry)

= 0.96X13.9

= 13,35 wattse
Hence, total additional loss

= 4.2 + 13.9 + 13.35

= 3]l.6watts.
So, it is found that total additional losses due to 20%
negative sequence voltages are about 16.62% of nommal
losses of Solid rotor Induction Motor under consideration.

As a mattexr of interest, in the same manner,

the additional losses due to the presence of various per-
centages of negative sequence voltagos are calculated.
Figuyre 9 is a curve showing the variation of additional
losses with 4increase of percentage of negative sequence
voltages on the abcissa. For a given value of slip the
negative sequence input Impedance 1s constant, hence the

additional losses due to negative sequence is proportional



to the square of the negative sequence voltage. (gee Fig.9)

3.6 Varlation of 11n§ currents of Solid Rotor Inguction
or spec ed unbalanced voltages:

Since the impedance of rotor is indirectly
reflected to stator side, it becomes important to consider
as to how the line currents vary with different types of .
unbalanced conditionsg. » |

To determine the-variation of line currents of
Solid rotor Induction Motor under consideration, calculs~
tions are made for different sets of unbalanced voltages
with various patterns and graphs are shown in figures tﬁ&&

As an 1llustration, for a practical case, a set
of unbalanced voltages_are found to be

VAB = 404 Volts

Vg~ = 378 Volts

C

Vgy = 418 Volts

The unbalance factors P and ¢ are given by

P M " 418 - 404 = 0,03%

Vv 400
VaB - V 404 - 378 '
=
Q %—B& = . . - = 0 '065
0.06%

Now, with an idea of unbalance factors P,Q and
their ratio the percentages of positive sequance as well

as negative sequence voltagss and the angle between them is



found as explained in article 3,2 from figures 6,7 and 8.
Hence, Val = negative sequence volts present = 7.5%

Vas = positive sequence volts present = 99.7%
an = 16°

whe re Val is the reference.

Angle betwean Val and V

Accordingly, the positive and negative sequence currents

are given by

230%0.977 ‘ ‘ o

, 100
Toy = 2000020 = 0.23 |-96.2° amp

Hence the ratio of negative seaquence voltage to the positive

seqeunce voltage

1
k .,.r.__."2 = 023 . p0.108 | 11.1°
a) 2:22 {__"_

From article 3.4,

ky = V1+k%42kcos « = 1.1

ko = Y1+k3+2kcos(x+120) = 0.93

kg = Vi1tk342kcos (120~x) = 0.92

Hence, the line currents are
I, ™ 2.22X1.10 = 2.44 Amp
I ™ 2.22X0.93 = 2,07 Amp
I, = 2.22X0.92 = 2.04 Amp

The above results clearly gshow that the three

phases are unevenly loaded. Howaver, by increasing the
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value of P.in steps one can gtill méintainjg_ = 1.86
and further find out line currents for different values
of increasing negative sequence voltage.
Now, 1f §~ = 1.86, and P = 0.1 by repeating the above
calculations the line currents were found to be as

I, = 2.64 amp

Iy = 1l.914 Aﬂq:

I, = 1.980 Amp

Thug, an 1dea of overloading of any phase g%
obtained for a given pattern of unbalanced supply voltage.
As a typlcal study, the calculations were extended to two
another practicdl sets of unbalanced voltaljes on Solid rotor

machine as below:

Set No.IX Set No.III
Vyp = 410V VAB = 360V
Vg = 370V Vae ™ 340V
Vga = 430V Voa = 468V

and the curves of figures 10,11,18hshow their vartiation
of corresponding line currents indicating uneven loading

of phases in each case.

=00«



-3CHAPTER IVi~
STIATOR OPEN PHASE:

4.1.1 ntroduction:

Much work appears to have been done on the
performance of normal three phase Induction Motors with
wound rotor or squirrel cage rotor while one of the
phases are open. However, the author is unaware of any
paper being publighed regarding the performance of the
Solid rotor Induction Motor with one of the supply phases
open. In any type of Induction Motor while considering
various conditions of unbalance it becomes necessaxy to
congider the operation of a three phase Induction Motor
with one line open, since it can be recognised as the
extreme case of ungymmetry that may occur: In such a
case, it is a well established fact that a normal Induce
tion Motor has no starting torque, but an already running
motor continues to run even if one of the phases is
suddenly opened. Obvioqslv, there arises a question as to
whether a Sollid rotor Induction Motor already running, ¢an
continue to run {f one of the phases of supply temminals
is kept open suddenly. In this chapter an attempt has been
made to give an answer to the above questions
4.1.2 .

Considexing a Solid rotor Induction Motor underx
the normal conditions of operation it is known that the
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torque 1is ﬁroportional to square root of the slip or

in other words, Torque-slip characterestic approacheﬁ a
parabola at a given supply voltage. The Torque~glip charac-
ter¢stics axe shown in figure 13. It can be pointed out
that as the supply voltabes are reduced the nature of the
Torque-slip characterestics remain approximately the same
while magné¢tudes of torque get gradually reduced which
satisfy the requirements of a servomotor. In gsuch 2
condition the circuit disgram is shown to be as shown in
figure l4.

Now, if one of the phases (say phase B) 1is opened
by switeh Py while the motof was running, then the circult
dlagram reduces to that of figure 14(b).

On account of this, it is obgerved that, one of
the phase voltages Vo has reversed in its direction.

Under these conditions it can be pressumed that the point
of operation gets momentarily shifted from charactergstic
number 1 onto the other character¢stic No.(3) which shows
the prcsénce of a negative torque. This torque being in
opposite direction tends to bring the rotor to a stand-
still.

Hence, from the above explanation it may be
concluded that 3 Solid rotor Induction Motor running,ceases

to run 1f one of the phases of supply terminals 1s opened.



4.1.8

An analytical proof to the extent of the above
physical phenomena is attempted below:

From the basic approach through the electio-
magnetic theory and on the basis of Maxwell's equations
the expression for the rotor impedance has been found
to be

2 = .'S'.H.’.'..-’!l. for a given Solid rotor
R Vs
Induction Motor,
= K for positive secuence
Vs
K

= for negative gecuence
»va:;~ g qut

If stator leakage impedance is neglected,

forward torque developed Ty = Ig2 Rry
backward torque daveloped_ Ty ® Igz Rr2
Ty, = Va . Rr = K, Vs Qhere Ke 1s a
va constant
R
T, = 2 X = K, V=%
SR DR} = ¢

Net torque T = T)=T, = K. ( V&= Y23 )

The above relation indicates that

for & =1 net torque is zero

and for 0<s<1l net torque is negative, which mean that the
the motor comes to a stand=gtill at slips less than 1,



4.2.1 Case of Doubla Unbalance:

Basically, the unbalanced operaiion of an
Induction Motor can be clagsified into two categories:

(1) Single unbalance i.e. unbalance created
elther in stator or roter.

{(11) double unbalance i.e. the unbalance created
simultanecusgly in étator as well as in rotor.

The problem of double unbalance 1s generally of
practical interest gsince it is noted that under double
unbalance, excessive voltages may be present in stator.
and rotor circuits that may damagé the insulation.

In the case of a solid rotor Induction Motor,
double unbalance c¢an not happen since the xotor 1s a fixed
one in which no external impedance can be inserted. Algo,
internal rotor unBalance can not be used as a means of
speed control since it.has the solid rotor that has no
accessibility.

Henca, 1t is felt that the problem of double
unbalance does not arise in the case of solid rotor

Indugtion Motor.

=000~



-t CHAPTER Vi~

HEATING AND DERATING OF SOLID_FOTOR
.———_—-‘-‘—-——-———-B

5.1 General Introduction:

It has been obgexrved that excessive heating

is generally experienced when Induction Motors are
| operated with unbalanced voltages. In such unbalanced
conditions, there will be definitely temperature-rise |
above that of the temperature under normal balanced opera~
ting conditions. This is primarily due to increase in |
copper loss and also due to unbalanced spatial distri-
‘bution of stator copper loss. Also, negative sequdncc
current has an additional effect creating more heat.

5.2 Caugses of Heatings

5e2e1 when a three phase Solid rotor Induction Motor
operates on an unsymmetrical voltage suppiy, here also,
the currents in different phases are unequal. Accordinge
ly, there 1s likelihood of one of the phases being over-
loaded while the other two phases are being normally
loaded or even less than the normal load(vide chapterIIl).
Obviously the question will be at what conditions the
worst situation can occux? Basically, since Solid rotor
Induction Motor simulates a normal Induction Motor with
respect to its stator side the analysis can be adopted

in the following ways
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1f Tag o4 (5.1)
Ty
following the method of superposition from the phasor
diagram, |
I, = I+ Iap | (5.2)

from the law of resultant of vectors,

I3 = I3, (1+k*+2kcos «) (5.3)
= xgl (14k3+2kcos 120+x) (3.4)
13 = 13; (14k%+2kcos TX-X) | (3.5)

In the above, if k=0, then Ia = Ip = I, which
shows the case of balanced operation. Now, when the
currents are unbalanécd. the value of k and « will
differ accordingly. Considering phase A alone, the worst
condition of unbalance can occur when the current in
phase A becomes a maximum. That is,the current in phase
A will be maximum only when « = 0 or in other woxrds,
when phasors 1‘1 and I,, are collinear.{Figure No.[5a)
Therefore, I3 = 1:1 (1+4k3+2k) - (5.6),

or Ia= Iay (14k) . (%.6)

This expression gives an indication that the maxie
mum copper loss is dissipated in phase A compared to that
of the phases B and C when « = 0 1.e., when positive sequence

current Iaj, and negative sequence current Ia2 are in phase.
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Under such conditionsg, it 1s in phase A in which one

can expocf maximum heat production that causes a maxie

mum temperature rise.

Be2e2
However, from the phasor diagram, it is found

that when « = 60° (Equations 5.3,5.4, and 5.5)

I3 = 1§ (l+k3+k) (8.7)
I = 15, (1+k%=2K) (5.8)
IS = 13, (L+k3+k) - (5.9)

Hence, the above condition also leads to maximum
overall loading since two phases A and C are equally
overloaded depending upon the value of k while the third
phase B 1s least loaded. This means that maximum heat
ls dissipated aqually among the two phases A and C, (FF %5 ¢6)

5.2.3

For a given value of k it can be noticed that
equation (%.6) gives a higher value than equation (%.7).
Hence, it means that though both of the cases 5.2.1 and
5.2.2 lead to the worst condition from the point of view
of overall temperature-rise, the maximum to which pﬁast A
¢an ba loaded is from the consideration of case 5.2.1
where the phase A is extremely @verloaded.

Congidering case of 5.2.1, equation 5.6 shows that
a negative sequence current of 0.5131 i.e. when k = 0.5,

produces a 25% increase total stator copper loss and 125%
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gtator copper loss coupled with a some what greater
increase in rotor loss which in turn causes an increase

in the average tempesrature of the machine. However, the
increased heat dissipation in phase A and décreased heat
dissipation in the other two phases can cause only a

,mall difference in overall average tomperatﬁro—rise of
the machiha 1f the thermal conductivity of the material

of iron between the phase belts tries to balance. However,
1f the thermal conductivity is poor in phase A then 125%
increase in heat broduction in phase A obviously can result
in a hot spot. Especially if the machine is of high voltage
rating, then due to the increased conductor insulation hote
spot effects can be more digastrolds.

With respect to the rotor, the negative sequanﬁé
currents in the rotor at a per unit frequency of (2-s)
presents a higher resistance to these eddy currents.
Hence,it is expected that negative sequence currents
. produce more heat. Now, the hoat devsloped within the solid
rotor can be duickly dissipated since it basically 1is a
homogeneous medium. Hence, heat of solid rotor is effec-
tive in further increasing the temperature of stator
windings since there is a direct transfer of heat through
the mgdium of the small air gap which already gets heated
up due to increased temperatuze of tﬁo stator coils.

Hence, it 1s expected that eddy current type of motor
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dissipates more power ampere. It becomes necessary that
negative sequence currents shoqld be given importance
while determining the copper loss. Since it shows that
total copper loss does not indicate the maximum tempera-
ture-rise. So unbalance fa&tcr should be known. However,
roughly the relation Ii*klgl where k < 1 indicates the
maximum temperature-rise conditions.

Thus, in the above paragraphs the detrimental
effects of unbalance on line currentsg as well as tempera=-
ture-rise of Polyphase Solid rotor Induction Machine have

been indicated.

%3.3.1 Dgratings
Since it is established that under unbalanced

voltage supply the Soiid rotor machine 1s associated with
increased losses, the machine can not be operated contie
nuously at rated output without overheating. The only
alternative to avoid overheating is to operate the
machine somewhst at a lower current than the actual
rated current. In such a case, the rating of the machine
will be reduced below its specified rating by design, or
in other words,with respact &0 1ts actual output we can
say that the machine 1s "derated”. The factor by which the
machine 1s derated can be ¢alled as a derating factor.

Now, the derating factor of a Solid rotor machine
can be said torgzhction of the following:

(1) Negative sequence current or . the ratio k

which in turn depends upon the ratio of;Eg,.
2)
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(11) Heat transfer ooefflcients of matetial of
stator slot insulation, rotor etc.

In such conditions as explained above, 1t 1s of
valuable ipterast 40 have an idea of alldwable output
under unbalanced voltage aupplf. Since the posifive and
negative sequence 1mpedancoslb§yv already been evalua-
ted the same have been utilised to éstimato approximately
the,allowabio load of Solid rotor Induction Motor.

Now, I Vo 2
IR

also, I, *flfl'ﬂc)
v rated voltage

Now, rated current I, ™ 7y = = 7 .
Now, I; = --I[& (5.1

If the motor were not to be overloaded under condi-
tions of unbalanéod voitaga supply the motor must run at
such a load such that the load of the higheast loaded phase
may not aexceed the safelimit, that is the rated value.

Hence, Iy = I,~I5 for the worst condition, ' (5.1

Since, 12 | - gzo % Ir
So, the positive sequence current should be '
v VA ‘
I, =1 (1-V3_. 1 (5.
1 r -2-2-)

To avold overheating, the positive sequence current
should not exceed the value in (5.12) shown above. Now, to
obtain an indication of variation of derating for all
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practical purposes it is assumed that the output is
directly proportional to the positive sequence current.
Thus, the maximum allowable output or Re-rating

of the machine under unbalanced conditions is

] V L ] 21
P, = (2 VZ ‘2‘5) (specified rating)

The factor in the brackets can be named as Re-rating

factor since it is the the factor by which the new rating

is determmined under conditions of unbalanced operation. The

variation of output for the Solid rotor Induction Motor

under consideration has been detemined and obtained as

in figure 16 for a known value of Z = 2.88. This
7 =5

obviously indicates roughly that when the unbalance is

about 35% the output is practically zero for the worst

condition of unbalance.

«000~

(5.1]



-1 SUMMARY_AND CONCLUSIONSt=

On treating the Solic rotor Induction Motor the
procedﬁre followed here is a comMoN one. A mathemat&-
cal model of the device has been established and on
the basis of the model typlcal analysks were carried
out to find the performanca.

The cholice of the model, formulation of the probe
lem, and analytical solution form the subject of the
first chapters The machine is idealized to the point where
principles of linear electromagnetic theoxry are applicable.
The nature of the rotoxr impedance is specified as a
logical sequence of the machlne geometry and ideslized
assumptions. Then basic Maxwell's equations are applied.

The limitations of the assumptions are worthy of
comment. The first assumption 1.2 15 sdmissible to some
extent since the error introduced due to this assunptiog24)
is negligible. The second assumption, however, presents a
highly distorted picture of the elactromagnatic field
phenomena in Solid mtor Induction Motor. The third
assumption 1s permigsible where as the fburth‘oné does
not at all represent the actual condition.

Utillzing the value of rotor impedance thus obtaine
ed by electromagnetic theory appmach, the variation of

losses of Solid rotor Induction Motor for different pattexrns



of unbalanced voltages have been investigated. It shows
that there is going to be loss as the unbalance increases.
Further, it 1¢ found that one of fhe phases 1s overloaded.
In Chapter IV, it has been t:led to egtablish a
physical reasoning that a three phase Solid rotor Induction
Motor ceases to run 1f one of the phases is opened while
running. A very simple approximate picture of physical
reasoning has been brought out to prove this phenomena.
Furthaer, in an attempt to find out tha derating of
spacifiod Solid rotor Induction Motox worst condition of
unbalance hasz bsen considered, This shows a straight line
relation of éontlnuous output versus unbalance. This gives
an idea of loading within the safe limits. Howsver, the
derating is not cstimoted from temperature-rige considers-

tions which 1g expected to be somewhat accuratas.

- 000~



APPENDIX-T

Equation (8) in chspter I is a standard partial

differential equation whose solution can be obtained by
variable seperable method as indicated below:
The actual differential equation is

OQBV.;“BVB“ EEZ
¥xT dy® ¢ ot
We begin by assuming a product solution for By
By=X(x)Y(y)T(t)
Then the differential equation (1) reduces to the foxm

e
Now, if | x = gtipx : T =g Joot
then, -;g-"- = 5‘
%1 = - Jsw,

so that "?{:--5’..33_"%5_

Putting (p% JS%oM) ay2

So Y"+Y3 Y=0

Yy = ce"V4 !I;‘G'Ty is the general solution
Since C = 0 for physical reasons

Y = pg™ 7Y

Therefore, total solution becomes

sy = 5 [ &) e3(px-swot) |

6o

(1)

(11)

(144

(iv



£

Alsgo,
3By , 0B
g.Be0orgAt 2" ©

cs_ 8By .ax

By Y
RejiLD'fe‘“@ej (B x=swigt) N33

Therefore,
Bx aK{g%Eyej(sx‘swbti}

- 000~



APPENDIX-IT

Solution of the field egquation in the air gap:
The differential equation obtained is a

Laplace's equation in two dimensions.
So 3%By _ a%B
SR R (1)

This equation can be solved by variable separable
method, assuming a product solution if
By = X(x) Y(y)

Hence equation (1) becomes

.lL.+_§:

or | -;1 - -‘gl = g2 where X = Rg[kej(px‘wbt)],

Therefoxe, Y = A eﬁy + B e'ay

A and B beilng arbitrary constants.
So that total solution becomes
By = XY = Re [(A ePY+ B ¢”PY) e“ﬁ"""'ot)J

Fuxth-r. from divergence equation

8B BBY
Ty " O

or, By = =~ g,.a. HO[(A 337 - B e-ﬂ")ej(ﬁx-wat)}
Thus the required solutions of flux densities are obtained.

«000=-
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PART B

AN APPROACH TO BLECTROSTATIC AND
ELECTROMAGNETIC FIELDS SURROUNDING
THE HEART



AN APPROACH TO EBLECTROSTATIC AND BL MAGNETIC
DS SURROUNDING
| JHE HEARL
1. Intmductlgm

In the era of technological revolution,
the establishment of a sound difinition of Engineerxing
i3 a fairly difficult task. No déscrete line of demarca-
tion can be drawn among di fferent branches of Engineering.
Especlally, 1f one tries toc see into the major advances
made in the field of Electrical Engineering applied to
medicine he can find how the engineering discipline ig
infused into the physiological problems. Much of the
work appears to have been done in the last decade. Within
a2 span of ten years, the subject gained its importance
as one of the major branches of Electrical Engineering. -
At present, {t goes with the name ag Bio~engineering
in general, and Bio-Medical Engineering in particular,
whexe various principles of Electrical EBngineering such
as electrostatics electromagnetics and control systems axe

being applied.

2.1 Blo-Medical Engineering - branches:

The main branches c¢an be categorised as
1. Cardiography,
1i. Plethysmography,
111. Electromyography,
ive Electroencephalography.
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Cardiography dealsg with activity of the
heart. Plethysmography describes the subject of body
volume and blood volume flow recording. Eléctxomyogra-
phy 1s concerned with the recording of muscle action poten-
tials. Electroencephatography deals with the electrical
activity of the brain.

2.2 . . In the present work,afew aspects of
cardiology are ‘dealt with. Cardiology from an engineer's
point of view may be clasgsifled as
(1) Electrocardiography (ECG)
(11) Magnetocardiography (MCG)
(11%) Vectorcardiography (VCG)
(iv) . Phonocardiography (PCG)
(v) Ballistocardiographv(BCG) ;
Electrocardiography (ECG) is with regard
to the tracings of slectrical potentials produced on
the surface of the body by electrical activity of the
heart. Vectorcardiography is a technique dedveloped by
the electrical sngineer which facilitates the represene
tation of the fluctuating heart vector at every instant
ofi@ardiac cycle. Magnetocardiography deals with studies
and record of magnetic flelds developed in the medium
immediately surrounding the heart. Phonocardiography is
concexrned with the record of heart sounds by obtaining a

visu,sl record which supplements the information obtained
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by an ordinary stethoscope. Ballistocardiography is a
- gpeclal case of transient oscillatory response to a
pulseforce. In the following articles, attention is
confined to the first two topics.

3.1 Mochanical action of the heart:

The healthy heart acts as a two stage pump.
In the first stage, the action is performad'on the right
side of the heart. Here, Venous blood, collected from
the body through two large veins (1) and (2) (as in the
figure 1) is directed into a chamber known as the right
auricle (R.A.). From there, it passes via an intake valve
to the right Ventricle (R.V.) which is like 2 pumbing
chamber. The second stage of actlion takes place on‘thc
left side of the heart. The L.A serves as a reservoir
‘that receives oxycenated blood. Thig oxygenated blood
passes to the left Ventricle, a high pressure pumping
chamber that forces the oxygenated'blood thrpugh an exhaust
valve to the aorta(4) and thence to the arterial system of
the body.

3.2.1 The existence of Cardiac potentials
Assoclated with the above explained mechani-

cal actlion of cardiac muscle fibres, there are other impor-
tant simultaneous physiological occurrences. One among

them with which we are concerned is the phenomena of
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electrical changes of potential that arlse with all
muscle add body cells engaged in cardiac activity. The
electrogram is the result of record of such electrical
potentials produced on body surface by cardiac electrical
activity. Higtorically, in 1838 Maltenei proved that

the muscle itself is a source of electrical potential

and in 18%6 Kollikin and Mullexr first showed that the
heart mugcle activity is accompanied by small changes

of electrical potential., At this juncture,a question

can be asked as to how the cardiaé potentials manifest

themselves on the body surface.

3.2.2 Production of cardiac potentials

All types of muscle and nerve tissues are
composed of body cells which when engaged in activity
have assoeiated with themselves changes in electrical
potential of the outside of ihe cell relative to the
inside. The inside of a physiclogical cell 1s in the
stationary atate at about 8% mV negative with respect
to the outside. On gtimulation which may be provided in
a varlety of ways (through an electrical means or any
other means) the cell potentisl alters and its polarity
- reversed for a short time the inside being positive with
respect to outgside by ag much as 40 mV. From this polaxised
state, the cell soon reverts to the stationary state.

All of these happenings occur in fraction of a second.
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3.3.1 Rhythmicity and altering cycle of cardiac muscles

Cardiac muscle contracts rhythmitically
approximately once in every second. Fiqure 2 shows
the variation of membrane potential during two complete
cardiac cycles. It can be obsexrved that toward the end
of heart beat the membrane potential builds up to a
normal resting value of +8%5 mV outside the membrane with
respect to inside. Then during the diastole the membrane
potential decays slowly at firgt until 3 exritical level
‘wherefrom 1t gets suddenly depolarised ‘causing conf:ao-

tion to occur.

3.3.2 The figure (3) illustrates a syncytical
mass of cardlac muscle which has been stimulated at

1ts central-most point. Prior to the stimulation of the
mass of cardiac musélo, all of the exterior muscle is
positive and the interxior is negative. As soon as one
area of cardlac syncytium becomes depolarised, negative
charges leak to the outside of the depolarlsed area making
‘the particulsr surface area negative with~rospect of
remaining suxface area of heart which is still polarised.
Once the cardiac muscle gets depoiarisgd at one ond it
€an be repreosented as shown in the’figuro (4). Since it
is surrounded by the extracellular fluid the currents are
expected to flow between the two areas of opposite potene

tial in an’electrolytic solution in large elliptical



paths as shown in the figure 4.

3.4.1 Necassity for the detexrmination of surf~ce potentials:

The result of all the above phenomena
i1s to produce electric potential £ the surface of the
skin. Hence, a2 knowledge of temporal variations of the
electrical potentials and deviations from an accepted
normal range can provide much diagnostielinférmation.
This necessitates to determine potentials on the surface

either analytically or experimentally.

3.4.2 Concept of equivalent current generator:

To quantitate surface potential on the
body, a proper form of internal current source is to be
introduced; that is to say that, an exact theorttical
model is necced based on which the analysis for potential
distributions can be made. Such an assumed theoritical
model of the generator within the heart is often called as

*"equivalent cardiac generator”.

3.4.3 Analytical approach to find the electric tenti
produced by positive and no?ativu current sources
gituated within the heart.

Assumptions:

(1) The human body is assumed to be a homogene~
ous, isotropic, resistive medium of spherical shape.

(1) The equivalent cardiac current generator

is taken to have two current sources +I and -I seperated

10652 37
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at a disgtance '4d'.

In brief, the problem consisgts of finding
out an expression for the electric potential at the
perfectly insulating wall of a homogeneous sphere of
conductivity ¢ and radius R resulting from a current
generator arbitrarily lccated within the sphere (Fig.5).

Mathematically, it means that the potential
V should satisfy Laplace's Equation VVeO as well ais
boundary condition. The boundary condition, here is
that the normal derivative of the potential must be zero
at the boundaxry r = R.

By using spherical co~oxdinates, let o.'
the oxigin of the co~ordinate system be at the centre
of the sphere. Let one of the sources +1 pass thxough
the Z-axis at a distance b (b{(R from the origin) oriented
in ZX plane (§=0). Let another source - I be at a distance
d from +1I such that |

d = Y{a%+b%~2abcos «) (1
If 2 point P (r,8,0) 1s chosen within the gphere such that

1t makes an angle 8 with ¥ and angle g with a then,
cos 8 = sin « sin 6 cos & +cos «x cos O
If the plane is unbounded (f.2. at infinite
distance) the potential V 'in an unbounded medium for

a source at P ig given by
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T (1 1
< arly - 1) @
-1/2
where L= = (x4b%-2breos 0) /
1/2

Ao = (r2+a%=2axc0y Br
Ta
At the boundary for definite spherical shape it can be
shown to be equal to

Va7as (4 2+ % 10%%'&; o (3)

Now, as a special case if d = O in the
above expression (3) the casé¢ of a general dipole is
obtained. |

3.5 However, the method outlined above is a
grossly simplified one. The electrical model of the heart
was considered to be electrically equivalent to a dipole
situated in a linear, isotropic, homogeneous medium
fixed in position with orlentatlon and magnitude as
variables. If non=linocarity, anisotropy and heterxogeneity
effects are more then, the equivalent hesrt dipole may
have the effects lumpod in its dimensions. Hence, doubts
regarding the validity of dipole hypothesis were raised
by various authors. Many tried to find a more complica-
ted equivalent cardiac generator. Two of them are:

(1) Multiple dipole generators

(11) Multipole generators

Undct the assumption of multipolte generators



alongwith dipole, it assumes that gquadrupole etc. arxe

also present. In this connection, Halvin and Plonsty(ll)
have shown mathematically and algo experimentally that
the potentials generated by a live turtle heart at the
centre of a gpherical electrolytic tank have a signifi-
cant quadrupole term i3 present énd also predicted the

possibility of a higher order pole.

3.6 In 1966, Burr, Plkkington, Boineau and
Spach(lg)presintod a method of determining the potentials
over the surface of 3xdimensional volume due to internsl
current sources where the wvolume may be non~homogeneous
and irregularly shaped. The method 1llustrates the deter-
mination of potentlals using N-simultaneous which when
solved produce the potentials at N different surface
points. The N;simultaneous ehuatioﬁs are solved by an
iterative technigue on an IBM computer.

Many biological tissues have some degree
of directional organisation and would be expected to |
behave anisotropically to elactrical current conduction.
Hence, an analysis of current and potential distribu-
tions throughout the bulk may be required. In 1967,
Stanley Rushtls) theoritically analysis the influence
of iho snicotropic heart which is particularly very
difficult. In this the author expressed the basic
differential equations of static fields and steady



current flow which are arranged to stress the field
and conductivity‘dopendont change distributions ihat
arise in an énisctzopic media. The derived diffe:entiul
equations specify the change distributions which accumila-
te in anisotroplic conductors as a result of gsurrent | |
flow. This analysis showed that there are many anisotroe-
pic problems with simple geometry whose solutions can
be found as those of isotropic pxoﬁlema.

It is normally impossible to Construct
a model and measure the required quantitiés since the
model would require an anigotropically conducting
medium which cannot be easily recognised in practice.
However, in an interesting ﬁaper (1967) Nicholson(14)
suggests 2 possibility of constrdcfing a model by using
another model with é suitable isotropic medium«. The only
difference is that one has to use the corresponding

scale factors devised.

4.1.1 Magnetocazdiologys

Earlier discussions were based upon static
field theory. It is well known from basic electromag-
netic theory that Maxwell's equations predict the exis-
tence of a magnetic fleld associated with any time Qa:y—
ing electric field. Howsver, the concept of a blologica~
lly produced magnetic field was suggested by Valentuzzi
in 19%8. Also. Seebel and Morrow reported the detection
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of magnetic field accompanying impulse conduction in
1960 which appears to be the first experiment on these
lines.

| (1%)
4.1.2 In 1963, Stratbucker, Hyde, and Wixon

working on magnetocardlography demonstrated that the
magnetic field associated with cardlac activation was
of gufficient magnitude to be recorded by standard
electionic techniques. They have tried to correlate
the experimental data with analytical resultse.

In this experiment, the heart of a
guinea pig was placed in the cantre of a double-walled
plastic sphere which contained six typical electrodes
protruding into the ingide surface. The bipolarxr elect-
rodes were collinear with each of the axes XX', YY'.ZZ‘.
The volume conductor medium surrounding the heart was
maintained at a congtant temperature. Cardiac slectzo~
grams were recorded from X,Y,Z axes. A toroidal solenoid
containing N turns of sufitable wire wound as a core was
suspended in the centre of the sphere such that the
solenoidel axis is coincident with the ZZ axis. The
coil-output after sultable amplification is recorded.

4.1.3 The electric and magnetic f;.lds in the
volume conductor surrounding the heart are correlated

as folldws:
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,Agggm_i_ep.! The cardiac current generator is taken
to be a dipole current generatoxr M, Thc configura‘;!.on
is as shown in figure 7 . Since the volume conductor
curfents induce a voltage into the gensing coil the
rate of change of the total e ffective current is direct-
ly related to the voltage in the tuxns of the coil.
Hence, MCG record bears a direct relétionship to the
time derivative of the cardiac dipole moment.
Development of this relationship 1is
mainly based on Maxwell's equations. From Fig.7magnetic
fleld intensity Hy at a poi?;’l? (at a distance R from

a dipole) can be found out.

%a—%—w——,':ne M ‘4)

if r 1g much less than'R then the flux dengity will
almost be uniform throughout the cross-section of the
core. | |

Bp = uhy . (3)
wh.en K = Uty and p = relative permesbility of the
core material. .

beBgeA =L M atne ()

, g8
or, ~ @-%ﬂ M sin

Therefore, voltage induced in N turns on thig core
dd
V=N R

N FESLE U )
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‘ - Thus, the authors were partly successful *'n'.

by their experiment in proving that the above relation
is valid approximately. This shows that it mlgﬁt elimi.
nate the nocosiity‘of electrical contact ﬁo the patient
as required in electrocardiography.

Eventhough the above expressions are
derived for ideal cases, a rigorous mathematical appro-
ach s yet to be sought for a practical case of interest.
However, the scope for further work, appears to be vast
since many problems of electrophysiology are concerned
with the distribution of current‘and potential due to

sources and sinks inside a volume conductor.
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