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PREFACE 

In spite of its simple construction and operation, the single 

phase capacitor motor requires rather complicated theoretical 

treatments such as the double-revolving-field theory and the . 

cross-field theory. 

This paper presents the circuit studies of the capacitor motor 

by employing the methods of three-phase symmetrical components and 

the two-phase right-angle components. These methods are recognized 

as the best tools in handling unbalanced three-phase and two-phase 

electric circuits. The adoption of these methods enables us to 

make use of the classical equivalent circuit for the three-phase 

induction motor in its circuit analysis and to present the studies 

of the exciting and rotor circuits in a clearer and more simple 

mann er. 

Part I of t h is paper presents the studies of the single-phase 

induction motor by the method of three-phase symmetrical components 

by considering the single-phase induction motor as a three-phase 

induction motor with unbalanced three-pha se voltage supply. An 

approximate equivalent circuit and a circle diagrarn have been deve­

loped for calculating the slip-torque relation and the pull-out 

slip. Also included are the determination of machine constants 

from tests, the performance of a capacitor-start motor from load 

test and the calculation of the equivalent circuit. 

In Part 2 is a complete study of the capacitor rnotor, with 

symmetrical and unsymmetrical stator windings, under unbalanced 



operation, which includes the starting characteristics, the con­

struction of the positive- and negative-sequence equivalent cir­

cuits, vector diagram and the loci of veotor currents. Also in­

cluded is a calculatlon sheet suggested for the performance cal­

culation of capacitor motor. Experimenta have been done both on a 

capacitor-start motor operated as a capacitor-run motor with dif­

ferent running capacitors and on a one-value capacitor motor. 

This paper concludes with Part 3 in which the design problem 

of the capacitor motor are discussed; Discussions are based on 

the circuit studies3in the preceeding parts. A capacitor motor with 

design data was available for the purposes of experimenta and in 

discussing the design of capacitor motor for balanced operation. 

The equal-volt-ampere method of capacitor motor design is also 

included. 

The writer wishes to express his sincere.: thanks to Prof. w. H. 

Schippel of McGill university '\'lho kindly·.• supplied·'. the capacitor 

motor and its design data and gave many valuable suggestions to 

this work. Thanks are also given to Messrs. J~ P. Grant, J. W. 

Clarke and D. Newman for their kind assistances 1n proof-reading. 
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THE ~APACITOR MOTOR 

PART I 

Circuit Studies of Single-Phase Induction Motor by the 

Method of Three~Phase Symmetrical Components. 

1. The Method of Three-Phase Symmetrical Components. 

1 

The basic principle of the method of three-phase symmetrical 

components is the resolution of any particular set of vectors, 

current or voltage, in the three-phases of an unbalanced electric 

circuit into three sets of balanced three-phase vectors, i.e., the 

positive-sequence, negative-seq~ence and zero-sequence symmetrical 

components. Mathemat10ally~~this can be expressed as follows: 

ca :::: co -+ c , + c 2 

2 
c b = c., +a c, ... a c2. 

cc. = c., + a c, + a 2
Ct 

Co= } ( CCl+ Ct. + C.c) 

c , = ~ ( co.. -tacb + a2 c~) 

c~ = ~ ( ca + d~cb + a cc.) 

in which cr is the current or voltage vector of an unbalance~ cir­

cuit. Subscripts a, b, and-: c denote, the phases. Vectors with sub­

script 1, 2 and 0 are the positive-, negative- and zero-sequence 

components, respectively. The operator "a" appearing in the above:.. 

expressions has the following significances: 

a.= l1zo" = -.s+j.e,~~ 

a'=-l24o" =-.s-j.a"" 



2. Application of Three-Phase Stmmetrical Companents~ to a1ngle­

Phase Induction Motor. 

c 

a __ :r-=e~~=_o __ _ 

~~nsider the unbalanced three-phase 

circuit shawn in Fig. 2-1 where z~, ~ 

and· Zc are three identia:al impedance ffi 

directly a-cross a·- balanced supply line 

with lina a - opened. SUch ~condition 

~g. 2-1. representa the unbalanced operation of 

a three-phase induction motor or' a;. 

single-phase induction motor if ~ an~ Zc in series are considered 

as the single-phase:-1 winding of the mot or. 

Since there is no neutnal connection 1n the circuit shawn in 

Fig. 2-1, the zero-sequence.: current and therefore the zero-sequence 

phase voltage will be zero. Wè may write: 

I -=0 . a , 
I 0 = 0 . , 

Thus, 

The phase voltages are: 

V!. = 0 • 
a ' 

Ib= I . Ic =- Ib =-I; , 

Il= 1/3 ( Ia + Ib + Iœ ) 

= 1/3 (q -a'~) I = J.f3 I. 
3 

I2 = 1/3 ( Ia+o'2Ib+a Ic ) 

= 1/3 (a~ a ) I = -J~ ;r • 

Vb=o~Vl + a V'2 
Wc-:= a vr1 + a 2 W2 • 

(2- 1) 

(2-2) 

(2-3) 



The voltage across b. and~ c is~= 

or, 

Vi= V:0-Vb = (a-a~).(~-vz) 

= j ,[3 ( v, -vJ , 

(2- 4) 

The above mathematical expressions show how the single-phase 

induction motor aan be treated aŒa three-phase induction motor 

with unbalanced three-phase voltage supply which consista of both 

positive-sequence and negative-sequence components• 

Another interesting interpretation of the above equationa is 

that the single-phase induction motor under runni~ condition 

may be considered as ~: three-phase induction motor operateQ_with 

two balanced three-phase voltage supplies of unequal magnitudes 

and of opposite P-hase rotations~ Except at standstill, these two 

voltages produce two magnetic fields of different magnitudes re­

volving at synchronouss speeds. As we have shawn that the positive­

and negative-sequence: currents through the motor are equal in mag­

nitude, an important relation can be written as follows: 

v2 z2 

where zl anœ z2 are the impedances to the positive-sequence and 

negative-sequence currents of the motor, respectively. 

Before further discussing the operating theory as well as the 

performance of the single-phase induction motor, the basiœ concept 

of the positive-sequence and negative-sequence equivalent circuits 

for the single-phase induction motor must first be introduced. 



3. The Y.ositive-Seguence Eguivalentt. Circuit. 

It is understood that the positive- and negative-sequence 

impedances are identical for the static transformera and in sorne 

transmission circuits• For the single-phase induction motor, these 

sequence impedances are not constant in value but vary with the 

slip, and are equal when the slip is unity • 

.Ir:-

z4> 
1 

F:ig. 3-1. 

Flg. 3-1. shows the positive-sequence equivalent circuit of 

the single-phase induction motor. Vi is the positive-sequence 

applied voltage. E1 is the voltage induced in the stator winding 

by the air g_ap flux-:, a resultant flux-: produced by the stator m.m.f. 

and the rotor m.m.f •• Onder normal conditions, the rotor rotateŒ 

at a speed near to the synchronous r.p.m. , say, ( 1- a ) . ayn. 

r.p.m., while the flux produced by the induced rbtor current Ir 

haŒ a relative speed of Œ times the synchronous speed. Therefore, 

the flux: produced by Ir actually rotates at synchronous speed with 

respect to the stator or, in other words, the fluxes produced by 

Ir and I 1 are in phase. The voltage induced in the rotor will then 

be directly proportional to the slip and to the turn-ratio be­

tween the stator and rotor windings; and will be in phase with E1 • 

~eferring to Fig. 3-1. and assuming a turn-ratio of unity, one can 

write: 



SE, = I ,. ( R,.., + j S X r , ) 
1 

El ::::: l.rl ( R,., +j Xrl ) ; Ir. Zr 
• 1 .s 

"l'"" .t:, z , 

z, = z., + 
z+, Zr, 

1 
• Zt +Z,-

1 1 

where~ z1 = positive-sequence impedance of the motor. 

Zm =positive-sequence leakage impedance of main winding. 

Zr ::::Rr + j xr. , the positive-sequence rotor impedance in 
1 1 1 

terms of main winding. 

z4>, =positive-sequence exciting impedance. 

It should be notiued that the resistance in the rotor circuit 

can further be resolved into two parts, namely: ~ and ( • ~s )Rr 
1 1 

which represent the rotor copper losa and the shaft load when mul­

tiplied by the square of the rotor current. At standstill, s = 1, 

the shaft load is zero, the motor is equivalent to a short circuited 

transformer. 

4. The Negative-Seguence Equivalent Circuit. 

As mentioned previous1y the negative-sequence impedance of 

static transformer is the same as the positive- sequence impedance . 

This would indicate that the difference between the positive- and 

negative-sequence impedances of the single-phase induction motor 

is in the rotor circuit. 

cronsider now tbat a balanced three-phase voltage of negative-

sequence alone is applied to a three-phase induction motor, i.e., 

by interchanging any two leads of the three-phase supply .that is 

considered as positive-sequence. The magnetic field and therefore 
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the rotor will rotate in the direction opposite to that caused by 

the positive-sequence applied voltage. It can readily be seen that 

at synchronous speed the slip is zero when referred to the negative 

direction of: rotation. At standstill, the slip is unity for either 

sequence. The negative-sequence equivalent circuit can now be con-

struoted by replacing the slip s in the positive-sequence equiva­

lent circuit by the quantity of(2 - s)as shawn in Fig. 4-1. The 

negative-sequence impedance of the motor can now be written as : 

E = I ( Rn . X J 
'Z. rz z- s + J r-z. 

-Ir ... 

Fig. 4-1. 
z., = z + z.,.-z Z t- -z. 

.... 'l'n2. 

As in the positive-sequence equivalent circuit, the resistance 

Rr, /2-s can be resolved into ~ and -( 1 - s )Rr/2-s- , which, when 
1 2 1 

multiplied by the rotor current squared, represent the rotor copper 

losa and the shaft load, respectively. The minus sign of the latter 

indicates that power is being absorbed by the shaft at slips from 

zero to unity. This can be visualized when the positive-sequence 

field is taken off while the motor la operating, an equal amount 

of power must be supplied from an outside source to keep the motor 

running in the direction opposite to that of the negative-sequence 

revolving field. It is because of this characteristic that the 

single-phase induction motor can never attain synchronous speed 

even if there are no frictional and windage losses~ 



5· The Pèrformance of the Single-Phase Induction Motor. 

Referring to the equations given in art. 2 and the positive­

and negative-sequence equivalent circuits described in art. 3 and 

4, a complete equivalent circuit can now be set up as shown in 

Fig. 5-l., from which the complete performance of the single-phase 

induction motor can be calculated. 

It should be noticed that all constants appearing in Fig. 5-l. 

are the equivalent impedances per phase of a three-phase induction 

motor. It would then be necessary to use one half of the actual 

values of the single-phase motor impedances when applied to this 

equivalent circuit. It is also important to point out that the 

sequence voltages anœ currents in art. 2 are the components of the 

phase voltage and the line current of a three-phase circuit. How­

ever, an examination on Eq. 2-3 and 2-4 will show that the factor 

jl3J3 can be eliminated when applied to a single-phase induction 

motor; the line current will be equal to the positive- or negative­

sequence current in magnitude, and the applied voltage will be the 

difference of the positive- and negative-sequence voltages. 

In what follows, the subscripts 1 and 2 will be eliminated 

for those impedances which are identical in both positive and nega­

tive-sequence equivalent circuits. From Fig. 5-l., we may write: 

z.,., .I: 1 

v.-v'l 

- :t.r't 

Ft9· 5-I. 1: Q U 1 VALENT C.t~C.ul T OF 'SING-LE- PHA~E. 

INI::>UC.TION MOTOR 



I = v,- V-r. 
= 1 z,+ Z 2 2Z.,., + 

I.r: 
r , z4> -1 z. -t z,., 

v 
Z ct Zr, 

+ 
Z-t T Z,.1 

Zq Zr._ 

z'f> .... z,..~ 

I.;, = 

ln. -
,.7. -

:r, z,.., 
z4' -+ zt-, 

a. 

j 

The inter.nal torque in synchronous watts of either sequence is 

the product of the rotor current squared and the rotor resistance 

of the eame sequence circuit. A negative sign is attached to the 

negative-sequence torque to show that it is- in the direction oppo­

site to that developed by the positive-sequence rotor· current. 

They a-re: 
T, ::: 

2 Rr 
T ... = -I -... r-z. 2-S 

The resultant internal torque and the resultant shaft output are 

respectively equal to: 

1 = T , +Ti= ( Ir,'l. - r,.; ) Rr 
5 '2-5 

~YN. WATTS. 

p _ p -t- P- _ ( ( 1- ~ ) 4 ( 1- s ) I 41 
Stl. - stt, 'Stlz - -s- r'i - \ --z:s- r2 R r 

The torque developed at the pullay in ounce-ft. can be obtained 

by multiplying T by 112.6/r.p.m., or P by ( 1- s ), lees the fric-

tional anœwindage losses. 

The total copper losa and iron loes are: 



Sa 
1 ·-r ·r -

1 

,. 

LL:- ' . .. ·- j... - - - ... 
- 1 

~ 

~ L' 
- ~ ··-. -t , l\..: 

\.L. : Q:: w 

.8 · i 1800 .. ~ - · .! ... - .- ....., ~r· -~ 

' 

. 1150 

.7 ·- .. -' - . HOO 

.1 
4. . Jb50 
'1 

.6 r -- .. - .. 
' 

LU 
rs:: 
1.11 

.5 
a.. 

j . -.. . ' ·------ L" 
C( ~ 

1-

'1 
c:r 

. t l 1 

.4 Boo 

7 

.J f;oo 

1 5 

1 

.2 '""-.- - J. 400 

' ·t . , - -· 3 · 

J 21)(} 

.. { 

O· + a 12 '" 20 24 
TORQUE OUNCE - FT. 

Fig-• 5-2• PERFORMA NC E OF A C.APAC.ITOR -.5TART MOTO~ FRQM ~XfPE'R:I· 

MEN'TS, 110-V Y4 H.P. 1800 R .P.M . 



9· 

The e~f1c1enoy of the motor can be oalculated when the output and 

the total loaaes of the motor are known. The power factor of the 

motor oan eaeily be determined from the eosine of the angle by 

whioh the line ourrent lage the applied voltage. 

Complete performance oharaoteriatioa of a oapaoitor-etart 

motor, 110-v., 1/4 hp., 1800 r.p.m. from actual load testa are 

given in Fig. 5-2. 

6. Determination of Machine Constante from Tests. 

In order to 1llustrate the oaloulation of the performance of 

the single-phase induction motor from the equivalent circuit, and 

to check the oalculated performance by experimental resulta, the 

machine constante must firat be determined from testa, provided 

that the design data are not available. 

Fig. 6-1. shows the experimental resulta of the no-load and 

looked-rotor tests made on the above mentioned motor. It should 

be notioed that one of the stator windinga muet be open-oircuited 

during the locked-rotor testa ao that the impedance measured will 

be the actual locked-rotor impedance of the w1nd1ng under test. 

The capacitor should be by-passed wh1le meaauring the looked-rotor 

impedance of the auxiliary winding. The turn-ratio between the 

main and auxiliary windings may be determined from the square root 

of the ratio between the leakage reactances of the main and aux~­

liary windings. The following are the locked-rotor impedances and 

the effective turn-ratio determined from testa and will be uaed 

later in the performance calculation. 



9a. . 

-.. ---.--. ! 
t • 
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z..., = '-.22. \ SI.Q = .3. s b .... J 4. e e 

ZA 24.9 1 43. 2. = 1 8. '2. +jl1.1 

= J 4.58 a = /'1'.87 = . 535 
n. 1 

The ohmic resistance of the main winding measure~immediately 

after a load test · is found to be 1.64 ohm, The rotor resistance 

in term of the main winding is therefore equal to 3.86-ohm lesa~ 

1.64-ohm, or 2.22 ohm. 

Like in the case of three-phase induction motor, the lekage 

reactance of the main winding and of the rotor are assumed equal. 

Binee the locked-rotor reactance is the sum of the locked-rotor 

reactance of the positive- and negative-sequence equivalent circuits 

of the motor, we have, therefore, 

~ = Jtr =(1/4)(~) 
(C,-1) 

which gives 1.11 for the above motor. 

The exciting impedance Z~ may be calculated from the following 

expression: 

z~ = Ret> -rj x<f = 
lR'ON LOSS IN WATTS 

'4 

I,..L. 

(b-2) 

in which the iron losa can be determined from the no-load input 

lesa the copper losa and mechanical losses. However, the induced 

voltage E1 of the positive-sequence equivalent circuit has to be 

estimated and ranges from eighty to ninety per cent of the applied 

voltage v. More satisfactory resulta can be obtained by solving 

the equivalent circuit shown in Fig. 6-2. which representa the no 

load condition of the single-phase induction motor. At no load, 

the slip is practically zero so that the positive-sequence rotor 
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current Ir, and the negative-sequence exciting current I~1 may be 

considered as zero. From Fig. 6-2., 

Z~= 
~N. I. . 

By substituting the known constants into Eq. 6-3· and 6-4., 

E, = 110- s.o41-7~-b (!.b4+j 2.44 + '~' -tj1..z.2) 

= 110- 2.1-5 tn.ô = 89.1 14.2. 

z~= 89.7 1 4.2+1~.0 = 17.84 j8o.8 = 2.8S"-+J'11.'-
5.o4 

(~-3) 

('-·4-) 

The equivalent circuit is now completed as shown in Fig. 7-l • ...... 1--~ ...... -r-, =-:r-.,-.~·· G.J\N.,~ 

z,. .. 

Fl_9· "·2. EQUIVALENT C.IRC.VIT FOR SINC:rLE ·PH<\SE INPUC.TIOIII "'tOTOR ~T NO L..OAD. 

It is understood that the resistance R+in the exciting circuit 

multiplied by the exciting current squared gives the total iron 

losses, including the teeth surfaces and tooth pulsation losses 

due to the harmonies. 

7• Calculation of the Equivalent Circuit and the Vector Diagram 

of the Single-Phase Induction Motor. 

Having determined the machine constants, the performance and 

the speed-torque characteristics can readily be calculated. A 

calculation sheet giving the complete solution of the equivalent 
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shown in Fig. 7-1. is given on P. 12-a, in which a speed of 1725 

r.p.m. is calculated. The calculated resulta for this particular 

speed and for some others which are shown in solid points in Fig. 

5-2. are ssufficiently close to the experimental values. 

A clear picture of the equivalent circuit of the single-phase 

induction motor can be obtained from the etudies of the vector 

diagram shown in Fig. 7-3.a: for the no load condition and Fig. 7-3b, 

for the full load condition. No explaination is deemed necessary 

as they are clearly labelled and can readily be drawn once the 

calculation sheet suggested on P. 12-a is completed. 

The vector diagram at no load is drawn frollt' the s-olution of 

the a pproximate equivalent circuit at no load shown in Fig. 6-2. 

llO V 

Fig. 7-1. Equivalent circuit of a capacitor-start 
motor, 110-v., 1/4 hp., 1800 r.p.m. with constants de­
termined from no-load and locked-rotor tests. 



12a. . 
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Fig. 7-2 



1 
1'1~ -

( b ) 

v 

v 

F1,9. 1-3 VEC TOR DIAU.RAM O'F A CAPACITOR- START 
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8. Approximate Equivalent Circuit for Single-Phase Induction Motor. 

In the preliminary design and especially in calculating the 

speed-torque characteristics of the single-phase induction motor, 

it would be desirable if a simplified equivalent circuit could be 

employed requiring less calculating labour yet which would give 

sufficiently accurate resulta. In the three-phase induction motor 

problem, the circle diagram is used for this purpose. However, no 

satisfactory circle diagram has been developed from which the per­

formance of the single-phase induction motor can be determined. 

The follO,'l'ing will be given an equivalent circuit which may be found 

useful in soma respects• 

Referring to Fig. 8-la, it is seen that except at very small 

slips the rotor currents in the positive- and negative-sequence 

equivalent circuits are practically the same in magnitude. It would 

be possible, therefore, to remove the exciting impedance of bethe 

sequence equivalent circuits and to place an equivalent' exciting 

impedance across~ a and b as shown in the approximate equivalent 

circuit on E• 13a. Again, if a suitable voltage E, which is constant 

across a and b, can be predetermined, a circle diagram can be drawn 

from which the speed-torque characteristics can be determined. 

From Fig. 8-lb, the locuŒ of the rotor current Ir will trace 

a circle and it can be expressed by the following polar equation 

as: 
(8- 1) 

WHE.RE (8-2.) 
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The circle re presented by Eq.8-l. can be drawn if the voltage 

E is known. For this purpose, consider the construction shown in 

Fig. 8-2. where 0 B - V/X~ , lagging 90 degree behind the applied 

voltage V, is the diameter of the circle traced by the vectorŒ of 

the line current. If now IN.t. .is the line current at no load a.s de­

termined from the no loa.d test, the magnitude of the maximum rotor 

current Ir, the diameter A B of the circle repreeented by Eq. 8-1. 

ca.n be determined as follows: 

Af!, = OB- OA v 
= ..:L. I S •N e ( 8- 3) 

x,.., N.L, o . 

E - AB·><"" 

- v- II'I.L,xf\1 SIN eo _ (8-4) 

9· The Circle Diagram from Approximate Equivalent Circuit. 

Ha.ving determined the voltage E of the approximate equivalent 

circuit, the circle diagram can now be constructed- as in Fig. 9-1. 

where points A, Q a.nd B corres~cnd to the alip of zero, unity a.nd 

1nf1n1ty, respectively. At etandetill, the power input to the ro­

tor i.e., E lC. Q W is consumed entirely as the copper.: losa since 

there is no starting torque developed by the main winding a.lone of 

the single-phase induction motor. At a rotor current of o d, the 

power input to the rotozr is: 

p ::::; E. K. cl -p 

.I. 2 ( Rr =- r '5 -+ Rr ) 
"2-S 

= I./ ( 2-~r + (t-:S) 
Rr- ~ •-s) ~rJ s '2.-'S 



2(1-~)~R,...] 
5(2-~) 

(q-1) 

A -p 

Fig. 9-1. 

in which m p and dm represent respectively, the rotor copper losa: 

and the shaft power in synchronous watts at the sli~corresponding 

to the rotor current A d. 

The slip for any rotor current auch as o d can be determined 

from Eq. 9-1. as follows: 

E. • d f' • I.r2 ( ~ + 2~~ J 
:::: 2Ir~ Rr .:::: E ·-mf' 

S('Z-S) 

whence, (~-2) 

By denoting mp/dp "ëy K and solve for s c· in Eq. 9-2., we have: 

2 
s::: - 2s ;- K'" = 0 , 

s = 1 ±j 1 - K (9-3) 

Eq. 9-3 indicates that the slip line of the circle diagram for the 

single-phase induction motor is not linear as in the ca~e of three-

phase induction motor. However, the locus of the variable K is ~ 

straight line as shown in Fig. 9-2. 

The net torque developed at the pullay corresponding to the 

rotor current o d i~ ounce-ft. can be written as: 
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As an illustration to show the application and the construction of 

the circle diagram, the single-phase induction motor previously 

mentioned is again employed. According to the machine constants 

in Fig.7-l. and the no-load current In.l. from the no load test, 

the voltage E for the circle diagram can be calculated as: 

E = 110 - 5.05 x 4.88 sin 76.6 

= 110 20 = 86 volts~ 

The circle diagram can now be drawn with a diameter AB = 86 1 4.88 

or 17.65 amperes. The rotor current at standstill AQ = 86 1 5.36 

or 16.1 amperes. The locus of the variable K is along a straight 

line perpendicular to AB and can be constructed as follows: Draw a 

straight line perpendicular to AB in any position within AB~ From 

B, where K is infinity, draw a line from B to Q, where K is unity, 

and produce BQ until it intersecta mn at M. The length of MN is 

considered as unity. The value of K for any rotor current such ·as 

A d can be determined by striking from d to B a line which crosses 

------------~~------~ 8 
le= oO 

M' N at J and is read as .25, which 

gives a slip of 1-} 1- .25, 

or .135 • The construction is 

shown in Fig.9-2~ 

Fig.9-2. Circle diagram from approximate equivalent circuit 
showing how the slip is determined. 
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10. Slip-Torque Characteriatica from Approximate Equivalent Circuit. 

The slip-torque characteriatica of the above mentioned single­

phase induction motor calculated from the approximate equivalent 

circuit or the circle diagram therefrom, are ahown in aolid pointa 

in Fig. 10-1. The full linea in the aame figure being calculated 

from the exact equivalent circuit ahown in Fig. 7-l. Synchronoua­

watt ia uaed in order to show the negative sequence torque in the 

figure. The torques calculated from the approximate equivalent cir­

cuit are shawn slightly higher a~ amall slips and lower at slips 

greater than the pull out slip when compared with those calculated 

from the exact equivalent circuit. The maximum diacrepancy between 

calculated resulta from these two circuits is lesa than aix par 

cent, but the calculating labour of the approximate equivalent 

circuit ia considerably reduced. Unfortunately, there aeem to have 

no satiafactory resulta in determing the lina current and power-· 

factor from the circle diagram can be obtained without correcting 

the exciting current which ia being aaaumed constant in the approxi­

mate: equivalent circuit. However, this circle diagram may be found 

uaeful whenever a short eut method of calculating the slip-torque 

characteriatica ia deaired. 

11. Determination of ·Pull-Out Slip from the Circle Diagram. 
Q 

The slip for maximum torque or pull-out slip, as it ia called, 

can be ~ determined by differentiating the torque equation given on 

P. 8. with respect to the slip s and equating to zero. The solution 

of this equation ia so extremely labourous that some other means 

would be deaired. Mr. Veinott gave a graphical solution of this 
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problem by the Branson~s circle diagram. A useful curve for the 

relation between the ratio of R~/ XMand the pull-out slip was also 

developed. In order to show the application of the approximate 

equivalent circuit and the circle diagram described in Art. 9, 

the derivation of the pull-out slip and the curve showing the rela­

tion between ~/X~and the pull-out~ slip will be given here in~ 

simpler mannar. 

From Fig. 11-la, the maximum torque occurs at d is determine~ 

by drawing a tangent to the circle p arallel to the line A Q. The 

pull-out slip can then be calculated from Eq. 9-3· Referring to 

Fig. 11-la•, we may write: 

-rn p == A p TAN (3 

WHENCE. 

TI-IERE.FORE: 

Sùbstituting the value of K into Eq. 9-3., the pull-out slip 

becomes: 

s 
P.o - l - J 1- ~R 

XM '2. . 
(Il_, ) 

A plot of Eq. 11-1. for various values of RR /~ against the 

pull-out slip is given in Fig. 11-lb. which will be found useful 

in the design of single-phase induction motor~ 
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PART 2 

Circuit Studies of Capacitor Motor 

by the Method of Two-Phase Right-Angle Components. 

In dealing with the circuit etudies of the single-phase induc­

tion motor under starting condition and the complete performance 

of the capacitor motor, the method of positive-and negative-sequenca 

right-angle components or two-phase right-angle components, as it 

is aometimes called, is perhaps the most suitable one as the motors 

under these operations act like the unbalanced two-phase machines. 

The advantage of this method of circuit analysis is to enable any 

unbalanced two-phase vectors, current or voltage, to be resolved 

into two sets of balanced"two-phase vectors, unequal in magnitude 

and opposite in phase rotation. Physically, the motor may be consi­

dered as a two phase machine operated by two balanced two-phase 

voltage supplies, unequal in magnitude and opposite in phase 

rotation. 

12. Basic Principle o~the Method of Two-Phase Right-Ang1e Components 

The basic principle of the positive- and negative-sequence right­

angle components is to resolve any set of current or voltage vectors 

which are not equal. nor in phase quadrature into two sets of right­

angle componenta, unequal in magnitude ~ .and opposite in phase ro- ­

tation• To illustrate this, let vectors A and B which are not equal 

nor in r_quadrature be resolved into their positive- and negative­

sequence right-angle components, denoted by Al, B1 and A2, B2 , res­

pectively. We may write: 



A = A1 1" A2 , 

R=B1 +B2• 

Since A1 = JB1 ; and A2 : - jB2 , therefore, 

B = -jB1 + j~ • 

The sequence components can then be expressed as: 

~ = 1/2 ( A + jB ) , 

B1 = 1/2 ( B - jA ) , 

A2; 1/2 (A- jB ), 

B2 = 1/2 ( B + jA ). 

20. 

The above relations are illustrated by the vector diagrams 

shown in Fig. 12-1. It should be noticed that in the p-ositive­

sequence circuit the component A1 is leading B1 by 90 degree- or 

in a phase sequence of A-B; while in the negative-sequence cir-

cuit the component A2 lags 90 degree behind B2 and the phase 

sequence is ~A. Any sequence component can be chosen as the re-

ference vector and should be chosen in ac~ordance with the phase 

relation between the vectors A a nd B. In both sequences, counter-

clocl~iae ia conaidered as the positive direction of phase rota-

ti on. 

( b) le) 

Fig. 12-1. ife ct or diagram in (a) showing vectors -
A and B being resolved into two sets of right-angle compo­
nents shown in (b) and (c). 



13. Equivalent Circuit of Capacitor Motor With Symmetrical 

Stator Windings..,.: 

To apply the method of positive- and negative-sequence 

right-angle components3to the s~udies of the capacitor motor, 

a motor with symmetrical stator windings: is first considered. 

21. 

The main and auxiliary windingss of this~ motor are assumed to have 

simila:rr·winding distribution and to have th& same weight or' 

copper. Under these assumptions, all the constants of the auxi-

liary windi:ng_ in terme of the main winding can be eX~pressed in 

the~ following manner: 

ZJ 
à - Zl 2 z "à = z., 1 2 

Ra = a R él -= R-rn 

x' àz. Xa =- x ')tl va.' = a va = v-m a = 

.lai = Ia /a. = I'ltl Zl= az Zc 
c 

where the letter a is the effective turn-ratio between the main 

and auxili~ry windings; and the primes are used to denote the cons­

tants of the auxiliary winding·· in terme of the main winding. 

G'onsider no\'1 the currents Im and Ia in the main and auxiliary 

windings of a capacitor motor under unbalanced operation are to 

be resolved into their positive- and negative-sequence right-angle 

components• Thus, 

As a matter of fact, the current Ia in the capacitor motor is in 

leading position with respect to Im when shown in the vector dia­

gram; and for simplicity of expression, Ial and Ia2 will be denoted 



by I 1 and I 2 , respectively, and will be taken as the reference 

vectoras in both sequences, Thus, 

1--: I, 

~ ~ ~ 1 ~ . 

Ia = Il + !2 ' 

Im = -jil + ji2 • 

Fig. 13-1. 

22. 

The positive-and negative-sequence current~ components shown 

in Fig. 13-1 will each produce a 7rotating field of different m.m.f. 

andl rotate in opposite directions. The impedances to the positive­

and negative-sequence current will again be denoted by z1 and z
2

, 

respectively. These impedances 3ha.ve the same expressions as thos~ 

shown in the equivalent circuit for thœ single-phase induction 

motor, see Fig . 5-l. , but are twice as great in magnitude. ~ey 

are: 

z~ = z 'I'YI + Zrt. Zcr 
Zr2. + Z q. 

Rr . 
Z = -- i") Xr rz. 2- S 

} 

The voltage equations can now be written while the positive-

and negative-sequence componen~ equivalent circuits ean be set up 

as shawn in Fig. 13-2. 

r- Ir,- . 
_,~'~ANv---~~~.-, v v" A .t'\1" 

7~ ' 
'2r'2 

~'t 
v~-z. Zct> 

F•~ . · ~-2 (a) MA.l N W IN I:> lN C:r 
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Zct> 
.A 

(C) (d) 

~ig. 13-2. Positive- and negative-sequence component 
equivalent circuits for capacitor motor: (a) (b), the main winding; 

(c) (d), the. auxiliary winding. 

v_ -+ " .... ~'Z 

= I Z + I~ Z'l. "Wll 1 ,,.l. 

â '2 1 c 1 v'>')\ =a: va= a: Va, 

::::. Iq 1 (z,+z~_)+· J.a'2.CZzt zc.') 

= 11 (z,~zc.')-ti 2 (Z 2 +Z,/) 

( 1 3-1) 

(13-2) 

'!\he positive- and negative-sequence current I 1 and I 2::can be- de­

rived:· by solving the simutta.neous equations (13-1) and (13-2). :F.:o~ 

simplicity, use determinants. 

v jz2 

av (Z~-+Zc') 

·j'Z t j 'Z. z. 

(z, + 2.c,') ( Z oz.+ Zc') 

jV = -'2-
( 1- j a ) z 2 + z e' 

z, Z-z. + z~ ( z, + z2.) 
2 

( 13-,) 



I = 2 

-jz, v 

(Z,• z.~) av 

-j z, j z 2. 

(Z 1 -+Zc') (Z -+Zc') 
2 

-j.a.v z, - v ( z, + Ze') 
= 

-j(Z
2

-+Zc') Z 1 - jz2 (Z1 +Zc.') 

-jv (•+Ja)z, -t zc' 
= 

2 z, z 2 + 2.,; ( z,+ z 2 ) 

z 

Hàving determined I 1 and I 2 , the currents in ail bran-oh circuit:Œ 

or: any c:omponent equivalent circuit can be cralculated as follows: 

·r.r, = :r.,z4> 
Icp J:., z"i 

= 
Zq. +Zr, 

1 z,. +zr, 

l. ': 
~t. :z., 

I.cf-z. 
I.-z. ~r'l. 

-=: 
r" Z.f + Zr'1. :Zt + :2.r~ 

In calculating the torque; as well- as the: shaft power of the motor, 

i t must not be forgot-ten that> t-he mot or.~ ie::> equivalent·· to a1. balanced 

two-phase machine. This: givea: 

2. R'r p 2I 
2 (~) R Tl = z .I~ == 

1 -s Stl 1 
r, . 5 r 

T2 = -2.I. 2. 
Rr 

; p -2.!. 2.(1-S )~r ,.1- .2- ~ ~~~-1 - rt 2-s 

Thes re sul tant internal torque and · shaft power in synchronous; watts 

are respectively equal to: 

z[ 
a.. 1 '2. 

) Rr T T, + T'2. Ir, = = ""S ~ 
'2.-5 

(13-5) 

~?. 'l. J ( 1- s) Rr P-P +P =z( .I.rz. --.SH SH 1 ~~~'Z. s 2-~ 
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1~. 'mlœ StartiAS Toraue T:a 

At starting, both the positive- and negative~sequence imped­

ances z1 and ~ z2 are equal to the:: locked-rotor imped.ancœ of the main 

winding· ZM• By neglecting- the resistance~ of the capaeitor, thŒ 

starting torque can be expreased in terme of ~~ the capacitive 

re actance of" t.lhe capacitor in terme of the: main winding, the rotor 

resistance and the effective turn-ratio between the windinga. F:rom 

Eq. 13-5· 

Ts = 2 ( I'ï '2.- l.r./·) Rr 
~ 

z( (-JI,12 +(ji2')2] 
Z<f> Rr = (z_. + :z,... ) 'L 

y'l.. 4 RM 'X,' R,... 
z 2. 

<1> 

- 2. - -
A a 7.M'l.. + ( )("1- ')( c. y· (Ret>+ Rr)

4
-t (X ct+ x.-) 2 

2V
4 R..., 

1 

Xc R.-. 1< ( \4-1) ::. 

a zz. R 'l..+(X -'1<')' M M M " 

t. 

K 
Z.p 

WHERE. = 
( R..-t Rt- y· + ( x<f> -t x,..)., 

The Œ:.arting torque · in oz-ft. can be obtained:~ by multiplying the 

T6 in ayn.-watt by the quantity 112.6/syn. r.p.m •• . 

The . capacitance that will give the maximu~ starting torque 

can be determined by differentiating the equation (14-1) with res­

pect to Xc' and then equating to zero. Let the resistance of the 

capacitor in terme of the main winding be R
0
!., From Eq. 14-1, 



dT:' 
B 

---=: 
dX 1 

c 
d d x;,' [-,-Rt.i--R-c-.! )_2_xc_;_·l!IM--X-,c--' )-2] = o' 

which gives 

whence, 
.L 

lab! = [ ~ 2 
+ 2RM RèJ (14-2) 

When the resistance of the capacitor is neglected, 

X' t . 7-. c· =:=- ... M 

whence, 

The max1..mum starting torque· can be obtained if the capac"itor is:, so 

designed as to havesa reactance eequal to tne blocked-rotor imped­

ance of the auxiliary winding provided that the resistance of the 

capacitor is neglected~ 

15. Equivalent C"ircuits for Capac1tor Motor--·With Uneymmetr1cal 

Stator Windings~ 

Single-phase induction motor and capacitor motor are described 

as the motors with unsymmetrical stator windings when the resistances 

of their stator windings do not follow the relation Ra= Bk /a2• 

In order to make use of the equivalent circuits described in 

Art. 13, it would be neceaaary to replace the impedance of the 
1 1 

capacitor Zc by an impedance :· Ze, which will include the unsymmetcy 

of the stator windings. Let the leakage impedance of the auxiliary 



winding, including the capacitor, be denoted. by Z
8

• Then we may 

write: 

zs • - a? z = a2 Za + a2 Z - a2 za - . s s 

- z + z' - ' m e 

whence, 
1 

a2 Z Ze• - zm • s 

It is interesting to note that the impedancee Z
8 

and Zm 

shown above can be re~aced respectively by the blocked-rotor 

impedances ~ and z5 as the unsymmetry of the motor iŒ in the 

stator windings only. Therefore, 

1 a2 z 
ze = s- ~ (15-1) 

~he equivalent circuits~ can now be set up as shown in Fig. 15-1. 

And by making use of those equations derived in Art. 13, the com­

plete solution of these equivalent circuits may be obtained by 

simply replacing all the Xc!s by the quantity given in Eq. 15-1. 

in the folO\'Iing manner: 
J 

-z ... 
-"I:.r, r 2 e. 

' V-w, 
Z.p ~ z~ 

vQ, 
zr. 

1 

1 

1 

1 

~ z~ -
~ r,-1. 

1 v..., 
z<f> I4> z,.. Vo1. 2.,-2. 't z.., ~ 

J 
'2 

x.f ... 

MAIN W1Nt>1NC7 AvXILIARY WI N t:> r NC7 

Fig. 15-1. Positive- and negative-sequence component 
equivalent circuits for capacitor motor with unsym-

met ri cal stator windings • 
• 
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Refer to Art. 13. and let the denominator of Eq.l3-3 or 13-4 

be denoted by D, thus, 

The positive- and negative-sequence currents are : 

(15-2) 

(15-3) 

The current in the main winding is: 

Im • -jil-+ ji2 

: L [(1+ ja) 
2ID z1 + (1 - ja)z2 + 2(a2 z8 - ~~1 

(15-4) 

The current in the auxiliary winding_ is1 

Ia • a Ia!- : a (I1 1- I2) 

= 2 V~ l (&2+ ja)Z2 + (a? - ja)~l (15-5) 

The line current. is the vector sum of Im and Ia• Thus, 

I,t = Im+ Ia 

• -fn [<1+ a2)(z1 + z2 ) + 2(a2 Za - ZMl] (15-6) 



The rotor current as well as the exciting current in either sequence 

circuit can be calculated asexpla.ined in Art.l3. They are: 

I -= 
I 1 Z.p 

I.pl 
I l z.-1 :: r i 

Zef>~ Zrl Zq "'1" Zrl 

Ir-z. = :J:I zef> 
.!.4>'2.. 

I'l. "Z.r?.. 

.Z:q. -t Z:r'Z. Zq -t Zrt 

The resultant int er-n.a.l torque and shaft power are respectively: 

( 
:r '2. 

T :::: Ti+ T1.. = 2. ; - (15 -1) 

At starting, i.e., s • 1, the rot or current·s become: 

I v zs- j z"" Zq. 
(15-8) =:. 

'Ï z a Zs ZM Zq+Zr 

.Ir. = v az -t- j Z M %4> 
( 15-q) 

z z: a..'~ z 5 z"" Zef>~ Zr 

Substituting Eq. 15-8 and 15-9 into Eq.l5-7., the starting torque 

will have the following form where all constants are scala.r quan-

tities: 

WHERE , 

.... · . '\ 

Since t · 
M 

that 

2. 
2.V Rr X"" ( RA + Re.. ) - R 1"\ ( )(A - 'l<:c.) 

[(R.A +Re )1.. + (XA- Xc Y] 
·K ( IS -lo) 

= V/~ , and IA • V./Zs , from Fig.l5-2. it ca.n be shown 



v 

Flj· 15-"2. SI-\OWIN(r: 

x R~ 
'SIN &A = __.!_ c.osSA = -

zs Zs 

SIN ( e,_.,-+ &A)= "SIN SM C.ose~ + 

C.05 SM 'SIN 9~ 

~M co-se = -
M z"" 

30. 

Eq.l5-10. can then be written as: 
2 

Ts = a IM IA K Rr SIN eM-A S'VN;-WATT. ( 15-11) 

Eq.l5-ll. is similar to the expression derived from the cross-

field theory. 

The capacitive reactance required to give maximum starting 

torque can be determined by the graphical method or by the follow­

ing expression derived from differentiating the starting torque 

equation with respect to Xc and then equating to zero. Refer to 

Eq.l5-10., 

whence, 

Rearranged, 

Solving for Xc, 

Thus, x -c. -

Rf ( XM ±. 2;M ) 

RM 
)(A + Rs ( z M - ")(. M ) 

RM 
(15-12.) 

If the resistance of the capacitor is neglected, the capacitive 

reactance required to give maximum starting torque becomes: 

x = c:. 
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16. Starting Cbaracteristics of Capacitor-Start Induction Motor. 

Fig.l6-l. shows the starting characteristics of the capacitor 

start motor mentioned in Part I of this paper, calculated by the 

method described in the preceeding paragraph. Starting torque, ex­

pressed in per unit fUll load torque, the line current and power 

factor versus varioua values of external reactance, inductive and 

capacitive, in series with the auxiliary winding, are plotted on 

the aamœpaper. Experimenta on atarting torque with aeveral differ­

ent capacitors at about half the rated voltage have been made on 

the above mentioned motor. Reduced applied voltage will prevent the 

overheating of the windings:-: during a continuous test. For reactances 

higher than lOO ohms, capacitive, the motor refused to start at 

half the rated ,-_ voltage as the auxiliary windins- : acted practically 

as an open circuit. It is interesting to note that when an induc­

tive reactance of about nine ohms is connected"to the auxiliary 

winding, the blocked-rotor current in the auxiliary winding will 

be in phase with that of the main winding, and no starting torque 

will be _ developed~ 

The capac1tor of this motor 1s ~ound to have a capacitance 

of 106-.....u.f or_- a reactance of 25 ohms at a frequency of 60 c. P• a. 

The resistance of the capacitor is taken as 2 ohms. As will be 

seen later, this capacitor has been chosen to give maximum start­

ing torque. An example will be given below to show the calculation 

of the ma x:tmum starting torque of the above mentioned motor. 

From Part I, the constants of the motor are: 

XA = 1(. 1 

z,.., = ~.2.2. 

RA= 18. Z. 

.x..., = 4. 8 8 

~c.. ::. 2. 

RM = 3. 8~ 
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From Eq.lS-12. the reactance of the capacitor to give maximum 

starting torque is: 

= 24-. l 

c, e. 2 + 2) ( ~.' 2- 4. e e) 

3.8 '=' 

oHMS OR Il 0- ~F 

32. 

The blocked-rotor impedance of the auxiliary winding circuit will 

be: zs =: 2.0. 2 _ j 1 = 2.1. 3" l-19., 

The starting currents in the main and- auxiliary windings are rea­

pectively equal to: 

IM = 110;~.22.~ = II-J13,85' = 17.11-SI.G:. 

The starting torque: 

= "1 ~ SYN, WATTS . oR .33. <.:. oz- FT : 

The line current is t he sum of IM and~ IA and 1s equal to 2o L:~l.S 

the power factor can readily be found · as .793. These calculat1ons 

have been checked ~ experimenta with aatisfactory resulta. 

17. Performance of the Capac1tor Motor. 

The performance of the capac1tor motor, whether it 1s orig1nally 

designed as a capacitor motor, or as a capacitor-start motor oper-

ated with a proper running capacitor in series with its aux111ary 

winding, has decided advantages over that of the same motor when it 



~ = 3.86 + j 4.88 

ZA : 18.2 + j 17.1 

zt = 5·7 + j 35.2 = 35.68 l8o.8 

z = -j 132.5 c:; 

z8 = ZA + Z0 : 18.2 - j 113.9 

ze! = a2 z8 - ~ = 1.34 - j 37.88 

zm = 1.64 + j 2.44 

a = 1 / 1.87 = ·535 

v .... 

:I-
1 

N AIN WINQI,..Gr .4\VICII.I.O.RY WINt>INCr 

F!g.l7-l. Positive- and negative-sequence 

32a. 

component equivalent circuits o~a capacitor-start motor, 110-v~, 

1800 r.p.m., 1/4 hp., operated as a capacitor motor with a running 

capacitor of 20- ~f. Calculations of these equivalent circuits are 

given on P.33a. 
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is operated as a single-phase induction motor. Among these advan­

tages are: higher efficiency and power factor, increased power 

output or torque at reduced line current, more stable and quiter 

operations. Experimente have been made on the capacitor-start mo­

tor in Part I for capacitor-run operation at various running capa­

citors. Experimental resulta are given in Fig.l6-2 and 16-3. A 

low-starting torque one-value capacitor motor was also available 

for the same experimente, which will be discussed later in Part 3 

of this paper. 

It would b~advantageous to familiarize ourselves with the 

equivalent circuits described in Art.l3 before proceeding f,urther 

with discussion of the capacitor motor. For this purpose, the co~ 

plate performance calculation of the capacitor motor will first be 

~iven in the suggested calculation sheet illustrated on P. 33a. 

The equivalent circuits shown on P. 32a. represent the single­

phase induction motor of Part I, operatèd as a capacitor motor with 

a running capacitor of 20 micro-farad. The rotor resistances in the 

positive- and negative-sequence circuits have been assumed identi­

cal. However, this assumption does not hold for larger motors where 

skin affects in the rotor bara become important, and an 1ncrease 

of fifty to eighty per cent to the negative-sequence rotor resistance 

should be added. At near synchronous speed, the rotor is subjecteœ_ 

to a negative-sequence rotating field which bas a double frequency, 

i.e., two timea the rated frequency, when referred to the rotor~ 

The calculations shown on P.33a are mostly vectorial, wh1ch 

might discourage those who are not interesting to deal with vectors. 

However, a slide rule capable of converting the vectors in polar 
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form into their real and j terme, or vice versa, would greatly 

reduce the calculating labour. For testing and checking purposes, 

some items in the calculation sheet given on P.33a. may be omitted, 

while the line current may be calculated by Eq. 15-6. 

Calculated resulta on P.33a are ready to be compared with the 

experimental values plotted on P.3lc. Close checks are obtained for 

the torques, the auxiliary winding current Ia and the line current. 

Calculated power factors are shown higher than the experimental 

values while the calculateœ. efficiencies are lower. This is be­

lieved to be due to an overestimated exciting resistance. More satia­

factory checks will be ahown later in Part 3 where the machine cons­

tanta calculated from design data are used for the performance cal­

culation. 

18. Vector Diagram and Loci of Current Vectora of Capacitor Motor~ 

The vector diagram of the capacitor motor can be conveniently 

drawn when the calculation sheet is completed. Readera are referred 

to Fig.25-4. where the vector diagram of a typical capacitor mo­

tor is given. 

An interesting study of the loci of the current vectore of 

the capacitor-start motor haB been made by the calculationa of the 

equivalent~_. circuits at several slips ranging from zero to unity. 

A capacitor of 106#! is used for atarting, and a capacitor of 20-

~f for the running operation. The calculated resulta are shawn on 

P. 34a and 34b. 

Readera are alao referred to Fig.24-2, where the loci of 

the positive- and negative-sequence component current~of a typical 

capacitor motor are given. 
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19. The Pull-Out Slip of Capacitor Motor. 

There seem to have no simple method in determining the pull­

out slip of the capacitor motor, and it will be extremely difficult 

and tedious by the methoœ~ of differentiating the torque equation. 

It would be wise, therefore, to estimate the pull-out slip, which 

ranges from .1 to .3 for mo~t machines; or by using the following 

expression for estimating purpose. 

sp - 1- [ t-. o. 

20. Conclusion. 

During the capacitor-run operation, the current in the auxi­

liary winding is nearly in phase quadrature with that of the main 

winding, and the motor behaves as a two-phase motor. The positive-

sequence and negative-sequence m.m.f.s combine vectorially into a 

resultant m.m.f., rotating in synchronous speed, is obviously 

greater than that of the main winding alone when the moton- is oper­

ated as a single-phase induction motor. An experiment on the air 

gap flux by means of an oscilloscope picking up flux wave in the 

air gap by placing a few turne of fine wires along the slots when 

the motor is operating showed that the peak of the flux wave of 

the capacitor-run operation may be twice as great~ as that for the 

single-phase induction-run operation; and is entirely dependent on 

the capacitance of the capacitor and the condition of the load. 

These facts can be visualized by comparing the experimental resulta 

in Fig. l 6-2 aand 16-3. At a running capacitor of 20-~f, the most 
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desirable performance is obtained. However, auch a capacitor 

would be impracticable for this motor because of its high coat 

and aize. Note that when a capacitor of 8-#f is used, the motor 

output at a speed of 1725 r.p.m. is almost 1/3 hp. 

The ;:·calculation of the equivalent circuits of the capacitor 

motor also 1ndicate a-·.great reduction of the negative-sequence 

torque, which may be neglected when a larger capacitor is used. 

For a 8-pf running capacitor, the negative-sequence torque is only 

one half of that when the same motor is operated single-phase run 

and at the same speed. Except at large slips, the negative-sequence 

component current in the capacitor motor is much smaller than that 

of the same motor operated single-phaBe induction-run, as in the 

later case, the positive- and negative-sequence currents are equal. 

A similar statement can be made about the positive- and negative­

sequence exciting currents and therefore, the corresponding rota­

ting fields:. 

Discussions of design problems and the relation between 

machine constants and the~ performance of the capac1tor motor will 

be given in Part 3. where the equivalent circuits set up with 

machine constants calculated from design data will be used. 
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PART 3 

Design of Capacitor Motor. 

The similarity of the equivalent circuits of the three-phaae 

induction motor and the capacitor motor haa been an advantage in 

discussing the operation theory and in calculating the performance 

of the latter. In the design of the capacitor motor, the calcula­

tiona of the leakage reactance, the magnetizing reactance as well 

as the rotor resistance are much the same for these two types of 

motor because their constructions are similar in many respects. 

It is the writer 1 s attempt to lay out the general procedures for 

the design of the capacitor motor by making use of thoae for the 

three-phase induction motor; and to discuss the saillent pointa 

regarding the design problem as observed from the etudies of the 

equivalent circuits. 

A typical low-starting torque one-value capacitor motor and 

a capacitor-start motor together with design data have been kindly 

aupplied qy Prof. w. H. Schippel of McGill University for the 

ab ove purposes. 

21. The Armature Windinss. 

Unlike the three-phase induction motor, the capacitor-start 

or capacitor-run motor has two windings, namely: the main winding, 

and the auxiliary winding, placed 90 electrical degrees apart in 

the armature. In the design of the capacitor-start motor, extra 

attention must be paid to t he main winding in order to obtain good 

performance. The auxiliary wind1ng, which will be switched off 
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after the motor reaches a predetermlned speed, may be designed to 

develope the required starting torque by use of a proper capacitor 

to suit the majority of the design of the main winding. The appli­

cation of the capacitor in the auxiliary win~ing provides a wider 

tolerance in the design of the auxiliary winding for this type of 

motor and a much higher starting torque than any single-phase motor 

using another method of starting. In the design of the capacitor 

motor, especially the one-value capacitor motor, care must be given 

to the arrangement between the main and auxiliary windings~ in order 

to obtain good performance and high starting torque from a capaci­

tor with lowest possible capacitance. 

22. Type of Windings. 

The stator windings of most fractional-horsepower motors are 

of the concentric type which have different numbers of turns per 

pair of slots under one pole in order to produce sinusoidal flux 

distribution in the air gap. Skein windings are extensively used 

for auxiliary windings which have comparatively more turn of smaller 

aize. Fig.22-l show the winding distribution of a typical capacitor­

start motor, llo-v., 1/4 hp., 1800 r.p.m. with 36 slots and 82 

tur.ns per pole; and the winding distribution of a typical one-value 

capacitor motor, 110-v., 1/4 hp., 1200 r.p.m. with 36 stator slots 

and 52 turne per pole. 

Note that the winding pitch of the inner pair of slots of the 

concent~ic winding is very short yet it prevents the flux wave from 

being flat-topped. Any harmonies resulting from non-sinusoidal flux 

· wave would produce undesired harmonie torques which give rise to 
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the pulsation and noise in the operation of single-phase induction 

motor. Factors affecting the air gap flux wave-form of single-phase 

induction motor include the choice of number o~stator and rotor 

slots, the skew of the rotor bars and the shape of the teeth and 

slot openings. Readers are encouraged to read those technical papers 

prepared by experienced designers concerned with these subjects. 

23. The E M F~ Eguatian. 

The basic EMF equation for alternating machine design is: 

in which, when applied to the single-phase induction motor: 

E : Induced e.m.f. per phase; approximately one 

half of the applied voltage. 

f = frequency of line voltage in cycles per second. 

N = number of turne per phase; or one half the 

actual turne in series of the winding. 

KQ~ winding distribution factor. 

Kp • winding pitch factor. 

In the single-phase induction motor, the number of turne would not 

be the same in each coil, and the factors K4 and ~ can not be de­

term1ned,as for the three-phase induction motor, from the slots per 

pole per phase and from the winding pitch. By assuming a sinusoidal 

flux wave distribution, an average w1nding factor can be applied 

to the main and auxiliary windings as given below: 

2: \ TURN!> PE'R C.OIL "- 'SIN c '7o ColL SPAN K y)} 
NO. Of TURNS IN 'S:.~ItS PER PoLE, 
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24. The Exciting Current and Exciting Impedance. 

As they are restricted by aize and coat, single-phase induction 

motors have comparatively higher no load currents than the three­

phase induction motors. At no load, the resistanae of the positive­

sequence rotor circuit is very high so that the positive-sequence 

exciting current is practically equal to the no load current. The 

negative-sequence exciting field is weak at no load as there is a 

greater amount of no load current through the negative-sequence 

rotor circuit. 

When the same motor is ~ operated as a capacitor motor with a 

proper running capacitor, the required m.m.f. is provided by the 

exciting currents of the two windings. It had been pointed out in 

Part 2 that the negative-sequence current of the capacitor motor 

is much smaller when compared with the same motor operated single­

phase induction-run, thus the negative-sequence exciting current 

is further reduced. Vector diagrams showing the exciting currents 

of a capacitor motor undersingle-phase induction-run and capacitor­

run operations are shown in Fig.24-l. The loci of the vector cur-

renta of the same motor are shown in Fig.24-2. 

The method of calculating the magnetizing reactance for three­

phase induction motor has been found very satisfactory for _the 

single-pha se induction motor. The formula adopted here is: 

where f-= frequency in c.p.s. 
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m= number of phases. 

D = inside diameter of the armature in inches. 

L: length of armature core in inches. 

N- -' - number of turns in series per phase. 

p = number of poles. 

~= air gap length in inches. 

cl - Cartier!s coefficient for stator teeth. -
c2 - Cartier~s coefficient for rotor teeth. -

It should be remembered that the : .magnetizing reactance calcu­

lated from the above equation should be multiplied by 2 when used 

in the equivalent circuit of the single-phase induction motor, and 

would be four times as great when used in the equivalent circuit 

of the capacitor motor~ 

The resistance which is in series with the magnetizing reactance 

has been termed as the exciting resistance, which when multiplied 

by the square of the exciting current would give the core losa. 

This resistance can be determined, when the total ampere-turns per 

pole required at no load and the no load core losa are known, by 

the follow1ng expression: 

C.ORE LOSS PE R POLE Ai ~o LOAt> 

25. Locked-Rotor Impedances. 

I 2 
4>, 

In the design of capacitor-start motor, starting torqu~ as high 

as four times the full load torque can be obtained by using high 

capacitance capacitor and a higher current density in the auxi­

liary winding. The locked-rotor impedance of the auxiliary winding 
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should therefore be designed to suit the main winding to give the 

beat performance. Readers are referred to Fig.l6-l, where an alysis 

of the starting torque versus various locked-rotor impedance of the 

auxiliary of a capacitor-start motor is given; 

In the case of the capacitor motor, high starting torque can 

be obtained only when a starting capacitor in parallel with the 

running capacitor is used. Starting torque will be a problem for 

the one-value capacitor motoraas the permissible capacitance is so 

low that a high starting torque can not be obtained by using higher 

rotor resistance or turn-ratio without effecting the performance 

of the motor under normal operation. 

Fig.25-l• shows the tabulated resulta calculated for the one­

value capacitor motor, the starting characteristics and the per­

formances at about rated speed on different locked-rotor impedances 

by using various possible conductor sizes and the permissible run­

ning capacitors. 

Methode of calculating the locked-rotor resistance and re­

actance from design data are the same as for the three-phaae induc­

tion motor and will not be given here. 

The design data of this motor is given on P.42-b; and tha 

complete analysis of the equivalent circuits of this motor are 

given on P. 42c to 42-f, inclusive. 

Fig. 25-5 shows the performance of this motor from actual 

load tests. The close checks between the calculated and experimen­

tal resulta indicate the correctnes~ of the calculated machine 

constants and the equivalent circuits. The performance of the 

same motor operated with its main w1nd1ng alone is shown in dotted 
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INDUCTION MOTOR - DESIGN SHEET 
ROTOR Lam No E-~141 1 WEIGHTS 

Diam. ext. 1 ~.25 Diam. ext. !l.72 Stator \\'dg. 2.~ 
1 

1 
int. 3.1S int. ·75 aux. !.5 

Core stack. . 3.5 Core stack. 3.5' Rotor cond. 

ùucts / ducts -- ring. 

Stack. factor -~5 Stack. ractor .qs Stator teeth 

Iron 24ëi Iron 24-I!I core 1 

No. of slots .3(0 No. of slots 45 
MISCELLANEOUS DATA. j 

Core depth .4(o~ Core depth FAN 

1 

. Slot depth -181 Slot ùcpth 

width width 

Eq. arca ·141 eq. a rea 

Tooth width .j <4-0 Tooth width AUX. WDG. 

Slot insu!. .020 Capacitor "TA.Lf 
1 

Slot insu!. 1 

Wdg. type C.ONC. Wdg. type "!>.C Wdg. type · -sKeiN 

1 connect. '2-CJCT. connect. Slots per pole s 
Slots/ph ./pole 5 Slots/ph./polc Turns per coi! ""3-86"'"'F 

1 Turns/coil tS-25'·1• Turns/coil Conductor 2CD ec , 
1 

Cond./phase 6(o0 Cond./phase Coi! pitch 4-10 j MA't.. 
1 

Cond. wiùth '2oH.- F. Cond. width -~ Cond. length w.-45 
1 

1 ùepth 2oEc. depth ·013Dt~ R.at75° 55.5 i 
1 Factor space -w4 Material c.v . Rotor resist. 

dist. } Locked,X 
4-2..4 1 

1 
• <D~1 

Conductivity% 4?. : 
pit ch Cap. X 31q ' Factor space 1 

Pitch coi! •-1 dist. z 350 1 

slot -321 pitch Startin~: ~mps.l 
.:;14 1 

! 

1 

' 
(~...."' e: 1 

pole 1.~0 Pitch coi! 14-.12 1 

Heat factor slot LOSSES 

Cond. dcnsity Heat factor Cond. stator ~8 1 
· lcngth ~-5 Cond.dens ity rotor 1 1.~ 

R at 7 s• 2.22 length Iron tooth 

} 
1 

volts at 75°~ 
1 

R at 75" core '53.4 1 
volts a.t 75" 1 surface 

1 i 
MAGNETIC CIRCUIT ROTOR DESIGN Wind. & frict. 8 1 

Arca, gap 
1 

6.86 

1 

1 Equiv. :-.! 1 
1 

1 

Ilrush reflist. : 
1 

3. 38 
1 1 

S. rooth 1 1'\ f ri ct. ,. 
1 • t 

1 

1 

S. core 1 l.ô6 1 Actual 11 

1 
Total 141 1 

l' 

1 1 
1 

K. tno th 3.0'- 1 
Start. torq .% Efficiency Iii 59.1 1 

1 
' 

R. core 4. 38 1 loss RA TING 
1 

Phase volts 110 
1 Ringsax. w:~th .o"Z5 Power 20~ 1 1 

Flux/pole 20-4-~ Rad. Dcpth 1.48 Volts 110 
1 

Den>ity, gap 4~0C . MA.X. Materia l &R.ASS Phas.es t 
1 

S. tooth .,.()00 Conductivity% 2.~ Freq. ~N ~ (p5wOC 1 
Rcsist. factor R.P.M . 1140 core 

1 R. tooth 10400G bars Po les ~ i 
core '2 3 ~00 rings 1 P.fo'. .ez 1 

Gap length .OIS EQui\·. R2at 7 5° 4.24 .1\mpereJ< "3,81 ' i 
Slot open, S. .oqs 1 Locked , X +.2 Frame 1.45-2. : 

R. ·031 z 1 1.12. Enclos. -r .E. ! 
Fring. stator 1.11 1 14: 2.5 Tcmp. rise 55 1 

rotor j,03 
(lf Torque start.% 50 1 10 

A.T. gap 2"'4 1<.\Y. bars ' max.% zso ! 1 1 
S. tooth 3q rings. Class 1 

1 

core 3 KW/lb. bars Type 'AP. -__ R~~ _ _ 

R. toolh 21 rings Same as ! ! 
Bar lengt h 3. G:. 1 Similar to 1 core 1 1 

Total .3.21 Slip% Supcrsedes 1 
' ··-- - - -· -

Eff. turns Skew angle 2R!.P 
Amperes mag. 4.'2 ~M~IN fartor 

1 
\1/INI>IN(O-

" gap. 3.4 .A,L.ONE 

F.!g. 25=2~ 
Desi1rner ................................ Date ......... .... ...... .... ... ...... DESIGN No •.. .... A.:: .~.~ '! .... . ...... . 
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Fig. 25-3· Equivalent circuits of the 

capacitor motor ( see P. 42-b )constructed by the method of 

positive- and negative-sequence right-angle components. Cons­

tants are calculated from design data given in Fig. 25-2. Cal­

culations of these equivalent circuits are given on P. 42d. 

42c. 

Performance characteristics of this motor from actual load tests 

are shown in Fig. 25-6. 
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lines"'' in the same figure. Performance calculation of auch an 

operation can be made as illustrated in Part I of this paper. 

26. Observations.: 

The etudies of the machine constants and the calculated resulta 

listed in Fig.25-l. enable us to sum up a few points concerning 

the design of the capacitor motor. 

First, the turn-ratio of the motor has been chosen to give the 

possible maximum starting torque for the given capacitor. Calcula­

tions show that a reduction of main winding turne and an increa.se 

of auxiliary winding turne would result in a much lower starting 

torque; basides, the exciting current would be too high thus giving 

a poor performance. 

An interesting fact observed is that only small change in 

starting torque result from changing the conductor aize of both 

the main and auxilia.ry windings within the a.llowable slot space, 

the number .- of turne of either winding are kept unchanged. However, 

improvement' in performance at ra.ted speed ca.n b~observed in some 

cases as shown in Fig.25-l. 

Secondly, the ca.lculated resulta in Fig.25-l• indicate also 

that better performance resulta from more ba.la.nced current distri­

bution between the windingst and the wider phase angle between the' 

currents of the main and auxiliary windings. However, exact balanced 

operatiOn exista only at a certain speed, and final adjustment of 

the winding sizes and the capacitor must be made in order tb obtain 

balanced operation a.t rated output and rated speed~ 

F~r the winding arrangement given in t he l ast coloum o~Fig.25-l 
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1 
and by using a ' 9-flf capacitor, the motor output canbe increaaed 

1 

to one third bf a horsepower at 1125 r.p.m. and a starting torque 

of about fifty per cent of full load torque. Note that there ism 

no increase in the main winding current; the increased power out­

put resulting from an increaae in positive-sequence current a~. a 

higher leading phase angle, which in turn increases the positive­

sequence torque~ The use of a capaèitor o~highe~· capacitanc~in 

the auxiliary winding is always accompanied by an increaae of the 

auxiliary winding curent and a higher power factor of the motor~ 

In conclusion, bette~~ performance can be obtained when a 

capacitor motor is designed for balanced operation at rated speed. 

Under balanced operation, the induced e.m.f.a in the main and auxi-

liary windings will be:in phase quadrature, with their magnitudes 

proportional to their tur.n-ratio; the aame relation exista between 

the currents in the main and auxiliary windinga, the m.m.r. in 

each winding l'lill thus be equal. The aymmetrical squirrel cage:­

rotor rotates as in a symmetrical two-phaae stator. In other words, 

the magnetic and electrical loadinga will be ahared equally be­

tween the main and auxiliary windtngs. A capacitor motor deaigned 

for balanced operation would require a smaller capacitor, and in 

addition, the design and performance calcul~tiona would be greatly 

simplified. 



27. Design of Capacitor Motor for Balanced Operation. 

Under balanced operation, the negative-sequence component 

current of the capacitor motor is zero since the main and auxiliary 

windin&_currents are in phase quadrature with their magnitude~ pro­

portional to thei~ effective turn-ratio. As a result, the perfor­

mance calculation fo~ auch condition will be greatly simplified~ 

Br solving the equivalent circuits show.n in Fig.27-1, someuse­

ful expressions concerning~ the design of the capacitor mottor can 

be obtained in the fo11owing mannar: 

(a) The Slip for Balanced Operation•·--- To determine the slip 

for balanced operation o~a given capacitor motor~ consider the equi­

valent circuits~ ahown in Fig. 27-1. The voltagŒequations are: 

MA IN WIN Dl M<r AUX\L.IARY WINI>INU. 

oR 

F.ig.27-1. Equivalent circuits of capacitor motor 
under balanced operation. 

y= 1 z , 
"»-! 

a v ::: J ~"ttl ( z~ -+ z 1 ) 

v = j a I-m ( ze -t ~~ ) 

FRoM ( 21-1) AND (21-2): z ., J-aze+ j ~ 
1 a 

(27-•) 

( ZI-2) 



a ince Z' :: Z.,.., -f" :Zct zr 

= 

z = r 

Zct -t Zr 

AZ~ 
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= A 

therefore, 'S = 
b.o. A z.... · v 

(21-4-) 

T -.J"r 
Z; -A 

From Eq. 27-4, the slip for ëalanced operation of the capacitor 

moto~described in Part 2 is :round to be . 248 or approximately 

900 r . p. m • • 

(b:.) Design of Auxiliar;y Windimr for Balanced Operation. 

For a given main winding and rotor, th~ lea.kage reactance:: of the 

auxiliary winding required for balanced operation at given speed 

can b~ worked out by a similar method~ as descrlbed in (a) . From 

Eq. 27-l and 27-2, we have: 

z~ = 
z., --al. 

, 

= 

( 1 ~ja) 

a'l. 

Let z1 and ez, be the scalar quantity and the argumen~ of the vector 

z1 • Eq. 27-5 may be written as: 



1 
_, e 

TAN él T \ 80 + z1 

In Eq.27-6., the leakage impedance:- of the main winding Zm and 

the positive-sequence impedance z1 at a given speed can be predeter­

mined. The choice of the effective turn-ratio a and the aize of the 

auxiliary winding must be well adjusted to suit the given slot and 

to use the capacitor with lowest~. possible:: capacitance:e Note that the 

solution of Eq.27-6. will have the form: 

The negative sign for Ra indicates that a balanced operation can 

not be obtained for the given main winding · and at the given speed. 

However, it may occur at a larger slip. vl.hen a positive resistancŒ 

Ra of reasonable valuat. resulta, the auxiliary winding aize can be 

determined. The required capacitance can readily be calculated from 

Xc,1.e., X
8 

lesa the leakage reactance of the auxiliary winding. 

By usin€[the constants Zm, z1 , and a of the capacitor motor we 

used before, the leakage impedance of the auxiliary winding calcu­

lated from Eq.27-6. -6~ - j 364, indicates that the operation of 

this motor with the existing winding arrangement is not balanced 

at the speed of 1140 r.p.m •• Readers are referred to the calcula­

tien sheet given on P.42d in which Im and ra are 53 electrical de­

gree out of phase and the ratio between their magnitudes is 1/3.67. 

The effective turn-ratio between the main and auxiliary windings 

is being 1/3.2 • 



48. 

28.Th~Equal Vblt-Ampere Method for Design of Capacitor Motor. 

It can be shawn from the study of Eq. 27-6. that the auxiliary 

winding designed for_exact balanced operation would be bigger than 

that for the ordinary design, therefore, it would be preferable if 

the motor could~ be built cheaper though the performance at rated 

load would be slightly out of balance~ ~ 

Mr. Trickey in his paper of Equal Volt-Ampere Method for Design 

of Capacitor Motor described the design of the auxiliary winding and 

capacitor from an apparent balanced point. This method has been found 

convenient in the design of the auxiliary winding and tha: capacitor 

which would give performance nearest to the balanced operation. This 

method will be introduced here and will be shawn in use with Eq.27-6. 

in an sample design. 

Fig.28-l. 

In Fig.28-l., the primes are used 

for the vectors of a capacitor motor 

under balanced operation, which bas 

the following particulars: 

a! • effective turn-ratio, 

C .~. : microfarad of the capacitor, 

a;. • Rm 1 aRa , 
P • _ v· • I 1 _ ....D;x · 1 

ô - c r ' c - - ~ c • 

With the main winding and the rotor remain unchanged, but a new 

capacitor and auxiliary·- winding are to be used, the vectors and 

the constants, expressed without the primes, will have the following . 

relation to those under balanced operation. By the equal volt-ampere 



pr1nc1ple, we may wr1te: 

J 

p = p c c. 
.:::: 

whence vc = vc. -'If c. 

..L. 

where v' = [ , +ci-Y] z v c 

..1.. 

From Fig.28-l, Yc = (v~- v 2 ]-z 

whence a v = -
Va 

1 

and ar= a a c 
a' 

the re fore R :;::: R.,-y'l 
Q 

êtr a 

These expressions enable us to design the aux111ary winding 

and the capacitor conveniently ance the a~p1trary balanced point 

from Eq.27-6. is calculated~ 

29. Sample Design of a Capacitor Motor Based on the Egual Volt­

Ampere Method.~ 

As an illustratiarr~ the capacitor motor described in Part 2 

will be resesigned to a 1/3 hp. motor at a speed of 1140 r.p.m. 

First, the main winding turne and the winding distribution will 

remain unchanged, as the exciting impedance of the motor has been 

found suitable. The main winding will have two circuits of No. 22 

roundJwire. The leakage impedance Zm and the positive-sequence 

impedance of the equivalent circuit Z1 at a speed of 1140 r.p.m. 

will be, respectively, 

z = 3·52 + j 2.1 m 

z1 : 37.7 lse.2 = 19.9 ~ J 32.1 



Under balanced operation: 

I ::. ~ = 2. . 9 2. \-58.2 
-m z, 

I = r z<~> 2.,..,.... • 39. '2. r ""~ - = '7'-~ 

z..t+ Zt' 8~.4 
= 1.'2.8 

T = '2.I 2 ~ = 2 x 1.'2. 8 ~ 84.ê =- 217 ,. s 

Pavr. = 1 ( l- S) - pf +w. 

::: 2.11 ( 1- .oS) - $ ::: 25(o WATTS . 

which is about 1/3 hp. 

so. 

Secondly, the main winding and capacitor are to be determined 

from Eq. 27-6. In using this equation, 1t would be found convenient 

to assume ar= a, i.e., Ra= Rm /a2 , and to equate the argument of 

Eq.27-6. into 270 to avoid a negative R6 • It follows that: 

tan-1 a - 180 - 58.2 = 270 

whence a = .625 or 1/1.6 

. 
Substituting the values of Zm, a, z1 and 9~1 into Eq.27-6. we have: 

Z6 : 9 - j 114 + j 5•4 

which indicates that an auxiliary winding with an effective turn­

ratio of 1/1.6 , a resistance of nina ohms and a capacitor of 23.3 

micro-farad would give balanced operation at 1140 r.p.m. for the 

given main winding and rotor. Unfortunate1y, this aux111ary winding 

can not be p1aced in the given slot while the capacitance required 

is too h1gh. 
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:By uaing the equal volt-ampere method of design and to use a 

running capacitor of 7~f capacitance, the auxiliary winding can 

be designed as followa: From the arbitrary balanced point, we have: 

a'= .6 2 5 
) 

c. == 23, 3 # f. 

a · = 3.5 2. 1 
<=) OHM ::S 

Ra .:. 
r '"' '25 ,.. 9 

.J.. 

Vc' -= ( 1 + 1. ~2 y l{ llO = 201 vOL T5 

N0\'1 C : 7 At F 

VOLT:S. 

VOLT ~. 

a = llO / 360 = .305 

ar = .305 .625 / .625 = .305 = 1 / 3.28 • 

The resistance of the auxiliary windtng is: 

From·; the se calcula ti ons we see that the auxiliary winding may 

have the same number of turns aa before, but the wir~ aize should 

be changed from No. 26 to No. 24 as the latter will give a resistance 

of about 38 ohms as required. The performance of this re-designed 

motor should be calculated by the method described in Art. 15. And 

it is underatood that the expected output of 1/3 hp. can not be de­

veloped by this motor at the speed of 1140 r.p.m. with a 7-~f capa­

citer. It may, hm'lever, be expected at a lower speed, or at the 
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same speed with a capacitor of higher capacitance. The calculatian 

of the .. performance of the capacitor motor has been fully described 

in Part 2 and will not be repeated here. Readers are referred to the 

performance calculations for ~arious winding designs of this motor· 

given in Fig.25-l. • 
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LIST OF SYMBOLS 

a effective turn-ratio between main and auxiliary windings 

a opera.tor ) a= 1 12o'" - -.s -+J .e"0 

R resistance, auxiliary winding 
a 

RA locked-rotor resistance, auxiliary winding 

Re resistance, capacitor 

Re unsymmetry in resistance, auxiliary winding circuit 

~ resistance, main winding 

~ resistance, rotor circuit 

Ra rotor resistance, locked-rotor 

RS resistance, auxiliary winding and capacitor 

R5 locked-rotor resistance, a.uxiliary winding and capacitor 

R~ exciting resistance, main winding 

Xa leakage reactance, auxiliary winding 

X0 reactance, capacitor 

Xe unsymmetry in leakage reactance, auxiliary winding ci~cuit 

xm leakage reactance, main winding 

~ locked-rotor reactance, main winding 

Xr leakage reactance, rotor circuit 

X
8 

leakage reactance~ auxiliary winding and capacitor 

x5 locked-rotor reactance, auxiliary winding and capacitor 

X~ magnetizing reactance, main winding 

zl equivalent impedance, positive-sequence circuit 

z2 equivalent impedance, negative-sequence circuitt 

55· 



Z leakage impedance, auxiliary winding a 
ZA · locked-rotor impedance, auxiliary winding 

Ze unsymmetry in impedance, auxiliary winding circuit 

Zm leakage impedance, main winding 

~ locked-rotor impedance, main winding 

Zr leakage impedance, rotor circuit 

Z
6 

leakage impedance, auxiliary winding and capacitor 

z8 locked-rotor impedance, auxiliary winding and capacitor 

Z~ exciting ·impedance, main winding 

Il current, positive-sequence component 

I2 current, negative-sequence component 

Ia current, main winding 

Im current, main winding 

I .e, current, lina 

IA starting curt'ent, auxil iary' '\'linding 

IM etarting~ current, main winding 

IL starting current, line 

Ir current, rotor circuit 

I <r exciting current 

pi- power, input n. 
P t power, output ou • 

Pah. power, shaft 

loeses of the motor 

Pt -tw. losa, frictional and '\iindage 

56. 



P. F. power factor 

Eff. effic1ency 

S slip, (syn. speed- r.p.m.) / syn. speed 

S slip, pull-out or maximum torque 
P.o. 

S · slip, balanced operation b.o. 

T torque 

T
8 

starting torque 

~ flux in lines per pole 

eM-A phase angle between IM . and I A 

eo phase angle for no load current I N.L 

57· 

Note that subscripts 1 and 2 are used, respectively, to indicate 

constants, including current, torque, power, etc., in the poeitive­

and negative-sequence equivalent circuits. Primes are uaed for cons­

tanta of the auxiliary w1nding when expreaaed in terme of the main 

winding; with the exception of thoae in Art. 28. 


