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SYNOPSIS

i
[ ]

The dissertation dsals with the performance-prediction
of the single~phase induction motor with two asymmetrical
stator- windings not in space quadrature,'taking infb_
account the effaect of spacesharmonics. Cross-field
theory in a generalised form has been applied as dealt
in refoerence ¥ with a modification. A transformer angioguc
analysor tyns equivalent circult is also developeds The
m-chine is shown to ba equivalent to & machine with two
st tor-windings in space quadrature for fulleload ruming
(1.0, noar gynchronous snoads) and n simplor and handy
equivalent circuit is determined, neglecting the spacé-
harmonies without -vpreciabla error.

The performance of a single phase induction motor buingx
having nonequadratur: stator-windings has been analysed, with
stress on stert‘ng torque, eterting torgue, starting-
capacitor'requiramant, sunnression or reduction of asynchronous

dips in the torqueespsed characteristic, running znd
plugging oparations.



LIST OF SYMBOLS o

L]

Ratio of Starting-winding®urns to main winding turns,
Any odd integer “
Main winding voltage ( = vg )

Starting winding voltage ( =vy =152, )
Main winding current
3k Starting Winding Current

d=axis rotor current

q= axis rotor current

Suffix or multiple factor for nth order space
harmonic.

Resistance of main winding

Resistonce of sterting winding.

Resist nce of rotor winding réferred to main
winding as in 2 phase motors,

Torque with d electrical degrees space separation
botween stator windings
T{ with d = g0°

Torque for balaficed 2-phsse m&chine
Rotor speed as a fraction of the fundamental

synchronous spoeds
Supply Voltage

Leakage reactance of the main winding due to its
pure lesakage flux,

Leakage reactance of the starting winding due to its

pure leakage flux,



& =

Leakage reactancs of the main winding due to the
Leakage flux which dpes not cross the air-gap but links

the main and the starting #indings.
Leakage reactance of rotor referred to the main winding

as in 2 phase motors. . . .

Air-gap megnetising reactance, reforred to the main
winding.

X + 2y

”

Xy 4 xgy

Reactance of the phase eonverting capacitor.

IZ(Y,,;:os nd ) l
Z

2

Ts +J X3 4 2,

“(rg +§x,)

Phase convertor impedance.

Main winding standestill impedance,
" x4

® Ro 4y amy 4 gx, 4 Z (M, + —n

| Try49%y

a n

ZWUR , Ty

S
nH ™

) = By 4 yxy,



B = (tm 4 3% 4 $xgy 4 g7y

g = (7 4 Ixg + Jxga? cos®d + § Xa®) e .
21 Total impedance of main winding
%sg Total impedance of starting winding
‘zﬂS, ¢ .
| Total Mutual impedsnce between main and starting
2sm windings.
-~
Zis Equivalent impedance of main winding xbs¥Ex alone
in equivalent 90° machine (equation 59)
Zqs Equivalent impedance of starting winding alone
in equivalent 90° machine
, |
2 Equivalent Mutual impedance between main and starting
winding in equivalent 90° machine (equation 59)
d Space angle between main and starting windings, in
alectrical degrees.
d Phase angle of 1™
o Phase angle of 18
v Argument of x
) Argument of y
¢ =
't/ rp o,
4 = (& =-d 2 ) time phase difference between main and

starting winding currents.



INTRODUCTION

Though the u;}nlo-phaso induction motorsgs are Oasi to*
design, their performance prediction is d4ifficult, In such
machines the space harmonic plny'n'vtry prominent part and
this makes the analysis more oouplieatod¢.' - .

The problem of aignlonhase injuction machine with
asymmetricel nonequadrature stator windings is rather 0%219
Almost up to the last decade this problem was dealt by all the
existing theories of electrical machine analysis, but all of
them have neglected the space harmonic effects. There is a
. recent paper by C.8.Jha® dealing with this prodblem, in which
he has taken into account the spsCe harmonic effects. His
approach is by >evélving-€ield in s generalised form. In the
present work, based on a paper by G.Kron® the cross-field theory
is used in a generalised form to take into account the asym-
chronous effects of the spaco~harman1ci,

In the present article harmonic effects have been
more thoroughly investigated, effects of eapacitor on harmonie
dip suppression and thus runeup performance have bsen noted
and advantage of plugging with non-quadrature windings has
besn pointed out, .

There 1z very little to choose between the two theories,
cross=fisld and revolving field, in explaining the behaviour
of a single-phase motor. Howevar, cross=-field approach has
been applied as an exercise and'tn‘doing 30y an squivalent
eircuit has heen developed which takes into account the harmonic
effects.



CHAPTER = 1

THEORITICAL ANALYSIS OF THE MACHINE 2

1.1 Equations and Equivalent Circuit f'or the Machine
(without space Harmonics)n L ‘.

The machine has two stator windings with fa*' turns-ratio

at a space meparation of ' £+ alectrical degroes batvaen them,
For theoritical analysis the space harmonics are neglected

first., Two exactly similar stator colls,main and starting,
of unity turns are assumed to lie along the main winding axis,
called the *4* axis,
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( md ebd
Fig 1(A) d-axis srrangoment of coils

Along the deaxis the rotor is thought to have a similar
coil of unity turns.,
In Figs 1 is shown the various fluxes linking the coils.
¢y = Mutual flux, linking all the throo coils
It gives rise to Xy, the ‘air gap reactance
Begm = Mutual flux linking only the stator coils but not
erossing tha air gap. It gives rise to X4sm

roactance,



@, = A loakage flux 1linking the main winding only and
giving rise to a leakage reactance X4 - .

fg = A lockage flux linking the starting winding only and
giving rise to a leakage i'eactanc? Xsd
¢,. = A leakage flux linking the rotor coil o'nly a;id giving
rise to a leakage resactance xp, !
Writing down the oquations for these three statiagga |

circuits, with the roactances so defined we get
+j Xasm

Onq = (Tpd + J xnxlA"’JxM) qmd + (3 X+ Xdsm) 18(‘43}(}( 1“1‘57‘

Q.d"(JXM"'dem)1m+(fsdl+jx‘d+axdsm+3x”)‘igd
.g.axug_dr '
0 =J%i™ g1 40 45x, +3%m) 1

The following Figure 1(B) satisfies these eggations.

d L s Adsm # Xr

| i) | S 0)))
: | > d . dri

% Lﬂu & sd g 4 Ld {

rmd$ 4 ‘ i 2
< ! > oy R 7
Y Vsd = e Xu SN

l ﬂ) i ' %

| i

C md Cod D 1

The starting winding, displaced by o degrees is actually
having @ times the turns of mainewinding, It may be substitue
ted by two coils, hnoving a cos of turns aslong d-axis and &

dsine o turns along q ax{s.

Hence the circuit of Fige 1 (B) may be modified to take
into account a cos o turns of the start winding instegd of unity. «



Fig. 2 dhows such a modifieation. rggq and Xgq aro now thought

to be the rosistance and lcakage rasctancas of this now

d-axis starting winding.
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Fig. 2 \

Along the q-axis we hove the siarting winding alone with
a sing( turns. Along the same 1lines q axis equivalont circuit
can also be developod (Fig. 3)
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Flgurcs 2 and 3(B) may be combined together into Fig.5
which will be the equivalent ecircuit for the gctual mnchine,
of Fige 4, at rest
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At any spoed vy exprocsed as a fraction of the fundamontal
synchronous specd the impedance matrix of the machine may
bo written asg follows ¢




Qr

Fig. & to take into account the speed.
Hence the impedance-matrix of equation (1) is converted

.. 3 4r QF
Tmt xatXgn | I(xgntlydacosd | Xg T
+ =
» 1XMZM $¥on a cosd.
JXema cosd Pg+ixg+iXy a* ) . .
+] xggalcos?d | J Xya cosol| §Xya sind|
*2z, |
JXM a coa £ r X,
3%y + XM & sindeV r % ¥
Xy @ I%y a sin o
| Xy a cosd,v - TrHxr
00-0(1)

As such from equation (1) it i1s difficult to modify

into the impedance matrix Z; using the transformation makrix

of eqe (2)
fa', bs , fr br
. n 1 1 L
€1 = 7= 8 *:J J |
are 1l ) §
qr -J J 1

senane (2)




fs be Ly x
| 2 + 2 A4=2g Xu(J=acosf Ti(J~acos
3 -—rxsnacoso( s _sing() ° e} as:n o )
‘ 2 2
2y-2q LY + ) Xl
. M( J+acosd Zu( J4acos o
2 ond 2 —fasind. ) | Liia et
2 2
(1-v) ( (1-v |
5 M+ ";')' {9 e +3%p(1
| . e
%8 coso + Xyacosd =
unasind{ 3%y asind|
v 14v )
OE{oe | Qa0 (g TP 49Xl 14v)
%y & cosd - Xy a cosol 4 |
$%ya sin 3% a sin d}

- (»

Nov multiplying the impedance matrix Z; by the inverse of

the *‘absolute frequency matrix °

e fp bp
)
1
l
(1-v)
l
(1+v)
XXX (4)

We obtain the new impedance matrix

%y = n72 Z,



‘ e A bs fr L br
s Zﬁ +Z' -2 ' e X - - i 't
B g o | M| Mo
foaoee ' - eemm—
by [2Zs + _ZL‘__:‘?_S__ Xu(34acos df xy(J4a cosd +jasind )
’3 Xeficosd 2 :’4._32_32‘_'3) - y
% Xy(J+acos Xy(3=acosd= Py
? | 43 sind )r.m.i_l_ "‘"’*1" ) Xp
' 2 o
- 1
br %xutlﬂcoﬂ d :Lu(j- acosd +
=Ja sind) | $a sin o ) 1 ot
N 2

Ceee (8)

Now returning back to the cross field axes by using

the transformation matrix.

| m s ar __gr
Com 1 frs] 1 3
bg \ 1 -3

s | 1 3

by 1| -

.‘....(6)



n JI« | e cosd XM T

5 éLfsnacosd Zs I%a cosd | § Xy aetn &

z‘ = |
ar |§%1 Sxwacosd | Ty |9 e
! ] 1wt T 1-v®
qr ¥y asind -§Vrp
1-v* 2oy
‘\ 1-v3
t oc.o.(?)

Hence now from fig. 8 we obtain the equivalent circuit
taking speed into consideration.
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The ghuu-‘»Shirtc; ?.

It should be noted that the expression in Z4 impedance
matrix representing the wmSual term bstween the rotor d- and
q- axes does not eccur in a symmetyical manner. ,Whilg analytically
only a change in sign occurs, physically in the equivalont circuit
a phase shifter must be placed . Its role is to rotate the
current and the voltage by 90° in the same direction.

Hence the voltage equations for the rotor d- and geaxes
from the equivalent circuit of Fige 6 are ¢

17 (3 M) + 48%(3 Xy a cosd )+ 14%¢ 5 -
x" (%*%*3&)

r
-3 v 4.,
1-v

1.0 1"(3 ) +8% s xmacos L) + 1“(-—33-—&3 Xp)
1.v8 '

- 1ev®
19(3 Xy o stnd ) 4997 B2 4y x0) + A {3190 - v x, )
leov . 3 Py

N 1- v*

| - adrk Jrr) ]g o

v

B_Ir 43 xr) = 0

which ar¥e the s&me as ontained f'rom «mti 7



ghifting Phase-shifter to the Stator

The rotor meshes of the equivalent circuit may be brought
to more familiay form it J i and Siqr are introduced s

new variables in place of g and 1‘i” by the matrix.

Cy =

m__ s 4 gr
n 1
8 )
Cdr 1
qr -3
0000(8)
Then 25 = Cgy %4 Ca
1 ar qc
Xsyorcose( | § Xy
2, =Hymeoscdl | §Xya sine
Ty coscl 3-!-'-‘3 Xp| ¥ E!—-»
1-v4 1 -v®
3%y msind v IR Ty
1w | Tt T

YIYY) (.)

e
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1.2 PEguation and Equivalent -Circuit with Space-Harmonics®

Each stator current ( 1™ and 38 ) proquces a series
of fluxes with P, 3P, 6P etes pairs of polas. Bach of these
fluxes cut the rotor producing in it a currem dbnsity and
filux donsity wave having the szme numbor of pairs of poles
as the stator flux producing them. Honce so far as tho
asynchronois phenomenon in the machine is concerned each such
machina may be looked upon as consisting of several motors with
dirferent numbor of patrs of poles whoge stator windings are
conrected in gories (Fig. 8)

Fie 8 Inlerconnecln Cjy rlurmona Molors With P3P SP el
Pw.n G} Po[c'b
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Varim hgrmonics motor.4 are interconwected all
punning at the same speed v. - .
Fundamental s5lip of rotor
(1ew) = FKgy <«B%p
sy .
whore 1331 = Pundamental synchronous speed

Np = Actual rotor speed.
Third space~ harmonic slip of rotor
= Ng1l3 - Ny
Ks1l 3
= (1= 3v)
Where Ngi|3 1s the third ;pmt;h harmonic syn. speed.
similarly Fifth spesd harmonic slip
=( 1~ 5v) and so on.
Por esach harmonic machine an equivalent circuit may be
de®eloped. The changes to be put in equatisn (9) willl be
n.v instogd of v, suffix n for each of the machine constants,
ne.ol for of and apn for a, the effective turns ratie.
It may be pointed out here that the author's spproach
to this problem is almost on the same lings as that of a Xron's
paper®, In his paper Xron has shown that the mechine with two
, thﬁi&an stator windings not in quadrature may be 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
currénts and voltages quantities in the equivalent stator windings
in quadrature are function of ‘o, the spacew=angle betwesn the
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statore-windings of the actual mochine. In fact for harmonic
mchins * ' should have bean replaced by nof in all the expressions
n being the order of tho spaco harmonic. Henco the intere-
counection of the various equivalent harmonic machines, as
dealt in his paper, resulting in the same st .tor cu rent for
all the equivalent machines, 18 not justifiod. - That 4s
vhey in the present Work no attempt is made to roplace the actual
machine with two stator windings in nonquadrature by an equivalent
machine with the st tor windings in guadratura,

A complete impedance matrix of the machine with spacee

»

hormonics may be written as follows s =

s 3ry Gra __Gnp
m | 2%, ) Z(Xgyy, any Jxml g
cosnd
s ( XMnen 225, ) .XM].“], "XMI‘J. ~Xitstg Jmaﬂa
“comd ) cosd Sind cosad sinao(
drl 3XMJ_ mlal, . _"’_ll‘* 3 Ve
cosd Lev® )y, -y
L Iy8y A
X I s A M SR 2 (OO S —
-1- otnd | T -l-—-;l.va e | -
dra* I¥ng NMaaq ffg X 3vy
Coslol - T 3 r3
J=0v
r JXMG‘ ' 3vr Tp
° smag | 3;;33 -1-:%;‘
J | ' | Q:Xx:a
| ' . '
oooo.o(la )
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1.3 Pperformonce =Zquations .

From impedance natsrs.x g of cquauon (12) the rotor
pesh equations are

3 X, am o |
' J Xy,a, Cosd 18 ( k2] Wy, ):l*ro v mﬁm

3%y, &, 51ncb3e? v, ,,,41'.

vt e

' r" q
T ) 1Y L
Solving for 135 gna T .0

442y = Yxntzx’ L Ll {3 XHOQ;C.'Q: 42&‘& : 2 B¢ Sin 3.1
15)

4' ’." Rr: sens

”fir, 51: ’?J v Ry, 11: (x}loﬂcsmd Zpy ‘*Jxﬂjlcggﬂ o ‘-mxg'i 1:1

wh@" a. = Rz. “'3 Xr‘

»
L USRS

lev®

Other rotor curronts may be found simply by chenging
the suffix and putting nv for v.

Hence
on * [’m‘a"n * i {(Wﬂn*l x;m) *xn; Zrn 1] in
! Z;;-n‘v'a,;j

+ {Z {3(XMnﬁ-n)lncol ne( ¢ X%y (2, Comnd JnvRrpSin od )}] 3

Ern utvingy,
0eee(17) .
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og = {Z:l { I Xy + "%)incos nd-@f»"n °°’::"" lizglni‘m nd.) a"x""”ﬁ 4m
n* : b e}

| n
‘[(rﬁj%ﬂ z {J(xm,,ax,ﬂooa‘no( Yag + “afrty ze, % }1‘
]
Zp8-n®viRy
co'#(la)

If the two windings on stator have same windingefactors
for any order of space-harmonic, a, may bo Peplafed by a.
Assuming x'otr;ation from qwaxis to dwaxis 1.0 with v negative, the
above two equations may be put in other forms easily:—

o, = [wa TmtZ I%gn, +7 2ty *Z% ] qm

‘{2‘ ] X%GOMd + 7 E*Jnd b4 +7 gnd zbn} ald
ves (19)
¢p* [23 Zem, cos nd + X eJM g,n 4> cind Zm} ei®

"[”s"' Ixg + Ja® Zxgy cos™nd + a?>zen + ads an] 48

vess(20) |
p ¢ _
Where 2, g3-3§n—(w’r“/2‘:3§5ﬂ.)
. ooy 2 ¥esee (21)'
r*h 3 x*n
2(1-nv) 2

3 X r
gyt Ry B
¥ Xen

2(1v) + 2

essver (22)
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l.4 Torque~ Expressions

Fundamental torque in synchronous watts

» »
Tl = RS&I [ 1“1 ® Bi + 1qr1 . Bé] ssees (23)
where Bi and B: as shown in Fig. 9 ars giv.en by .
'Bl Tp. dr . |
a = -1 (Vi 1 +3 1‘1’1 ) sesene (24)
(1-v®)
4 'y A
) 1 - (197 qr
q TS | + 3 71‘ 1 ) .--.0'0 (25)

dr
Substituting for 11 ,pn3 497} from equations (15) and 616)

the torque expression in final form is givenr‘by

. | _ ‘
T. o 203 ‘ 1 vX8 2 . )
v e g M"<x"':;.""“"*
!'1 +4 X8 rglxg (1‘“”) 1"'?’

(1-v3)3 x':l 1
(1-v®)s L

. 3
(™ "orteaget
¥mycosdeostt, rhadye® Yuexh ),

x2 T
( "1 -1:-1*--) IQ-I' sind sind «+(26)
1-v® .

n m
48 - IS /
o
o bd ( d 1 - d o )
For any other harmonic torque, say Ty, put suffix n in
place of suffix 4, nv for v and nd for o «« Also
multiply the whole expression by m to convert the toré;uo expressed

in syn., watts to a common base speed, 1.¢ the fundamental space
harmonic syn. speed.



1.8, Standstill Pert ce?

Putting v= 0 and neglecting xg, the mutusl reactance
betweon the main and starting winding due to the £lux which
do not cross the air gap (more over as d 4s not_mch-differsnt
from 50°) we obtain from equations (17),and. (18).

o = [m-&ax.'rzu%.pff_gm )‘],’m

”m*jxrr
+[Z(Jxxncoanu(+ XMip Cos n o )]ai'
r’rn-*’xm .
x::m sos0 0 (Z’)
[P (Z (3 X Cos nd + %.Cosnd)]‘i. .
+] T 4+dx
& Pent § X

t-o‘(za)‘

The two stator windings are assumed to have idential
lgyout, thus making the effective turns ratio 'a' independent
of the harmonie winding factors.

In the starting winding circuit a phase convorter is
puty having Z; impedance. With vs supply voltage,

.IX = Vl sech (29)
Q’ ® ¥y = 48 ZQ 2000 (30)
Lﬁ; Tg + 3 Xy + Zg

® (T +J Xg +2) seee (31)
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gsolving for 1B ana 48

1 ¥s  a(Z4Zg) - 2(Z cosnd)

evooe (32)

a (2+20)%= [£2nCosnd]?
18 = !‘__’ _z_o"‘ E(chmind) ..00(33)
as (z+z°)z°¢[zzn0u nd }*
Whore Zo = Tm +d m 4 £ (I Xyp + A
' P 'fjx!;n

= (Ro +3 X5 ) say

and Zn = T (3%, + XM )
l‘tn"'ax‘h

= (Ry +3X,) say

From the torque expression of equation (26) the
standstill torque, vhen the fundamental space angle betwean
the two stator vwinding ig o, may be found as

T = 2 a IM9 81”‘2“%51&3‘ eseessve (34)

say Zo = | %5 | I=8,

and 2 = |3z} |-P_
vil:d = 13 1Bt do

wd x| = |Emcosnd || 4y40,
Zg

argumenl”

« §5 being the segment of 3 (Z Cosn o)
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Hence after simplification,

I®,18 e5ind = ~V8 [a¥xsiny+ aysind= x sinv+ alyx sm('r:J )
4923 | L4ytaxt # 2yx*Cos( & -27)-2x%Cos 2y

r2ycad
. rees(38)
Undor 2ephase balance operation with two identical
windings in space-quadrgture

B =2 |4,
ZO
A £
Iga ""::""m‘*‘o

and Sin Qb = »]
Honce from {34)
{?SL} = S__i_:_:__x_xg.{ (a%-1)x sin” 4aysind + a®yx sin(y-S ﬂ
Ty JB 5in xq'é. 14y3 4 3442y Cosd ~2yx*Cos (J-ay)-J
-2x3cos 2 ¥

g,s.-'&.n.l‘é L-{wsmd*-o al y x' gin (¥ =4
Sincl [ a? [14* + 2y Coss 1 [, (36

Neglecting x® and (a2e 1) x Siny

Ao F&L’ ] . _ ¥8ind
Td In  al 1 #® 42y Cosd )

-:-(37)

For the maximum ( 3'.4_., ratio, the first differntiation

Ty
of equation (36) is cquated to Zero which gives
y=1
1.0, 'Z' = l ZO' evse (38)

From (36) and (37)
'.r..g- ] asmng
[Tmon sin nw

2

[1 + ax Sin ( v-d )COBQO J] 0000(39)



For resistance start
Z= R, p = 0°

ol T
i B - sinnd), & n
| {Tew]“ “sinnx [1 7 B ““] seee (40)
5 :
For pure capacitor start,

ew
o Ti‘ - Smn a |
{‘l’ao- h m‘é‘ e heend] @

The above two expressions ars triw vhen the deviation
of the angle between the stator windings from 90° is small.

In wound rotor machines, the highor harmonies of stator
mem.f produce neglegible reaction in the rotor. Hence the
torque of such machinss '15 entirely due to the foundamental
NemeLy and

ZRhy Cosn = R cos d
Hence [Ei_] asind(1e~ .a—-qg") ceceve (42)
Tooe
Where o = E?.'._...

R

Since Ry §s approximately equal to ry, the rotor resistance
per phase referred to the stator main-winiing as in balanced
2~phase machines
L
Tp 4T,

' 23
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For maximum To . 444
Tooe*
o= col [ (1- THTT) ]
4;( i
gince most induction machines have squirrell ca&c' type
rotors which react strongly to the harmonics of the aiw-gap
£101d, equation (41) gives these torque variations with angle

The term ( E-Eni;-’ﬁ’é-'!i-—) 15 usually not much different from

seee (43)

%—- Cos d i.eccos o even in presence of harmonics.

Hance Tof 5in nd '
: 2

Fomequation (31) and (38) 1t is seen that the optimum
capacitor for magximum stafting torgue is inversely proportional
to a® whers as from equation (37) the maximum starting torque
is inversely proportional to 'a's To satisfy this twin
criteria ofm starting torque and a smal) starting capacitor
the value of 'a' in capacitor start motors is usually limited
t0 a maximum of about 2. The value of ! ¢ * 1a fairly low,
between 0.2 to 0.4, becauss of the use of lov resistance rotors
in order to ensure sufficient pulleout torque and to minimise
the backward fleld lossess The maximum a s 4is thus 0.8, with
the result that about 21% more starting torque is possible
by mse of  greater than 90° |
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Starting Currents

From equations (32),

| ¥
1& x Yg { af+ x4+ alyy 228yCo8d «2ax CO8) «2ayx Cos (HY)]

0Z0 | 1=y® + x% 42ycos S ~Syx? cosl S «2 7}-21'-::03 ed J
Hence , | ,
| v, \
e =¥ _[a® (1 4y® 4270086 ) |
2o 14+y 42y coss :
VL o \
2 A

XX} (45)

" {:: - {1.2":'{6087¢ycos(7‘d"15 Ve
1% "~ 1 +9% 42y Cosd l
Neglectings x* terms for 60° < d < 120°

From equation (33),

| ¢
Ii = Vs [ 1 +a%?% » 2ax cosy |
az, 1 + 4 x* 4 2y cosd ~2ynfgos(d~27 )+2x2con
13 Y »1/2
90° L] 1 +9% +2¥cosd
e LRt AR Sl

|
S {IL} o~ ( 1 = 222 cos 'V)Vz evesee (46)
Igge |
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; .
1.8 Rumning rorformanoo‘ '®s

1.6 A+ Dips in Torque~ speed Curve due to Spaces Harmonics®,®

The aiy-gap field of the nonquadratwre winding single
phase induction metdr contains a large nnn.!bor of space
harmonic flux waves of apprecigble proportions. In caso of
the wound type machine the rotor responds mainly to the
fundamental space~harmonic flux but in the case of cage type
machines the rotor reacts strongly to these space harmonics,
as a rosult the torque-speed curve is vory mich affocted. The
principlo effect of these harmonics is to produce harmonie
dips in the torque-speed curve and hence they increase the

possibility of the motor to crawl at low speeds. Haence
réduction in this harmonic effect 1s highly desirable.

‘This d1p is due to the forward component of the harmonic
memef It 1s possible to eliminate it at its own synchronous
gpeed. by proper soelection of the sturing capacitolr for any
_angle betwaen the stator windingse.

f
Ljdxes

l
I

l Lm FOYVV«AYJ

{ Duirce (e .

l"'_" . e e e ‘idxlb

Fie 11 Two  Stulor Windlnjs , Despluce d By An fmjk
yol  For  The rM S,Duu_‘ Fluvmene
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Resolving the nth space harmonic mmf along the de and

q- anes
Han = On ‘:1‘ .
+a 1® cos nd]

an'cn[*‘i'smnd]

Where Cp 1s a conktant.
7o cancil the forward component of the nth harmonic £ield

Han

Honce, ﬂ,‘ = g 3i¥ i E - n‘ sanansy (47)

Where b 13 any osd= mﬁgﬁr.
From squations (17) ¢18),

‘& = wl + zn’ 1' Nesv e (17)
P 3m iR Zi' 48 ssevene (18)
where Z., ® s '
o [ R R e L ]
| ' Zrne nPviR%,,
fua e [r0 950 02 (1000 ¢ pats 00 3y |
I Zrine nfvSR%y,

Zuy * {“xlm + Xom) & Cosnd + 8¥2n( Zrcos nd &jmm&m ng_ﬂ

zvn - n*u* R'rh

-

Zem = ~37 {3( T+ X Jacos nd 4, 8X*gn(Zpncos nd + § nVRpMsIn ng()}'

» L n’n - n.". Rr.n

fat has been assumed to be independent of ths windingefactor.
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g Vg » Zci'

By putting ' Fs *+J X + 2,

Bt ] vy 42
‘. . . «®
L 0% (Zpg +2) = %y o
"';; = S. | tooou.(“S)
2o - Zgy

Hence from equation (47) and $# (42) we get

2, = [- 2y (8% +al-nd ) #Z,a +az..|-nc(]

. sees (49)

Hore the parametsrs are at 4t3je synchronous speed of

the nth space harmonic. Generally the mutual impedance

torms are quite small compared to the :ggff torm even {p
to the 3rd harmonic synchronous speed that these may be

neglescted safely. Then the capacitor reactance is
xc = (a®4a Cos n o Xpmm » ( & Sin nef ) Rpm vs+(50)

Where Zpy = Ryy 4+ 3 Fpm
From Equation (47) ¢ = (bw = nc)

- s50& ‘/ 7 Z /
SN 4 /‘/ -
%

| A
(/) ' ~725/ /{\4(‘ . |

"OQ ST
/ %
Ob 4—— —-/»——---»~— - - ] <\' 0
o 70 8 YU Jo0 No' 120

Fio 12
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Pig. 12 shows the valuas of § required to suppress
the m component of the 3rd, 8th and 7th harmonic field
for values of o betwcen 60* and 120°,

From equation (34) 1t 1s clear that with IR, 18 ,py
d fixed, the starting torque is maximum when 0. = g0°, If
may be proved as in 5(b) that for pure foundamental ferward
£101d ¢ should be equal to ( « + d )s» Hence § will vary
from +80° to «120* for the above limits of «, then only we
will get sufficient found. forward torgue.

Now it may be noted from Fig. 12 that the forward component
of the 5th space~ spzoe harmonic can not bs supprassed by thés
methody while those of 3rd and 7th can be suppreossed only if
d 15 betwson 80* and 100° for 3rd space harmonic and botwesn
g6° to 95° for the 7th spnce harmoni.

A proper selection of of and the capucitor can thus hely

to suppress the forward 3rd or 7th harmonic field if either of
these 1s present in the mmf wavoe of the individual winding.

1.6(B) Determination of the Running Capacitor for Balanced
Operation ¥#,4,6

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

Afuxes

J m Forwurd
L

o~ Dircetion 7
: v
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To obtaln a perfecs balance oparation at any apcgd, 850
far as the foundamental field is concerned, a critical »unning
cepacityr may be found for any angle between the stator windingsé.
Again, resolving tho fundamental mmf along the 4= and qeaxis

-~

34'3'1[ 1" + 0 1% o «

g '”[ai'smd ]

For balanced oporation

Eﬂ_ = 3 l w/2
H&I
Hance .
1“ =@ 1’ “ obw +4 4 T XEY) (51)
| Where B is any odd integer.
Hence |
Zo = - Zyy (a° +ald ) ¢+ Tms T2 4 4 g, Id

veee(52)

The parameters are calculated or measured at the
desired speede At high speeds the mutual impedance torms
have quite large velues and so thase camnot be naglected.

Whereas in n empascitance=gtart motor the starting winding
is designed on starting-torque considerations, in a capacitance
«gtart and-run motor it is designed to simulgte, with the
assistance of an appropriate capacitor, a nearbdy balanced
2ephase operation of the machine under losd, This makesa?,
the turnseratio & function of the powarefrooter.

From equation (51) , for d =1

i' = ..1” 1‘ é‘:d
"y | .
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Honce oy = ( Zum 4+ Zpg o b

ofd '
-1
1ot Zem + Zns )

Where §, 43 the p.f. angle of vainn.dnding
Equation (82) may bs put in the form

.zc.,..t[a_-.?.?;_..l ]”‘L‘f,[zm'-z-‘-‘wl-d ]

s
.
only for a particular case of o= 90* ,
LUUREERRYE T
and 2y = « (a® + Ja) (z,J__Q_L )
Say Zo *Z I-§
mc. Q’ .( 2 e
4_5-‘ =P +4,) _ ala+))
2 1 :
on solving for a and \....i'..‘ ve got

A= o Cok ( P 4“0 ) | sreeese (53)
and [..z?ﬂ_ = a /Jitse cevrees (54)
'

In cepacitor start and run motors 1® usually hss a lead
angle of approximately 30® with reference to supply voltage

and 4® 1,58 the supply voltage by a pefs of 0.8 to 0,85 B
is nearly 90® for a capacitor phase convertor.

Hence 'a' will have valuss hetween 0.8 to 1.35



Por space angles slightly aifferent from 90°, say
80° and 100° t0 a good approximation *a’ may be said to
hgve the same range, |

It may be pointed out here that with maximum 'a!,
of sbout 1,36 and s’ _ of Ovd o Maximuh of 0.54 8o 18
obtained and hence adbout 11% more starting torque is
possible in capacitance start and run motors ehfough tho.
use of a sppce 'anglo d greater than 9oO*

53
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1.7 Bquivalent Qugdrature Machine for A Non-Quadrsture Machine®

when the nonquadrature machine comes up to speed, it is
the fundamental which 1s mainly responsible for the torque
productions In this near synchronous spéed region tfe harmonic
effect may be neglected without much error.

With this simplification the machine performance equation
may be put into a more compact form and a simpler equivalent
circult results. It is thus possible to find out & machine
with the stator windings in quadrature which is equivalent
to the machine with nonquadraturc sstator windings.

Let us replace the mmaf of individual stator windings of a
machine with nonquadratures startor windings by resultant mmf
along two quadrature axes, main winding axis being the direct
axis.

1™ and 1® tne currents of the main and starting windings
are veplaced by two new currents 149 and 9% . that

148 4™ +a 1® cos o | eese (85)
and 49% = g 4% 445 « o sere (56)

In the impedance matrix 1% and 3% are appecring as
J1% ana 3497

Hence

1‘”-1‘-341(3 1%y cos d
3198 24 ( § 1% sin o
g, gar
IR R T

Then the matrix connecting these variables is
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s _qr '
ds ~jacose :
qs a sinel
G
-’
d, ® .
qr 1
— soene (57)
and ’,‘ = 1‘1’ +J ( 31q5 ) Cos d
1% = 5198 gy gan o
as .88 qr
= |1 Jcatd
s -1
- seind
02 ? '
dr
qr 1l |
sesve (58)

Hence the nev impedance matrix will de

X
z"’zt Zﬂcg )

Z8 from equation (9)



ds g% | J2 § Xn
#1-3 3 Zqntdh 3 Xn
= _ - -
3 XH X rr L Or .
dvr — ) o
,’ e M A
] Ty
: v Lo
l & 1- v* ;{‘;’z +1 Xy
see (59)
where

4s =Ty (1 ~Cot )+ ] xg( 1o cotd ) ¢ J Xgm + Iy
= Tas *tI Xy +5 (ssy)

= X3 .
%s RSPy + Py co ttc(( cot of =1)
' cot~

X v
* [“:""é'mﬂo(* T O “""’] +3 XN
2 Brg 43xge a4 M (say)

Z =(Pn+33xm) Cot o
The new voltage matrix
¢ = cz’i .

ds g8 dx ‘ r
= l On J(og]asind-encytof) I
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In order to introduce the phase converter impedanice Z,
3 845 = § (9s]a 8ino( = ey cotd )

But oy = @4 + 45 2 _

Hence J€qs = § op ( .1 wcof of) =318 Ze
a 8in o

sin d

substituting iqs for 4,
Joq. ”"J‘m(-.—i’m"cetd)‘liqs ze .n(GO)

a®sinddo
Yus  FXds d Lr
AN =TI e — OO0 -
v
iv(b ‘ A ‘2
g LA TRV
Core “ )Xm ? I\
Zy'n \)Y'r/(l v%) |
% ~ AN
o4 " gr |
L 7 oyl
| J X T S o/ v)
JEmlu e o1 . {
it |
DrANN |
. | =W don—— - =0 -
“‘/"2‘5‘"“’(-“ Yjs  gAys e

Fio. 14 Ecluiuaicn[ Civcudil
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SPLCIFICATION OF BYPIXUI MTAL M. CIINS

3 phaso, 440 volt, Dolta comnection, 2 horse psver motor
Squirrsl coce type ro.ore

The o .chine has double laysr winling, number of gtutor slots
being 36+ All the 36 coil ends nre brought out to a cireilay
ta:m™nal boarde This makes it possidle to comect the machine
for various modes of opera’."ons As o single phrse mnchine,
it was possible to hava two stalor-windings o equal nurber
oF tumms with 60°, 80, 100° ~-nd 120° sp:.ce ungle bBotw.ion theom.
But 00° sp.co angle hetweon the windin-g or turnseretio other
then unity was not possble.

The oouctants of the mnchine wore datormined by convaaticensl
tostse They ucre as follovs te

Lockage impedoneco of main winding

Tm o +J Xn = (3.9¢ ¢+ § 7.37) ohms
Rotor leukope 4mpedance for funda—ental (roferred to the
m_in-winding on stotor )

e, +9 %, @ (4,21 + § 7.37) ohms
Maognotiscing rocctonee for fund.—ontael £lux
™, =3 540 ohms
Rotor lerkoga impadence for thivdwspace hormonic (roferred
to M inewinding on stctor)

Tey +1 %pq = (0.572 4 § 1.0) ohms
Third harmonic m~gnetising roactznce

] xhb = § 3,62 olms
Fifth snd uhove space=harmonic constonts nro nogloctod

as they are sufficisntly small,
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For unity turnseratio machine two nmore valuos of.atartin;
caprcitor are tuke: arbitrarily for comparison, one value sbove
1758 microfarad 4.0+ 200 MF :nd the other bholow 178 MF .6.

180 MF.

To detormine tha starting torquos for differnt space
anglos bYetwean the a£2¥$453 windings, the mach’ne was
counlod to a well calibri.tod dece maching, The induction motor
vas run by the d.c motor and braked by applyang raducad single |
phase volizge to it. The rosultant stoady spoed of the set

unier this situation was gontrollod by verying tho voltoge to

-

the arm:turos o th’g sopar.tuly excitad d.c. motor A number
of obsurvatlions wore token ot crawling nogutive spexds. The
iniuction motor torque was ccloculatad from the input to the
dece machineg and then referred to 300 voltsy using a squure
proportionality of tho inluction motor voltage. Thou by
graphic-l extrapolation the starting torgue wvas obdtained,
Fig ro 2.1 to 244

A1) readings uve convortad to those for 300 volts bacnuse
it is found 4uring run-up tosts that with leusor voltapge the
math'no does not coms up to spacd whilo graouter volt pe will
give rise to prohiditively ‘orge curront.

Tahle 2.2 shows tha starting toryue for differunt spsces
angles botwsen the statorewindings :nd the starting eapzocitors
for unity turns ratio.
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It 15 noted thut tho starting torques dotorm’ned evnerie
nantally ore quits A4fforont from the ¢.lelatod v.zlu'-as.
Pollowing aro tha possihln rongsms Top 4t ¢ -

1. Low voltnpe (80 wvolts) w.s uvpplied to the mrching duping
the brake test because of currmt limit: tGioms. Hem:o' developad
torque and the friction windage torque were Icund to be o the
som@ ordere. T"is e ds to high errors when the frictionewindage
1053 wns substr cted from the input to the d.Ce rotor to obtain
the useful powver debelopod, |

Furthepy 4t wcs not possible, due to same reasms as ‘aboée.
to drivoe the muchine stoadily st forward cruwling spoeds. This
logcds to error wit'le extranslsting tho rosults for gzero speéd.
2« Rotor srossecurrant phonomenor? = Tho calcila”ions ware
nade by assum’ng insul tsd bar rotor while it 2s not sos. The
croos-current phanomonun in “he rolor proiucos detrimonta)
offoct, 28pacizlly ot Yower and nugative spesis. In cnse of
small motors this effect 4s expected to be more proncunced.
Fence the arlculnted velues should be some what higher then
the experimental v.lucs. ,

It will be interasting at this point to compare the fundae
montal and third spacosharmonic atandstill tor ue comnonents
for cny cpace angle to the corrasponding v- Jues for 90° space=
angle botwaen the windings. In the Fimure 2.6 are drawn the

(T / Tgpe) y and ( Tq /Tgoe)3 curves as o function of
the space angle for diffor.nt turogeratios,

ad
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.FIG. 2'5 °
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It is seen that (T¢ /fgpe); reaches a maximum v:lue
- for the spoce ongle & pbove 80°, This space angle is
rpproximatoly for turnse ratio equal to unity. For

higher turnseratio it incre.ses very slightly. For cpace
gnples Jess than 80° ( T / Toge ); decroases vory rapidly.

Morimm velue of (T /Tgno)y dncresses with the turnse
rotios Fora = ) it 15 1.08 nd for a = 14 4t is 1.06.

( T/ Tgoe)y reaches a moximum valu&ff’or nocrly

92" gpace angle between the windings and neither
the mazimum vilue nor tho engla at which 1% cccurs chongoes
matordully with tho twins-ratio » For anglas on eithor side

of the murima ( Tq/ rgne), dacreases very ramialy, reaching
zgoro velug for both 60° cnd 120° sprce anglo between windings

Honce more fgunderental torque onn be ohbt:ined at storting
by makine tho spoce-atgle betwson the stotor-windings grocter
than 90°. “he net torquo devaloped will, howaver, danand
on the harmonic contont 27 the alr=gap f1sld.

Total startingetorque per ampere Jing curcunt is also
e-leulotod for a3l the cusese It 48 Tound Lrom Table 8.3,

044 tnd 2.8 that 4ts vilue with (say) optimm stortine~ ennacitor
is alw.ys lowgr for the 90° sp ce-.ngle, it Incrcases on «fther
side of 90° gnoce egenaration.

For 00* case T/1L dass not ~honpo aprrocizbdly with the
turnse-ratio vhereas for lessor anpgles it goes on decreasine
with incraase in surnseratio but for ungles higher than 90°
it incroases with turnseratio. Hence this shows ron advoni~ges
of using 2 spatee nngle between windings grezier t'an 90°,
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Btarting PexrTorminse As Cnleculatod For ity mrr‘zs-natig"

Spauce Conceitor Stapting Topque Starting Currant $3rd L
At?lo (ur) masyn?gwattr% Amps. H%irmnic iz K‘{::'
p .
180 1390 O 1820 15.2 18.1 24.2 37.6 78.2 337
60 1786 19005 O 1908 14.86 19,7 27 34.0 70.5 319
2n0 1318 0 1815 14.1 2048 29.2 18,8 €2.2 293
150 2380 560 1790 1642 204 2745 - é5 28
Ao° 175 2330 -560 1820 14,902 30.0 = 8O 2487
200 2200 =520 1G70 14,7 722.7 33 - 51 23
80° 180 D450« 645 1788 1543 2148 208 - 6l.2 2489
178 2620 «-670 1150 15.3 23.3 33 b 66¢1 8330
200 2310 -620 1890 15,3 23.3 35,5 - 47.7 212
150 2550 <610 1040 16.4 2247 3 12 62.8 2458
1n0° 178 289% ~605 1978 16,6 24.4 35 17.4 664 2.38
200 £400 «560 10  16.9 28 32.1 31 49.5 2.00
160 2430 0 2430 159 9449 34,7 132 0.2 248
120 175 MOD 0 2490 16.8 27.2 39,7 133 82.7 2.43
200 2336 0 2336 17.6 23,1 42,8 173 54.8 212




4.
Table 2.4

Starting pPerformpnce As Calculated for Turns-Ratie 1M
(ror Critical Starting Capacitor only)

syt

RS S, UM S el ]

£ om { Dip. b Ietiqeps’

oA T PO S N LR

120 1516 0 1516  14.6 13,1 22.2 0.2 68,2 3.20

» 12 1040 ~455 1485  14.9 15,1 28 - 59.8 247
120 2100 -560 1540 15,3 16,2 26,7 = 87,7 2.5

X° 120 2170 =510 1600 15,5 17,1 23.2 19.6 50 2.8
2% 120 2180 0 2150  16,510,3 0.3 127 71 2,68

"

Tuble 2.5
Starting Pertormance As Calculatad for Turns Rautie l.4

(Por Critical Starting Capaciter only)

e L PRSI -

»ace Critical Starting Torque  Starting Current § 3ra T T

x‘glc caaaggtar (8yn., Vatts) (Amps) Ha;:;mc—;-i I:;-«-:—-;
T Ty T m ;s 1L 1

> 90 1270 0 1270 14,9 94 0 26,4 63,7 3.23

% 163 -300 1260 15 11 2.8 - 58 2.75

* 90 1900 =480 1320 18,3 11.8 23.1 =~ 87.3 2,6

0° 90 1900 =445 1455 15,5 12,7 24,3 7.5 0.1 2.6

0* 90 1880 0 1880 16,3 14.6 27.3 121 . 69.3 2.78

- NSRRI




\
Also developsd torque per watt power loss in the stator

copper 1s culculated or actually T/IM° 4 gsys® value was

calculcted, Again £0° cuse gives poor valuese 1009
spacesangle is very micu: similar to 80° ;aso but for ungles
beyond 100® =2nd less than 90° there is much increase in
torque per watt power loss in stator copper. For higher
turnseratio the nature of varlation still holds, except

that there values go on lmproving for all spacoeangles,
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Chapter = 3
Bun _Up Performance

The main point of interest hore 4s to study phe torque~
spoad characteristics o the machine during tuneup With
d4fforont space angles hetween the stetor-windings and
d4ffarant st rtine copacitors.

The torqueespaad characterisiics ware mathematicelly |
obtained from the m:chine performnee equations as well as

axperiment lly docsrmined Tor unity turnseratin cuse.

As gaen in Fige 301 & umal) d,0. mochine wus coupled to
the niuction motor und separuiely oxciteds Tho voltuge of
the dece m.chinoe thuu gives the spoed signal nnd is applied
to the Xeplatus of an oscillosnomee A eupreitor of 200 microes
far:d was convecied acro:-s tho arm-turc of d.cs m chine,
in garios with a presistor of adbout 100 ohmse Tho capacitore
roslator ;ots a8 a differantiating cirunit und thus the voltere
across tho resistor i1s proportionul to ccceloration cond hence
torques This tor-ue sirnal was applied to the Yeplutoc of
the ogcillescone. To nmplify the torquoesignal d.Ce ampliw
fication inherent to the osoi’loscope was used.

Hunc2 as the induction motor spoods up from rost to fulle
spaed a troce of torque varsns spexd is obtrnined on tho ser.en
o” thz ascillosconde The display of tho cpot wee Tilmed by



an ordinury camorae. Iycopt for ths sturtingetorque the
system hus worked ewceadingly woll. \

This particilar method of recording the torque-speod
curve was enployed because tho m:.ch'’ne used to draw uguite
1arge current, much groater than its ratel curront ), OF
otherwise at lower voltages it never ccme to speede Thus
siendy-state tost for finding torque spead relation over
whole speed range wns not possibla.

The torque=snoed curvas ara quito comparchble with those
obta’ned from the muchine perform-nes aquations.

3.1

(a) g0° gpcce angle e

The third spoce harmonie dip 48 found to decroase with
increaso ‘n tho starting capa~itor, 4ip bYecomos quite Yarge
with 180 MF capucitor.

Sxperimontally thave s also founl thy Tifth sncee
harmonic dip cnpoaripg at Just cbove 00 rpm though of smuller
m gnituds tho dip 1s found to incraase with starting eunacitor.

Tha culeul t .4 torquewspoed curvos (Tig. 3.2) comn ros
we1?l with ths ovperimental curvos (Fig«3.2 ayb cnd ¢) Pifth
sp:ce harmonic wos neglected in calenlations,.

From calloulations it is also scon that the third harmonie
dip caleuloted as o percantage of the fundamential torque at
600 rpm { tho Syn. spood for third space harmonic), desronses
slowly with increase in turnseratio with correspondiing crie
tical capacitorse Rofor to Ta»los 2439244 014 245 a8 woll as
tho Fige. 3.3
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The large third hurmonic dip in tho torque-spsad curve
for 60° sp.ce-annle botwean the stulorewndings is =n
objectionadle feaiure.

3, _80° Spoce Anglete

For this spzceeungle bstweon the stator-windings no third
spaceeharmonic dip is founi for ¢l the thria cap citor
values used, Rafor to "ables 23,24 'nd 2,8 Figs 34
and Figuraos 34 ayby cnd ce

The £4fth h.rmonic dip is quito opprocicble in thisc cnse
which 45 Tounl to incraaso with ths st rtingeconzsitor. 1If
unchaeckai, it muy proluce crowling ot Just above 300 rpme.

In crleulations third harmonic 4s found to nroiuce a
nerative tor ue for o1l “orwvard spusds, thus proiusing no dip
in the torque spood curvese 6th hurmonic w:s naglectad 4in
caloulations. As saon in £ig 3,8 for ull turnse-atios there
is no third~harmonic dip in tho rmn-up parforn neg.

C ® Spacae=Angle

Unfortun.taly for 00° spocesungle c¢nse no evnerimen.al
data is available. 0nly tho coleulated perfor~ nes is
av'ailable; Tilgurss 3.6 ©nd 347

The third harmonic toryue has guite small volues comporod
to the fund-montal. Tho stoep rise in fuandamantal torue
overshadows tho third hormonic e"fect except Tor some mivor
unduls ions In the totul torjue aspead curvase

Zvan with higher tur:as ratio third sp.ce harmonic does not
show any d1p in curvas.

(D) )O0° Space Angle o

Fipures 3.8 o 348 ayb cnd ¢ chow tha torque=spaed curvos
for 100* sp:ice angle case.

The torqueespead curvis give ¢lear inlicution of thirde
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hormonic dip which is foundi to increase with tho starting
capacitor. The 200 MP vnluo produces gquite large dip.

In fige 3¢8 ayd ond ¢ Tha £ifth harmonic dip is notod to
be almost vamished

Figuro 3,9 shows su"ficiontly large third harmonic dips
with 1ifferent turnseratio dut they ara not of objectionaHle
proportions. Lowest point on the dip is s8till quite higher
“han tho st ndstill torque pé:l,nt for any curvs, As ssen
from Tadlos 2.3y Be4 and 2.6 with incrocse in turns rotio
the aix; 1s slightly incroased.

{E) 120° sprce Angle

Fige 3430 shows that for 120° space cngle third hormonice
effoct 1s most predominent, The thirdehcrmenic dip &5 so large
that it make tho machine to crawl gt just chove 500 rpm, the
synchronousespoad of the third spuce hormonic wavew Fig 3,10
asd and C. | |

Table 23 shows that tha dip inoreases much wvith the starting
ccpacitor.

No fifth harmonic dip 1s visible in the exverimental curves.

Fige 3.11 shows large third harmonic dips with differont
turns ratio cases.

Thus 1t is sion that third harmonic dips in tor uewsnaed
curvas of @0° pnd 120° mmx cpoce angles ars objactionable,

For 80° spacs anglo torqueespead curves 40 no: show any
third hcrmonic dip but they show appreciable fifth space
harmonic dip and this may proiuce objectionadle cmﬁling

at synchronous speed of the 6th harmonice

100° suoms to be a quite encouraging spaeseangle. Sxcept
for the 200 MP case, bdoth 178 MPF (optimum gtarting cnpacitor)
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and 1680 MF show vaery nromising experimontal rune-up performance.
Zven the 5th harmonic dip is z2lmost invisible at this nple.

Nance 100° smuce angle with greater startinpgstorgue
gaoms to be a vory appropriste space cngle from tho point

of view of run-up nperform nco.

‘The asynchronous dins in tho torquee-gnoed curvas dus to
the snocaeharmonics cre often quiteo objectionDle whi-h may
roon't in low sneed crovling o tho inluctionemotore Honco
an :ttoopt can bo mods to supnross tho derimontal third
harmonic dine

The caparitors to sunnress tho third harmonie Aip “or
d1ffaront snace-nn~le cases “or unity turngeratio only are
galeulstod from the oguation (49) ond sro givon in the t-bHle

10 1.ou
Table 3.1 Cr
Dip Mnity Turnsenatio
- ‘ ,
Esmce Angle éo° 80° 100° 1200

i

Capceitor,MF Theoriticelly
i Infinite 166 32
1

N T e

No attompt 18 mado to :.¢ performunce of 60° sn: ce-
engle m.chine with this eriticcl cup: citor for d4n supnrassion
vhich is l:rge, rosulting in almost gero starting torque.:
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Tha critical capasitor for B0° sp ce-:ingle is vary
ns 11y aqual to tho optimum canccitor Trom st .rtingetor: ue
gong?dar tione If m:y bHa remembored thut 20° cose has shown
no third harmonic dip with the optimum st rting c:nacitor.
~ The 100° sp'cs :nrls with 82 microfarad shows absotutoly
no third harmonice dip. Figuras 3.12 and 3,12(a)s In Flrure
3.12{a) the £ifth hormonie Aip 15 sti111 mors clearly visivlae,.
The worst ~.ffoctod case ~f 120° spzce angle shows much
improv:mmt with 86 P ¢ p citors Machine no longsr crawls.
Tge 3413 and 3.13(a)

It may " notoed that with o opicdltor siuit: hlo Cor Lorque
dip suppras Tem thy ctartivg toraue 48 vory wch fnmairod,.
For Towor Lirnseratio 4t rojuces €5 «bhoul 87 of 4hy v . Iuo
ob.:inaed with tha ontimm 2 n :4lor fror st rEingeborque
amsider ione Tor Lichar turns ratio ( &= 1.4) tho
stert’ng torous g danrzased to =hout 66: of the optimum
value.

lence 1t is in no wny cdventageous to tr) to eliminsta
the complote dip in torque~spaed curve, though it chows up

a saf™Molntly Tow startingecapoitor
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TALE 3.28 Pexlormance with Capacitor to Supnress
Third Haormenic Dip, Unity Turns- Rutio

Space Capacitor  Starting Torque  Starting Current %3ra T T

angle Me . . m:pa G T ggrfo 1L Iﬁ'a'l“‘
- 1 T3 T 1 X pip

100¢ 82 176 -300 876 14.9 1.9 15.3 =  §3.7 2.79

120° 86 1260 0 1260 14.2 13.8 16.7 33 7544 3.32

Table 3.3 game ng Ton1g 3.2 excont 1.2 ™arng N-tio

Py

100° 62,6 1742 -2900 952 4.8 8.3 15.1 - €3.1 274

120° €8 1252 0 1882 4.4 0.0 26,1 235 T7+6 3.33
Tablo 3.4 With Y4 Mur:3 Ratio

Jooge 49 1182 «277 005 18 7.5 a5 - 60,4 2.7}
120° 51 1220 © 1220 145 Be9 15,3 438 T7.2 3438

Ve N " I d
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3.3 Raluetion of Third Harmonie Dip

An attempt con Yo made to determine such a startinge-capscitor
and spacoeangle which will not affect the starting torque seriously,
say 107 resuotion, but which will reduce the dip by a large
perce tagd, soy of he oriler of 80F

The 80* r:d O0° spucewangles ware 12ft in caleulations
hacsuse they olroady show very emull third hnvmonice effact 4n
torquewspaied curvas with tho optimm starting capa:iters. only
throe cuses of 60°y 100° cnd 1207 sp cgecnglaos were tried.

In the t.5198 348 to 3.7 80° ond 90° casos were included Just
~for tho sake of comporisons In thoss cases the starting cop 4tor
is that for optimun starting torque.

(4) 60°_Sp.gce Anples

Wo h-vo to incrsusa tho eupacitor chove tho opitimm v.'ue for
storting toraus to roduce the dipe At about 105 loss in sterting
torcue the cap citor has to bo inerazsed by a»dout 205 of the
“opt mm vilue. Thus At wun possible Co raduce the Jdip by about
80% or oven morz in highey turns-ratio cose Table 3.5 to 3.7
and Pig 3.4, 3But both Torque par ampere line current ond
Torgue ner w.btt copper loss v: luwws huve dgerscs:d he'ov the
optirum cuncaltor value 0zse « Tohla 2.3 to 2.6

Thus thore &5 no advontage in roducing the iip.

(B) Jo0° Sp.ce aAngle
In thic case with a loas of 10i stuorting torque the cup .citor

18 ruoducad by cbout 20 = 265 Tuble 348 to 3.7 and this ~ives no
dsp in the torque spasd curve = Fir 3,18, There is about 154

nersyse in the T/It’ valun as compared to the optimum cupacitor
cugdy the torqus par wa -t stwtor copner loss v ° @ hus improved

too.
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34 A Study of Third Hermonic Torque Over Whole

Spesd Range

In this section the nature of third harmonic torque varilation
with space angles for unity turns-ratio case is s:udied. The
curves are caleulated from performance agquations. .

(1) 60* space Angle

ng.‘s..t? shows the third harmonic torque over whole
speed range, [rom negative syh. spesed to positive syn.speed,
with the three starting capacitors of v:lues 180,175, and
200 microfarads. |

The Figure shows 4dips at spesds just above + 500 rpm and
«S500 rpm, 500 rpm is the syn. spesd for tho third space
harmonice The curves of for:ard and plugging regions are
identical.

(B) 80° Space Angle '

Pig 3.18 shows there is a large dip at speed just
above « 500 rpm but the values of the third harmonic torque
during forward running ;s always negative, decreasing with
increase in speed.

(C) 99° Bpgee Angle

Fig. 3.19 shows large dip at speed just above -« 500 rpm
The curves show slight undulations nesar + §00 rpm .

(D) 100*_ Spgce=Angle |

rig. 3.20 indicates that for 100* space-angle there is
large dip mear «500 rpm and some dip at speed Just above

+ 500 rpm. This angle is 1like 90* space angle exfept that the
dips are more pronounced.
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(E) 120® Space Angle

Fig, 3.2]1 shows that the curves are like that for 60°¢
space~anlge case but the dips are mﬁch mors pronounced.

The following explanation looks some vhat satisfactory
for such behaviour of the third harmonic torgquess

For 120 space angle case the third space harmonic mmfs
due to the two stator windings will be in sSpace~phase
and the two space mmfs will have & time phase differmnce of
near about 90*. The resultant 1s as if there 1s a sin~le fidéd
pulgating 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 500 rpm
in either direction the torque should reach a zero value and
then afterwards above its syn. spesd (1.0, + 500 rpm) or below
its negative syn, spoed (i1.e « 500 rpm) it should show the
same na“ure of torque veriation as during subsynchronous opsra-
tion. |

Taking the c..as of 90* space angle the two third harmonic
mmfs should now be in space quadrature, As the starting
winding currant is loading,tha‘third space harmonic machine
must produce & 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 111ups;
During megative running of the machine the third space harmonic
will then produce torque speed curve like an ordinary induction
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motore The general nature of curves in Fig 3.19 confirms

the above statement.

For somd variation in space angle about 90* the same

‘axplanation approximately holds. For 80° case the curves

are perfectly as predicted above.

For 60  Shace. cny)e —tane Lke  hind  space -
harwmondc mwfs due A T R X w'w(vif will
be im  Apaces oppoifion  and  wilk a  Liwe - phose
%M g war adbeuk 9 T resdland will bea
olule Y. k—ubﬂ—zwj" }MM aas, Hemce
“:3 4& harmonic '&]':fwa»m A - wAld e Like
Lt 5} a szh Hw»t wneluclion woliy . Thue Ak
awves  will  have a W walive  like Cthot
-‘of o8 ~9 M‘Uh w _taledatips show

la/\a}; 06.6 wa._zwlllth a’}‘i 5™ habmoic
lovque  4m  dRese Mo eaces 74’ a Ad&b-}qc’&] e‘L})lahq/)'m
oakd  wb Ax ,’o«uw(
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Chepter « 8
Plugging

For suddsn and quick ravorsal of induction motors pesrh:ps
plugeing is the simplest wethod which requirds no accsscorios
then alroxdy available,

In cingie phase m.chines plugging is posible dy tho rovorassl
of giiher the main or {he auxiliory winding commactions and using
the s:me starting cap.cltor in ths sturtingswind’ng phase.

Hence while plugging the nonqu.drature statorewindings motor
the space-angls Latwsan tho ¢wo st tor windings will chonge
from of electrical degraes to ( 180 « ) electricul degress.

The machine with unity turns ratio only has huan studied
both gnalyticully ard experimontally for this nurpnses In
agnalysig ~ only the third harmonie f8 consiisred, the rotor is
theught to have perfectly ‘nsuiated bars, snd the high frsquiency
tooth losses are neglected. Mecuuse of those imit tions
Ltho theorftical curves do not compare well with the axporie
mental cupvas, axcont for aame 3 !.unt'fmturaa-

3
ffact of Toot 118 0S8

The effact of tooth frequaoncy loss 1z to proluco a 4rag
on the ro.or which in this respect iz similsr to friction nd
windage effect.s Thus the “orque vremuiting from it has a negative
v2lue ovar (9 complate rangs of positive directionnl sposd,
rodueing z;ha avzileblo torque of the motor. However, during
tho rovorse rotot:fon the torque from this loss tands to stop
the motor, thms oporating in the same direction as the torue
from tho machine mamwtic fisld. Cmsequently both quantitios
ara cons’‘darad as positive over chis range o spsed. Even though
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the tooth frequency loss d0os not apposr large comparad to tho
robor copnar loss, yat it protuces a2 ralatively large torgue

at high slips. A4t the point of nogative synchronous speed,

tho tooth fraquency 1oss ™ay be 1less than oneehalf the v.lue of
rotor aoprar losse While the tooth frequincy loss rosults

from forces occuring at vho rotor spead, tho rolor resistanco
loss 1s prniuced by reacticn with the sgator field vhich 1s
moving at 2ouble synchronous spead with resvect to the rotors 8ince
the torque from uny roior loss viries invorsely as the spesd of
the force reaction nroducing 1t, tha qiffereace in spoed rasults
in torque from tho tooth frequancy loss which 1s asarly equal
to that from the rolur resici- nco less at this pointe

This aiso by th» way, gives a reason whey unalytically
calenlcted curves oy forwvard surming wera corparing woll with
the exparimantal curvas,

It is aveo evident thaot Lhe ofnerdimentn) resulis should show
groat deportuza from the curvss obtalned by nure perforancs
colerlations.

For oll cp.ce angles tho ¢.lculztod curves (Figurss Gl to
8.8) chow o predominant third pX opace harmonie dip at abwt
«400 rpme In case ~»f lowar spuce angles botwesn the stator
windings cuch as 60° curvas show lessay dip and pesky nuturs,
For 100* :nd 120* space sevaration the curves chow voery peaky
naturs with large d4ip,

In tho experimental curves Fig 8.1(a) to G.8 (s) 60°
space -ngle curves are found to show more nearly flat breking
torque char:zeterigtic, with minimum packy na'ure. The ecurves

does not vary noticably with ths thrie capacitors used.
L 4
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PIG 5.1 (n)
TaSs CURVE
d = §0°%. 1& NP

P10 5.1 (b)
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FIG 5.2 (a)
T.~S. CURVE
d =80°, 150 MP

F1G. 8.2 {b)
T.~8 CUGYS
of = 0%, 1786 M¥

Fld. 8.3 (¢)
7= CURVE
o= 850°, 200 MF
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PIG. 844 (b)
TewS. CURVE

= 100°, 1756 M
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For 80° space :ngle the curwas show some moro third harmonie
dipy but they srs not much chunged from a flat naiuras The
avarage braking .orque is mora th.n 60° cnasee The bHraking
curvos again are quite ddantic:) for the thras c nmucitors usged.

Both 100* und 120° apaca anples hetwean stator windings
show very pe:ky draking torque charncteristics with high
third harmonic dip.

Hence from plus~ing point of visw 90° spnco cnsle gives suffTie
odently high ond no rily £lat noiure broking sorqua chavacterisiice
It may Yo notad th.t 80° ‘@ the supplameniary cnele of AINGe

which was rivin host starting nerformuncas
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Chapter « 6

Some Applications of Non-Quadrature, 1 Phase
Induction Motor (Capacitor-Run )10s11

Beczuse of its various unique characteristics an induction
motor with asymmetrically spzced stator-windings is some timos
preferred to a conventional m chine with gusdrature stator
windings. Following are the few important applic:iions of

such a machine.-

6.1 gingle Phase Hoigt Motor

The load of this type of motor is heavy in the event of
hauling up operation cnd it operates with light load when the
hoist 18 going downe To obtain low motor temperatirs over a
poriod of continuous operction, it 1s essentlal to keep the
overall efficlancy high. This can be accomplished by making
the angle betwasn main end start windings larger than 90 degreas.
The motor 1s balanced at heavy loads in this direction. In the
reverse run the starting winding is revorsed and then space
angle betwson the stator winlings bocomes less than 90 degreas,
and honce with the sume running capacitor the motor will now
balance at light loads or noelofd, of course at lower slip
as pointed out in the "Running Performance"Chapter .

6.2 Two_Speed Fan Motor (Copacitor run )

In fan motors to reduce the capacitor requirsment two

windings cre perfectly balunced at a space angle betweon ihem
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groater than 90®. An ingeneocus arrapgemsnt is shown i

Fige (A)y The oporating position as shown i3 for high spaed
corresponding to the winding vactor diagrzm of (B). This
arrangamant not only gives 2espeed operation but :lso balances
the motor at higher speed with a relatively small capacitor.

Fiau. 61,

jli N,
¢

|
3
S
Coierd L
o Ly \
f Nm' Nm; :

SUI/’LY \ g
(A) Circuit 8 Winding Vaector
Diagrum.

5.3 Subfractional H.P Motor
Many subfraction:l horse powor motors regquire vory cuite
oporutlons To nchileve halunco with ordinary two-winding

arrangomant, the dqosigner usunlly chooses & very small running
upacitor « but with a start winding of many turns of fime

wim. UYWindings sp-ced at loss than 80®° are used to reduce

the winding cost ag well as balance the mbtor.

64 A _High P.Fe One=~RunningeC pacitor 2 <Motor System
A fan motor having nonequadraturé concentrated windings

spaced at 120° moy be used with its st rting wini'ng 4n

series with tho running capacltor of tho compressor motor
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in an aireconiitioning plant. The following points h-ve
hoon establishede.

STAT CAFR
r-_.!LN R
i !

i—-.-»-l v b .__’ r__ C— —

RUN. LAR |

TN . P
N N N\,
. EaN Q"/j f L CrMPRE s.sc.rQq/(\
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-——4—4*“"“—*‘ , T
! e

@Ej,m {
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3 s——
- ~

AVR RN

(1) The ovoral) e "“fc’ incy, powar £ ctor and start’ng torque
compare faovourably with a systom omploying e sonarate pore
menant gnpacitor fan motors

(11) There 48 o ool nossibility that theo motor cost 4is compar=
ahle with that of a shided pole motors While the winding

cost 18 highor than that of a shaded nolo moter, the motor

size is considarably roduceds This 1s possible, as the e?‘fici ey
of tho new motor 18 comporativaly hish. It 4s expectad thot
the reduction in mterial cost might be sufficiont to effect
the highor winding cost.

(414) There is no detrimental effoct on the comprescor motor
whatevar.
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Chapter - 27

CONCLUSIONS

1. It is possible to develop a satisfactory cross~field
apnroach for the analysis of sinpleephase motors having
pwo statorewindingg not in strict space quadraturs, In
this approach by cross-field theory space=harmonics have
boan cons‘dersd. The nerformance equations so developed
are of course the some as obtnined by the revolving field
theory®
2, It is shown that higher stoarting torque can be obtained
through the use of non-quadra.ure stator-windings.

. Dme to extrerely high stator resistance the valus of

s (=5 ___ ) 1s only 0.34 in our experimental machime,

Typ + Ty
ard hence only anbout 4 ¥ to 8% more starting torque was possidle.
For normal sauirralecage motors a maximum of obout 20% more
fundcmental startingtborque is possible by making the space
geparation betwaen the stator windings gracter than 90°
Though the increase in torque is relatively small,
the differcnce in torque in *he two alternztive directions
of rotation cun b considsrable « a charseteriatic vwhich
could possibly ho useful in ecartoin tynes o revorsible drives.
3. The optimum ccpacitor to give maximum fundamental
starting torque 1s independent of the space angle between the
stator-windings. For unity turnseratio its reactance is
numerically eq 'al to standstill impedance of the mainewinding.
With increuse in turnseratio the optimum starting capacitor
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goes on decrsasing, being inversely proportional to the square

of turns ratio.

4. The total starting torque depands on the harmonic contents
of the airegap fisld. Harmonics always proiuce detrimental
effect, A proper stator winding, such as 90° phase sprsad
and 2/3rd pitch, is necessary to reduce the harmonic contents.
The points desorved in praecasding section are also noted

by other authors %.

5. For space angles other than 90°, starting torque per ampore
1ine current and por Watt stator copper loss ars found to be
be:ter than with 90° spnce angle.

6+ The run-up ferformance of the machine may be very much
impaired due to the asynchronous torques produced by space=
harmonics, mainly the third space harmoénie

For 30° and 90° space angles the predominent “hird harmonic
do not produce cny dip in the torque-speed charactoristic, though it
diminishes the available torque considerably.

For z11 other space angles 60°, 100° rcnd 120° the third
harmonic proluces dip. The axtrs—e cases of 60° nnd 120° space
angles cro the most severe in rospect of run-up porformance as the
harmonic dip assumos dangerous proportions, 120° case being

tho worst,

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

gngle can help in suppressing the third or ssvaenth harmonic

d41p from the torque-sneed curve. vo
3

For a spnce angle greator than 90° to suppress the h-rmonic
dip completely in the torque-spased curve, cap.citor of much
lower value (50% of critical starting capacitor ) is needed.
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Opposite is the case for space engle less than 90°. But

of course in these cases of xX%w dip suppression there is
reduction in starting torque. Therefore attempt for complete
suppression of dip is not 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 mors.

It has bren shown that for 100° space angle the third
harmonic dip can be almost supprossed by using a o¥to 25%
smnller capacitor than the optimim starting capacitor, still
the storting torque is vary necrly equal to the maximam
availabls for 90° space casc,

For still highor angle (120°) inspite of dip reduction by
cbout 50%, the dip is still sufTicient to produce crawling.

Torque per ampere line curront and per watt stator copper
loss huve much improved snd are much hetter than that for
90° space sngle with optimum starting capacitor.

For .ngles lesser then 90° dip reduction is possible only
through uss of still higher capacitors, for 60° space angle

the vailue of such cupacitor increases very much,

8+ In certain reversible drives by moking the space angle
greator than 90°, the motor may be made to balance at high

slip (1.0 greater load) with a proper running ocapacitor whereas
during the revorse drive when the load is small, the starting
windings may be reversed which in effect makes tho space angle
less than 90° and now the mochine will balance gt smaller

slip (1.0 light load or no=load). Thus the use ofIZuadrature
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(A=1)
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Equation (A~8) gives the foundamental torque in
dyn.wvatts acting in the direction 4 to gq=axis, v heins positive
in this direction of rotation of machine.
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APPENDIX = B

Developments of &and:t;n-egu&tions

From equation (32)
1% 2 vy [a(r 1do- B +12)- x!-dx +4o 1

829 [ 147 g - P . x?| <20y 42 %’ ] sees (Bel)
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2 =2l b

L | bt

Z Zneos n d_ |
j |t

and x |»Y a

Hance
™ _ vy [ abtey%+ x%4oadycos § ~2axcosy -2ayxcos( -8 ) /2
2 Z Ll-‘y’ + x%4 2ycos S «2yxBcos ( S =27 )=2xPcosl2y

Q_u LR ] (3*2)
From Equation (33),

18, 1_;__” 1e ax ¢0 - (’
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and of being phase«angle:s of 1% gna 1%
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000(3'5)
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DERIVATION OF RESISTANCE START EQUATION
L _ '
[ na sin n l +ax gin (7-&§ ) cosee d .re(39)

Tgoe sin n.%
2
For resistance start

Hence ¢ = = ¢,

and Y =& = dy
& {gi__}nn sin n ‘!...[ eax sin §, cosce Oo]
e

4s x |8 4y = (Z Zcosnd) |hx _ Z (Rn+J%Xn)Cos nd
(Zo) |4 Zo|-do
" %5 xCo8Qy = Z Ry cos n d
20 * sin 03 = -7 XZncos n of

Hence { To( | , stn n wga ZXncosn 4
Tsoo]n smng_z_ [1 : G;O ] (%)
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DERIVATION OF 'CAPACITANCE ~8TART' BQUATION

Zx XQ.P = 90°
(1~ ) = ( dg= 90°)
= 90 = Qo

[_’fg___] s 8inn of [ l-ax cos "x Sec t)o]

T Sinan¥
80* S

But xcoséx m ZBycosnd

2N
Hence
T \ gﬂ n g
[——-ﬁ- ] = sin nd" [ 1«a z 208 ] 000‘(41)
Tgoe sinn T R,
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