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SYNOPSIS 

The dissertation deals with the performance-prediction 
of the single-phase Induction motor with two asymmetrical 
stator* windings not in space quadrature, -taking into 

account the effect of space-harmonies. Crossfield 

theory in a generaz.sod form has been applied as dealt 

in reference 	with a modification* A transformer analogue 
analyser type equiva.ent circuit is also developed. The 

m ,chine is shown to be equivalent to a machine with two 

at .i t or-winding s in space quadrature for full, i load ru~rning 
(i.e. near synchronous spe ds) and a simpler and handy 

equivalent circuit is determined, neglecting the space*» 

harmonics iitthout 'pprec.able error. 

The performance of a single phase induction motor bei 
having non#quadrature stator-windings has boon analysed$ with 

stress on start4.ng torque 	torque, starting- 
c p:,citor requirr3nt, suppression or reduc4ion of asynchronous 
dips in the torque-speed characteristic, running and 
plugging op3rations« 



LIST OF SYMBOLS 

a 	Ratio of Starting-winding%urns to main winding turns. 
b 	Any odd integer  
em 	Main winding voltage (= v$  ) 

48 	Starting winding voltage ( ws  -i3Z0 ) 

Main winding current 

is 	Th Starting Winding Current 

idr 	d-axis rotor current 

3qr 	q• axis rotor current 
n 	Suffix or multiple factor for nth order space 

harmonic. 
Resistance of main winding 

r`e 	Resistance of starting winding. 
rr 	Resist nee of rotor Winding riferred to main 

winding as in 2 phase motors. 

To( 	Torque with d electrical degrees space separation 
between stator windings 

T90, 	Td with C( =9o• 

Tb 	Torque for balanced 2-phase machine 
V 	Rotor speed as a fraction of the fundamental 

synchronous speed. 

V g 	Supply Voltage 

Leakage reactance of the main winding due to its 
pure leakage flux. 

X5 	Leakage reactance of the starting winding due to its 

pure leakage flux. 



ie®  Leakage reactance of the main winding due to the 

Leakage flux which does not cross the, air*gap but .inks 
the main and the starting vindinge. 

Xr  Leakage reactance of rotor referred to the main winding 

. as in 2 phase motors. 	. , 	'. 

ZN  Air-gap aegnetising reactance, referred to the main 

winding. 
i 

Xr 	XM ♦ xr 

X5$ a XM + xsm 

Xc  Reactance of the phase converting capacitor. 

x 	2(Zncosnd 

Zo 

I~I 20 

2 * 	2'e+3z5 ♦2c 
a~ 

Z *  Phase convertor impedance. 

20  Main winding stand-still impedance,, 

♦jx0+3 + 	+  	) n 

rrn+jx 

) *  

r 
Zr
n 1•n5v'  



C ffi + J XM + jxsU + JxM 

Zs * (Ts + J x$ + Jxsj►a  cossd + J Xmas ) 	• 

Total impedance of main winding 

ZSS 	Total Impedance of starting winding 

Total Mutual impedance between main and starting 
zsM 	windings, 

Ads 	Equivalent impedance of main winding ac c*x alone 

in equivalent 90° machine (equation 59) 

Zqs 	Equivalent impedance of starting winding alone 

in equivalent 	machine 

ii: 

i 
Z a 

0 

Equivalent Mutual impedance between main and starting 

winding in equivalent 90a machine (equation $9) 
Space angle between main and starting windings, in 

electrical degrees. 

phase angle of i' 

Phase angle of i8  

Argument of x 

Argument of y 

"" C( 2 ) time phase difference between main and 

starting winding currents. 
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Though the 'ignle•phase induction motors are easi to 

design, their performance prediction is difficult. In such 
machines the space harmonic playa very prominent part and 

this makes the analysis more complicated. 	• • 

The problem of signie-phase induction machine with 
asymmetrical non quadrature stator windings is rather o1d12  
Almost up to the last decade this problem was dealt by all the 
existing theories of electrical machine aaalysis, but all of 
them have neglected the space harmonic •ffocts. There is a 

recent paper by C.5.Jhas dealing with this problem, in which 
he has taken into account the space harmonic effects. His 
approach is by ve lvin i.ld In a gensralised fora. In the 
present work, based on a paper by G.E ron' the cross-field theory 

is ised in a generalised form to take into account the asy*• 
chronous effects of the spaee4harrmonics, 

In the present article harmonic effects have been 

more thoroughly investigated, sffeetto of capacitor on harmonic 
dip suppression and thus, run-up performance have been noted 

and advantage of plugging with non'quadraturee windings has 

been pointed out* 
There is very little to choose between the'two theories,, 

crossfield and revolving field„ in explaining the behaviour 

of a single•.phaso motor. However, cross-field approach has 
been applied as an exercise and In doing so, an equivalent 
circuit has been developed which takes into account the harmonic 
efteets* 
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CHAPTER— 1 

TEEOBITICAL ANALYSIS OF THE MACHINE 

1.1 Equations and Equivalent Circuit for the Machine 
(without space  Harmonias) 	 ° . 

The machine has two stator windings with tat turns-ratio 

at a space separation of 9 c(' electrical degrees beth on them*  
For theoritioal analysis the space harmonics are neglected 

first. Two exactly similar stator coils, main and starting f  

of unity turns are assumed to lie along the main winding axis, 
called the 'd' axis. 

Air- 	 p 

ti. 	 5 	 Sir 

V 	I' 	I 	l 

LQ 
(rnL 	ed 

Fig 1(A) d•axis arrangement of coils 

Along the d.axis the rotor is thought to have a similar 
coil of unity turns. 

In Fig. I is shown the various fluxes linking the coils. 

Mutual flux# linking all the throe coils 
It gives rise to XM;  the air gap reactance 

Osco  a Mutual flux linking only the stator coils but not 
crossing the air gap. It gives rise to sm  

reactances 



elm = A leakage flux linking the main winding only and 

giving rise to a leakage reactance z 0 • 

~!s a A leakage flax linking the starting winding only and 

giving rise to a leakage roactance xsd 

= A leakage flux linking the rotor coil cinly and giving 
rise to a leakage reactance xr.  

C 	' 
Writing down the equations for these three static 

circuits, with the roactancesso defined we got 
+j xasm 

*md(1md+4xma+AAM)imd+(i 	+4xdsm) 1sdfjXMidr'. 

®ad a( 'jXM♦a7dsm) imd+(red' 3Xsd+Jxdsm+j )isd 

p 

The following Figure 1(3) satisfies these equations. 

I c 	a;Ls~ 	L 	 I 	 L 
If 

SI 
	 }( 	?r 

C 	
- 	 J 

Fig. 1 (B) 

The starting winding, dispirited by d degrees is actually 

having 

 

It times the turns of main winding. It may be substitu-

ted by two coils, hz ving a cos d turns along d«axis and s-

clsine d turns along q ax*s. 

Hence the circuit of Fig. 1 (B) may be modified to take 
into account a cos c( turns of the start winding instead of unity. a 
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Fig. 2 dhows such a modification. rsd and xsd ara now thought 

to be the r3sistanco and loakage reactance of this new 

d-axis starting winding. 

j -(.. 

~.Isr,u c.c~C 

rn 	 5d 	 j 	f jr 

r'r 
Mù LU:`~(  

I J 

	

r 	 I 	 1 

Fig. 2 
Along the q-axis we hive the starting wending alone with 

a sing turns. Along the same lines q arts equivalent circuit 

can also bo' dov►olopod (Fig, 3) 

	

Lt 	EJ 	 i 
 

fi xr~ 	/ 

	

Y 	t s~ 	 Lar 
~ 	~ 	4 

• J,(f,I ~~Sir~ .~~ 	Ohl 	 yr. 

(Cl Sc rta!J 	 ~ 	 j 

IlL 4LA  

Figuros 2 and 3(B) may be combined together into Fig.B 

which will be the equivalent circuit for the actual mjchine, 

of Fig • 4, at rest 
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r p utVU~er2t LIrLuit' At SLunt.(StLll 

At any spied vt expro sed as a fraction of the fundam3ntal 
synchronous speed the impedance matrix of the machine may 

be written as follows d 



_ v yr 

x x 

Si I 

1 1 

-,1 s 

8 

d? 

'Zr 
000004 (2) 

ra+4 xs+JX 	(xsu+XM)acosd 
+ JxM 	 * jX a coed 

s 	jxa cosd 	rs+jxs+3XM as 

3 Xm 

+3 xsaascossd 
z,s 

AAMaeood 
+ XM a s .n4V 

3XM a sin d 
'.XM a coad.v 

dr J 

41' . I -XM V 

3 X* cost( JXMa Sinc( 

rr+,3xr 	X 

* x1v 
	rr+sxr 

As such from equation (1) It is difficult to modify 
Fig. 5 to take into account the speed. 

Hence the impedance-matrix of equation (1) is converted 

into the impedance matrix Z2 using the transformation matrix 

of eq. (2) 
.n-• 	i__ 	I&-  

Z2 ~` Cit 21C1 



fs 	 XM(3w eos d 
•.j sin dC ) 
• 2 

be 	
XM(J 4acos d 
• +3a sired 1 

2 

br 	
rr ♦jXr(i+v) 

Nov multiplying the impedance matrix Z2  by the inverse, of 
the ' abzoiuts frequency matrix 

f 	be 	 br 

ft 

be  

tr  

br  

M....* (4) 
We obtain the new impedance matrix 

z3"eel.  
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M 

t!t 

bs 

Z3 rt 

fr 

by 

ZM "ZO ~Z~ NVS-wacisot AWS -aoosd -basin d } 
2 

+ ,... 3 4aaoS d XM($ 4 aosc( +jaaind ) 
XSAcoad 2 * 	ain• ) 	

i 

XM(j 4acos (i-acoc . 
+19 slueO ,. d`. 'r '+j X 

2 9 

(j iscos ' (j - acosc( + r 
• j a. ainc ) ja 8i , 	) 4 jX, 

1 

Nov returning back to the cross field a"* by using 
the transformation matrix. 

tit 	a 	her 	n" 

c2 = 2. fo 

b s 

b, 

•ii _ 

*s•r .(6) 

~ a ~Et z3C2 



* 

S 

z4 * 

di' 

qr 

JXSHa cost( JXM 

-T 	_ 

• 

3 	acoad +t 
rye vrr 

.. 	. #3 ZZ ..~,.,... 

, 

r 

Q 

.r 
	 d.r 	 w.r 

..,..(7) 

Hac now from fig* 8 we obtain the equivalent circuit 
taking spool into consideration. 

J int 	} xs n  

JNLOs~( ~J  

11 

± . 	

'~ 	1 r 

(J:.  
- 	- 

! ,f _I C. LuwiiJ2t !_~r~ut At A $BEd 
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2 
T * hasaeSh fts • 

it should be noted that the expression in Z4 iispedancs 

*st?ia rcprossating the  dual ter* bstve.a the rotor dw and 

q axes does not occur in a symisetrical matins?. •Whila.  analytically 

only a change in sign occurs, physically in the equivalent circuit 

a phase shifter mot be placed . Its role is to rotate the 

current and the volta8a by 900  in the same direction. 

Hence the voltagI equations for the rotor d. and q.aZee 

from the equivalent circuit of Fig. ! are I 

i 	 ( 3  X a cos CC) . $d `t Y  43 Xr) 

4 qr,  !L_  a  0 
1 . 's 

is  (3 X as  in) +i 	4j X') +L I t V( • ? Zr ) s,.° 	,L 	va 
• V?!) I.e  

lvS 

1** is  (3 	a sjne() M 	 . dr + 	
5.1,. 43 Xr) a 0 

1d( 

which are the same  as out ai l froe*%13at 



S 

dr 

fShi1.&has..shtft,r to the St*tor 

The rotor asahu of the equivalent circUit may be biought 
to mo 'e f ll*p form If 3 1s and ,J±Q11 are introduced as 
nev variables in place of t and 14r  by the ratrix. 

to 

c3 3' 

a 

dr 

qr 

Then Z5 	Z4C33  

X,acosc( za  •x1acosc( 3X 	sink 

3X Xa coc rr 	 _  • A 	+sand 
av$   s 

I.... (9) 
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? :t&co1 .. 	 c~Y 

s 	 . 	..trrY/ 

1  b  x 

	

bA1v., rs4ppy - 	,~ayw, -o- 

_ 

	

}' u l 	uiuu Lint C, cYLui 	At 3 	ed 
. 	 :Y_Y. 	rh 	

- 

Wl1k J- 	ShLJIer l!2 3ta.t4 
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1.2 	q jtio3 	Ava1enti u Circuit with! S cs•Harn'loni as 

Each stator current ( xi" and Is ) produces a series 
of fluxes With P, 31", SF eta, pairs of poles. Each of these 
flume out the rotor producing  f~ ~t a current d~n~i~y.  and 
flux density wave having the same number of pairs of poles 
as the stator flux producing them. Banco so far as the 
asynchronous phenomenon in the machine is concerned each such 
machin may be looked upon as consisting of several motors with 
dif feront number of patra of poles r,QhoBe stator windings are 
concocted In series (Fig. 8) 

f11c;. G 	In Y,-Jrinc` t~a,t L ) iIa(morw.. i`lotors WAth f 6P,5it tIc. 

PucY.S (.j  



various harmonics motor are intercon' ected, all 

running at the easy► speed T. 
Fundamental slip of rotor 

Ns1  

where N 	In Fundamental sir .chronaus speed 

Tr 	= Actual rotor speed. 
Third space. harmonic slip of rotor 

'siI3 "Nr 
N51$ a 

(1. 3v) 

Zoo*-
ace  

WhoreNs] 13 Is the third harmonic syn. speed. 
space 

Similarly Fifth pu4 harmonic slip 
C I- 5vO 	and so 

For each harmonic machine an equivalent circuit may be 
detrlopsd. The changes to be put in equation (9) will be 
n.y instead of v, suffix n for each of the machine constants, 
n. d for c and 	for a, the affective turns ratio. 

It may be pointed out here that the author' a approach 
to this problem is almost on the samelines as that of a iron's 
paper'. in his paper Kron has shown that the s chit* with two 
*metrical stator windings not in 	Caturr maybe shown to 
be equivalent to a machine with two stator windings in quadrature, 
for any space harmonic. But while interconnecting the equivalent 
circuits of various harmonic machines it was overlooked that the 
currents and voltages quantities in the equivalent stator windings 
in quadrature are function of Oat # the spac..angle between the 



Z( 4 n) r( cSXn aa~ ~ 	l JXM3 
cosnd( 

-z( zt esu . Mial  3XM1SI1 "`X 3a3 j7 3a3 
coma(a colo( Sinai costd sin3o( 

3 M , +iia Pr v 
coat( 1v5j~►., 1-e~ 

iYa vr 

i-VIS rl Myra 

XM3 Y113a3 r 	+3K _vr 
40 9v 1-9v 

xx ,~ rr~ 
Si  1-9v* I•9v2 

+Jxr 

m 

s 

qr~ 

dx. 
a 

qr3 

stator-win ings of the actual machine. In fact for harmonic 

machine 'tt ' should have bean replaced by no( in all the a". res1ions, 
n being the order of the space harmonic. Hence the inter-• 

counec t ion of the various equivalent harmonic mach! nes, as 
dealt in his paper# resulting in the same st. for Cu rent for 

all the equivalent .achinesq is not justifi©d. •- That*•is 
whOy in the present work no attempt is made to roplaco the actual 

machine with two stator windings in nonquadrature by an equivalent 

machine with the st for windings in quadrature. 
A complete impedance matrix of the machine with space,- 

harmonics may be written as follows 1 •» 

qr, 	 dx,  



} rn ; 	t Lrns 	J x•rm 

	

_  	X U Cud Cd 

L 

J n& 	 xs 

rrn > 	rs 

0 

xr5 
f 	3~JL i  1 

4k1l~ L 	5 K 	j Xr }f~~  

~~ r 'V v ,~ 

j 
JXriS "0 	~r5Al Soy 

J  ~  ~  

Ay  
lu✓I,rs.-v.tL 

A 

 9 	L~AL OUL'Lr~C C-Lr'LuLt WL//L J~iU(. /JdY)I►Oni~5 



____ _____ 	J jjr, 	
ji;13 1 

. 	 ., 	raw 

= 	I 	-1 
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1#3 port' 	a• Zquaticsis 

From impedance matrix Z of equation (12) the rotor 
womb equations are 

# jm + 3 NMIa, Cos t$ + 	rr fav r"   
I 

Solving for 1dr+ 	4 j r. w* obtain 

r7 

= 	z, ! iL XK,, Cos d Zr, 

`, • 

iqr+► 	3X1 1 V Rr, im' +!XM-&#8JLAQ( 
 Zr, 

I 
Whore Zr, = R1,, 4 3 1 r, 

+ jr"rs 
l 

~ 	sir  

*. M. 15) 

iii?  
i..1 (16) 

other rotor currents ray be fount simply by changing 
the suffix and putting +► for V. 

Hence 
[Pi +ix + 	(i7t+3 	) 	 L} s 

ova 

+ [ (3C4mnc0 ,ic + 	MAC 	Co (# 3nvRrsin n4)J 
y'rr •nv2 

...Ip( 11) 



 i 	+ z )"cos ao( 	cad + a 	ssn ae an 
1 ~'► 	 zr1 „ nh,, . 	. 

[i(xin9zioosmno( )a + 	a7tn 
Z , ,R2 

It the two windlr a on stator hav sates v.r Inofaotors 
for ny order of space-harmonio, a may be replate d by a. 
Aoeuining rotation from geaxie to 4-axis i.e with v negative, the 
ahoy► two aquat ions may be put in other farms easily;- 

m4 3 	3 x;1¼fy- "a + 

3 X%OO$flC( + 2 Ei'3 	zf , + 2j ` y 	a15 

•a* [is x 	coo nod + 2 E''1' 	». + z $n 	aim 

+ S4 Jx8 + 3a5 2 X Cos$ # as Z 2f , 4- a Z I I ! 

 jflV 	2 

2(1wnv)  2 

and 	 ( lr 4"2 + 	~' n 

j Xrn X 
2(l4nv) 	9 

.e••• (21) 

00000$ (22) 
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1.4 Torgue- expressions 
1_ 	 Y 

Fundamental torque in synchronous watts 

r dr 	'"  
T1 Real 1 1 • Bl + igrl . Bl 	 .....  (23 ) d• q 

where BI and B as shown in Fig. 9 are given by 

d 	--- (vial + a .qr1 	..., ., cam ) 

,SBI' 	.,....
r 
r1. .... . ( idr, + j VIgrl 

Substituting for idr1 and i4r]. from equations ( 18) and 18) 
the torque expression in final form is given by 

T~ •^, 	 Th 	 vX~ 	 rO 

l~ 	r 	+ 	+ 2r s (14v5 ) r  
(1v5)1 

• 
(1ma 

 +2I1cosc os4Im.I 	)+ 	• a 
1 1. 

(Xr.+
r?1 	l~Ia) • eind six 	. «( 26) 1-rrs 

where ® 2 1~ ,   

is ,F Is /d 

4*(C( I *Cc 2 ) 

For any other harmonic torque, say Tn put suffix n in 
place of suffix I t nv for V and nc# for c(. Also 

multiply the whole expression by n to convert the torque expressed 
LU ayn. Watts to a comPton bass speSdp i.e the fundamental space 
harmonic syn. speed*, 



2 
xMM 

Ao 

14. 8taadstill performances 

Putting Va 0 and neglecting Z,, ,the sutual reactance 
between the main and starting winding due to the flux which 

do not cross the air gap (more over as Q is not~mu oh•difterent 
from 900) w obtain from equations (17),and (18). 

+gym 	rm •1 3 za + Z t x 	+ ... ".n.,~.,. 	, 
Vrn + JX r 

+  ~ (3 XMn Dos nest + XM 	$ Z 	~ ai,s 
rrn + 3 Xrn 

#0004 t97' 

t Z(jXjqnCosn* 	'6osnd 	af* 
T?+jX 

 +Z(3X)R+  _  j asis 

rte,+ 3 c 

The two stator windings are assumed to have identiai 

layout, thus making the effective turns ratio V a+ Independent 
of the harmonic winding factors. 

in the starting winding circuit a phase converter is 
put, having 20 impedance.Vith vs supply voltages 

m * ifs 

es a'Vs'MisZ 
0 

L 	r. s3 x +. 
as 

''a. (29) 

64*4 (30) 



Solving for ,il ,moi is 

* 	.,, a(Z +Z0) . l(Zft cos n d 1 	 ~y wn~~..w n wir r r w. ~rrrri ni • 	r r..~r.r....•n.w+wr•~r 	•,,, 	(3 ♦ 	2) * 	(Z + Zo)2 . L 2 7. Cos n c(I s 
• 

Is = !L_ . Z - * .1 (Zn Cos n +C ) 
as (Z+Zo) Zo4. [ZznCosnc(Is 

Whore Zo o N + J xa + n (j 2.+ 

4000 (33) 

E 

* (Ro +3X0 ) say 

and 7e 	I+JXM, + 	 ) 
Vrn+ j xrn 

Rn ,~ xn ) 	say 

'rom the torque expression of equation (26) the 
standstill torque, when the fundamental spans angle between 
the two stator winding is cC, may be found as 

Tq( a 2 a ImIS Sin $ - U Pn Sin ncd .'.'.•.. (34) 

Say ;= I zo 1 j*6.„r 
and Z* 1 Z t t P 

and x.~ 	ZnCosnd tAz.tAo 
zo 

. ê bdi19 ' t B -ugaentot Z(Z0 Conn d 

.21 
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Hanan after simplification , 	 4 

12.Ia *Sirs a 1 a*xsiny+ a Sin&' z sin'r+ a° s1t-c5 
asZS j 1+y'2+z # 	Cos( s "2i )- Cos 2r 

'o 	 r2ycycS 

Undo 2wphaaa baianca operation with two identical 

windings in space-Quadrature 

0 

1 9 0 + 40 
ze 

and Sink = 1 
Hence from (34) 

„, 1 S~ (a 1) sin-/ +ay~sind' + a2 	sin('-S )1  
T , n si ar I 1475 + 0+27 Coad •2yz5Cos (o -2)') -

2 

• Sinn iayain6+ as y x stn( y - cc 

	

Sin rZ a* [ 1iyx + 27 CoS6 3 	.„(36) 

Neglecting x* and (a2» .) x Siny 
Also 	 y Sin a 

r ► in 	a( i +y° 42y Cos ci ) 

For the maximum ( !!d.PI ratio, the first differntiation 
Tb 

of equation (36) is equated to zero which giv s 
7*1 

...(37) 

i.e. 124 	” I z$ 
From (38) and (37) 

*Sinn 	1+as Sin (y-S 
n Sin n 

2 

... (38) 

)COS 00 cs 	* 0 * w(39) 



For resistance start 
Z* R, P Ape 

:.f!1 sin n d 	a n n ar 	"'.,. ' ~.*► 	z )h Cos nc( 	• . . (40 ) 
2 

For pure capacitor start# 

z M ~-..- I  

	

CU) 	 2 

	

- 	
.. [T n 	 „ .,~ 	g Cos it t 	, 	1 

The above two expressions are tsar when the de ►iaticn 
of the angle between the stator windings from' is small. 

In wound rotor machines, the higher harmonies of stator 
a• .f produce neg]•gibll reaction in the rotor. Rend the 
torque of such Machines is entirely due to the fomdamental 
mom«t, and 

z Rh Cos n C( x Ri cos d 
Hind [!.1 a sin +c (1 • $ t- cost O 	(42) 

Where C' a Rl 

Since Rl to approximately equal to rr, the rotor resistance 

per phase referred to the stator main•winding as in balanced 
2-phase machines 

c '0R ... :..,~.. 
r#rM 

.Z3 
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For maxim= T  
Tg e 

Co11  

ratio 

 

-2S 

(1,  j V i ) ...« (43) 

 

Since most induction uchines have squirrel cam type 

rotors which react strongly to the harmonics of the airgap 

fields equation ( ) gives those torque variations with angle 
The term C 	n Cow nc  ) is usually not much dif'f'erent from 

Cos c( 1,,er boas c(.vsn in presence of harmonic 8. 
Ro 
Rana* T 	Is n Ad 

LTao.j' n, sin nLJ 	 ) 
2 

inn equation (31) and (38) It is seen that the optimum  
capacitor for maximus starting torque is Inversely proportional 
to as where as from equation (37) the maximum starting torque 
is inversely proportional to 'at * To satisfy this twin 

,tare 
criteria of-y- starting torque and a small starting capacitor 
the value of 'at in capacitor start motors is usually limited 

to a maximum of about Se The value of IF i' I is fairly lose 

between 0.2 to 04, because of the use of low resistance rotors 
In order to ensure sufficient pullout torque and to minimise 

the backward field losses. The maximumas is thus 0.8, with 
the result that about " more starting torque is possible 
by sic of 43C greater than 900 



tai C i is 

Frog equations (32) 9 	 a 

Il ~r 
. F  *s + x*+ a + 2 	os d •tax cosy ix Cos (y-cS ) 

AZO 	1• rS + 24 	rats B' •'x3 cosh c.2 7 ). X'. cos 2c1 

Hen ►, 

•
, rj,,, 
 (cs y + oos( ' -1) 
 ' + yo + y► Coir 6 

Nsgloctin ; z terms for +0. < s(< 120• 

From equation (33) , 

Is, 	I * allx ' «* L Ax Cos -" 
s~0 L , +y + z + 	coed-2zRsos(6"2r ),*2x2cos 

=go  

wow/v 	 a 	 ly)1/0 	•#i•i• i 2a cos 	 ) {';o.  
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1.1 RwP ing Performance it s 

1.6 A. Dips in'rorque» speed Curve due to d acoo Harmonic**,s 

The ais•gap field of the ncngUadratsre winding single 
phase Induction mbfi' contains a Urge number of space 
harmonic flux waves of appreciable proportions. In cavo of 
the wound type machine the rotor responds min3y to the 
fundamental spat e~►harw onio flux but In the case of cage typo 
machines the rotor reacts strongly to these space harmonioel, 
as a result the torque-speed curve is wry xmicb affected* The 
principle effect of these harmonica is to produce harmonic 
dips in the torque speed curve and hence they increase the 
possibility of the motor to crawl at low speeds. Hence 
riduotiou In this harmonic effect is highly des rabic. 

This dip is due to the forward componentt of the harmonic 
m.m,f It is possible to eliminate it at its ow synchronous 
speed by proper selection of the staring capacito* for any 
angle between th3 stator windings. 

I 01 Forvvur~( 
/ - liLrLLC 

1 

I';., 11 . 	],vo Stator lnliradiny5 , j)L s/Lint L .83y Art Ari_yic 
}j{ 	[ur 	'I hc: rdh 	S?(AL(_ 	1-1u r mon1,L. 

27 



Resolving the nth space harmonic Hart along the coo and 
q' an*$ 

H ' Cn 	s n is sin ► d 

Where C. is a. cont ant. 
To aancil the forward component of the nth harmonic field 

* 1 	I2 
aqn 

26 

.... *, « (4?) 

Who" b is any o integer. 
pros equations (17), 	$18), 

* Z_jm +7 $ i' 
	

•.,.u. (1?) 

**O»«* (18) 

When 7 # {rj  + [(3x)c1+3x j + ~n 
'ern•+ fl'l5R5 

zis * a +j x, 	l3MX +2 )s$+ W'I'X 	z 

5n• nevenorn 

a 	{ j (Nn + x) a. Cosnd + M2n(ZrnCos na 3nYRr sjn fl )d 
Z z _ ~z z. z 

	

rn 	U Rrn 

[3(  tea+ 	&a art + ' ~  
I. 

#at has been assumed to be indapanlent of the winding-factor. 



yy. 

fin `p, 

b0° 7U° 80° K5 	oc ! 10 

1. 

~ 1 A 

0 
iz0 

But 5 = vs 
.. Ms M Zola 

,y put tin ns + 3 x1+ zu 

5 

Hence from equation (47) and $ (og) we got 

z . * {e2(as+aI..nc 	) + s f az,s-  

♦..♦ (49) 
the 

Bore the paramet r s are at -tom+ synchronous speed of 
the nth space harmabi,c, Generally the mutual impedance 

self 
terms are quit* small compared to the fie  term even $p 
to the 3rd harmonic synchronous speed that these may be 
uigisct~ad safely. Then the capacitor reactance is 

'a=(as4aCosn4 	« f asinine() 	a 000(so) 
Where Fes, 

From Equation (47) 4 = (br • no( ) 

29 
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Fig. 12 shows the values of 4 required to suppress 
prwc ct 	 • 

the 	component of the 3rd ► 5th and 7th, harmonic field 
for values of 	betwoen e0• and I2d•# 

From equation (34) it is clear that with 1m,, is and 

c( fixed, the starting torque is maximum rxhon = 90'1 . is 
may be proved as in 5(b) that for pure toundamental forward 
field $ should be equal to ( 	+ d ). hence 4 will vary 
from 60* to .12D for the above limits of t(, then only we 
will get sufficient found. forward torque. 

Now it may be noted from Pig. 11 that the forward component 
of the 8th spam►- a#sae* harmonic can not be suppressed by thio 
method# while those of 3rd and 7th can be suppressed only if 
d is betwaon BO• and 100 for 3rd space harmonic and between 
8 to 9!' for the 7th space harmonic. 

A proper selection of d( and the capacitor can thus help 

to suppress the forward 3rd or 7th harmonic field it either of 
these is, present in the >t wave of the individual winding. 

1.6(B) Detection of the Running Capacitor for Balanced 
operation 004*e 

This is done almost on the same liras as for dip reduction. 

Za 
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To obtain a perfect balance operation at any speed, so 
far as the fomdamental field is concerned, a critical running 
capsaitgr may be found for any angler between the stator winding. 

Again , resolving the fundamental mmt along the dam,; and q 'xis 

" C1 [ i+axc dj os 
H11" 	s s Sinc( 

i?or balanced operation 

Reno* 

a i5 	s~► 1 +I ' 	 . +► w w . (51 

Where b Is any o d integer • 

Hence 
*- 	(a'° +a 	) + o 	+az Id 

The parameters are calculated or measured at the 
desired speed. At high speeds the mutual Impedance terms 
have quite large values and so these cannot be neglected. 

Whereas in a 	oitanC *tart motor the starting winding 
Is designed an starting torque considerations, In a capacitance 

"start and-run motor it is designed to simulate, with the 

assistance of an appropriate capacitor$ a nearby balanced 
2phass operation of the machine under loads This makes `a1 
the turns-ratio a function of the pone of t etor, 

Frit equation (51) ,tor h * I 
is a. , 	*'id 

I 



Rena* %s( Z +zaa i .1 .) 

Lit Z + Zss  
a1  

Where 4, is the pore angle of sainwinding 
Equation (62) may be -putt. in the fort 

E 	
- 	 , 

s 	[z m '!'.id 
•1 

only for a particular case of of w 90. j 

zlt,_41 = 	+ J `$ , Zes  a 
and Z0 r W (a* + SO) (Zt 

say Z0 

acs 	 .a(a+j) 

On solving fora and w got 

Am *Cot ( F +4,) 	.......(53) 
and I...'! ~.. 	= a 	1 	a 	•.... ($4) 

Z F 

In capacitor start and run motors is usually has a' lead 

angle of approximately 30 with reference to supply voltage 
and I'm lags the supply voltage b) a p.f. of 0.6 to 0.85 P 
is nearly 9 for a capacitor phase convertor. 

fence +a' will have values between 0.8 to 145 

SZ 



V'ot IPsc. angles slightly different from ao° 0  say 
8O• and 3.Oq• to a good approxi tictt ''a+ may be said to 
h5ra the Sae range 

It may be pOLnted out hero that vita sazi.mua 'a, 
of about 14.35 and (cs 	of O «fir,+a saxiiznefa of O.8 &o-  is 
obtained aid hones about 11% sore starting torque is 
pops ibis In capacitance start and run motors through the 
use of a $Paco angle d greater than so• 

S3 



1.7 Eqpj lent uadrure M&1ins for A Nofl.Q!Iadrptur. Machini1  

When the nonquadratur. machine comes up to spesii it is 
the fundamental which is mainly responsible for the torque 
production. in this near synchronous sped reglou t1% harmonic 
effect mar be neglected without much error. 

With this simplification the machine performance equation 
may be put into a more compact form and a simpler equivalent 
circuit results. It Is thus possible to find out a mach 
with the stator windings in quadrature which Is equivalent 
to the machine with nonquadraturo **tator windings. 

Let us replace the mot of individual stator vindings of a 
machine with nouquadraturs stator windings by resultant mat 
along two quadrature axes, main winding axis being the direct 
axis. 

0  , am 1.*, the currents of the main and starting windings 
are replaced by two new currents ids fld i ts' such that 

im + a is  Cos d 	 00#« (35) 
and iqe . a a is  sin t(  

In the impedance matrix Is and 1qr  are apps ar1ng as 
ii1  and j jqr 

Hence 
I ds news a to is) Board( 
I i4s ; a ( 3 i5 ) sirs d 

ice"" a ft 
S iql,  a  

Then the matrix co necting these variables is 



3S- 

1 ~~lkCO~l 

seine( 

1 

1' 

car 
48 

qs 

tip 
.*.s. (57) 

and 	im * id$ + 3 ( S:iga )Cob 
us =3 q ` f* Sind 

C2 3 

tip 

1 

I 

I 

Nona* the nav impedance matrix will be 

AS froa squaticn (9) 



"w3 21 Zqs 3 X 

x 
Lf3Xr' v7 

ds 

Z a 

No 

ds 	98 	 dr 	 9r 

0.0 (59) 

whO?Ø 
!~► " im ( I 'C t + ). 3 z( tw cot 	) +3 XIM + jy* 

+3z 	+3 (my) 

s2sin5+ 

[ 

cot'. 

+3XW 

%%% + 3 Xqo + 3 X4 (say) 

The now voltage matrix 

• C 	~5 

~3! 	 t 

s 	 (05 aSin 	cots ) 



Zn order to introduce the phase oonveter impodaho* ; 

*qg a (isIa Sino( on Qo1 ) 
But *M a so 4 Is 
t nce j0qs 5 	a A d "`cot+o{) »3 is Xe 

m span tt 
Substituting tq5 for I$ 

Oqs 	'~° a® 	
'" c°t °() 	3qs  

assin5c( 

~7 
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pP.çlrai' TION AP P; " :V11TAL '1.'-CSIs!? 

3 phase, 440 volt s  Dalta conxnacticn, 2 horse newer motor 
squirral case type rox:or. 

The m.7. chine has double layar win1ing, number o jt:3tor shots 
being 36• All the 36 coil ends rare brought out to a circ'xlnr 
torn"fol board. This makes it possible to co'meot the machine 
Lor various nodes of opera. 'vn. As a sin to ph- so m chino, 
it was pos::.:.ble to hags two stator ndinga o'' equal nuber 
Q4' tis with 6O° i 800, 1000  : nd 1200  4p•.  ce tingle ! otvJon :hem# 
but 900  a . co angle between the wt ln-s or turns-ratio other 
t} cn unity was not posy"ble. 

The oowtzmta of the *► oh1.ne wore det; rmined b ► conva it 4  onal 
tests. They arc as 'oilows se 

Leaks ;e impedance of main wirAthg  

rm + j 	= ( 3.24+37.37) ohms 
Rotor leikage impedance : or nda ental (raforrcd to the 

m.in-wind t ng on atator) 

rr+ +3  Zr 	(4.fl1 +37.3?)  ohms 
Magnet iGing rractonce for fun&enta1 i1 

Jt a j240 ohms 
Rotor ' .onkag3 impsd,=.nco for third-space harmonic (rafor rod 

to M:tiflu.Wtndiflg on stator) 

tri + 3 r  * (0,6572 + $ '1.0) ohms 
Third harmonic mrgneti eing reactance 

311 	3.62cns,  
ft th and above €space»harmonic oonctpnto n;rj neglected 

as they are W-ri.c iently small. 
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In, o :ro%? .caA np; i t Io ct ) toy. to PAIR & ocv.~a'~ tet' 
o st ablo ce: 

	

r. 	o: •:{„^. ~ (3) and (30g q tho ot2.tn€tart 

	

oe c 	~> '? 	 2.o r; s73n T7 tho 

e 1z01 

xInfi.w thha o . 	:'rte cixc2or 1a o notioz of 1ho 
of c t &t ' .a rr.o c-ioo of c in ai nA ro and tho  
t tnc jjacj:nn t o.' tho op co cn to botmon tho ot- rvu -pt7 n~?.ngs 

ho G` ozlat.1i t oltiaw of tion 	dLr 2.o t7 

7a a an. trio 

0 4O.39 oaoc 

ono 	10e2 	!3.4 

C 7A * 	 `~ 	c 
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For unity turns.rat io machine two more values of starting 
oapr:citor are tc,k,;: arbitrarily for cotnpariain, one value above 
175 microfarad i.v. 200 MP' : nd the other baby 175 ! i.e. 
1509?.  

To determine tb-3 startthg torques tot dif 'eri :t Bpi** 
Syed, 

anise between the -starting windings, the macb?ns was 
aoupl3d to a well caUUbr .ted d.c. machine. The Induction motor 
was rin by the d.o motor and braked by applying r iuced cin ;le 
phase voltage to it. The resultant $toady speed of the set 
undez' this situation was controlled by vcrying the voltage to 
the ar ture & th's soparLt 2y excited d.c# motor A nuubor 
of observations Vor. trLIsu at crawling nog Live sue►-)ds. The 
iMduet4  on motor torque was o .ioulated from the input to the 
d» c « nzchine and then referred to 300 volts lo us ;t ng a sqw r 
proportional ,ty of the iniuct. on motor voltage. Thou by 

gra1b4 c!' I extrapolation the starting torque was obtained 
Pig 're 2.1 to 0?.4 

ATT readings :..re oonv rted to those for 300 v'o its bsc:a° s+ 
It is round iuring runu.up tests that with la--,sor voltage the 

-. 'ne does not cams up to speed .i !e greater vol go will 
give rise to prohibitively terga current. 

able 2.2 shows the starting tor: uo for suffer nt opus• 
angles b tw en the stator vind5 ngs , r>nd Leta starting a paaitors 
or t1.ty turns ratio. 
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It is noted that the starting torques datornod a Di• 
3nwal17 vre q±t..te 1i 'armz t from th.; ø.l 1atd v; iu . 

Fol lowint pro the posq! b 	it e 
1. Low valtzi o (c volts) w.a npliei to the xn,chinp tiering 
the brake test because of currant iiit: tions r Itence develop*id 
torque Find be f rioion t,r .ndago torque were round d to to o? the 
some order. Tia ''.e, ds to h r.gh errors when the t' riction.winda,go 
loss wie eubstr- eted fr the input to the doe. iotor to obtain 
the uee 'u1 per *er detrloped. 

Further it wrn not possible, due to same reasims as ,abave~, 
to driva the iruohiue steadily at 'orvard crawling speeds. This 
loads to error a " to e:tt 	ic,t .ng the results for zero speed. 
Be Rotor oross.currant when noz *- The calc.i'a-%ions were 
made by assmWng insul" •.t 3d bar rotor while it Is not so,* The 
crosa.curront ph enc en n in ';he rotor prolucos 4o riimmntz 1. 
effect# eepoci .l y► at 'over and negative speels. Zn cr►.si of 
stia1l motors Vila effect is expected to be noro pronounced. 
I once the c lculated vr:iuoo should ba some rpt higher than 
the ezparimental values. 

It 411 be interesting at this point to compare the itnda• 
zonta1 and third s ace*harmonio standstill tar i ie com,ononta 
for cny space tingle to the o orrospondin v lues for aoa space* 
angle botwien the windings* 2a the ?inure 2.$ are drawn the 

(T/ T90.) 3. and ( T'd , t)po )3 curves ae a 	otic n of 
the space angle or differ.nt ter.11.ratioe. 



'FIG. 2-5 

AND 
	 CURVES 

`\ 

°J 	 1 

• 60 	
.___--~-- ....w • ,~ 	

t3ri 
	 -~  --  

iso 
70 	90 	!40 

SPACL - ANGLE 

14 



47 

it is seen that (PCC fl90e ), reaches a maximum v,1.u. 
for the spree r ng3.e + Dbovo 90°. This spas* rile is 

Appi'oxiaitO1y for turns- ratio equal to unity. For 
higher turna.ratio it incre~.sGs ,cry slightly. or 4paoe 
t;n los less than 90° C Td/ T900)1 (1orr3ases vary rapidly. 

MW71 W L G Of (? l90o )1 increases with the turn 
 For a = 3 it is 3.01 raid for a a 1*4 It Its 1.06. 

X 02 
C T j T900)3 roaches a m-z an d vallasA Por necriy 
9? space angle between the windings &n4 neither 

the ma t mwn v :b lug► nor thø a gia at hich It occurs oh ,.nos 
atoriully with tho turn-ratio . For an, ;l a on either side 

off' the mai:im+a (T Trje  ),S decreases very ravidiy, reaching 
zero malas for both +fit° cnd 1 	sp={,oar Ingle between windings 

Nonce more ounda enta3 torque e n be obt n d at nt^ rt .ng 
by m*inrr the space-► vke batwoon the st .tor vindings grater 
than 90°. The not tor4llo c1avt*lope: wil ! 9 h ever, d!.apa d 
on the harmonic content tr the air-gap field. 

Total atarting.torquQ per anpere lino currunt is u3so 
c,-iou1 .t ti for a?i th3 Mees. It is torxd trnm ' al le 2.3, 
2.4 and 2.5 that its v lue with (say) opts. ►:zn st:.rttnj c pGitor 
is al r,kya lower for the 90° spre z "to it r c ::as ► oneither 
side of ° sacs 	paration« 

For ao* case T/XL !ons not hnnro aprreciabl7 with the 
turns-ratio whereas for lessor angles it goes on dooroacing 
with increase in urns-ratio teat for rff.t '.ai higher than w 
it increases with turns-ratio. Ttence this shnwu r n advnn=..,.yea 
of n sinr -a apace- angle between windings greyer t' °fl W,* 
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tin 	r 	9 A. s C 1 xculatad 'c Li .it 	$-Kati, 

8paco 	C,p~citO3 Starting ' nrqua Otart'ng Cui'ront l 3rd 	TI r~ Tolp$ 
in syn. Anne 	(4T') Watts Amps. T m in1c 

o ~ I E 
is 

ISO 1890 	0 1890 15.2 18.1 24.2 37.6 	73.2 3.37 
600 	175 1905 0 INS 14.6 19.? 27 34.0 	70.8 3.19 

200 1,125 	0 1815 14#1 20.5 29.2 15.8 	62.3 

160 MM -560 1790 15.2 20 27.8 	-w 65 2.8 
10 	176 2380 -860 1290 14.9 22 30.0 	- 59 2.6? 

200 33 -►52D It "0 14,? 22.7 33 	-- 62 2.3 

9o° 	180 2450- 645 1785 15.3 2..4 29+2 61.2 2.58 
178 2520 0 11150 15.3 23«3 33 - 56.1 2.39 
200 2310 420 1690 26«3 23.9 35.55 47.? 2.12 

150 2580 -610 19 15.4 2.7 31 13 62.6 2,53 
1)00 	178 2580 -605 1976 18.6 24.4 35 17.4 56.4 3.33 

200 2400 -560 1840 ' 16.9 25 32.1 31 49.6 2.09 

160 9430 0 2430 16.9 24.9 34.7 132 70.2 2.8 
ISO* 	176 3490 0 2490 16.8 27.2 39#7 133 62.7 2#43 

200 2335 0 2335 17.6 23.E 42.6 1' 3 54.8 242 
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Tat► .o 2L4 . 

Starting prforaneo As Calculated for Turns.Ratie Iii 
(Fox Critical starting capacitor only) 

Pace Critical Starting Torque 	Starting Cunt 	4 	T, 	T 
~$1• Capacitor 	n. Watts 	(Mips) 	Hor ric ":"• ..^..s.~. er 	 » 

(MY) 	x 	T L Dip. 	1L I*s 4axl$~t 

)' 120 1515 0 1515 14.6 13.1 22.2 	30.2 68.2 3.29 
• 120 190 140 14.916.1 25  59.5 2•? 

)" 120 2100 .560 1540 15,3 16.2 26.7 57.7 2.53 
)0° 120 9170 4510 1660 15.8 17.1 2.2 39.1 si 2.51 
fi0° 120 228D 0 2150 15.5 19.3 30.3 127 71 2.65 

Starting Psr orr nco An Calculatad for Turns Ratio 1.4 
(For Critical Starting Capacitor only) 

6 ace Critical Starting Torqut 	Starting Currant % Srd 	T 	T 
iglu Capacitor 	(Syn. Watts) 	(Alps) 	Har ic«~. ► 	•. -... 
fi 	(HP) 	 Dip 	1L 	Yea„ sls1 

so 	1270 0 12 14.90.4 20 	26.4 63.7 3.23 
90 ISM  1$030012eO 15 1121.8 -►58 275 

I' 90 1900 1320 15.3 11.8 23«1 87.3 2,0 
0' so 1900 -4 5 1455 18.5 12.7 24*3 97.5 	50.1 2.61 
10' so 18W 0 1800 15.3 14.0 87.3 121 	60.3 2.78 



Also developed torque per watt power loss in the stator 
copper is c .lcul ated or actually T/Im2  + a Xss value was 
calculated. Again 90° case gives poor values. 100° 
space-angle is very mice similar to 900  case but for angles 
beyond 1000  and less than 900  there is much increase in 
torque per watt power lose in stator copier. Por h4gher 
turns-ratio the nature of variation cti11 holds q  except 
that there values go onImproving for all space-angles, 

RE 
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'"bet main point o Interest here is to study the torque. 
speed characteristics or the macbne during ttm up *71th 
di?fer znt space angles between the et .tor-owin9 .ngs and 
different etrt3.n ► capacitors* 

The torque speed charaoteris4oe Wars mathematically 
obta:!nei from the machine perfor n o equations as well as 
experiment .1 ~.y de tirmined "or unity turns»rat i o case. 

eo i tion► S the 	Brij n •a 	tor the DeR~e 	tiaa 
P T  «  CurvJa 

As seen in Pig. 34 a U 1.o. rbchino w s coupled to 
the iniucti 'rotor and sepsr• oig ozoited. 'ha voltage of 
the i.c. r china thuu gives the speed signal and is applied 
to the X-plat; s of an osci.11 oscope. A c•pacitor of 300 micro« 
fared was oo eotedd acro; z t o arm'aura of ii.o « r chines  
in ser .: s with a resistor of abut 100 of a. The capacitor• 
resistor ::.cts as a di4.'ferantist lag oiritrit and thus tho voltego 
across th3 resistor is proportional to ooelorat ion and hence 
torque. This for ue sural was applied to the Y*►pi<utec of 
the oscit'►eseope« To ; npiiff the torquo'.s gnat d.a. crpli. 
fixation inherent to the osci'.losoopm vas used. 

Hjno-4 as the Induction + otor speeds up from rest to full. 

sraed a trice of torque v.3rens $pe.3d is obt^ ined on the scr on 
or' thi iso- 1oscope. The '11sp' y of be spot wrs f'iimed by  



S2 

an ordinary camera. ' b cnpt for the Bturting.torque the 
system ht.s worked ecedingiy well, 

This partio•i?ar r*thod of recording the torgue•apaod 
curve was a ployed because the tob4ne used to draw r uite 
'.urge currents much mater than its rater curront, or 
otherwise at lover voltages it nov3r caie to speed. Thus 
s*teidy-state test for finding torque speed rolat'on over 
iholo speed range was not possible* 

The torque-speed curves are quite comparable with those 
ohta"ned from the :.ch .no pOvform°.foe equations. 

3.1 B2pp p or W ye w th t .rt 	a citor 

(A) 	.,.6JLC, 	ems, I.. 
The third space harmonic dip is found to decroa a with 

in(rease in the starting; oapaiitori dip hoao a qu5.te 'urge 
with 150 . capacitor. 

xperiminta'? i8 taro Is also ('ouml th,3 fifth a». ce+ 
harmonic dip appeariflg at just c Bove 300 rpm though of" si.ftiar 
m finitude the dip is fowl to increase with tar't1ng c~-. ac? tor• 

The calcul .t .d torquewspoed c vac (rig, 3.2) coma roe 
we" with the opsririenta1 curves (Pig.3.2 a,b and a) Fifth 
spp~ ce harmo~'11 c was noglected in calculations. 

From ca*aul tions it is also soon that the third ' harmonic 
dip ca` ouizited as a porceatage of the fmdar ental torque at 
500 rpm C the Syn. speed for third opace harmonic), do^reases 
slowly with increase in turns•ratio with corresponding ori' 

Baal capacitors. Refer to Tales 2.3#2A . and 2.5 as veil as 
the Fig. 3.3 
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The large third hrmonio dip in the torc ,uas•appad curve 
for 60° ap.,oe-anClo betw,on the at t4r-v'1ndiietrs is ft 
ob joa ti+cmable foaturo « 
?-• 90®8  ait Ari91A !. 

?or this space-i ngia bstven the statorsviudings no third 
sppce•harmon+.o dip is foun°i for all the thr.io capi..citor 
va ua s uso4. Resor to  'ables 2.3,2. - ad 2.5 Wig. 3.4 
and Figures 3.4 ab, cmd a« 

The fifth ti.;rmon o dip is quite approciable In this case 
which to fount to iusrosco v4th the at' rtingcactor. If 
unoheoko3, it may proluce crawlingat just above 300 rpm. 

In o; 1eulations third harmonic is found to wo luce a 
uerativo t,r ,ua for all 'mrd 8pidS, tbu p iucng no di.p 
in he torque spoad curves. 5th hrnionc w  nagloact. d in 
caloula :iota. As seen in fig 3.5 for all ttlrna*...utios there 
is no thir4harmonic lip in the rein up perform f090 
C ° ce.Ang1~! 

tmrortu . t31y- for 900 spros-angle Case no a~ srir n {1 
data in available. only the o~ :lcul ted perftr c Is 
available. r+`igv. 3s 3.6 and 3.?• 

rho third harnonio tor;ue has quite sail values orc rjd 
to the tun&rtontai, Tha st ag rise in funda Intal ter lu* 
overshadows the thud har uia a 'feet except or some thior 
uudula tans in the total torus spood. curves.. 

9.von with ht ;her tur.is rttio third a ,.00 harmonic 	s not 
show nny dip in curves. 

° s gas W  .e_ 1.. 
Pi ores 3«8 , 3.9 a!b cnd o shot th:3 torque-speed curves 

for 100° spaao angle case« 
The torque•spoed curvia give c"!.ear in1jrat1on of th*rd• 



harmonic dip which Is fob to increase with th3 starting  
capacitor. The 200 iF wluo produces quite large dip. 

In fig. 3.3 a 9b and 0 The fifth harmonic dip is not3d to 
be almost vnlished 

Figure 3.9 shows , "'ficimmtly large third harmonic dips 
with -lifferent turns*ratio but they are not of objectiona s 
proportions* Lowest point on the lip is stili quite higher 
': n tho et ; ndeti .1 torque point for any  curve. Aa seen 
fmoin Tablas 2*3, 3.4 and 2.6 with increase in turns ratio 
the dip is slightly Increased. 

Vigo 3.14 shows that for 1300 space cngl third harmonic 
effect is most predcninent, The tbird.harmonio dip to so i rger 
that It make the machine to crawl at just above 4500 rpm,$ the 
synchrnous.speed of` the third spwce harmonic waw-• rig 3.10 
a,b and C. 

Table 3.3 shows that tha dip increases much with the starting 
capacitor. 

no fifth harmonic dip to visible In the experimental curves, 
.g. 3.11 shone large third harmonic dips with dif `print 

ti  no ratio cases. 
Thus It is a-,on that third harmonic dips In tor• tue-meed 

curves of ad' and 1200  im space angles are objectionable. 
For Boo space angle torque'.epeod curves do rip; show any 

third harmo sic dip but they show appreciable fifth space 
harmonic dip and this may produce objectionable crawling 
at a7nchrono2e spood of the 6th harmonic. 

1000  eons to be a quite encouraging speer-angle,, £rcept 
for the 200 tW case, both 175` (optimum starting o pacitor) 



and 150 HP show very pro isin a ►rinental run-up perform ance. 
3ven the 5th hhirmon cdip is alinost invildble at this :.x le. 

T1.3nce 11O° once angle with greater etc,x wing torque 
cecros to be a vory ppro ivto space r;.ngle from tho point 
of view of run-up perfor►i~,.nee. 

The asynchronous 1ina in the toilque-s od curvo due to 
the 	ce-hrmozios re oft:fl quite obeaticrttb1e cam.-h may 
raiu"~.t in low snood crcw1ing o tic : uction otor. Hance 
as 4.tt.zipt can bo td to cttp'roos rho de .rimentnl third 
hoxronic dip. 

The capes ^itors to 1 "i)rf3an tho third h irmo' is r p'p 'or 
diffcrant 	ce- -Seg cases 'or unity ttarne-►ratio onl.7 are 
cicu Ltod from the ocita'Mon (49) nd 	glv n its ':oto t-,h' e 
10 low- 

Table 34 Cit t.cpacitors. to a-s ro.Q3dflapnii. 

D j fl .t r '?3!t Q 

E ce Angle 	So° 	 100 	1200 

,Cap citor,) P ?heoritically 
Infinite 	166  

No at't mpt is tda to .' : fi perf 	C@ of Go® a ce- 
r ngl• ntchIne with this criticz.1 orp: citor for d', sup?~resuu1 on 
wiich is trge, resulting In almost zero starting torque. 
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ha Vritic=~1 eapaclt'r for 	 ,ee* ng1e 1s very 

no rly equal to thh optive as --!. c. to r frcm st' :,rt tng..t , u* 
u .s°3a►r t:s..cn. ' f y be ro 	bered. that ' 	case has shown, 
no third ht~ra,ni^ dip with the optiimi at.:. rtinr c . citor. 

The 200° ep"co :-, nr le with P2 nsrrof a'ad ob s abso'+.utaiy 
no th ,rl h mon.tc dip. 'ig;,eo 3.12 and 3.12(a). Xn 'ifure 
3.12(a) the °'l fth har*~onis d p ! : still more clearly vi st'" le. 

The worst "antod case if 13W° space angle shows mush 
improv.; ,,-int with 86 T-7 c, p $t or. Machine no for uar crawls. 
Wig. 3.13 and 3.13(a) 

rt may tae n t;sd that with . ai,.._ai. wor e C : ► 	for torque 
dip 5u; ra Ton t' 	titi tit 	 tcx?ztlG Is v-3:ry i- tohxtircd. 
For lows ? rf3-rr .tiO It r. 3u as t: •.lbm?,t 50 o" At;hi 'r .1u 
obt. ' ned ith ti 	p 1or rotr s t rt q. n?,-- torque 

lon. rar ! hr tun s ratio C 9 = 1,4) the 
starVrig 4 o..i " i a ice.. a 

	r3n5ad to .',.:.)OU + es; of the opts 

value s 
-'encs it is in no w y dvrutgentis to tr° to e1iz , ^t3 

the camplote dip in torqua*.spoed cur e1 though it shows up 
a s f'"4 ,^ ...nt'!,y low starting c .gaga: 1tor 
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TAT T 3.2$ Pt ror► ~e h a t r 0. 2 
Third harmonic D1p,. T1n 	Tuxn- Rist 

Space Capacitor Start1.ug Torque Stai'tSng Current $ret P„ T 
le 	Mr 	 Ampares 	1 	o 3t 1 an1~, 

T1 T T Z2 18 1 

1000 as 12Th -300 875  14.9 1.1«3 15.1 Im 	63«7 2.79 
1300 86 12M 0 1260 14.2 13.8 16.7 33 	75.4 3.33 

1abls 3#3  

00° 62#6 1I42 -290 952 34.9 9.315.1 a- 6391 2.74 

120° Go 1252 0 1262 24.4 10.9 164 	35 77.6 3.33 

Table 3*4 	With 1.4 'W.3 fat1.© 

100° 	49 
	1182-2?? 905 	26 7*5 U 	- 60.4 'f?r?1 

130a 	51 	1290 0 1220 	14.5 8.9 15.3 43.5 77.2 3435 



-iS 

e lust 	d Salmi D' 

An eLttee~pt can be ti4e to determine such a startingucspacitor 
and spaci.angle vhich will not attsct the startim torque s.riouslp', 
may 10% reduction# but which will reduce the dip by a large 
peDc t3gGq Ø4P 	► .ior of 50% 

The 800 rd 	epLce.angl~►s were ! tt in calculations 
cause they a'trdy show very mull third h ti :ironic e feot in 

torque'.spisd c'arves With the optirium starting caps'itor. t!n ► 
three cues of 60°f  100 and 12 00 sA cc*anglos were tried. 

In the t .b1es 3*6 to 3«?, 	and 900 cavi s were includod just 
for the sake of comparison. In those cases the starting cap 11tor 
l a that for optimum starting torque. 

(A)  

We hr.vc to inncre so the cLpaoior above th opttn^um v:.'uo for 
str!rt*ng torque to r: -duce the dip. At about 10% ioww in starting  

torque the cap:. r itor has to be increased by vb but 20 or the 
optt v,, iue. Thus it Bran possible to reduce the clip by about 
60% or oven : car in higher turns- ratio case ' able 3.3 to 3.7 
and Pig 3.14. But both Torque par a ro line oux-r+ nt c nd 
orque pay v' .tt copper loss v: iuus have iscria.s id be"ov the 

opt .gym oa: for value case - Tc le 2*3 to ^.5 
Thus ttt r. a is no advantage in reducing the 1Up. 

In this, case with a loss of 10 starting torque the cap, .aitor 
is r:$$.uc d by about D • 	Table 3«8 to 3«7 and this - .ves no 
dip in the torque speed curve Pir 3.15. There 1s about 
increse In she T/t value as compared to the optima capacitor 
case, the torque per wa.1. t suetor copper loss v' e bras It proved 
too. 
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3.4 	Stidi çtthi'4 	onio TorQu Over Wh 
,!.014.. 

in this section the nam of third harmonic torque variation 
with space angles for unity turns-ratio case is s'udisd. The 

curves are calculated from performance equat cans. 
(A) 50 space Angle 

Pig. 3.117 shy the third harmonic torque over whole 
speed- range, from negative syb. speed to positive s~rn. speed, 
with the throe starting capacitors of viuss 150,175, and 
000 microfarads. 

The Figure shore dips ' at speeds just abeam + 500 rpm and 
Mme' rpm, 500 rpm is the syn. speed for the third space 
harmonic. The curves or for;;ard and plugging regiots *2'. 
identical. 

O 80!, Space Angla 
Fig 3.18 shows there is a large dip at speed Suet 

above • 500 rpm but the values of the third harmonic torque 
during forward running is always negative, decreasing with 

increase in speed. 

G 9Q:..,B.P.ici £n g is 
Pig. 3.19 shows largo dip at speed just above -w 500 rpm 

The curves show slight undulations near + 500 rpm. 

CD) l~-A!31.+.. 
Pig. 3.31'! indicates that for 10O space-angle there is 

large dip agar *,5CQ no and some dip at speed just above 

+ 50 rpm. This angle is like ► space angle except that the 
dips are sore pronounced.  
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(1) 180' Space Angie 

Fig. 3.21 shows that the curves are like that for 60' 
•psoe«anige case but the dips are much more pronounced. 

The following explanation looks somewhat satisfactory 

for such behaviour or the third harmonic torquot 
For 12DO space angle case the third space harmonic nmfs 

due to the two stator windings will be in space-phase 
and the two space mm's will have a time phase difference of 
near about 	« The resultant is as if there Is a sinio fid 
pulsating along a particular axis. Hence the torque nature 
due to it will be like that of a single phase induction motor 
with single winding without starting torque. At 5001 rpm 
in either direction the torque should reach a zero value and 
then afterwards above its sgn. speed (i.e. + 500 rpm) or below 
its negative syn, speed (i.e «►600 rpm) it should show the 
same na'-urs of torque variation as during subsynchronous opera-
tion. 

Taking the c- ee of 90* apace angle the two third harmonic 
mats should now be in space quadrature. As the starting 
winding current is leading,the third space harmonic machine 
must produce a third harmonic torque In opposite direction 
to the fundamental torque. During forward running of the machine 
the third space harmonic is as If producing braking of machine. 
and hence its torque must show decreasing negative mluee. 
During vegative running of the umehine the third space harmonic 
will then produce torque speed curve like an ordinary induction 



motor* The general nature of curves in Fig 349 confirms 

the above statawnt. 
For some variation in space angle about WO the sass 

explanation approximately holds. For 800 case the curvea 

are perfectly as predicted above. 

For 60 Space . c fl3)e ~aoe 	.l ie 	/ 	spate -  
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ftr ,open and quick ratorsa1 of induction motors perhaps 
plugging is the simplest m thod which requir*s no $Cce orios 
then already available. 

to ingio pha3S v chines plugging is poibls by the revered. 
of ether the main or he auxiliary ilLth2g connections and using 
the s:xse starting cap..oitor in tha etarting.w d'.ng ase. 

Hence while plugging the nonquAture etatorvirrifligs near 
the spacc•angI3 btWii t.xo two at tor wi .div ® will +hangs 
from d electrical deg rise to ( 180 .0 c ) electriczi 1agrees. 

The machine with unity turns ratio only has been studied 
both *nalyticu? ly ar4 a peri ntaf".... for this ,urpose, in 
analysis s» only the -third harnoiio Is as s]4 br, u, the rotor is 
thiiught to have perfectly tasuiated bars, and the high freq tune► 
tooth losses are r rg"?este$. !)ecwiae of those i i5itz..t ..OnS 
he thcarIM.N.Cal curved do not com ro tollwith the expert,• 
'teftat aurr~!n, aa: 1'or ame hent feattzre3. 

a 
Ute3Lofoc,th 	1 	Los 8 i  

The offset of tooth f.quency loss •?s to proluae a drag 
on the rot: o r which in this respect t : hl nil r to trt ation ad 
windage effect* Thus the :orquo resulting from It hoe a nor ve 
v.lue car tf:ia c ►leta range of positive directional speed, 
roducI ;ha evallahle torque of the !motor* however, during 
the reveres rota on the torque from this begs tends to stop 
the motor# thus operating in the sass direction as the tor us
from the machine ne mgotio field. C *nequcntly both quantities 

era cons4' dered as positive oven this range o 1" speed. vac though 



m 

the tooth `req' !cy loss bee not appoar Targe compared to the 
rotor 'oppar loss, yet it proluoos a r3'istiV917 large torque 
at high slips. At the point of negative 	►hroncus speed, 
the tooth froqu9ney loss tiy be less th-m csseha1.f the v l * of 
rotor copper loss. While the tooth frequ,Jno? 1os3 results 
from forces occuring a : tao rotor speed, the rotor resistance 
loss is prnluceci by aticn with the stator field which is 
2a .ag at dv;bli aymhronous spy*d with res! ct to the rotor* 3iuco 
the torque from uny roor lose varies iarvrs,2y its  the speed of 
the force reaction producing it, the dtfferea oe in spsod results 
in torque from the tooth fragwncy loss which is ae1y equal 
to that from the ro xir rosi nco loss at this point. 

?bis also by t } vay gives a reason why ,analytically 
ealcuicted curves or for rd siarirrtn weze oo paring wall w4th 
the eperinntal curves, 

It is a so evident that the j . ririen': al. rasttits should show 
great dep rtur frcrn the arras o t, :'.nsdd by pure perrfor°I nco 
ooto1~.iations. 

For all. cp, .C3 ang s thO o, ..eui.:Gad curves (Figur m 5.1 to 
6.8) show u p'edomizvu t third V1 bpQCe ba cotiio dip at abs; 
.O rpm* In ccs+ f lower space angles between the stator 
windings siu-h as St° curves show leaser dip and psi ncture. 
For 1O( . ind 120 spas separation the curves chow very pesky 
nature with 1c rg• dip. 

in the experimental curves Fig 5,1(a) to 65 (a) 
space -nglo outs are found to show wore nearly flat braking 
torque characteristic, with ¶inlomm pesky nature. The curves 
does not vary notioablg with the thr3e capacitors used. 
• 
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FIG 5.2 (a) 
T.-S. CURVE 
C(2800 9  150 HF 

FIG. 5.2 {b) 
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FIG 5.5 (b) 
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or O0° apace _..,,.ig1c the cuwes shot awe tor, third harmonic 

dip, but they are not mach changed from a flat nure. The 

aver age braking :-orquo is more thn 60° cane. The braking 

c*IVOs again are quite idbz1tiC.,.1 for th. three c.. 	i1 pare used. 

Both 100° and 1M' spac3 angles betwe n etp-tor windings 

show very ps lky braking torque chftrnc: oristias with high 

third h rmonic dip, 

Hence ?ro p1u Ming paint or Vbw 	: ce =gin ie given : u 'ft- 

wisnt1y high and nc..riy f t is ur3 brr kisig .torque cha actert:sZic. 
it may be noted th. t 	1.8 the supp1eunt;ary :: 7,1a of 1n(° 

which wan riv1n 	sl.r rti g p3rfar ► -roes. 
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Chapter • 6 

Some Applications of Non-  Quadrature, I Phase 

Induction Motor (Capacitor-Run 10911 

Because of its various unique characteristics an induction 

motor with asymmetrically spaced stator windings is some times 
preferred to a conventional rn china with quad ►ature stator 

windings. Following are the few important applic~:tions of 
such a machine:- 

6.1 Single Phase 1Iolst Rotor 

The load of this type of motor is heavy in the event of 
hauling up operation and it operates with light load when the 

hoist is going down. To obtain low motor temperct•zre over a 

period of continuous oporationi it is essential to keep the 
overall efficiency high. This can be accomplished by raking 

the angle between main and start windings larger than 90 degrees. 

The motor is balanced at heavy loads in this direction. In the 

rev3rse run the starting winding is reversed and then space 

angle between the stator win"tinge becomes less than 90 degreesp 

and hence with the same running capacitor the motor will now 

balance at light loads or no.lodd, of course at lower slip 

as pointed out in the "Running Performance"Chapter 

6.2 Two Sed Fan for (CaDacitor run 

In Pan motors to reduce the capacitor require nt two 

windings :=.re perfectly balanced at a space angle between them 



greater than 90°. An ingoneous arrangement is shown It 
Fig. (A), The op3rt ing position a s shown is for high speed 
coupon" to the winding vector diagram of (3). This 
arrang ant not only gives 2-speed operation but :.,,Ieo bad-anaee 
the motor at higher speed with a relatively email capacitor. 

I H1-1. 	6.1 

Ny~1 

Nl 

4W 

N 

(A) Circuit 3 Winding Vector 
Diagram. 

8.3 hE.E.M11 al ff.P01RE 
Many ezb r; otianzl horse po ror motors reqs.z'o vary quite 

opQ3 gat 1 ora►. To r cb&eve balance with ordinary tvo-tea Ung 
arrang3nont, the d signer usually chooses a very small running 
cz4p3citor . - but with a start windtng of many turns of firer 
wire* Windingo cp aced at lose than 9 are used to reduce 
th3 wring cost as well as ba once the r Btox. 

V 	A 	 .F. V 	'R 	ate. 4r .fat .or 	' "f ol+or Y7 ste 

A fan motor hiving non-quelraturd concentrated windings 
spaced at 120° may be usod with its ecu . rt 'ng v rr' ' ng in 
series with tha running capacitor of thi compressor motor 
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In an ai?»c WitiOfliflg plaflt. The following points hive 
lien established* 

ss4r c4F 

I 	ii 

RUN. LF P.  

	

F 	~ 	(.?A  

{ 

L suPN~ r 

(1) The ovarU +s i x ay power t .otor and start'ng torque 
compare Favourably with a syst:= rrpl oyIng r. cai,arate pore 

.n:3n 	citor fan motor. 
(ii) There is a goo 3 -ossibiliti that the motor cost is comp - 
ab'a with .bat of a shaded pole motor. While tho winding 

cost is highor than that of a shaded colo motor, tbo motor 
also is considerably r.ducad. This Is possl.ble,, as tho a "Tici Jacy 
of tho now motor Is ac parativ3Y.y high. It .s e peat..3d that 

the reduction in m:..taria3 cost might be sur"io ont to sffaet 
the highor v!nt .r *idst. 
(iii) There Is no detrimental eft- at on the a aj,reøor motor 
whatevor. 
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C2NCWSIONS 

1• It is possible to develop a satisfactory cross-field 

approach for the analysis of single-phase motors having 

pva stator- winding, not in strict space quadrature. In 

this approach by cross-field theory space harmonics havo 
been considered* The performance equations so developed 
are of course the same as obtained by the revolving field 

theory` 

2. It is shown that higher starting torque can be obtained 
through the use of nonwquadra ure stator-  windings. 

Due to extremely high stator resistance the value of 

( 	rte,. L .__,_)  is only O.34 in our experimentall tacbine, 
rr  + rm  

and hence only about 4 % to 8% more starting torque was possible. 

For normal squirrel-cage motors a maximum of about ?% more 
fundaental sttirtingtborque Is possible by making the space 

separation between the stator windings grantor than 900  
Though the increase in torque is relatively smally 

the difference in torque i, the two Zternative directions  

of rotation can ba considerable • a eharricter1stie which 

could possibly be useful in certain types o" reversible drives. 
3. The optimum capacitor to give maximum fundamental 
starting torque is Independent of the space angle between the 

stator-winds. For unity turns ratio its reactance is 
numerically eq al to standstill impedance of the main-winding. 

With Increase in turns ratio the optimum starting capacitor 



goes on decreasing, being inversely► proportional to the square 

of turns ratio. 

4. The total starting torque depends on the harmonic contents 

of the air-gap field. Harmonics always produce detrimental 

effect. A proper stator winding, such as 900  phase spread 
and 2/3rd pitch, is necessary to reduce the harmonic contents. 

The points deserved in proceeding section are also noted 

by other authors. 

• 6. For space angles other than 90,0 , st rtin, torque per ampere 

line current and per att stator copper loss are found to be 
beter than with 90' space angle. 

6. The run-up Performance of the machine, may be very much 

impaired due to the asynchronous torques produced by space- 
ha rmonic s , mainly the third space harmonic 

For ' and 900 space angles the predominent ":bird harmonic 
do not produce any dip in the torque-spead charactoristic, though it 
diminishes the available torque co!nstderrybly. 

For all other space angles 60°, 1000  and 1200  the third 
harmonic prolucos dip. The a tre- e cases of 60° and 120° space 
angles are the most severe in respect of run-up pe rferrntince as the 

harmonic dip assumes dangerous proportions, 1200  case being 

the worst. 

7. A proper selection of the starting capacitor for any space 

angle can help in suppressing the third or seventh harmonic 
dip from, the torque speed curve. 	 3rd 

For a spr3ce angle greater than 900  to suppress the„hr,rmonic 

dip completely in the torque•spoed curve, cap..citor of much 
• lower value (50% of critical starting capacitor ) is needed. 



Opposite is the case For space angle less than 900. But 

of course in these cases of s 	dip suppression there is 

reduction in starting torque. Therefore attempt for complete 

suppression of dip is Oct advisable. 

However an attempt can be made to reduce the dip by so 

changing the starting capacitor that the loss in starting 

torque is not more than 10% (say) but the reduction In 

dip is 50% or more. 
It has been shorn that for 1000 space angle the third 

harmonic dip can be almost suppressed by using*, a th70to 25% 
sr .11er capacitor than the optimum starting capacitor, still 
the starting torque Is vary nearly equal to the maximam 
available for 900 space case, 

For still higher angle (1200) inspite of dip reduction by 

about 50%, the dip is still sufricient to produce crawling. 

Torque per ampere line current and per watt stator copper 

loss have much improved and are much better than that for 

900 space angle with optimum starting capacitor. 

For 4ngles lesser than 00° dip reduction is possible only 

through use of still higher capacitors, for 600 space angle 
the value of such capacitor increases very much, 

8. In certain rev3rsible drives by making the space angle 

greater than 90°, the motor may be made to balance at high 

slip (i.e greater load) with a proper running capacitor whereas 

during the reverse drive when the load is small, the starting 

windings may be reversed which in effect makes the space angle 

less than 900 and now the machine will balance at smaller 
slip (i.e light load or no-load). Thus the use of'~ quadrature 

//2 
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r 2u o io 20 to h2.3ha2 c'crafl og' .o :i lay r 	is 3o of 

QQ 	ot  	t1 t for pluaaing a opaco angio of Publq loco 
than C3° Q C3° 2n our ^ c j p givo© cuff is font l,7 h'? 'h and f kut 
top b.'a~ :fit;; mow qw cha c :or ►.mt;.o o . It r, ^V bo noted that this 

np,.cZ r fC?a ^ o tho u ryplo==.ontary anclo of tho spaco anglo for 

bolt i *U-7 pOH fortZnco a 

Xn cLicon uith othor opaco angloaq a spaco anglo of 

nc '± 1000 2r3 found to ho noro cuitablo from ot.: rt:ing 
iT.co v2 Ot!, It givoc highs c at .ng to co th .n 3° 

cuc p riLT. '?noroaco about 23 Oor cup: citanco. cta t motorop 

alta I.%1 Zov m-pacitanco cL-.rt and 	motoro (concidoring 
ttLrcuratio l„it i tationc in thoco CacoC ) • 

II ,ca 	C..PaC  Inc o-otart aim '~.o r ajcc ins1c ction 2 otora a i 
cp co rng o c?'. btly g nto than COQ Ic cor itinly pvof r~.:blo0 

in cz.7,'...clai otazYt =a vm n'otoz~a tho ratio of of .rt ing  

to running cpcItor can bo roducod through tho uco of a 
G!z"CO vnol o O11(ty grant r than L3° O ¶1r) ?n  in por fo;v' 

~o gt1'.t cc-naa ablo trith that obtainoC by C3° oncco 
anglo Tlo w,:-,J*1 ulad ngc 
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1 .11 tergtle 
,* 	_ 	" ~► 	..w. (23) 

briar Pig. 9 

Y 

. 	a 	,kits ~, 3 1q*+ ) 
and 	a~ ~ ! 	~C 	 dr, ♦ ~r  

e 	 v 	i: 	3 jd*;q jqT4; 

Pros oquMtL M ( ) 	( ) 

el# 	•, 	Zr, 0° +1{3Xx, + OE( Zp, + 

iQ ► * 	i~ 	► 	.*1► 'i 	#~I► 	a + 	'' ! 114"io 

0.#0« 16) 

tom?► 2r, 	5r, +3X11, 

/4 . 



j 1drt iqr. 

Bene* 
 Zr, i + .3 t, zr , Cos d + yRrt 

~ *  
'" 
v2  ) T 

a~ sin ct I is 
rr~ui uriw rrr ~~~ ~wr ~~.~wr 

....EA2) 

If 

.,11'f ii{_3 Xj4,1►R f j'1+ 1 XM,a, Sin 	, .. 	a'c/R 	Cod c 1i
] 

 

• T*R*rf ,* 	 ~A'• ~ 

Art »idrq 1 
( 	-T'Rrf) t Zrf-VsArt 1J 

XM Zi, Zr, jajxn 
L 

a s  cos 0(-Jxm vRr Z, a sinc( 
*  f i . is ( 4aZr 2 , at Coad + 

3 !vRr! Zr f at Si11 c ) im. js 

z,4 
+ 1*?  Sing cos d 	I i*.i* 

+J *, vRr, zr. &?Sind co*4 
a' S 

...(A4) 

4(X ,1 , Z,' *►r Ca5v(+ j3 "v*~r asinc - 
-) 1m.is 

"J-tfZrfi23nc( Co* d 
Z*vgr, of Co**+~  

1XM?V*R assi Co*d 
+ XM*`vR,, z1, a*Sin* d 



„j o„jqr' vRr, 2?' 1* j* 

4(XMPZr, vitr, a, Cosa 
"iXn? vo1rfa, s1~n ct in.ss 

4(X vert 2r, a, coed 
+3XMs 2 at sin ,d )ie* 

+,' zr i, of sin ccosc 
+X1 ;~zr,vRrs t' Coss cC f jS 
MIV$R? a2 sinc oeo( 

cC 

i 
1r qr~ 

* VaR , loam
* 

CO$ C(-j MlvBrt2r, at Sine) i 1 
+(M vaRr ► at Cosc( +3X, Zrq a# Sind 

1+tparZ ~ aPsiflc o$o( 	1 

# '2V1 r;$a • cc►e'd 	i .i 
-IM r, 2r, ,sxncC cost( 

cC 

*..(AT) 

O 



BY substituting equation (A4) to (o-?) in equation 
(A-i) 	_ 

[ 	 [V(xra.Rr*,,$fira) (? 
- 	

-'-. I + a, is«is*) 

' (l i.~ .m ,S ) 

//7 

rrt 	1 

+ X, + 2rp Xp 
1-vu 

VXM? (Xis? " rrr, )(7'  42a. oas+ 
1-v' cos4IN s a0I82 

~2a • sing( sin4 t xrf + rr. s ._ 

Where Is a _M I +(I 

(4,.4 

Equation (A•8) gives the foundaneatal torque In 

at.watts acting in the direction d to q-axis, v belnnc' positive 
in this direction of rotation of aachine. 

s 



pp?ENDX — B 

DSio at&1.gQuatuat ions 

From egvvation (32) 

m ,̂ rte [ a I! Io:  ,P + I ) h'z ±-4o I 

where Z0 = (;) 1  

2 31Z1I-0 
7Fj z 	+_o 

o 

and x 14 	'' coa  
zo 

eco 
xffi 	a 7+ xa42a3rco3 g'.~coS-1 *► 	cos( i_ S ) /2 

a Z,o 	1+7 + + 2 COS 6 ► 	cos ( cs -21 )-2x5coa2 y 

...« (B•2) 

From .Equation (33), 

vs 	i4, ax  

1 +Y dQ 	xs 1 ►o .$ 	... (B-3) 

:I o 	1 4&x5 • tax cos "Y 	 1/2 
asZO 	14'4 X++ 2 oosd'.2yx1 cos (S-W) 2x'cos 2, 

°i an$ 0 b.ing phasevan*i.s of Im and is 



/1J 

sin 	(1•*ccr V► (zsirq, -aysin cf)- aXsiryr ( aMayeos $..cos y) 
(14s'x .2axcos) l/2 [as+a$rs4X242a5ycosb'. aacc037'- 	cos(v ' 

jm•ls . sin 

.?2 	 Ox sin 7 + aysin d' •xsin. y 4a yxsin (i-6' ) 
asz0*  	' oos cT •2yx= Cos (d'.2y).2x5cos 2 

DERIVATION OF 1 SISTANCE START EQUATION 

n 	I + arc size ( y- 	)cosec d~ 	. • 39 

	

g~? 	sin ni 	) 
2 

For resistance start 

Z x. R, 	a0 

Hance  

and y ' s = 42 

., 	sin _nom-- 	sln 

	

T 	n 	sin n 	4. cosec tip 
2 

As x 140 •42 x (Z as 005 rid ) 	. (Rn+jxn)Cos AC( 
(z0)   ~ 	 z01-4o 

+ 0 X COs 4X * 7- RR Cos n +E 

Zo 2 sin 4. a - 7 Xncos n ,r 

Hence I T 	: ,pU n . 	1,. a 
g n sin n v 

2 

~xn,coon.t 

ro 
.... (40) 



DERIPATI©N OF 'CAPACITANCE -START' EQ1ATION 

Z,eXC,P 	9O0 

t7- 	3 	( $ 91O) 

s 0 

(2b 

' L!1L1Lin n...'L.. 
 sin n t 	-ax cos #X 88th ( 0  

L 

But ZCas(r2  * 1R Cosn, c( 
zo 

Hence 

TSS„ = s 	1  „ a 	ca d 
Q° 	Sin ri  no  

2 
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