
a" d L-  r' 0.0456 x 0.16 = 0.0073 cms.

lg - 0.00456 + 0.00730 . 0.05766 ca;: .

The winding used. was : narrow pha ■ spread winding 

housed in  ̂ s lo ts  pr^ pole per phase; there being 4 poles. 

Tne number o f  turns per c o i l  = 12.

Thus, th‘i to ta l number of turns = 12 y. 24 - 289.

T, = turns per phase - 286 = 96

Now, we have that q = p (6Kr + 15 and p - 2 

Therefore, the follow ing tabi^ can be drawn up.

-  3 -  2 -  1 0

-  34 -  22 -  10 2 14 26 36

where q is  the value o f  the harmonic associated with each value o. Kj

Tha s lo t  angle 6 in mechanical degrees = 360 = 15
24

Now Kmq = Sin. g q&

g Sin
2

Substituting fo r  the above values o f q

2

-1 0

14

-22

26

-34

38

0.985

0.255

-0.255

-0.965

-0.965

-0.255

+0.255

Also, Keq = Sin q 3_

Tor a fu l l  pitched winding, S

Therefore Keq = Sin qll_

n mechanical degrees 
P

= S in qn_

Gl.



I 'o I o h s

1. -E&ASmUNC APPARATUS

tike invert.ad induction r .io lo r  ti.d associate apparatus waa 
so doslgnod as to facilitate the measurement of v&rloue elecwicai 
phenomena, such aa speed and tor \u«.

3y re-designing the apparacue for use with the multi-chant .el. 
uttva-violet light recorder. »:tore nenomena co-id  be recorded, the 
system beca :V3 considerably more sensitive and everytidng was now 
operated ta an e>aren.ely low voltage. Furthermore when calibrating 
the new apparatus, it wa* foui-d to be completely linear over tne 
working ranje, wheroas the original apparatus was n a .

coin i?ari.i4  o ld  and new  o s c i l lo g r a m  t r a c e s , it w as 

d is c o v e r e d  ts at tl»* d am p in g  sy s te m  u sed  w as not id e a l, tin# beinsj due 

t o  a  ch a n ge  in  d e s ig n  oI the indu ction  m o to r .  H ow ev er , by In crea sin g  

the tra n s d u ce r  ten sion  th is  sm a ll inadequ acy  w as cam r-oasa ied  lo r .

U ein^ tlie : « w  a pp aratu s  a  m n n oer o f  tests were run In order 
to  tr y  */*d m e a s u r e  the indu ction  motor r e o id is l  turnue . F r o m  the 
re s u lts  o b ta in ed  one m iy only conclude thet th is  torque is  e ther nan 
eKista.it, or w a s o f  to o  sm a ll a value to be mess ..red by this apparatus.

A la r g e  n u m ber o f  rea d in gs  and r e c o r d s  were taken usitg !1»» 

r e -d e s lg n o d  a;; -a ra la s , and on  s t a y in g  these it was fe ll  t fa : t>« 

r e s u lts  w e r e  ^uite s a t is fa c to r y , the apparatus adequate a.«d a

c o n s id e r a b le  Im p ro v e m e n t on the o r ig in a l.

z. Z } J l Z - j m £ ’I2 5 £ S M L

From th e  r e s u lts  ob ta in ed  in  th is  in v ea tig e lion , a  number o f 

conclusions can be d ra w n . In m e * * *  th e ss  c o n c lu s io n ,  h ow ev er . th - 

v a r io u f  a s a u o p M  made t h r o u g h o u t  the i «v .s t ig * a o n  m ust be born e

In m in d .

Firstly, the re lu cta n ce  variation. Aasurniag t i -  g*P to vary
g. j  m a r i & r  f & t  tlwi <ii£*w?C o f [ ‘f in i^ r y

»■ > co.l.>- I »  . ami !»»=•  • r < w ii«  u ‘*
« £  a.coiidnvy Th. «-»<>.. of « . « -  U t t . Sloo. 
^  for flu . « » « *  »  -  « « ■ > * “ >" «*>«*»<*- “ “  “  ^
.  . . . , c  « t t  o ,  .  rosor + * * *  • » ,M  " * “ T "
M M .  n .  u o a  ■ *  • » « * * * « • • •

*0.



Roman.uBun,, tiis *U>o«, it may cm concluded *> Jm the 
laiultt ut>tai<x<i that t. a  method err.; la, eu gives jood cutrtlttlun 
o;vIy in the c m c  of th« furuiameitsai v-ave. even wtieu turtler u r n i  

U  the Fourier aeries and Ulnotnlal expansion are c nsuleired.

However, a fjrtuar conclusion that must be drawn la u»at 
the *iWUiitd of practical flux * no Mtur etna 11C employed was f » r  'ra m  

satisfactory. -Jue to rli*j fact that t o  tiieoreticnl re su lt*  g ive fa r  

m o r e  frequency com;>ona:*» than the practical re s u lts . it ia  fe ll  that 

two m eaauretrusiaa  raust be r e c o r d e d  w ld le  the m ach ine la  asct* eros ly  

a ccu ra te ly  h o ld  at ea ch  d e f la t e  a oed am aii v a ria tion s  in  apeed 

giving v roneoua results.

it ia also ieli- tiiat tha flux ahould be measured directly 
by the uas <ii a device such aa a Hall-.;erwtatoi- , which la now 
com mercially obtainable. Those pa.>aT thin robes may be conveniently 
situated in the motor la order to measure tae various flukes and 
hence compute the exact values of flux in the $*..k tooth, e tc ..

Finally, therefore, it tna/ be concluded that the results of 
thla ii»vestl(jation do not prove the niethods of flux analysis used to 
be incorrect, but irxlicata that mors reflneti tuathoda of practical 

measurement should b .^n ployed.
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IaTnQuUCTION.

Although the fo l lo w in g  appendices are not connected 

.»ith the main body o f  the th e s is ,  they have been included 

as they w ore developed during the f lu x  in v e s t ig a t io n .

Appendix U is  a aer ies  o f  photographs showing the 

apparatus uood.

A P F  i. : .1 .____ . ....

STATOrt ^i.aCTKO vtl-TIYL fORCu.



The e le c tro  motive force  in the stator is  produced by those 
component- flu x  density which r.ove with respect tc  the sta tor,
i .e .

A dc 4 12 Cos Q? (9 , -  wst) Cos
*q lg -

n. - ®_ + w t  where w 1 2 s  3 2 *n

Therefore the flux  density with respect to the rotor is ,

B = n dca 1 Cos Q _ ( 9 + w t - w t )  Cos q (9 , + w t )
2 S

itq"lg1t“

= A dc I 1., Cos Q? 6„ Cos q ( 02 + w^t)

C oil span = 8 , therefore flux  linking c o i l

, V » /2 I
* s | 1 M Cos Q2e 2 Cos 0 (0 2 ♦ w£t )  d6j| £  . 2nR 1

V  “ / 2 ,92 + 8/2
1  1RB M 
J

1RM

Cos Q202 Cos q ( 02 +wst )  dfl2 

92-  S/2
e,+a/2
Cos 0 ,6 2 Cos q (0 2 + wst )  d9,

6 -  8/2

2

Integration only. 

92+S/2
cos q e , Cos q ( e 2 + *»st )  de2 

6 2- 6 /2  ‘

0„-B/2

e2- e /2

AB dx

Cos (Q 02 ♦ q 92 + q w^t) ♦ Cos ( Q292 M  «2 "

q w t) ̂ S
d 0,

e2^ / 2[7 

Cos 

0, - 8 /2

(Q2 + l) 62 * q V
+ Cos I(Q? ■ l )  0-

92



Sin ( Q2+q)e? t qw t s + 1
V

_  Sin JTc32-4 )e 2 -

r~

Q2+q
Sin (Q2rq)(9, + 3) + qw t

J
- Sin (Q2-q )(8

V B/2

+ _ _ L  : in  -q)<e.+i?) -  qw t 
Q ♦ q 2 ? 2 3

Sin ( ; 2-q ) (e ,  -j|5) -  qw t

= X 1
Q +q

( :i2 + l) ° ,  + qw„t + (Q +q)B

(Q, +q)B| 
?\

Sin

+ 1

Ijin (Q?+q)62 t qŵ t

Sin <°2 -q )«2 -  qw,,c ■*■ (Q2 -q )6

(Q2 -q> e2 -  i v  -  (Q2 -q )£

_2__  Cos
Q2+p

qw t n s

1 Sin (Q„+q)S_ Cos
Q2+q 2

(Qo + q) 9-  + qwotj Sin (Q +q)3 +__2 Cos [<Q -q )6
J 2 Q2-q L 2

Sin (q „ -q)B

(Q ,+q) e ,  + qw t] + ___L .  3in (Q o-q)s Cos\
SJ  v  2

(Q2+q) ° 2 -  qwg t

* = IRAdcq 1„ Tc

Going back to  (1 ) and le ttin g  there be Tc turns

j(Q +q)8 +qw t|
---- t ' V ’ ' ‘ L -I

+ JL_ Sin (Q.-q)B. Cos |(Q -q ) 3- - qw,.t 
Q2-q 2* L

dJNow e -  Tc

* -  K -  qŵ  Sin CQ? +q)£ Sin ĵ (Q2+q)e2+ qwct

V q

* qw. Sin

QT-q

Sin (Q2-q ) 02 -  qwflt

a = Adcq 2nn Rl Tc l j

Ig
- i -  Sin (Q.+q) $ SinQpt-q 2 -1

Sin (Qo-q) 3 Sin
q2 -q 1 2

(g 2-q )  S2 -qw^t

(Q2+q) 02 -  q v

This can be broken up into two vectors as shown below.

1- H g Sin (Q.+q) 6 )J(Q_+q)eo ___  Equation 2.
Q2+q 2 ------ "

2. -  H q_ . Sin (Q ,-q ) 3 < Q2 *q>02 ------  Equation 3.
Q2-q 2 i-------------

Where H = Adc q . "2 ngkl . c 12 
ttq 18
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STATOR ELECTRO MOTIVE rORCE 
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The flux density is  given by

B = Adcq

2 I f /

Now, the flu x  per r ipp le  pole fo r  the f i r s t  wave is
B 2 1 2ttR

?(Q2+q)
P. is  the radius

Adc  ̂ . 1 1R
(Q_+q)^  I F  "*2 '

and fo r  the other wave the flux would be

Adco . 10 . 1R 
*q — r^7 (Q , -q )ig* 2

E lectro Motive Force frotr. 1st wave

E<ii = _ i l  4>r f  T km1 K®j_ j • (Q2+q)o1 
JT 1------------------

The reference is  the e le c tro  motive force in tho c o i l  whose centre 
lin e  is  at zero.

Now f
2 w

. , Above equation is

I F  Eq, =  2it Adcq .  1? .  1R . Q2 2nNs T Km1 j - (Q j+q)^
*9 ' Ig 2 (V q) 27“

= Adcq 12 Q21 

irq ig ‘  ( Q2+q)
2nRn T Ka, Kfc.

S X I

Ke = Sin (Q,,+q)6/2 B * Coil span, mechanical radians 

Sim ilarly

/ T  Eq0 = Adcq j ,  Sin (Q ,-q)B . Q jl 2Ji*n# T Kl»2 | -  ( Q ^ q ^
irq 1 *'̂  2 „~"T

Q2-q

Stator s lo t  angle as far as f i r s t  wave is concerned is  (Q2+q)2ir

“ V
and as far .is seoond wave is  concerned (Q2” <l)2ir

Thus, d istr ibu tion  fa c to r -

b (q2 + q> , nKm. = Sin
Ql

fo r  60° phase spread

f. Sin ( 0 2+q>. n



fo r  120° nhise 3pread

2p Sin q2 + q . n

Km„ ~ Sxn 2g (Q2 -  q)> B‘ 

- ° 1

2g Sin V _ 1 .

L qi  j

Both waves fo r  a l l  valuer o f  q produce the same frequency i . e .  Q.w2 s

the to ta l e le c tro  motiv force is  the vectorLnl sum o f a ll  components.

i . e .  / _  Eq1 t  / i  Lq;

The ro tor  e le c tr o  motiv* forces are produced by 5 wives o f flux density B.

: e2 + qwst )  f p ■ q«5 * q ns
2n

5 Adcq Cos
1,1q lg

B2 = Adcq 1
1 Cos

21?

B3 Coa
21?2

E1(

Adc^ Cos
U g2

'̂ rJ Cos
4*

? T p

(Ql +q) 0V + (Qi  tq) Wgt  j = (Qj+q)

(Q2+q) 62 + a V

<Q2-q ) e2 "  q V

f = q r‘£

f  * q n ,  r  -

Thus the a le o trc  motive forco in a c o i l  o f Tc turns with span 6 

mechanical radians is

— i  I -  . I  , 2irRn Sin q (3 Tc I + q 
irq ip j? 2 i----------- -

Angle is  displacement o f  e le c tr o  motive force from that gene^ted

in a coil situated at rotor origin-



The resu lts  can nov’ be tabulated, since column 1 above has 
already been evaluated (see pp. 65) and is  the value k  in the basic 
equation I on pp. 71 . The pole pairs are A, and h«noe the following table 
can be ex tracted .

k. A. Sin AB ?• = Dlk Sin A6 f .  E - * + . f t .

It can be seen from the basic equation I (p p .7 i) that a ll  tei-ms 
o f  the sane frequency ( i . e .  the sarae fi,,) must add with due respect to 
the sign o f  both k and Sin AB. This sun should correspond to the 
measured values o f  the tnapii?udes r t the various frequencies.

Starting with the synchronous wave, i . e .  q - p we obtain the 
follow ing fo r  the various terms in the table.

1 . k = 13,.65 x 10" 2 x 2.5 0.341.

2 . A = = 2 .

3. Sin
2

= Sin (2x10) = '>.17!

4. $ = Dlk Sin <\S 917 10" ccm3tant.

\ * = 2 1 7 X 0 .3 * 1  x O .m  >: 0 .6*»5 x 10‘ 3
fa s  before;



a 4.44 h 0.o45 k lv)"^ x:j.; x la 
» 1.43 volts.

+ ia ° X̂ T ty final vaiucB «ii 2 j  terms (q .  p.
4 • - C j ♦ p. n »  -  < 2  ♦ .:) must be cale.ua^d iprocedu.« as a.W e) 
*.'«! tiis w rm i of the same fre^uen^y added t .-^edier.

2JSEU

> - ....... #wb fc*.rnV.
.3 4 1 2 a. 174 0 .6 4 5 x  10 ° 1430
.0 1 3 5 22 0 . >34 0 .0 1 2 4 a  1 0 -* 50 2 7 .3
.0 1 3 5 26 0 . 766 0 .0 0 6 6 5 *  10*3 50 1 / .2
.0 2 1 6 34 0 .1 7 4 0 .0023 ;» x 10“ 1 50 5 .3
.021$, -0 .1 7 4 -0.01*211 K t 0 " 3 -4 .7 5

-.0 2 7 1 , 26 0.764 0176 x  10*3 50 - 3 > . l
- .0 0 1 0 4 2 0 .1 7 4 - . 0 0 1 )7 x  1 0 '3 50 -4 .5 7
- .0 0 1 0 4 SO - 0 .  ;3  !> 4 .0 0 0 5 6 3 x  10*3 SO 1 .25
- .0 0 1 6 0 10 0 .7 6 b - .0 0 2 3 7 *  10*3 SO -5 .2 6
- .6 0 1 6 6 62 - 0 .  76^i .0 0 0 2 * 7 x  10*3 so .6 3 7

.0 31 22 0 .^ 3 4 .0 2 6 6 a  l o * 3 SO 6 3 .5

.0 0 1 2 3 46 - 0 . 7t»6 - .  00045 a  tO *3 • 1 .0

.0 0 1 2 3 2 0 .1 7 4 »00234 x  l o ’ 3 5 .2

.0 0 1 > 7 « .9 S 9 - .0 0 6 /4 x  1 0 -3 SO -1 5 .4

.0 0 1  n 14 .9 1 9 .0 0 2 6 7 x  I 0 * 3 SO b .3 7

- .  a >475 33 - .  174 ♦ .00 04 7 2 x  10 SO 1 .0

- .0 0 0 1 0 7 14 . >3> -.0 0 0 2 7 3 X ia * 1 SO ..5 tt

- .  0 0 0 IH 7 02 - .  7u6 ♦ . O0OOOSO2 X  10*3 so .U106

- .  0003 2 .1 7 4 - .0 0 ^ 5 6 6
. -3

X 10 - 1 . 2

- .  0003 74 . 174 -.0 0 0 1 5 3 X 10*3

- .0 0 6 1 2 34 . 174 - .0 0 0 6 0 a 10*S so .1 .4 4

11 NMI - .  n  > . 1 .00

-.U 0u 242 10 . 7uo .0 > 04 02 o‘j%

70 174 . O O P  2 a 10“ 3 . 044

-. - . 1?4 - .0 0 0 7 1 5 x  J 0 *S so - l . S o

R esu ltant: f. E.mV
50. 1 4 d 5 .7

75.



at frequency q n__

ind / ?  Ec at rrequcncy (Q + q) n * I s
and ^  Ec at frequency (Q -q ) n

1  'J

I f  the c o i l  spans a  s lo t  pitch  then 8 = 2*. a

(Q,+q)l- = (Q +q) ita 
2

'ira + air

(Q,-q>e 
* 2

<i£ ■lira

l!.c c o i l  span fa ctors  w ill  be o f  the same value but may have d ifferen t 
signs depending or the value o f  a.

The Ec  ̂ and Ec.. combinations may be combined as

(Q-+q)B = q na- +• arr i . e .  P = 2r a

and (Q --q )i “ + ira

Then Sin (Q2+q)Ji

Also Sin (Q tq)B 
2

- S i n  (Q ,-q )8 for  a l l  values o f a. 
’ 2

Sin (qua + an)

Thus

Ec = -  Adcq 2ITRn 1 Tc 2_ Sin qjr_ + 1? ,Ji__ + \ \ x
1,7 2 i s 2 l v q V q!

Sir. (qna + an) q e.

Adcq . 2'TRr. 1 Tc 2 Sin q _̂_a + 1„ 2qQ5 -;in ( qna + an)
lg Q2 IP -J~2

q ;-q

|q e,

Sin qira = + Sir. q^a + an
<>2

* fo r  a even 
-  for  a cdd

Thus

Kc. = -  Adcq 2!TRn 1 Tc Sin (qua) 
irq Q, J 2_ + 11  2  ̂ Q2_ 

L% 1R2 01 -q2

q

+ for  a even 
- fo r  a odd 101



From the bracketed u r n .  llm 1st term give* aa indication 

due to the fundamental vsve a:*i Che ocher term, the; due to the 

rotor el'>ta.

The oquatiou* (or £c^ end £ c ,  aiiou these two electro

motlvu forces to oe found separately. These are at frequencies

( . ,  ♦ q)n^ and {' t - q)n# respectively hut it slumli be noted that

for certain condition* these frequencies fit into the series associated

wxth c ^ c £ c, and £c.. whose frequencies are q a .1 4  S S
The value of q is given by q ■ p (C + p). Thu* if the 

frequency  ̂ *• to **• ***• **m® *• * frequency q^ (i'or

different value* of q),

( o 1 ♦ <!,> * %

i .e .  O j ♦ p (bKj ♦ p) «. p {(hKj ♦ 1 )

therefore Q j ♦ aKj ♦ I * 6Kj + i

G . ♦ oK, • « I 

1
♦ K j * *

ip

Now Kj and **j must both he w mie numbers which can only

A  
p

i .e .  C. ♦ Kj ■ Kj

occur it C j is a wnole number.

C a O j • S '*  number of slvte/pola/ph

(•p S x  Zp

T hu* fo r  an In teg ra l * lo t w inding on  the a tsto r  the 

lr ,v .ncr Ot t c ,  ♦ <,)». lor . .  ~ lu . d  ,  i .  .* » >  «  * •  Ir.,u .oc ,

of c j for juioti.er value of tj.*

rhe same can he obtained for frequencies [Q * <!>*•
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Direct Current in the Polyphase Wilding;.
A magneto motive force wave sim ilar in shape to that of 

... . wave t be obtained by putting the correct values of D.C. 
through the winding. Tho currents in the -i-phases in the A.C. case 
are riven by

I Sin wt 

= f i T  I Sin ( wt -  nb,)

i 3 = / r  1 [wt -  *b^2 )

I f  we take the instant o f time when the current in phase 1 
is maximum then th. instantaneous disti n o f currents is ,

fiT  i ,
wt

J T  I Sin (n /?  -  Hb./ )J. IJt i f i T  I Cos nb,/1  m.
i = f i T  1 Sin (n/2 -  2Hb /  ) = f i T  I Cos 2nb /

I f  we wish to set up th is  system c f  currents in any winding 
by D.C. then i f  Idc flows in phase 1 the currents in the other phases 
must have the follow ing magnitudes.

^ 1

i 3 = Idc Cos 2,rbi / mi  e tc .

In a narrow phase spre-d three phase winding b  ̂ = 1 and 
ro s 3 uut alternative groups have opposite signs when b is  odd.

i . e .  i  ̂ = Idc

- Idc

i . e .

^

The equation for the magneto motive force wave can be 
obtained from the orig in a l expression by putting wt = 11/3 and

fiT  I = Idc.

2 L  n, P + P

104.



eivos

etc .

The sum o f  n pi:i3e;; i s

+ Cos iib^ Coj q (6^ - ^ 1 )
~ —

f Cos 2ub. Cos q (0^ - 2 1 ^ ) + 
01

2 Idc T Kmq Keq _i 
------------ i

Cos q 6^ + Cos ( -  q 6^

+ Cos (q  >5 t  «b. (1  -  q / ) +

1 (,-q 0  ̂ + irb, . (1 + 3 /p ) )

Cos (q 6, + 2nbi (1 -  q / ) )  + Cos ( -  q t

2Tbx (1 + q / ) )

The f i r s t  group o f  term;- in the bracket w ill sum to 0 unless
Tib, (1  -  q /  ) = 2tKr whan the sum w i l l  bo m and the second group w ill 
m

sum to 0 unless 2rb ( I t  \! ) = 2rrKc when sum w i l l  be m.

Thus, i t  can be shewn

K m p + p

For narrow phas•> .;urv.., winning m * 3 

AT

Sim ilarly to  the A i :-i

p (6K5 t 1)

Kc any in tiger .

°2 ( °1 '  wst}
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OSCILLATOR . DC-MODULATOR AND FILTER

U.Y.  RECORDER AND POWER PACK

U.V.  RECORDER AND "CHANNEL’ SWITCHES



O S CIL L O S CO P E AND C A M E R A  SUPPORT

EQUIPMENT FOR D.C. DRIVE MOTOR

ASSOCIATED EQUIPMENT



ndcq Cos q 9

irq llg  -  1 Cos q 0 -  1 C'ca Q ( 0 ,  -  w t )

irq lg  1 ---------------------------------------_ J .

irq
L i  C ex + 11 Cos (Q1 tq) 9l  1- Cos (Ql  -q) 9

L z n p  I

+ <Q2~q.) 0 2  -  Q2 w_.t

Tho flux density wave with rcspcct to the rotor is
obtained by putting t' -  8 + w^t.

3r dcq = Ad eg 
itq

Cos q ( Q + w t )  + 1

^  L

Cos (Qx +q) e2 +

(Q, tq) w t| + Cos (Q -q) 0 + (Q. -q ) w t

| + Cci i(0 2 -q) °2 " q V

+ 1
2

2 l £2
(Q2 +q),

This also gives five  waves.

Number 
o f 

a o le s .
Magnitude

Velocity with 
respect to stator
rnoch. rad.: por 

second.

Velocity with 
respect to rotor 
moch. n d s  per 

second.

1« 2 q
Trq lg

2. 2(Q] +q)

3. 2(Ql-q)

2 (  • i

Adcq 1.

- w

- q w„
Q2 tq

5. 2 to .-q ) CLW + q w_
02 -q
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+ 1
2 r-

1+IP’
Sin (2Q -q )9 0 + (w-qw )t

-  Sin |(2Q2 +q)62 (w-qw£) t j

+ 2 Sin 1(w-qw )t -  q6„ 
i s

" L i  j
This yives r  :e to a number o f additional waves as follow s.

Magnitude Pole Pairs Frequency

1 . Aq^
4irqlg^

Aqlx2

Unqlg’̂

2QX -  q ( 2 Q l  - h ) w s  + w 
—

w -  qw
2 *

i*.

7 .

Aqll L 2
2irqlff9

2irqlg3

Aqll X 2
2ftql«;J

Unqlg'*

i+nqlgJ

• i 2 
rtq 2 

4:rqlg~

Ql ♦ Q2 -  q 

Qi -  Q2 ♦ q

h  • Q2 • q

q l  + q2 + q

2QX -  q

2Q2 + q

(Qi - q ) " s 
2 if

(Qx - 2Q2 +q) « 3 -w
2"ix

(Qx -q)wg +w

2tt

(Ql +2Q2 +q)ws -w 
2tt

w -  qw

w -  qws
2 IT 

w -  qw.
2tt

the follow ing harmonics.As b e fo re , wn must con&idei tne a

Synchronous wave 

Stator s lo t

q = P

q  = ♦ Q i + P

n s + Qn +PRotor  ̂ — 2

« » . » ,  b . forc
pairs and frequency ror tne
nine terms as shown in the above tv-blc.

Hwn>iriafi tint l j  * 0.00*56 0 » .  l j  ‘  ° ’ 0°73 “ " j
1 ,  .  0 . 0 « e  „  « u  lg  -  0*05746 c » ,  ^  « — * «  the - p i -

• --ita have the follow ing •to those given on page !ia
r i i  o .  by 0 .0396

1. Similar to ( 2 ) ,  but reduced cy a .ac j _ .
2 If, <17.



I ,  Similar to (1), but reduced by a factor I , i .e . by 0.0J>6

ilii
3,4, j similar to [£) but reduced b / a facf-o* 1 j .« .  by 0. JJ7 

and 6 . 1 7

7 ,*j, i Similar to (4), but reduced by a factor I , i . « .  by 0.063% 
and 1 0 . Z lf

Thus it is  im m e d ia te ly  o b v io u s  iuat any re su lts  obtained by 
ir^ iud in^  a fu rth a r  te r m  in l i i t  U m o*nial fcixiianeion w ill uava a 
n eg lig ib ly  amali a ffe c t  on tiws th e o re t ic a l  values alread y  obtained.





TTO

-  Adcq . l x 1.

-  Adcq . 
ftq

2!TRr. 1.

-  Adcq . 2IIRn 1

2fIRn 1 i2 -3 -S
— 2

+ Adcq 2ITRr 1.

1. 2HPns Sin (Q  ̂ +q) £  Tc | (Q ■ j)e

172

I P  q+Q°

. Sin (Q2-q)e Tc | -(Qg-q) e2 

Phase difference between T.ĉ  and Eĉ  is (Q?+q)eo - (  -O 2 -q)02)

= 2 Q2 0?

As c o ils  aro placcd in slots g, has only certain descrete values 
for each slot .

i . e .  fo r  orig in  6„ = 0
fo r  next s lo t  0O = 2u/Q2 
fo r  next s lo t  6̂  = 4u/Q2 e tc .

For the Nth s lo t  t). = ( n -  1) 2ir

For this s lo t the phase displacement between Ec  ̂ and Ec5 is

2Q2 (r- ~ -) 2 ' = 2(n -  1 ) 2 tt i .e .  they are in phase.

Also the phase angle for Ec  ̂ may be written 0 ^  + q 0, and for the 

discrete values "iven above this angle is
+ q (n -  l)2irQ ?  ( n  ~  1 ) 2 tt

- q/Q2 (n -  l)2ir + (n -  1)2*  

= q/Q0 (n -  l)2tr

The phase angle for any slot n of electro motive force is

o e. = q (»  -

i .e .  for any particular slo t n the electro motive forces Ec^ Ec  ̂

and EcL ire a l l  in phase and may bo added arithmetically.

Thus

EcG = / f  (Ec1 + Zc^ + Ecb)

= -  Adcq 2!IRn 1 Tc' f.in qS + q
q s , 2

1 Sin (C0+q) £
___  J .r 1 2
02+q 100.



[from ZJ ol Th« i'crfu n iau ce  aiA Ltas'gn of Direct Current 
lacjinua by Clayton, wo havj that

elucias-co with smooth armature

'  V » , ----------------------------- <i)

and K g.

1

« I * 1Z 1 (*)

Considering (1)

Therefore 

a  id from  ,2 )

W V 1*
M K« i  -  1 )

, i *  * 1  <“ ** * l > 
la UBIÔ  the anova formulae, it n»u*i be remembered taet the 

*l>U*u armature reluctance is ~ri averfcja value au wol< as being an 
approximate aaamnptioo. furuw rm ute. ihu determination of 1 , and 1  ̂
is  only a possible p.i.- .ojm :uv. o method.

K*. and Kjj can be determined frota t'ie onnai i.isthodo taoe 
ihu above mentioned book by Clayton). 1  ̂ and 1̂  an’e equivaiji; <e:vjtha on 
the assumption that the length varies as a cosine low. despite the 
relative proporUo \» ot the aiot opening, slot pitch and {jap length.

Now, ii tiie ampero-turu* su any point are AT, ti«n  the flu* 
density at that point (on the stumor) is

p
JL

l t* - l t coa G , *, - K  cos i 2  (* j -  - s

W

h ou sed  Li tha atator s lo t s ,  ca r r y in g  a c u r r t f jl  l j*  and n av iry  1 j turn* 

per nhaee

AT -J r  m l ,  T j K- Ke ;wi - qSj)

F oo tn o te :
p = number o f  po le  r a l r s .
b = number o f  noles a f te r  whioh a f ra c t io n a l  

s lo t  .vlnilng repeats i t s e l f -
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i s
_____

I d t 'lii ««*•-; is l «  itu o r  to have ( teeth, *.»d the rotor 
to at»vo c teeth. Let ut> assume tne stator to oo t;aj primary. The

Assume that the e(foct of tlve primary slots can U« conaidered 
bv KKraaiiUtt the airga<>. a.dl ti’ at this increase varies as a c o s i e  law 
from the centre lit*  of o ie staior tooth. The iocreasei air.,{a lr-i t » 
due to tiic stator is then 1  ̂ ** * j <~'OB ^ j ** jV hs rs * • measv.reii ; 
mechanical vadiam Dilative to t e stator. 3y this a9sumption, al: 
harrnonics caused by the slots are completely ne^lecteu.

If the secondary s!ots C^, are i loving with respect i 
primary al a spaed V. meciiamcal radian* per second, then the ircrju - i3
in the SLirjup lensjtr. due to tne secondary slots is

»2 ‘  *2 ° *  (*1 '  " s 0
This means tiisl at. time t * th‘» eeattu of a -articular tooth on the 
secondary is opjiosite to the centre of t!a stator tooth fro.a Mhicu 
measurement is made.

T|W total length of the airga:* is thus:

1 3 t l j  - l , c « »  j *,  ♦ ^  * l a ^ « C 2 ( . ,  - W#t>

-  Ig - 1. cos Cj -J - 12 COH C2 i* l - Wsi; 

where lg * I. ♦ * f  ‘
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