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ABSTRACT

The three phase induction motor is the most popular
one used in industry. Both the speed control and starting
of polyphase induction motors are still among the perennial
research topics in electrical engineering.

In this paper the author proposes a new starting
method for the wound rotor induction motor. The relevant
empirical eguations are developed. The equations are good
for any wound rotor motor operated at any desired starting
torgue under any applied voltage.

Recommended control circuits in connection with this
new starting method have been designed, and the author does

anticipate the proposed starting method céuld be useds
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LIST OF PRINCIPAL SYMBOLS

V Phase applied voltage, p.u.value/phase.
I Fhase rotor current, p.u.value/phase.
Ty Stator resistance per phase, p.u.value/phase.
Xq stator reactance per chase, p.u.value/phase.
T, Rotor resistance per phase, p.u.value/phase.,
¥ Rotor reactance per phase, p.u.value/phase.
8¢ Shunt conductance per phase, p.u.value/phase.
bm shunt susceptance per cvhase, pouovalue/phasee
r IExternal series resistance per phase, p.u.value/phase.
¥ ZExtermal series reactance per phase, p.u.value/phase.
Re External parallel resistance per phase, p.u.value/phase.
Xe fxternel parallel reactance per phase, p.u.value/phase,
r' Resistance component in Xe, p.u.value/phase.
R' Equivalent resistance of parallel combination, p.u.value/phase.
X' Equivalent reactance of parallel combination, p.u.value/phase.
R Total equivalent resistance per phase, p.u.value/phase.
X Total equivalent reactance per phase, p.u.value/phase.
Z Circuit impedance per phase, p.u.value/phase.
Y Circuit admittance per phase, p.u.value/phase.
T Internsl electromagnetic torque per phase, p.u.value/phase.
Tmax Maximum internal electromagnetic toroue per phase,

Ut pe.u.value/phase.
corl Power factor.
?al Power delivered to the =ir gap per phase, watts/vhase.
P Internal mechanical power per phase, watts/vhase.




PlP Copper loss of rotor per phase, watts/phase.

T Frecuency, Hz.
S Slipe.

Sr Rated slivp.

Sm Slip at Tmax°

W Synchronous angular apeed, radians/second.

VI
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HE STUDY OF WOUND ROTOR INDUCTICN MCTOR STARTING
I. IHTRODUCTION

The three phase ihduction motor is the most popular
one among electrical motors. It is widely used in industry.

Its advantages, over other motors, are as follows:
(1) Its convenience in utilization of electrical supply;
(2) Its low initial cost,
(3) Its ease of control and maintenance,
(4) Its rigidity and ability to stand abuse.

There are two types of induction motor:
(1) Cage rotor,
(2) Wound rotor.

From the operation point of view, the mein difference
between the wound rotor and the cage rotor is that the former
can be regulated in torgue but the latter cannot.

The deep bar and double squirrel cage rotor can offer
a good starting characteristic as shown in Fig. 1. However,
the wound rotor has an advantage as stated by G,W,Heumannlo9
"Wound-rotor motors are also applied to large drives, sometimes
because it is desirable to control the starting toroue, sometimes
to reduce starting current peaks to a value which can be toleraﬁ:eéfw
by the power system,"

Since the torgue of the wound rotor can be regulated,

it is possible to operate it as a variable speed motor.






The characteristic curves of current and torque versus

slip for scuirrel cage machines are shown in Fig. 2.

We assume in this thesis that it is desirable to control

}

the starting torque-speed characteristic of a given wound rotor
machine in s particular way, namely, that the torque be essen-
tially constent throughout the starting period. In this paper,
a new starting method is developed which attains this end.

The results, based onreasonable assumptions snd simplifi-
cations, indicate that the provosed method can be used to arrive

at a solution well within practicel engineering tolerances.

IT. FER UNIT VALUE

In the following calculations and analysis, the bases
of per unit value are as follows:

Voltage: V

base™ V = rated phase voltage, volts

Current: Ibﬁsez I = rated phase current, amperes
(=%
Speed:bdbasesods= synchronous angular speed, radians/second
2
I T
Torgue: Tbase= base ( 52 ) newton-meters/phase
W pase r ’
V.
. base
3 s Z = g ohms
Impedance Shase i 3




III. EQUIVALENT CIRCUIT AND MOTOR PERFORMANCE

The ecuivalent circult of an induction motor is shown
in Fig. 3 in which the current and impedance of the rotor are
defined as their values referred to stator. The exciting branch
can be neglected and the results are still within the engineering
toleranoes{ The simplified equivalent circuit, which will be
used in the following development, is shown in Fig. 4,

For the three phase induction motor, the ver unit pheas

internal electrémagnetic torgue T in newton-neters is
1

m
I S JvI cos @
and the power P delivered to the air gap bJ the stator is
N N . _ 2 -9
P =(1 - S)a%T = (1 - S).rgl = T r2 S
1 2 o
m £ - J
Therefore, T ~Zj;— I (rg/b)

The torcue T and power P are not the output values avaliabl
at the shaft, because friction, windage and stray losses have to
be accounted for.

Mechanical Output = Internal mechanical power - (Friction
and windage losses + Stray load loss)

From the simplified equivalent circuit of Fig. 4,

T = -V 5 vV
T or.+r,/S+i(x, +x 7 N
172 172 %rl+f2/g>2+(xl$xg>2
2
T = v r2/S

m'a%v(rl+;2/8)2+ G #%5 7



i

i

H i |
0T




IV. STUDY OF STARTING MITHCDS

In connection with motor starting, the following vpoints

have to be considered:

(L

(2)
(3)

Low starting current and constent starting torgue with
reduced values at standstill avoid damage to ‘the mechanical
parts.

Smoothness of starting period.

Simple control equipment and circuits.

From Fig. 2, it is obvious that high inrush starting

current and non-constant starting torque are produced in the

induction motor. These two characteristics can be corrected

in a wound rotor induction motor using the starting method

described in this paper.

The starting methods most frequently used for the wound

rotor motor are as follows:

(1)

Insertion of an external resistor into the rotor circuit
either with a balanced or unbalanced connection,- the

most popular and accepted method being used at the present
time.,

Use of a saturable reactor or variazble reactance inserted
in the rotor circuit. This method has not been widely
accepted since a feed back control system is required and

its complication increases the initial cost of the whole



The most common starti method for wound rotor motors

is still the use of external resistence in the rotor. Fig. 5

is the circuit for a 300 HP wound rotor induction motor with

five steps of acceleration during the starting period. Fig. &
is its starting torque characteristic curve.
There are sewveral disadvantages of USJL_,b resistance
starting. They are

(1) complicated control equipment and circuitry,

(2) high initial cost; for instance, the cost of accurwnv the
five accelerating contactors in the rotor side as shown in
Fig. 5.

(%) the starting torgue is not constant but rather pulsating

between T, and T, as shown in Fig. 6. The difference between

wl
it
)

as

¢

these two torque values depends upon many factors, suc
the number of steps, maximum toroue available and rotor
resistance, It may be as high as 50% of the average.

Based upon the previous discussion, it is desirable to

find some other starting method which will s:

j&V)
{
N
O
d
nd
O
=
-
I3
e

tisfy the 11

(1) low starting current,
(2) desired constent torque prefersbly 20% tolerance or better,
(3) simplicity in control circuitry and ecuipment.

Constant starting torque and the simplicity of the control
£ 1 T

circuitry and eguipment are the most important of the three points

mentioned.
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TEE 72 PLANE AND THE CONSTANT TORGQUE CIRCLE

The locus of the impedance of any circuit, for instance
the impedance of the equivelent circuit of an induction motor,
can be represented graphically in a Z plane. Thus if an external
parameter is connected to the rotor circuit of an induction motor
the locus concerned can still be shown graphically in the Z plane.

The following three circuits are plotted graphically for
burposes of illustration.

(1) R and X in series: The circuit and the locus of its impedance
with veriable R, are shown in Fig. 7.

(2) Reand Xein parallel: The circuit and the locus of its impedanc
with variable R are shown in Fig, 8,

(3) Rgand Xein parallel in series with v and x: The circuit and
the locus of its impedance with resistances veried at same
rate are shown in Fig, 9. Its locus is not straight,

The locus of the rotor circuitvof a wound rotor induction

impedance

motor with external rotor elements connected in parallel is simila:

to that shown in Fig., 9 c.

IT. CONSTANT TORLUE CIRCIE

n o
Lo L

amily of performance circles for constant torgue can

be plotted in the Z plane.
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As T = L V2 2
N W (rl*rg/S)* +(X1+X2)1 S
2
Let R = Tyt and X= X X,
Therefore, T =—= v (R = r,)
L L 9 — I e
Wg RS + X7 1
L )
In per unit, the torque T T e R-r
5 péu, R2+§2 1
m Vo N2 | 2 _ Vv 2 \i
Thus (R ~—=g ? + X% = () g Ty

This egquation represents a family of consbtant torque circle
5 _
with thelr center located at R = —%Tm and X =0 and radii
2
- Ve o It
21 T 1. Thus for a given applied voltage, a famil,

of constant torgue circles can be comstructed.

When rated voltage is applied (V =1 p.u.), then

: 1 2 2 1 52 1
(R - =57 X% = ()= —p— 7

1
A family of constant torgue circles under rated applied
voltage is shown in Fig. 10.

for given motor constants s Xy Tp and X together with

g
rated slip S it is easy to locate the maximum torque availeble,

I,‘)
the rated torgue azhd the starting torgue in the constant torgue
circle diagram.

The relevant torques are located as follows:
(1) Meximum torque: R = X =X +X5

(2) Rated torgue: R = T+ rg/Sr and X = Xq#X,

(3) Starting torcue: R = ry+T, and X = x,+%,

®
It is possible to regulate the starting torque even up to
the maximum value available, by external means, along the horizont

line determined Dy X=x,+X, in the constant torgue circle diagram.






III. COHSTANT CURRENT CIRCLE

A family of constant current circles can also be plotted

in the Z plane.
-
2. Ve _ Ve
(rl+r2/s)2+(xl+x2 +

02 e vV \2
= or RT+X"=(—=)
)2 R2 X2 I

The above equation represents a family of concentric
constant current circles with their common center located at
R =0 and ¥ =0, and their radii X = —%w~ for a given applied
voltage.

If V is the rated voltage, V= 1 pou., and RE+X2‘(% >2

Fig., 11 indicates these concentric constant current circles

The current corresponding to a specified torque can be
located on the conatant current circle diagram. For example,
(1) Girrent at maximum torque: R = X = Xq +X5

(2) Current at rated ‘torque: R= rl+r2/Srand X =X, +X,

(3) Current at starting torque: R = T4+, and X$X1+X2

It is convenient to show both the constant torgque and

current circles in one diagram, in which the evaluation of the

different performances is readily available, Moreover the starting

characteristic and the calculation of the prover parameters can
be studied collectively.
IV. ANATLYSIS OF ROTCR CIRCUIT WITH
EXTERNAL SERIES PARAMETERS
One way to acheive the starting purpose is to connect

the external resistance znd reactance in series with the rotor

as shown in Fig. 12. Fig. 1% is its ecquivalent circuit.






. s o, A .
The circuit impedance Lz(rl + ;}g_“°)+J(XT@X2)= R+jX
The locus of the circuit impedance in the Z plane with

constant torgue and current circles 1s shecwn in Fig. 14. From
that diagram the starting cheracteristic can be determined.
As the impecdance locus of this specified rotor circuit

is a straight line, it is impossible to obtain a cobhstant torgue

during the starting period.

The combination of externzal parameters in series and

parallel connected in the rotor circuit is shown in Fig. 152,

[ ]

ig. 150 dis ite equivalent circuit. Any parallel circult may be

7

comverted into a corresponding series circult, so that the
enquivalent circuit of Tthis specified rotor impedance ig shown in
Fig. 15¢c. The total equivalent resisbtance and reactance are as

follows:

Re .2 Ke =
R=pr. + ..@_T__C ...... :‘2_ ._\..K.g._.._.,. angd K=, 4+ .:,....,_.E...S..)_fi...___
T S Re2 2 . ATE AT Re z
(5Y + Xe () t+Xe

Consequently, the locus of this specified circult impedance
is a curve as indicated in Fig. 9. The shape of the locus of %

can be made to approximate a desired circular shape by adjustment

-

of the parameters r, x, Re and Xe. As the locus of this specified

2]

rotor impedance approaches approximately the constant torque

circle, arproximately consbant starting torgue will be achieved.
A graphical approach would ssen to be the best method of

attacking this problem. This approach is outlined in Chapter IIT.

B
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VI. Sl

(1) The locus of the rotor circuit impedance with external;f"
parameters in series and parallel combination can be made %o
approximate a constant torgue locus with Judicious choice of
the parameters.

(2) A graphical approach together with an iteration process .

is preferable to mathematical enalysis,.
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CHAPTER III

DaTERMINATION  OF PARAMETERS BY GRATEICAL ATTROACH

I. GRAPHICAL APPROACH

As the starting period lies between S=1 and around 5=0,1,
the external parameters should be cut off at the end of the
starting period, whereupon the motor will run on its natural
characteristic curve. During the starting period, the starting
torque is expected to be constant.

From the constant torque circle diagram, Fig. 10, the
portion of the circle between "a' and "b" is of interest because

the possible impedance locus of rotor may lie along that portion

the
"a" and "b" approximately. The point "a" is chosen to be the
2 2 e
point of the end of starting period, $5=0.1, where H=Xﬁ/(gm) z Ty
The total equivalent resistance and reactance of the
. . . AL (&/’)Xez
circult at B=0.1 are as follows: R=rl+ o] ‘(q// Ze)
R0 (3 $”)'}Q§§E and X= +X (@?’sze ~x ;+Xe
Al Qf2»;. B Bo 21 23X *:~2 X (?e/ )Z'E‘(Ke)z _-I J,.2’?’
10Xe -
Therefore, R ﬁ’QT l%vlo(r ) S “Re —=Xax; +x,+x+Xe .
At standstill, S=1, the total equivalent resistance and
- 2nr
reactance are as follows: R=r'+r?+r+B%XQZ and X=x, +X,+X+ E-3§—
- Ré+Xe RE+XE

This specified point of the circuit impedance at S=1 should 1lie
at the voint with the torcue value lower than the required

constant value on the constant torgue circle.

For the given motor constents and applied voltage together
Y

with the required starting torque, the external parameters, r, X,

Re2nd 'Xu cannot be solved for by the eguations listed previously.
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‘/ - 3
As a result of graphical epproach, based on successive
the
approximations and the previous equations, the optimum values

n per unit of the external parasmeters in terms of the motor

Q.J-

const

Y]

nts, applied voltage and the required starting torcgue

are as follows:
V2
(1) r:(§T>O°lO6 -T5
2
(2) ==( m>0«//2 ~ (% +%5)

(3)Re = ( )o 145

2
(4)Xe:(%ﬁ)09563 and the illustration of graphicel spproach is Fi

4Ln associated digital computer program used to verify

successive graphical trials is decribed in Appendix I.
TT. RESULTS FrROM THE COMPUTER

The data put into the computer are as follows:

(l) T20059 r2+r=09106, 38200145, +X= Oa/ 29 Xe=00565

x¥Eo
(2) T=0.75, rq+r= =0,0707, Re=0.0967, x;+X,+X= =0.%95, Xe=0.242

(%) T:lao,' +7r=0.05%, Re=0.0724, +%=0,2906, Xe=0,181

1 70
(4) T=1.25, Ty +r=0.0425, Re=0.,058, X1+X2+X=Oe857, Xe=0.145

The compuber output gives S, equivalent resistance R,
eguivalent reactance X, current I and torque T and is listed
in Appendix II.

Fig. 20 to Fig. 23 are the characteristic curves of
starting torcue based on the computer output.

Tn order to check the sensitivity of the flatness of the
torque~speed curve to changes in the values of the parameters
used, these parameters have been 2llowed +to vary from their

optimum values and the resulting torque~speed curves are shown



in Fig. 24 to Fig. 3%l.
ITL. EEFEZCT COF REACTOR RESIDUAL RESISTANCE

The resistance comvonent r' in rezctor should be taken

g. 17a shows Re, ¥e, and r' and Fig 17D

pd
=
d<
o
Q
Q
[}
mn
14
QJ

is an assumed eguivalent circuit.

The rcuit li edance Z)?—'—::i—:::l“—':"“i::::
et Be/s r7/s+3%e
“9 Xe +3 Xe &2 “Q ("= Tr Rev' (Revr') /g3
(2%(')1 " KGZ (ch"')l,f X(l.

If ¥Xe=2.5Re and r'=0.1Xe(typnical vslues), then Re=r' can

be szsumed to have Re in bawallel with Xe in addition to a
Rer?’ (ESTT')/S

series copmponent TLEIRTS 5= which czn be neglected when
(B2 0 v
5 is lerge and is approximately ecual to Re in parallel with r!
b ..... o/ e o

when 3 1s small. loreover, this component is merely a very

small portion in the total equivelent resistance of the circuit.

Iv.
The foregoing results, based upon the grephical approach
and iterstion vprocess seen to be satisfactory. Consequently
the following ecuations are available for the calculation of
external parameters in obtaining approximately any constant

starting torgue desired with ressonable tolerance.

-~-Y§~~o 106-7 V2

2 : 2° Lzm"T““Oe592m<Xl+£2>
2 2

Re:»gT~Oalt5, Xe=~%T~OQB6§









STARTING FERFCRIANCE OF WOUND ROTOR INDUGTICH HOTOR

In staruln@ a wound rotor induction motor, the important

. Varisbles are

“Torque,
_HwCurrent,
“ﬁPower Factor,
... Power Output,
‘Copper Loss in Rotor.
The equations giving these varisbles in terms of motor
“constants and given conditions are as fellowss

(1) Torgu
( > OT’QUe Vvl ( r“?/ {,r‘ " e@/{ Xc
T= &5 - AR )
(i 220, ~éﬁﬁ >+ # Xy 4+ x+ LEYKe 2
S (f‘~’€/)+&’l) (Xt ke +( R )4 ;(e‘)

(2) Current

T= v
rzﬂ— PE/,(Q 2 (g/) « )
(rt + L X€ Xt X f 2 23) KE 2
TS gy ) *(Kitxat 7L(ﬁ/;w(e )

 (5\ Power Factor
See the eguivalent circuit of Fig, 2. Neglect 8, and T
‘since they are small compared to the other varameters. Then

Re/ (R£)*Xe
2+ Xe R L Al
( _..'. 5 )‘JCX‘TX7'+X+(£§/)9’+)(@)

Y:: GCARS gl b
( “—g%(g’)f%x;\ + (Xit¥a+x + 793//5))_::7) ‘
Coom e e e
”/l /( ‘2{' '*‘& é +ﬂ (% ?l (Q;ie{l;(@ )+1§in(ﬂﬁﬁv‘ﬂf‘-{%}f4XH*X’:«HG-(%,}X;Z
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(4) Power Cutput (Internal mechanical vpower developed)

iy o Re Ye*©
P=(I-3)s T=(I-<): e L1 "S.%.@i AL XS & Ae 2
(i < (%)+)@)+(X,+X 1[‘\" P‘?}’f{)(e]‘

Watts.

(5) Copper Loss in Rotor :
rz -rr E%‘ fc’z

e e VS ()
I VTS = €
T TR B e BT
[})‘WC’ AR

I
-~
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CHAFTER V
CCNTROL COF INDUCTION MOTOR
Le INTRODUCTICN

With respect to the control of = motor, the simplest
circult with the least number of electrical components giving
the proper function is preferred. This is not only because of
the initial cost but also the cost of maintenance.

As discussed previously in Chapter I, the control circuit
for resistance starting of the wound rotor is rather complicated
and many electrical components are . needed to.meet  the recguire-
ments of many steps of acceleration..That is one o{l@ain dis—

cne
advantages of using resistance starting for the wound rotor motor.

In connection with motor protection, short circuit
protection, over-load protection, under voltage protection and
single phasing or vhase unbslance protection are the most
importsnt and guite commonly practised.

The accelerating contactors installed in the rotor for the
purpose of removing the external elements after the starting
period can be actuated by either a time relay with preset of
specified time delay or a current relay with preset limit
current value. After the external elements have been completely
cut off,the moto; will operate on its natural characteristic.

In practise, the time relay is more popular than the current

relay.




IT. CONTRCL CIRCUIT AND ITS COMECIH

(1) The circuit shown in Fig. 18 is recommended for definit
Ttime control. The electrical components needed for this circuit
are listed as follows: |
(a) Three pole knife switch,

(b) Line contactor with overload protection,

(c) Two pole contactor,

(d) Time relay,

(e) "Start" and "Stop" push buttons,

(£) Three fuses,

(g) External R and X oombinatién elements for starting purposes.

Fressing the "Start" push bubtton causes the coils of the
line contactor and time relay. with preset time to be energigzed.
Subsequently the contacts of the line contactor connect the
motor to the source, and 1t starts. The motor accelerates until
the preset time is reached and the time relay actuates the eut-
off comtactor and the external elements are shorted out. it
that time the starting period is ended and the motor goes into
the natural characteristic.

Pressing the "Stop" push-button causes the electricsl
source of the secondary control circuit to be disconnected, and
the contacts of the line contactor to open. The circuit is
automatically ready for the next starting.

The ebove circuit has short circuit protection by "fuses",

overload. protection incorporated in the line contactor end low

.

voltage protection incorporated in the line contactor.

The setting of the time relay

is
the whole starting period, which can be calculated.
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(2) The circuit illustrated in Fig. 19 is for limit
current control instead of that for time control as shown in
Fig. ¥8. In this circuit a current relay is installed in the

rotor circult. The control circult is otherwise identical.

The current relay with preset current value actustes the contactor =

at the end of the starting period. The operation of and »ro-
tection in this circuit are similar to that of the definite
time control circuit.

The setting value of the current relay is easily deter-
mined from the constant current circle diagram or by use of the
appropriate equations. A current transformer may be necessary.

In the secondary control circuit of Fig. 19, the contact
of the current relay in series with the coil of the accelerating
contactor should be opened before the contact of the lime con-
tactor closes in order to have the proper function. The control
eguipment can usually be ordered with this reguirement. Ctherwise,
the control circuilt has to be modified to have the contact of
the accelerating contactor in the rotor side remain open during

the starting period.

(1) The foregoing circuits illustrated may be adopted
for application. The design of each circuit for each particular
motor should be compatible with the nature of the available

electrical componentse



