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$n tho diocortotlon uors tho princi9lo of glair 

birrloro to ottonclod to tm1tiopooI oporatlon of roltctnneo 

notor'oo Analy'ota kaQ boon ca 'rto ! out for n tb-o o9cod 

rotor Inco 	2t ,na ootontta1 co toll as outiltnry 
LaBrior olc7 3' 1th tho lntorpolor ohai loo 

A throw dao ro1zrtaneo Qotor jo &oniCno6O  
'abricitod and tootod for difforont rotor dooirnoo A 
coarcb hats boon Gado for optinin voluo of tho rotor 
intorpolar cl nnol parzrtotoro, to alvo ogttil aazs1ou poor 

factors for ttto apoodo of oporation uttli lot,or ototor 

input curronta An e1tornativo rziot iod la cgeotod 
to prodict tho porforianco of a ral tonao motor hov ng 

only lntorpo1 r cbonnola on tho por2p1oI7 of to rotor. 

soot rooulto or throo rotor 0-ool,--no®  207 th' 	, 

o -̂10 rcr1uetmco notor stator u.ti Qnztl7ttccil as iioll no 

OtLiicod cka.nno1 prciotoro huvo boon rocordod 0 'Thou 

ooroszancoo ci o cnUctacto ' 0c1 cempa O faiourrb1y tdth 

tho 	rvooto) tothod of prodic .njf tho por1orinncoe 

who 1l'4n cr1toz on 10 boon P'r or GcnoMllocd 
to L ncltto tbo vtccouo friction anti coUpllnt PI 1t 7o 



It is believed tat if a rotor Is designed Ina 

corporeting the flux-barrier principle the performance 
of the motor at each speed, will become co nip rable 
to induction motor performance for the same frame and 

t e reluctance motor may be preferred to all existing 
machines, in a large rvrber of applications. 
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which was superior to the previous salient pole rotors in 
all sssp c-t* except that it 	 a acspliected 
structure to be fabricated. Kostko's'2 flux- barrier principle 
wss also employed to increase the *ayataetzy In the magnetic 
circuit. rong3 (1967) extended the idea of pole amplitude 

modulation to two speed operation of the reluctance motor. 
Lau nsont ( 2968) then extended his segmental rotor to 
multi speed operation. Again it was Fong" (19701) v~ho 
applied the flux-barrier principle to obtain widely differ-
ing aims-  reactances and achieved significantly high Xd/X4 
ratio and hence far better single speed'! operation. 

The synchronisation process was also a subject 

of study simultaneously. L*w enson6'7'8 has as q 
papers to his credit 	icb dial with different aspects of 
synchronisation. fit.. l3urisn9 also studied t e pull-in 
phenomenon anti be gave a generalised analogue rsprfssnta-
tion to search for the boundaries for inertia, slip etc. 
-For sucees#ful snchroni ation. iavrsnson (1973) derived 

a pulmo criterion which gave the values of inertia which 
could be synchroniud if the induction motor action be strong 
enough to bring the rotor to a maximum speed corresponding 
to a fixed minimum slip. 

1.3 ~ Ulm DI tTA.TIOR WO 
In the dissertation work, the principle of flux 

barriers suggested by Tangs for single speed operation 
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include these in his criterion. 

As s pulling into stop of a reluctance rotor can 
be noz. easily studied by Yaprenson Criterion?  it is 
further generalised to also include the viscous friction 
and coupling rigidity constant. 

4 
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C UAPTIIt II 

TIIECRT OF OPERATION AND KAGIIZTIC 

CIRCUITa 17 RZWCTL$CE MOTOR 

2.'1  PRINCIPLE OF OPERATIOW 

The stator of a reluctance motor is Identical to 
that of an Induction motor. It's speed being exactly rela-
ted to the frequency of supply and the rnztb.r of poles for 
which the armature winding is wound. Rotor of the machine* 
is In principle* similar to tl t of a equirrel•cege induction 
motors  excepting that the rotor punching is given such a shape 
that the fabricated rotor has got widely differing magnetic 
reluctances along different axes. The axis of least reluc-
tance is known as the direct-axis; that of largest reluct ance 
is known as the quadrature axis. The revolving magnetic 
field produced in the stator causes the rotor to start 
revolving and to come upto near synchronous spsedg by in-
duction motor action. If now the mechanical load on the 
,haft of the machine is comparatively lights the slip 
would be negligibly small and the flux entering from the 
stator into the rotor tends to align itself to the path 
of least reluctance . Thus the rotor experiences a torque 
«Mach tends to move the rotor so that the direct"axis coin-
cid s with the rotating flux axis, In the process, locking 
itself With the stator poles and the machine then operates 
at synchronous speed. 
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When the machine is operating without load, the 
rotating flux and the direct-axis of the rotor are exactly 
aligned (assuming losses in the machin to be negligible) . 

If the machine is loaded, the rotor is displaced backwards 
relative to flux by a small angle known as the load angle. 
This load angle increases as the load increases„ and if 

it exceeds a ,value of one halt of a pole pitch„ the motor 
is pulled out of synchronism. The value of load torque 
which is necessary to cause this pullout to known as 
the pullout torque. After being pulled-out of syncbron-
isms the motor continues to run with a slip In induction 
motor mode, until the load can be reduced sufficiently 
for the motor toegaiu pull back into synchronism. The 

maximum resistive torque against which the motor is 

capable of pulling into synchronism to known as the pull-* 
to torque and is a function of the load inertia $ the 
saliency of rotor and the minimum slip which is attain-- 
able under the induction motor nod*. 

2.2  EXPRESSION FOR RELUCTANCE TORQUE 

The reluctance torque is produced due to saliency 
of rotor only. It can be shown that the torque required 
to move the armature of an electrical machine through an 
angle de is given by 

dli 
Ta 2 d9 
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The expression clearly shove that the fore set 
up in the system tends to decrease the reluctftnce and move 
the sechanical part towards the position of ain1a reluc-
tance . 4bo principle of operation of reluctance motor. 

It has been shown In Appendix 9.1 that the motor 
torque T could be expressed In terms of flux and reluctance 
as 

2' s 	+~ ax. {'Hq- 'Rd) sixt 2b 	 (2,1) 

where IIq and lid signifies the c drature-uiis and direct- 
axis reluctance respectively, 	is the maximum flux 
and b is known as the load angle. 

The same torque 2' can be written in teras of d-
axis and q-axis reactances as 

T s 	( y-'.' 	) sin 2 4 	 (2.2) 2ws d 

If now the frequency and aegnitude of the supply 
voltage remain constants the flux in the air-gap Would 
also remain constant, The ro uctances HHd and s are 
constant for a particular machine as these depend on the 
geometry of the magnetic circuit.. Thus the only variable 
is the rotor phaseangle 6 . 

When the load on the motor changes* load angle 6 

adjusts itself so that the electromagnetic torque developed 
by the rotor becomes sufficient to drive the mechanics] 



load connoctid to its shaft and the torque required to 
overcame the losses In the smotor. I f the load increases, 
the motor would aomantartl7 slow down, thereby Increasing 
the angles i until sufficient electromagnetic torque is 
developed to carry the increased load. The operation is 
rasuard at synchronous speed after a brief transient period. 
The as iaua value of electromagnetic torque occurs at 
b - x+50  for which expression for the torque becomes: 

Teax 	v.,... (4_ .. 	) 	 (2.3) 
ws 	q 

2.3 RATIO Xd  " X4  

The ezpaasaions for power factor and pull-out 
torque (sec. 3.6) suggest that the operation ref- reluctance 

motor depends prix aril? on the ratio of the direct axis to 
quadrature-axis reactance,, Xd.4$ 	the higher the ratio, 

the better is the prrf'ornanoa. This can be achieved ev ed by 
increasing X4  and reducing the value of X. The diract-
axis and quadrature-axis reactannces are aesocisted with 
the direct and, quadrature-axes of the rotor. So by 
guiding the path of fhs flux along these axes # appro- 
priata value of the two reactances can be obtained. It 
bas also been established that the guiding of flux is 
mainly dependent on the asymmetry in the magnetic circuit, 

which therefore led to t s investigation of various kinds 
of asy etry in the magnetic circuit. 



2.4 MGNRTIC CIRCUITS OF RE TAXCZ MACUI IC 

l~.ncs the date invented,, reluctance chinas 
hays been built in varying degree of magnetic circuit 
proportions and have been used in a variety of applica-
tions . Thr• earliest form of reluctance motor rotor was 

produced by simply milling out from the periphery of a 
e rrel-cage rotor two oL:annels as shown in ?ig. 2.1. 
T. pole axis is the directwucis of magnetisation. The 
Patb of direct-ute flux is shown by continuous lines. 
If the rotor is turned through on angle 930 from the 
original poeition, keeping the position o t stator field 
owes it occupise the least favourable position with 
regard to the position of tha flux. This is the position 
of quadrature-axis and the dotted line shows the path or 
the quadrature-suis that. 

The same motor could be operated for more than 
two poles on rotor. But the performance of the motor dete-
riorates an the number of poles t, for which the stator 
is wouwnd# increases. cb*m It was due to veer low value 

Of Xd/XQ ratio made available by the magnetic circuit 
for -higher pole r bens. It was later observed that for 
*uCeeseful operation at higher pole numbers the rotor 

must have Squal number of channels (or poles). 
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The earlier designs p hovever' suffered traa 
following disadvantages I 

1. LOW ft'iciency,  
2. Low power factor# 
3• Low output 
1+. High aagnstising current. 

The reason behind the above stated drawbacks being 
the inadequacy of the magnetic circuit to provide larger 
reluctance to the quadratur+~r*axi.s flux which would lead to 
low tdrature.uia reactance and hence higher Xd/X~ ratio. 

Though the very next form of the suggested rotor 
was a crude form of the present day single speed design,, 
yet it vns exploited for research work and cc ircial. 
application only after another form of rotor called the 
segaental rotor came Into .stance. This type of rotor 
resulted in significrnt improv ents in performance compared 
with the earlier designs. 

The segmental rotor consists,, magnetica: w of a 
niaber Cegwa] to u ber of magnetic poles for which 
stator is excited) of circ msferentially extending pole 
seprants. The shape along with magnetic -circuit to as 
shown in Fig. 2.2, where lines marked D and Q are associated 
with direct and quadrature-a is flUZ*# rePpectively. As 

in the previous designs, direct-axis 3s the axis of 
miniaus reluctance and the quadrature-axis that of maximus 
reluctance but as is clear fro. Fig. 2.29 that the direct 
axis coincides, not with the pole centre line (Fis.2.1) 
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but with the centre of the interpolar space. 

Consideration of the corresponding flux paths shows 

the advantage of the new circuit. The radially extending 
interpolar space Yes only a slight effect on the direct-
aria paths it lies across,,' and has a ucb greater effect 
on the guadrsture-maxis paths. Consequently even with larger 
values of the polo are and hence low magnetising current, 
larger value of ratio Xd,XQ.could be attained. Thus, advan-
tag* of the geometry of this rotor lr ration is the pro-
veaant in both synchronous and asynchronous performances . 
The success of segmental rotor further led to the milling 
out of channels on the pole segment (1 ig. 2.3) and thereby 

reducing the quadrature-axis reactance and giving still 
higher ratio of direct.*zje to qu ►drature-axis reactances. 

The seguental form# however, posed problems with 
mechanical design as the co binsd magnetic and centrifugal 
forces on each segment may become considerable . Also,tbese 

rotors require, nonmagnetic steel shafts and non-magnetic 
steel bolts. These drawbacks cleared the way for employment 
of flux barriers (or guides) . 

The Ideal for a reluctance motor Is to produce 
strongly directional rotor while maintaining a standard 
typo of construction. The principla of flux guides employ 
one such system per pole. Bach system is Comprised of one 

essential barrier and one auxiliary barrier. Various rotor 
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laminations employing barriers for single speed operation 
are shown in Figs. 2.4, 249 2.6. 

The latest approach has been to employ one system 
of flux-barriers per pole pair rather than per pole. The 

ends of each flux barrier always coincide with two direct" 
axes and P flux barriers dish dem tine periphery of the 
rotor into 2? equal #arts ( tg.. 3. i') . iaie apprc *b 

changes the flux paths in such a way that there is no need 

for a stainless stoel abaft. All materials used in the 
fabrication are standard and cost in expected to be equal 
to that of a squirrel-cage inductic►n motorp if specially 
punched laminations can be made available. 

2.5 F3tT '' S ' S OF t CIPLE TO TWO 8PT1. 

The multi-speed operation of reluctance machine 

has been of interest for a long time due to the po. sibtUty 
of obtaining perfect constant speed fron them without 
having the d.c. excitation in nor nal synchronous r achines 
Among the notable contribution the earliest was the modi-
fication of the conventional m-cline (Fig. 2.1) to yield 

speeds in the ratio 2=1 . Two and more spew were also 

derived from segmental rotor. But two poles on rotor and 

two or more poles exaltation on stator, could not give 
$ti$fRetory performance. It was observed from the 
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derived expressions that higher Xd/ Xq  rttio can be achieved 
if nu b.r of channels # milled on rotor periphery are made 
equal to the higher number of poles for which stator is 
wound. A cooprowised rotor design is therefore essential 
for successful operation at two different sp sds.to foifii 
this requirement a rotor with unevenly spaced channels on 
its periphery (Fig. 3.5) vas developed. 

In the present work, thcprincipl• of fluaobarriers 
is being incorporated with the above rotor_ with optiaised 
pole widths and locations ! for - improved operation of the 
reluctance motor at two different speeds as the principle 
permits the co nbination of any one set of essential.-barrier 
with another set to give a change-speed rotor. 
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GH.PTIM 	IIT 
ANA 8I8 OF TWO WEED A©TCR 

3.1 SI,LUX11 G AGUM'TIO 13 

The following aesutuptiom are cisde in order to situp.' 
lifer the analysis: 

	

7. 	Iron is infinitely permeable and hysteresis and 
eddy currents are negligible. 

2.. Fffec'tiv a flux' lin sages are produced only by fundamental 
caiponent of air-gap fluz-der©ity. 

	

3. 	A sinusoid l space distribution of m.m.f is considered. 

3.2 ANALYSIS t4tT11 I EBPOT tR C .' W 'EL .t ' ► FLUX r Rrtirm  
INC LUDED I T «aE ROTOR GTRQXTURr. 

3.2.1  Description of Lsntnation 

Yig. 3.1 shows an eight pole rotor lruninzition with 
four auxiliary barriers i.uclosed within the tour essential 
barriers. The interpolar channels of the earlier designs 
bave been retained as such. The ]nmt tion also !Be periu 
pheral slots punched out to accommodate the squirrel-cage 
winding in the usual manner for starting the motor and 

bringing its speed very nor to synchronous speed of the 
motor (not shove in the I1gure). Escb fluxbarrier is 
made up of three parts, a central ci.:annp.*  auxiliary barrier 
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and essential barrier. 

R a►tty• to the quadrature-axis, positioned at the 
c sati a of a charm el. 9 the peripheral location of the flux- 
barriers and the interpolar channels are defined as follows 

First pole-end is marked at an angle 4, radians. 
The auxiliary-barrier o f w.~ width and T1 Thickness is 
situated at 42 radians. This auxiliary-barrier and an ess-
entiai - barrier of width W and thickness T • situated at 
•t3 radians are rznetrically placed about the reference 
axis. The far-end of pole is st •t radians. Next pole starts 
at :/2 	and finishes ott V/2 - 	radians. Essential- 
barrier with W' width and T' thickneess is located at v/2 
radians while the auxiliary barrier with w width and T1 
thickness is situated at V,/2 • 4. These two are also 
eyzmetrtcally placed about an axis at right angle to the 

original reference axis. If the angles position) of second 
set of barriers and pole is referred to this axis then 
the angles viii read : . 	d 	for pole-ends, 

and .t , * for auxiliary and essential-barrier respectively. 

3.2.2. Direct-Axis Flux-dsnsity 

This is the amplitude of the fundamental air-gap 
tlux*-denzity wave when the rotor direct-axis are coincident 
with the axes f the fundamental ettor s .a.f• ware. It's 

amplitude is obtained by Fourier's analysts an : 



0 to  

AI •to 'e2 
+t2 to A3 

443 to 4% 
.t to 2 ~• '4' 

*c4 to 2 ft g̀3 

9 . 'K'2 2 ~ 
9 
21 

.r to 1/2 

16 

1/2 

B14 

	

	u.n.f) (Perneance) sin P$ d8 

1`/2 
- 	I 	(i'Id sin p0) . )► (9). sin p9 d8 (3.1) 

1 0 

Where the 'value of )(a) keeps on cr angtn j with angle, 
as measured tics the reference axis. Veriation . of pornsance 
is defined by Table No. 3.,1. 

Table 3. 

Value of permeance 	Range with respect to 
reference axis. 

Integration of eqn 3.1 after proper substitutions 
and simplifications (Appendix 9.2) dives the value of flus-
density $id as : 
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 Fr , 
	, I o 	)(%c c 	CIO

' c ) it 

° ° 	aIn 2 	© a2 2p X51 a e n2g( CP a c%) 

° ain 29( 
	

a 2I 	 (3.2) 

In t.o abov o o poaaior k la tho ratio of r-nnizuzi 

	

aI 8051 to zistciiac air 	. 

362.3 roct'ztio aanott&dng flcctanco 

The voluo of caturate6 diract-o1ia E Cma aina 
icctnnc o to gtv cn by s 

RQd 	'3 11 ( 31d / Id ) 	 {3*3) 

uh o 

It ri 24 DL f(1 Rv)2 

D o Rotov d ii too 
L c Cora lonc3tb 
11 ci Co . oa $*ara/qa2O b3 ao 

t: ,ndin3 factor 
abotitutir Eqn 3.2 In 3.3 o the value of 	 to 

Qotezbncd. kio e proocion fo Xaa  to S 

° ©in2 t,,~ ° a 	( 	a 	) " in2p 	° c 	(a 

(36?)) 



 

CD 

C) 

a 

(TO 

f\O 
Le 

t_i. 
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3.2.4 Rotor Ma .t$,c Potentials 

The rotor ImA ation of Pig. 3.1 is supposed to be divided 
Into three typical regions. First region has the interpolar 
channel, second 	is in between the auxiliary and essential- 
barrier and the third region extends beyond the essential 
barrier. 

Owing to the presence of those flux arriers the 
various rogions in the rotor take up different magnetic poten-
tials. The rotor magnetic potentials constitute ar opposing 

rotor m.m.f. waves set up under the Influence of a funda-
mental stator m.m.f. wave. The rotor m.m.t. wave is of 
stepped form as shown in Fig. 3.2 T ► determine the height 

of the rotor m.m.f. wave in various regions, use can be 
made of the condition that the nuwmation of the flux in any 
enclosed part or the rot.r is aero. 

Assuming P to be the general height of the rotor 
magnetic potential, its value in different regions is defined 
as given in Table 3.2. 

. Equating to zero, the summation of flux per unit 
length in the third,, second and first region defined earlier, 
the following exprei atone are anitten 

w'2 r tu 
2 	f 4 to (E øo5 pa P3 ) D dO, 	 R coops •P3 ) . ~  

r 
d9 	µo 

3 
r g 

g (HI9 eospe -P3 )~ dO ♦00(-P
3 
;P2) 	+P(- P3♦P2). 

WI 1 

2 	 2T 

t3.5) 
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and 4c3 µ 	 W 
2 	--~ CEIQ roe pB -F~,)21 dO +iu(P1-P2) ; t AS~PP3 ..P 2y2 

~,i2 8 	 2'!'~ 	2' 

too 
	

(3.6) 

and. 

2—=( 1 cos pA •P.~ )R-da .f --w= 1 q coap9 P,~ }2 O 

Lo 
~ 4 	2 ~ ~ 

+'0 2 1 (P ' '1 :1 	= 0 	 (3.7) ani 

Table 3.2 

Value of P 	1 	Range with respect to t e 
reference axis. 

w 

0 to 
 PtiY .~+4rMnMM~.rWMYIY~.•••~•~' 

*,I to 

'c2 to 443 
(t3 to 
C( to I . 2 4 

4 to  
• ~t to " 

to 2 sw 1 

to lr/2 

Pi 

P1 
P2 

P3 

p3 

P3 

P' 
2 

9 

Pi 
1 
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cc 1t 1on o2' thoco ocju Bono (Appondti 9.3.1 to 9.3.3) 

cIno o va3Uos of 23,E 2 mad P9 co follotio e 
4 (—, 4 U I 

'3 2 
c'R 
	 (3.8) 

13 
t1~ 

A9- 
(3•9) 

2 	 r, 

	

1q 	
-- j. 

rIn i,~ 
 

tin p a2 IOpoing ct,~ I 	
Al,..I.. 

and ,  
 C 	 I 	

- 1.2 

	

t3,1'D 	 r 

(3.10) 

thoro 

I 	pII , 	 ( 3.11)  

Ii~ 

r ~~ 	o .n 3 

(3,12) 

oin p( T7/2 	 .) -main 4 

 

o ,n 9(%7/2 	c ) ~- nITZ p(17/2 ° CSS,) 	(3.13) 
Pam 

J 	0 fD 	QPM 	S 

Inrlyq tho o wooci.ono for rotor c. otic poten- 
~a3D 	c^n to dorivo1 (L p:,on 1i 9.'.D 9O".5) not 
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tl 

(3.95) 
Bo 

._ 	 jn g (uF2 ac) - rdnp (u fa 	t ) 

	

 cm n 12 a a.n9 (i/2 P j ':'  A! 	 L  
pO /D 	_ ! t 	s, 

Cts a C~ 	VIv 	9 	U~ 2 

6  0  B4; 74; 

(3.16) 
vibora 	in _(V/2 -CT- 4n p(ir2 a9 	A VP 

It4; i 	L 	 B 7' 

s ..uo the vta1-.z 0 of P 0p3 tendp9j can be 3otorziinod 
by propar uubctttuUiOnfl. 

3.2.5 Guar rnturoa xta lux -donate 

Th to is the ro;,1itu~10 of tho tunderxontz 1 ctr-•ccp f1tur- 

IoncLty t -. o on tho rotor q dzaturo' a on oro c©lnci6ont utth 
the rte of the o fun&inion h̀131 ottt©r self, f'. t-wo. It to oqu ig to 
the C 	 c»cmco be :t:Dcn to ntator abrid'. ^n the rotor u.Ea.P9 rr 
u I tIgU-. by the Esc r o1uco o Py Pourtor' o crr ly c 1 n the 
rnpi tut?o of ^ie f`?ez2ontn1 at'-'p ftu-l-1cinity czVQ ccn 



22 

to oz)to n3 d frc tho onp ocolone 

~+S 
Q O I Q coo go ° pt ?) 	o AC f) 1 CD o R4 30 

(3,19) 

Lhoro ?(0) and )CG) tokko tho volts, a ivon by toblo 3.1 and 

3.2 roo octivolye 
ho o racrion for B, , io dortvot3 in Appondin 9. 

i r, rtiotm mi% 

+ 0. cin2p 	int aoin2 ti1/2-cc+ *sin.. CTr2 st 	(1- 1) 

q 'g3(oin t% °Drop( /2 4)) 0 ?' ojnP(Ql2 -CIO) 

t L~ m {) ol~nP32 (P27P3) s n t3 + C P c► 	) Gln ►C ' f2 	G ) 

'° 
 

sin 9 x'12 1 
4( ,, pp~)cjnp(rrf2 ccs) 	 h 	 (3.20) 

3.2.c, guns rr t.0 ro 	cnot1,cinG foictr~nco 

;h- vnluo oI qu rrturo°oIia an- a rotLcaina rooctortco 
le .v^n L7© 

(3021) 
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" botItutgnG cqu tion 3.20 In 3.21, taco Slr. . 
o road on for 	oc to is itton co s 

CIQ a U — 1-- G (% ct C% - 	) t 1 

a 	a n 2p % a tale 2p ct ci c2m (z'/2 -cs' 4I Cdn2 (- i' )  

. { 9 	i p~~) t ,qtr s ~ ~ ~) o 	jv { 'A- ',~,) oir p( ,cc%) 

{p~ c e) n it /2 	" 	 (3,22) 

3,3  A L tttr. L 83 (V TI' O D flO1 O:Z f,."'E I x '-' ' oL!' E C&2. T Lfl 

E:' .thout=-t- rriora, c p .oy ,nG' tho ConrcDtLon i _. 
r othot oi` I\rtaly€ . o) . 

3.3o 4 Po o*,r o Dtatr .butiaza 

Zio rotor of roluctc,rco tactor Is cilezt poioc 
on Its peripiory. tcL polo Cora oo nr10 to a co. 1oto cyclo 
In por ncnnco and tho Qix' p por m nao ci.ctributlo , Qor a 
2p ► 

 
polo a'oluctanco Qotor 03 thji to con thur, bo 

oItproos;oa in Lorca of this nngulnr Oinplcomont a around bo 
rotor po p~ioxy ac %6 hj,., coo 2 	hi or oi`nor !. i 3onicop 

L c e p icy ho fmfi'Icncnt'i ncibor of poi r trn i.o. br 
n coy rt4 -nt to i Not, toGothoz u .t i 	ciiirrit cDco o c 

(4 p - poi o) p eczponct ani? i j cr oro F ^ z ' n2.co or 
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ocr xu'ativo1y Anil aat Ludo. 

ZP tho ir' p porzoanco dintribution of a oquirrola 
c:-! o rotor can bo oto to bo appru.ttoly roprocontod by 

Flo t % coo y@ 4 x2 (cos ) ' other .h''3rr or_ic s It c-rifl 
bncc-n po~niblo To obtain oynchronouo oporatior for aithor 
ropoiz1 r S'olcog thon the rotor iu used In conjunction 
ui h a p.a.m. stator tr.ndina for Arta polos. 

For roasonv o plainod in action 4.2 % 	in t on 
oqual to )2a. A (3=ph of tho pormcnnco torno, vci ing tiith 

nnac € 9 is plotted *Al.tb 7 = 6 and z $ for a 6/8 polo 

motor (Pip• 3.3.) . Tho .rapt t4th tho hoDiiontn1 aZe throu8h 
0 p contains no constant c+ aponont. If ho 3vor a lino M, 
t hocc position in do to d by vnluo of dao ~, In taIhon an 
nbaciasa, an :deal poriioanco distribution contninin3 no 
othor barnon1c mooult©. An approl iri ition ti tho 1Ac31 por° 
oaanco distributions taking tho lino M3 as abcciaon, cnn bo 
otoincti q in tho iplost form by tho bivalticd function 
of .moir. 3,l~. 

3.3.2 .1oscription of Rotor Lo ination 

1. p *aotica3, ombodioont of ouch a permeanco d . atri-
button, c, in ropr©sonted by Fig. 3*4 Jr, obtained by using 
rotor pitichin ; of Oho chapo ohoun In Fia. 3.$. Plainly tho 
fou rotor in a cc prc ,co botioo tndoponont sin . to opood 



rotoro tcod for alit ted oiGbt polo oporation. tIcludinG 

to .flue b`xrrlora Ole 1aujn3tinn rocorabloa that doccribod 

in FLU. 3.1 Tho porno co for ouch n rotor 1cin-tion con 
bo rlofnoa by tablo 3.3. 

Tablo 3.3 

For►aor nco 
A de)  

Ran go i1th respect to 
rof`oronco anie 

o/Q 0 to 0~ 

I 	sol ct to C1 

JAofG Cts, to !ti 

to C~ 

o ~  ~ to 

3.303 1!TLprasnion for Pornoonco Distribution 

o blvaa ucd function of I'iL. 3. can bo preeon os. 

1)7 o Fourier eorioe an: 
ne' X 

P s: ao 0'J x ct $ C 	(3.23) 
n=l 

# „nco tho function of Fig. 3. 4 Is rrnotrical along 

to orpondiculr!r oxoe s the tern (nqn 3.23XC In oquotoc1 to 2 

Than for Ct to bo the anCuiar displacortnnt raved tho nir•Cip 

anti (0) tho iziatontanooue rotor poeitV- n i qn 3.23 cnn bo 

25  



vou4tt rl no S 

	

A coo 2 nP(c 	0) 	(3.2l) 
pal 

aha ongroac ,on for Ac  cnd X49  have boon oota bhca 

In Appendix 9. tf  an are 13ivon by 
• L 	

(EC)( 	) I 	(3.25) lip 	ff  

and 

of (1 D) ►ain2 ( 	'D) 

o stn 	(g cD) 	(9# 	) . 	(3.26) 

"hero the onproorion for poxmoanco can be iizltton (for . 1) 

oa s 

sln2p( . D) •oin2p( QD) (10 9) coo 2p( -0) 

3.27) 

3.3.4 Azle Roactoncoa 

Botorrin to Appendix 9.59  the direct and qv draturo 

cii i s r atjnot±ain(3 ronctancoa due to aztturo ronction 

grog  roapoctivolyo 
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o era o 	tea Q N~ 	 ( 3029) 

v 
'omo Svc rn o of diroct and quadraturo a to zaviotioin3 

vwctancoo la civon b is 
Ztad 	~`o 2 x̀ 49 	

(3033) 

41aq 	0 
	by 

3.4 ANIA LY M S (r' V..'O + 'BE► ROTOR kirm I ITF RPOL!R C TS" ;L 3 

(Uithout fl ucaborriorcg ooployinj3 the princtplo of v t 
flus accrz u]ntion) e 

3e1>,1 fl ,tor t7aanotic Potontia1 , 

Tho ohopo of laoinntion is oonor ac shorn in Ftc. 3d5 

rhar39 only ono roa lon can bo ronlioods Tho poioonco dlotri' 
'kation to rain db " , , c by ¶i ble 3.10 14sa nina tho v:'luo of 
rotor c notic gotontit1 in tho rotor to bo IV,f and uoini 

tho condition that not flux accumulation in tho ro ,on to 
o,S to soro, too foUc ina ortpro,oion iB 8o1v0c br ►, 4 

2 9 a 	D 	Po Hi~y COO go '- PIS! r dO * 	-y-~. (A q coo pO -P' )Ra~d(, 
"'~ 	 2 	Zi 	y 	I `4 	 2 

d Hca 	 9/2 et coy 	F,) 	
Q
~ 1 c o o p1 

/2 
•

01 	 9  

c:-J o 1 	0 	coo p0 	'l) do 	0 	(3.31) 
2c 



e~ 

aid Ito valuo (Appon42i 9.6) So civon 	tho oAproc^.on 
13,4 aln r s Q aln 	, -olnp( 	sa)4o Dnp( 	o) ( 9m ) 

~ifl n mabotitution3 c~a A p 	di a Z. 	m D and 
c3 o C1f = C 	tho cbovo oxproi^.Ori Con 'bo rot ,tton 

In Uf£'Qront fori as :  
H1q[ .np(A ►B)c.oinp1 cntnp(g. ot4D)4oinp(t °D) !1° 

cl 	 _ -- 

a 	'9(a* C) 0' 

(3s32) 

3.t>.?Q draturo—nulo fbarn-donsity 

¶Lio anproar ,on for D. ,, I s 8 

7 

4Q a 	r C a coo p0 - 91) coo p0 &CO) do 
Q 

thoro variation of x(0) Is t3iven by Tablo 3.1. 

UItIA proper substitutions nnr siunpiifcntionoo .tho 

a 'L c,alan for B9 ~ eon bo &org vod (Appr.ndlx 9 7) ao 
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2Li© t1 q 	V 

* o1fl29(Q oD) 	(1 4) 
gq 	.n g4 a oin m( 	COQ?) 4 sin g~(a -D) (9° 1) ►2 

ah 	(t C) (0 c 	) 

(3.33) 

304.3 C',, da'uturnnam.n roactanso 

ibatitutin oqn 3.33 in tho otpronion 

X aq m Et (3i q '' Tti c) 	tho oitpro cion for gmdraturo ai, a 
,.ctnnco can bo doto node 

30b0! 	r it it°a o loactinco 

iiia tho p o oonco or abconco of fiu -barrioro In. no 
¶i T offoct thc► dircct~*nnic mun donRittr0 tha direct e,' "wa 

c c . acc r ?a no unch- n pd. Thus tha oapro ion for 
1trcct-a::io roactonco rcriatnu ocio ao dotoritnod In roc.3.2 
enol thio mabot .tutio s of coc 3.4.1 yiolds 

ni 
1 a _____ 	.0 (13C) Cl 	) 	3F' amn QpJ2 ̀  

a sin 2P(AoB) 4 € .n2p( 	Codi) -ain2p(~ 'D) . ( I° 

(3.3k.) 



 ri 



30 

3.5 £XAL! E S OF  TWO WZED ROTOR WITS IITZIPOIA R CS* WZLS 
AND SL3gWTIAL 	Xift5 

3.5.1 Description of Lamination 

She shave of laaira#.ion Is as abovn in Fig. 3.6. 
CInly the auxiliary barriers of Fig. 3•I( Ssc. 3.2) have been 
oaitted. Thus the lasination consists of tiro poles ends of 
thic1i or* situated ►t t  't; 9  9/2 ...c 	and - W/2 44 
radians vlth reference to a reference axis sited at the 
centre of a channel. At +K3  radians*  a flux* barrier of width 
V and thickness T is incl ed to guide the flux. This barrier 
to 	trical about the reference axis. At 0/2 - .' there 

is another barrier of width 'Re and tbic knss. 2' slab is 
syam•trioally place about an Osie at right angle to the 
original reference wxie. The p rn eance distribution of Table 

3.1 still holds good. 

3.3.2 Rotor Magnetic  Potentials 

Zn the Pig. 3.6 , t ra► regions are  realised i4oh 
have different magnetic potentials. Accordingly th. variation 
of asgnitudo of rotor osgn.tic potential is donned by Table 

3.1#; 

l c bating to zero the sta,matton of flux, per unit 
length in different region+,# the expressions for rotor magnetic 
potentials have been derived (Appendix 9.8) 	eb are 
expressed as 



Table 3.4 

Rotor eaguetio 	' Binge with sQopect to the rate~ 
potential rence $is. 

P2 0 to atI 

P2 44 to °t3 
P3 A3 to  

P3 OC4 to 
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p3 to • 
2 • 0( 0 

3 

1 	*0( 	to 
*0 2 

P2 -, 	to 2 

1 

3 ,. 	-- 	--- 	 (3.3) 
~3 

ei 	grin p0(, 	sin pu 	A W 

F2' 	__ 	at .► 
d ` 	

------ 
t 	1 	t 	(3.36) 

+ 	.,.3....w,~. , 	,.~ 	 .. (.. ) 2 
O/D 	g/D 	T B ? 

and 	
®tnp(f/2 tet) •sinp(v/2 --c* 	Sind► r Ow r~i►np( "' 	17̀ t 

L 
 

pg/I) 	 VO/fl 	_ BT 
2 °~~ ~' 	 we 1 4'2 

G 	glD 	T# B TM 	(3.3?) 



w ire, 

A.  lin we .sinpet 	sinp( at,) •limp •cl, 

ply' 	* 	pGi3 

	

* 	 (3.38) 

+ 	+ -- + —(3.39) 

	

g/l) 	Gil) 	 g 	? To 

3.. 3 Quadrature-axis Pluz-density 

The expression for P, , I the c uedrattaro - axis 
flux-density is % 

a'!2 

14 .~ 	f c a q 000 p9 - p(Vii)) X9' Coep9 d9 

where,, vamp tion of X(€) and p(9) is given by table 3.1 and 
table 3•1.. 

The sxpre csion for B , can be solved C 4ppindia 9.9) 
and epeeed an 

81q 	! 
t 14 [ 	+( 1, 4 1 Ci 	) 

*nap'( -ein2pc( -dn2p( mat )+ stn2p(= *•c) 	(1- ) 2p 	 P 

•• 2 I•p2sinpK1 ♦ P3( einp*(j, -sinp(t 	)) # Pisinp($ M•t,) f t• 
r 	 ainp w/2 7 1 

# (P2•P3) ainp.t3 ► (P3•PP ) dnp( -45) + P' • 	 I 

(3.40) 

39 
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tt'O'33.Q flCCtanCQ 

C,tbct tTting 2c 3* 	2n tho onp oQalan 
gQq 	(01Qj t) 	►o voluo of (lWIrtItUrO C2t2.O m3ct3i8o 
can to obc- ?,no~io 

3j$ 	'0.2 foactnnco 

F,ro ozlnc tho car tow tlicciooionq th r vQ1no or 

di ct°oho nrczioUcjn ; roactanro=t P; 1nc t cI nc oa nna 

horooEO '.Q r1 no 

° 	c .n 2 int 41 	.n2p 2 ) O o .~n2v (9 s ° ) j,(9) 

( 3.44) 

i3a,~r q it tho o s' of ion for dtroct°ot.o and gat' 

Curo o o nrlam'.oinC rcoct3nc ao icwo boon amtibUcio v tho 

rnluo of c1irccta1tio and qz2'aturo 	xct ncoo cnn bo 

dot troto o 

By oubotttutln3 Moro valuoo In tho ririoui porforc 

noTICo cquotIo: o i2 otofl bolov tho pa foiar o of tho s o +r 

cost 'bo prct 2 c d • 
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3.6.1 ?orqua 

!br lines voltage V the output torque of a star 
connected reluctance rotor is given in synchronous watts 

by 

	

T = 	2D ( Cd~XQ) 	n 	►~ 	 _ _._.... 	(3 .1.2)  
tr-(X,a,-X,) sinfto 2.[(XeXq)+(Xelcos 2ba 2 

Dy differentiating thio equation with respect to ~1 * the 
condition for aexiat r output acsy be obtained = 

	

coo 264 • 	 (3.1.3) 
2r2+:X + X2 

and substituting for it in Equation 3. 1.2 gives the expression 
for pullout torque 

(Xd •Xq) 

	

90 	2 r(XX) + rr2(ltd- G) +a + 2r Xd * x 2]112 
 

It resistance is neglected, this equation reduces to 

T y (X4•X+~) V2 90  
2 XdXq 	 q d 

3.6.2 Current  

The eustion for current La 

	

2 	•x) An 2 r 
a  ~2 

[~2r-(XeX.) sinara ♦ k(xexq)*()cd7xq)eos 2ba 

(3.1.6) 
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At pu11 ou tho Ziuc► oI c 	nt Iccioa 8 

- t'-- 	 (3•1;9) 
j 

o ot?cnoion or poto a fcctos' 0  o 
Xq th 2 #j 

_ 	d 4 D1n2 	q 	O 

Uach Olvaa tha nowt pa oz' fctor0  coo s n  0  oa 

cod daaA 	 30 

t:ococtin ; the reciiitzco rg  

Ildc Zq coo cif=  a  — ..,....... 	a  (3.50) 



o princilp1 ratotoro to bo obtainc In tho. 
deol n of a ttro oc,ot roluc tr nc o ootor ora s 

r . ¶ i a ivdwi and D3 1nw:► ^ Z't3cip 1t 	flCo ftc to? 93/D 
and VG D s'o9poct$4017s 

ba o olio tint b 	icr po 	c.,anco fcc orr U/ and %lo/o 

C e Tio auzI 	ary -barrior po 	oarco fceCoro t ; i►s', 	and U 	, 
do Vbo oloctric3I cnU1ar diop1accnonts of itt or o1ar c 	nfnolo 

S:$, g 	4 a 	, on'e vil 

o io oloctrica1 anter Oiop3ncenont a of au illom-

k oropit o 9 
Sa `ha oloctrico,., an 3'r tiLo?locot3onts or cmrontial- 
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L.2.1 Determination of Objective Function 

The expression for Xed /Xeq for P-pair of 
poles has been derived In Appendix 9.4 and is given by 

(ac. 3.3.4) 

©, 2 X1+p 

or 
Xad 

X 	A°- —k -gyp 	(ss) 	( .. ') ted 	Ao , k A4p 

vbere, 

k 	(1 	) 	 (11.3) 

Ao - 	. (B .c) (1 	) 	 (11111) 

and  
 in 2pA - sin2p(A+B) + in 2ptl - C5D~) 

ein 2p(! 4 D)] 	(b.5) 

For p 3 	1 	a Al2 	1,,,6 • cin 6• stn6(M ) 
+einfl(C.D) • sin6B I (1.6) 

For p 4, A4p 0 Alb 1.. einRAmsin8 (AsB) u-stnB(C+D). ein8D 
(11.?) 

Frim Eqn 3.31 the exprremions frr r^tio ' ~►Xeq 
for a 6/8 pole motor cnn aftsily be dertvefl and written ala 
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C 	i . 	Ao f k A.12 
(.8) 

xxq A 	lt p*
3 

 

m d. 	 AO+ k A16 
d 	s  

Xt4 p 4 	
Aa k A16 

Substttutingi!gn 4.2 in aqua 3.45 and 3.50 the 
•xprst,ions for pull out torque and powar factor are ra- 
vritt.n as 

Dio  2  X q ~a~ 

3V' 	1 	Ae kA4p 
2 	a(A0+kA4p) 	Ao` kA4 F 

3V2 	kA 
--- ( 	) 	(4.1Q) 2* 	A2 _ k2 A2 

0 	4p 

and cos  

or cos +~2a~ - k. .4 	 x.11 . 
0 

0 	To attain large values of pull-out torque and 
■axial or !'actors, from aqua 4.5 and 4.6, it to 
necessary 1xa sake A4p maximum, A4 possesses values 
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*12  and A16  for six and eight pole operation respectively 
Shur for a tvo speed motor the staxizzisation of A4p  
virtually means sisul.taneoua eaaioisstion of *12 
and *16. 

Hence the objective function P to be maximised 

is 
F = Al2.+ A16 	 (4.12) 

The variables In this function are A,B,D, and 1t. 

re are two wags for axtzdeing the function 
with respec t to theee varisbies..Piret aetbod is to 
maximise the function vithout putting any constraint on 
the value s of A,,B,C or D . Thus by suitable programing 

A,D,C,D is detsrained for wbich A is maximum for 
both, six and eight pole operation. In the second n*thod 
sofls constraint is put on the value of one or more 
variables. In the present probli, B and C are the widths 
of salient poles on the rotor periphery . In other words 
B*C is the amount of iron resaining on each quadrant 
after the interpolar channels have been a311ed out. If 

the value of B+C is suitably restricted,, the magnitude 

of aasnetising current can be controlled. 

Both the possibilities have been considererd• 
tkibroutinss given in Appendix 9.12 and 9.13 correspond 
to the cast when there is no restriction placed on the 
values of the variables A*B,C end. D while the subroutines 
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Appendit 9.14 and 9.15 correspond to the ease Chore 
1".0 is restricted to take a constant value 0.8 radians 
i.e.. 51 per cent of the Iron re sins on the p.riph.xy 
after the channels have been milled out. sign of objective 
function is reversed in the subroutines so that the a int- 
~rt~cation of 7 say saximiss ori nal ?. For ainisising 
-F , main program• (Ap and.iz 9.11) and subroutine (Appendix 
9.12) has been prepared which 9 with either subroutines 
of Appendix 9..12 *nd 9. 13 or of Appendix 9.14 and 
9.15 ,, give the optisue value of A,B and I . 

v.2.2 !tera" tion St. 

2'b. following iteration steps followed in preparing 
the Programme s 
1. lot k ae 0 and evaluate r(x(k) 
2. Ivaluat, the gradient g 
3. Thitj3j, I!.sdcn metria H I 
f. Calculate the descent direction  

P(K) a 	g( ) 

5. Find A *tch winimises f(X(k). )p(k) ) 
+. Ccupute Computedi Jnr +• * 0 g(X) 

7. Calculate values s of t( ) 
8. Caaputs dg(X0') a y(Xk* 1) 	il) 
9• It g(X ) /P(x(k)) is less than the specified 

tolOVanc, the atninum is found. It not the Hessian 



-S-.- 	CJ-rIJ 
Ts 6 < 

1 

-J 

1T1 Lj 	F'o Chani fo'- the rriirt,,r'cF,on pnohP-i 



46  

. 	- 	- - 

j 

• - 	.... 

I 	 ?I.  ... 

H • • .-- 	- 	- 	- 
,1.  

C 

I.j 

LI 

TN 

¼ 

17 



.x 

i s modified by the relation 
1(k) . dX(k3 T 

!k+1 _IX, 	 ,. 

dX(k) T d.g(k) 

8(k) ds(k) id(k) T H(k) 

44(k) T k(k) dd(k) 

and the above steps are repeat*4 again. This is illus* 
trated. in the flow chart given in Fig. 4.1. 

4.2.3 Results of Optfui'attor 

The rets obtained by m eessful execution of 
prograrres listed in Appendix 9.10 to 9,15 are a r ¶ebulatsd 
below (Refer Fig. ..2 Sec. 4.2.2.) 

Table 4.1 

Optimised Witbout any Width of poles 
values constraint on restricted to 51% 

width of poles of mole rotor peri- 
phery • 

A 0.232 0.22 

B 0.421 0.44 
9 0.'T58 0, 484 

C 0.277 0.36 
U 0.181 0.066 
h 25 25 
Ao (Eq 4.4) .7328 •8308 
kAl2(eq 4.6) .222 .295! 
kA16 (eq 4.7) .400 .312 

(eq.4.8) 1.8r~5 2.1 
q 

fag 
PW3 

(eq.4•9) 3.410 2.21 
Xs4 Pr4 
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?ram the table 11.1 It can be observed that 
value of kA,12 	d 1~J1,~ 6 tends to become equal for  fixed 
pole widths . This satisfies the is of obtaining sisul-
taneously, maximum possible values of kAl2 and kA16 
hence, the ratio Xad/`Xaq for 64 polo operation. This 
loads to operation at equal aax1iivas power factors at 
speeds corresponding to 6 and 8 poles excitation . That 
is also the reason for taking equal values of 'k2y 
and x2 in the see. 3.1 for datsnination of psrmaanco 

wave spa. 

Proreiina . can also be prepared to determine 
the position of interpolar channels in such a imy that 
equal torques are ave ilable at two speeds of operation.. 

4.3 DIT 6 V ATI0TO 0? DIMENSIONA?) PO!T20W OF ZS TIAL 

bA~iFtl~R9 

Zxpressiors for direct and quadratur.rsabs 
reactait as for this Cass have already been dets rained in 

sic. 3.5.5 and 3.5.4 Me aia li1`ying substitutions 
(1) Wt *0 (2) 0 a aD are ode in gens 3.36 to 3.38 
and modified expressions for P3,P2 and P2 are obtained 

as followa s 
sinpC'dr1pei# 	 "q) 

►3"` 	«(4-d3f644- 

(.13) 



sinp4 3 • sinP4I 
._ 	 - I 	(.i) 

sinp(2 Mg) «' sin p( -i 
P s 	 l a 	 - 	( te.15) 
2 

From last colut n of table '14.1 the optimum values 

of parameters corresponding ti interpolar Channels ares 

, s A. a 0.22 V A4 w A w C.► 	4= C+D c 0.426 
r4 sD*O.066 and hi 25. 

f .ibstitution of expressions for rotor magnetic 
potentials a] ong with the above values in the expression 
for X 	given in eqn 3.42 yields the value of quadrature- 
axis reactances in terms of ea entisl-barrier position 
parameters 1c3 and +1 	Direct-axis reactance 3.s indepen~► 
dent of these parameters. The expression for Cad '/7 aq is 
of the form 	where K1 and K2 are known constants 

K24' FP 
constant. P , is an s,X e s 13 on dependent an 43 and ~t 

and is valid for Opt pair of poles . Its value for 
Y and Z pair of poles is "~, end Pa respectively . For 
X /X*q to ye nazism for Y and Z. Pair of poles the 
expression ? must bs maximised with respect to wt3 and 41 
for both pole pairs. The 'b jective function is therefore 
F *(F t a) and can be minimi sed for 1~y and Fa 



to boccno on ui 

broutincc can bo proroxnica for calc lUnrj 

- ' for any Ganorc 1 , Cs c€ ; and tho dorivativn© of -»IP 
with r--opoct to r13 and 	for tho CC3flO 	o 

Dopon Ltntj on to position of interpolar cbannola0 

rootrictiora can bo ipocod on tho valuoa of c ndcti 
In ouch a iay that condition €r d, (C13 ( ct and d4  

CO alta7s wtlaf tod0 Than tho trio oubroutinoo ci1ontrLth  

Rain p oograzo (P ppondiz 9.11) and oubroutino CAppondi r 
9.12) ttould Ivo optimum 1uoc of a~ an '4 

Pb? Cloarlt7 ociko 	ttablo va1uo8 of a3 and '4 
have boon uaEuz, d and apociEien t pian boct in pro red 
aa ohotri oho in Tablo x .' . 

Thin ai©o ivoj tho probable otopo for pro(3r .ng 
tho oubroout2.no for' dotonination of ob3octivo function P. 

+.~+ '~ w' r!AT10 OF Dl -41.910"" JU D PO 1rrto:: OF AUXT U^ Rr 
J%RPIERS' 

In tho o rossione for rotor ractjnotic rotontt c 
(l3gno 3.8 '- o 3218 ) the oinipitf'yina oubntitutionn 

fl 	o are Gado a Zn tho roc tine oz r000$orio th 

optima valuoo of par notora coisroaponf1ing to tntor'pd1ir 
thermals and oacontial-bnr:^toro aro eubz titutcda The t2,o 
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TADLS 	4.28 

D1$IGW 	UIBT FOR E 6!I1T?.AL 13IRPIR PARMrIR 

Configuratjon £3 for 	optimised channel parsz.tere 

®. 22 	* O.66 	49,E 	.r 0.066 , ' x 0.426 
*s untial Darrior Paramot.ri (asstxed) 

~i 	a 
3 	0.'.  

apt 0 	a~ 

Vo.e e o or = 

p3 
F2 

P. 
2 

XqJ 
Xl *. o 

-0.07 aIQ 
0.59 . Ni q 

-0.x'2 

21'K  
Ir 	(O.2'93) 

Xd 

Xl..0 

XdF Xq 
! pull out 
Maa.iavr poorer tactor 

2 0 

4.5 

2020 watt 



TAUT ls. .2b 

Confirmtion A3 for Opttai,aed ch*nnel pa:raineters 

i =0.22,.(i 0.66, 	:0.!!66, 4 x0.426 

Zas;sntia1 Barrier Parameters (Ansied) 
C13*  0.4 	441 a 0.b 

VVtP Lt.e of 

P3 	 -0.43 131   
P2 	 X1.;32 It 1 q   

OJ7 B1q  

2P K Xq . 

x1  0 	 1 

	 vs 
(3.110 

Zd/ Xq 	 6.95 

T pull out 
	 2000 tt 

Maxi* power factor 
	Os 
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"ad*"a4 obtained is of the as fora as obtained in 
the preceeding action 4.4 i.e. 

K1 

K *g+. 2 p 

Constants K1 and 12 are sate but F;, is a fungi' 

tion of auxiliary *barrier parameters and attains values 
F,,, for Y-pair of poles and Fa for z pair of poles so to 
find optima values of auxiliaryr barrier parameters 492 
and 	this has to be r *ximiscd with respect to 42 
and # 	for both speeds of operation, corresponding to Z 
and Z pair of poles respec tively. This would tarn aaxi- 
misation of ratio )~Ld /Xaq with respect to'2 and 491. 
Thus the subroutines of sec 4,. 3 when replaced by r subroutines 
for dotorainin.g the new a jective function Pii u'(P +F ) 

and correspondir derivatives with respect to .12 and @(I• 

The main programme of Appendix 9.11 and subroutine of 
Appendix 9.12 ! modified to suit the conditions  

and at,' < C <. (41 For positioning the au ciliary barrier, 
would provide the optimum value of cl2 and 

Ibis completes the positioning cf flute- barrier. 
The value of pormeancc ta.ctore 4/T j V n , W+ /TI and WI /TI 
can now be fixed in accordance with electrical and mechanical 
considerations . (ice the final value of all parameters is 
known effective value .,f ratio Xad/Xaq for two pole pairs 
can be determined. 



CHAPTER - V 

PULL IN CRITERION FOR RSLUCT/hNCEG 
MOTOR 

5.1 GENERAL 

Apart from the running performance of reluctance 

motor, the pulling in phenomenon plays an important role 

in the design of reluctance motor. It presents diffi-

culties, particularly when the moment of inertia of the 
connected load is appreciable. The following are some 

important factor a which influence the pulling into step 

of reluctance motors. 

1. The pulling into step requires that the slip 

shout be as small as possible. Thus the induction 

motor action should bring the rotor and the coupled 

load to near synchronous speed. But the slip 

required to supply the load increases as 
the load increases and for a particular load 

the speed reached at by induction motor action 
may not be sufficient for pulling in to take 

place. 

2. The moment of inertia of connected load eom-

bined with that of reluctance motor rotor also 

effects the pulling into step. 

49 
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3. 	The reluctance torque which varies with width 
of poles i.e. Xd/XQ ratio# is also a factor 
effecting the pulling in phenomenon. Parti• 
cularlp In modern machines ire ~Cl' C, is 
quite large * this has pronounced effect on 

pull In phenomenon. 

5.2 ANALYSTS FOi PULLIN PHO MLNCi 

A general description of the system under study 
includes the salient pole rotor of the reluctance motor 

rigidly attached to the shaft and the load connected to 

the shaft. The electromagnetic torque ? acts on the 
rotor, which has a moment of tnsrtia)- equal to 3, ,viscous 
damping , characterised by the coefficient 81 0 acts on 

the rotor r Lo se position is fixed by the angular displace 
Ment 91.. The load with a moment of inertia equal to 
'2 is connected to the shrift through a coupling which 
is characterised by the spring constant k, viscous 

friction B2 , and a speed Independent component TL 
constitute the load. 

The system equations can be written as: 

T 	1ö1 * B1Q1 t k(081• e2) 

k C' 1 -~i2 - w2' 12 + 32$2 	 (57) 

The torque T has got three components- 

CENTAK L Jt,~~ r b,, 	G 	
e 
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1. That produced by induction motor action„ called the 
asynchronous torque and is denoted by T. 

2. that produced by sunobronous motor action, called 
the reluctance torque and is denoted by TR• 

3. That consisting of mechanical load and other retarding 
torque T1. 

so the net torque T In expressed as: 

T * Ta  + T1 . 

Curve of Pig. 5.1 shows the characteristic for 
a typical inc tion machine& The most striking feature of 
this curve is that it cute the slip axis below the synch-
rbnous speed and shows a negative torque at sero,, slip. 
This negative intercept at zero slip leads to higher values 
of vrggé slip in than critical region just below synchro" 
nous speed and makes the jump into synchronous node appre" 

ciably more dig cult. The presence of this negative inter 
cept does not allow to represent the characteristic through the 

zero torque point by a 	ear' curve. it is found that a 
parabolic expression is more suited to such a character-
tstib. Thus the expression for asynchronous torque TO 

is taken to be 

Ta  a *22 . BB+C 	 .L1) 



52 

wbere 8 is slip and A,A are constant a determined in 

Appendix 9.16 . 

The variation of reluctance torque Tr with 

load angle b is shown in Fig. 5.2 . A convenient fors 
of expression for T , is 

Tr a Dcoir2b♦ 8sin26 «C 	 (5;5) 

where, 

D r 	(Xd'SXQ) 	 c5:) 

(XdXq r2) 2 

V2 (XdmX) 

j- XdX e r2) 2 [XdXq r 
4 

V2 2' (Xd Xq • ) 2 
C : .,.  	B) 

2 	(XdX4+ x 2 

Another form for Tr is 

Tr a K cos 2 0 8' 'ma) 'C  

there, 
K : D2+ S2 

b ~ - 
I 

 tan  3/D 

With the above values of Tr and Ta the value 

of negative intercept is accounted for twice . Therefore 
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to avoid this the value of expression !br net torque T is 
modified to 

T a To + T; ~► To 	 (5 to) 

vher*  

In Eqn. given above 6 is the electrical load 
angle and is positive for motoring action. In the halt, 
as slip tends to zero the average torque at airo slip is 
obtained by integrating Iquatio 1 ih respect to Q from 
zero to I . 'The expression Is $ 

,1 '2 r t • xq ) 2 

2 (XdXq +r) 
tbich is always negative 

except wlssn there is no saliency i•e X a Xq and when 
resistance or# is negligible . Under these conditi'ns 
Torque T becomes sero. 

Evidently it is necessary to supply shaft torque 
at scall positive slip. A the effect of resistance of 

stator vindind Is to increase the value of re gstive Inter-
c.pt at zero slip, at speeds approaching synchronous 
asynchronous torque of a reluctance motor ma, as far 
as synchrortastion is oonoernwd, be regarded as an 
•qutvalent effective load torque. The increasing value of 
this torque with Increasing saliency and increasing stator 



resistance act# to the detriment of the syiscbronialng 
performance. It to because of the stator resistance that 
the pull in torque is different for the *axe machine vith 
different resistances inserted in the stator cirttuit. But 
if the effective load on the motor is considered It is 
observed that it is almost same whatever may be the value 
of resistance of stator winding. It can th*reforebe 
concluded that th* pull in performance will be worsened 
with decreasing motor sise# since the stator resistance 
Is normally more for small machines. 

.3  VARIOUS CCUDITI'"'NS OP PULLING -IN 

At mabsynchroncus spe*d1 b increases continuously 
so that poi In positive slip and e b is deacceleration 
An attempt to pull in starts (from subsynchronou. speed 
corresponding to slip So) when , owing to T 	Tt  b.4ns 
to increase even though Ti  is decreasing . This attempt 
(not the synchronisation attempt) , terminatee when Tt  
becomes zero at and is successful or not depending on 

	

a) 	eather the speed reached is less than the 
s7nchunous , spited. 

	

(b) 	the load inti * when Tt  becomes equal to aero. 

If speed remains less than synchronous speed# 
pull-in cannot occur otherwise the possibilities are there 
which are now discussed. 
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Let 61 be the angler at doh t e torque Tr 
attains value • C . Thsr,forefrom igaation 

x 
b1 - 1 • b1 tax 

Let bf be the stable load point at td ch the 

raluatam s and load torque becomes equal . This value is 
obtained as x ua.iUV5 2 

' i aTr *K +Coe2(baxb? C 

orTI*C a Kcot 2(bast ' 6'f) 

(T1 .C) 2 
orb...,bf 	 1 1  T1 + C 

J K2 .( +c)2 
6f '~ ©tax " : tan" " 	 (5.11) 

T1+C 

G me veins Cr T r̀ can far obtained at another ant.. 
1 , 

 
with the condition that 

b► 4 b 

hoax is the angle at Which maJ ** torque  

is avtflabla • Thus be 	a 2 4'Max • 6 f 

LJ 

If the load angle 6 Is lass than 6 f► or greater 

than bf • synchronous spi~sd 1s never reached and so 
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pull in cannot occur. If value of 	lis s in between these 
two angles,, synchronous speed is reached and pullain may 

or may not occur. 

Of the possible load angles consider first the 
case for which Tt  become sero. ar would then 11• between 
b f  and raaz 	. If T , ;► T pull ' n Will occur with 
tereina tion at the steady state load angle 6. 

React case is when t̀  becomes Zeros 6 lies between 

#max and a . . This meets the condition for sr*hronisation 
but, . as 6 increasesq  Tr  - 2i  Zino tie reases and thus 
instead of decrecelerstion aocelerR' tion takes place and It 
takes some time before final stabilisation takes plsce with 

6-of.  

The limiting came when 6 just equals b if 9  there 
exists two possibilities. If operating conditions tend to 
reduce 6 below b f  0 then Tr  > Ti  and synchronisation 
takes place in a similar way to that of case i+hers 6 lies 
between aaax  and I , . If 9  however, the system condi-
tions tend to tm rsaesg  6 ip then Tr, < Ti  ani a pole 

slip occurs. 

1i .4  PULL IN CnnT UION 

It is apparent from preceding &tscussions that 
operational nodes is Cuss when slip becomes sero are the 
crucial cases for the establishment of a pull 'in criterion. 
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It is also observed that rot acceleration is larger in case 
V~2u1ê is e qua 1 to b f , tha ! in ca so t on 6 1199 bstwon 

~►~ and 6m . It is therefOre the mode most likely to 

lead to synchronism v so that the terminal conditions for 
successful pull in are $ 

1. 	a Q 
2 "` 	2 61 

Lot the slip, at the moment when this qncbronta ,-
tion process starts# be equal to So an' an approbation 
is made at this stags wtiith acs es that 8 can be repro 
s•ntsd as a simple cosine function of , . This is represented 

0 
r!So coo(6+b►.2b1) 	(5.12) 

9i that at an angle ba 	. 8 becomes sero. 

8 will equal lea when 

It is, aero at this *oment when the attempt of 

synchronisation starts, 	Bqn •5.7,0 56 is obtained 
as (Appendix 9.1?) 

1 112 %"o. * 2A «.R # B2,)fA(T1.C•T ) 

(5.13) 
Finally the 8qn .l is it ogreted.Using qn 5. Z 

and 5.12 substituting for initial and final conditions,, 
yields pull-in ctiterion for inertia 3' Which can be awn 
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chra iiccd* against a load torque 1. This Jr includes 
the inertia of reluctance aechta rotor also* 

The expression for J so derived in Appendix 9.18) 
is 

..2 
J ....... •n sin 2b;~ S cc s 2 60 + (B- N) 80* (Ti+C 

w 

2 	 3 	2 
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Number of turns per phase : q 5l j 
Number of conductors per slot a 	I 	y 

6,1.3 Rbfor 

In the present dissertation work it is the rotor 
design which has been a phaaiesd in the overall design 
of reluctance Motor . It is because the stator of the 
reluctance motor is same a s that of an induction motor, 
wbicb has already been standardised ani does no more pose 
a problem. 

Analysis has been done for a number of rotor struc-
tore s in chapter 3 followed by listing a suitable design 
procedure . That before the optimisation method can be 
sppli ei it Is necessary to obtain approximate value of 
rotor parameters 4ich could be supplied as the data for 

the optimisation programmes listed in Appendix 9.10 to 
9.15. 

For. thie the varix ti - n of CfXQ  and hence the 
performance was studied by varying one of the four unknown 
variables keeping other tares constant. The prodedur. 

was repeated ' till variation of performsnc'e with respect 
to o5ob unknown variable was obtained. The values of 
unknown variables at which these unknowns ver. kept 
constant#  were decided can the basis of eaperimirt al 
results . By careful observation of the trend of variation 
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of XdAq suitable met of variables were chosen. The 

rotor periphery was accordingly milled out . This lead 

to the testing of the motor for different rotor designs. 

But only eigniticRnt testing result s are plotted and 

considered for Comparison. 

On tha bats of above test results obtained data 
to be supplied for the opts lection problem was fixed. 
The succesgful execution of t o programme lead to 

nptimised values of rotor haterpoiar channel parameters 
which have been listed in Table 4►.1 Accordingly a new 
rotor •ias fabric- ted and tested. The performrce of this 
rotor end tva other typical rotor designs have been plotted 
and compared. Rotor structures incorporr ting flux" 
barriers have also been considered. The 

6.2 TF ET OP THE 

This section is corcenred with the ta^t1ng of 

reluat ±nce motor for different rotor dinonsions. 

The rn tio of main air•,;ap length and the interpol*.r 

channel depth vee kept ap~ro ately 21 in € l cases except 
for the newly tebric^ ted rotor in which# because of width 
of the copper and ring welded to the copper tire, it 
was not possible to increase this ratio beyond about 20. 
But this does not very much effect the performnce. 
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The results obtained on the basis of testing done 
on the reluctance motor are recorded in a series of curves. 
The variation of power factor with output for specified 
rotor dimensions is shown in PYg. 6.1 for 6-pole 
and 8 :role oper*tion. For the sae rotor the eff'icienc* 
to also plotted against the output as shown in Pig. 6.2. 

Similarly for other two rotor designs F .8. 6.3 to 
6.6 show the variation of power factor and efficiency 
with pull out torque measured in eynchroncus watts. 

The tooting Indicated thRt the starting performance 
of the motor gets worsened as the pole width to decreased. 
This is because with the milling out of channels some copper 
bare are also *= uded resulting in high rotor rrn1etnncse 
leiRdin to low inducti^n rotor asynchronous  torque. At 
one st^ge be ca use of this the motor actua'+ly did not 
pull .into* stop 	even when no load was connected to 
the shaft . To establish tt vt '.t was because of low 
induction motor torque that the motor could not pull 
into step, copper bare, milled out during the removal of 
irony bare pt replaced by welding them to the . nd rings. 
Testing of this rotor resultod In successful - pulling in 

and the motor synchronous performance was at predicted 
on the basis of Zd /Xq  ratio obtginible frim thet particular 
rotor design. 
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To avoid such failure in pulling in the willing 

was performed on the nsv rotor in such a vay that =axis= 
Tn brrr of bars possible, were left on the rotor. This 
avoided the voiding of copper bars to the and rings to 
bring down the rotor resistance in order to Increase the 
asynchronous torque. 

0.3 COMPARISON OF R SULT 

Tables 6.1 to 6.3 compare the ratio td /,gi~ , power 
factor (maxtaus) ,, pull-out torque and •ffec tive load being 
supplied by the motor as determined from analytical and 
experimental results. 

The performance calculated by using results of 

conventional analysis, can be observed to be very much 
deviated from the experimental results. This weans +iaply 
and not surprising thsht the method of analysis (convsn,-
tional) , 'ba sed on the p-erneanco distribution' and the 
use -3:' Fourier series, is inadequgta, to deal with the 
probes . If, to obtain better results from the ,same 
analysis, the higher order harmonics are conoddersedg it 
will not be without the introduction of uatbematics of 
complexity that the accurate results could be obtained, 

Tba performance obtained from the analysis, 
employing the principle of flux-acc *ule.tion, its very 
much c~,oper to the experimental results. Thus it, is 
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• stabll ah.d that the results given for direct axis and 
quadrature scads reactances in sec. 3.4 are simple and 
accurate as well when coapared with the conventional 
analysis. The ter' #effective load' t, determined 
alon`vith pull out torque, ]amen power ft~ctor and 
efficiency, is the sm of net load being supplied 
through the shaft and the torque needed to supply the 
negative intercept gird' sera slip which is 

Vr ( .X)2 
T 

2(X4Xq + 

As the value of expression incrsnses with Increasing 
saliency and stator resistance, the amount of actual load 
that can be supplied through the shaft# can be increased 
by decreas-ing the value of stator .resistance for a parti-
cular m chine. 

The effective load being the value of pull-out 

torque at sero stator winding resixtanoe„ it is easily 
concluded that its value would rain constant for all 
values of stator resistance . it the asternal load that 
can be supplied will reduce with increasing stator resis-
tance . Table 6.4 compares the ratio of torques *v*ilobls 
at two speeds obtained from experimental as well as snalytiv 
cal. results. Table 6.5 compares the magnitude of stitor 
input current for the three rotor structures whose perf or-
manee is being discussed. 
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TABLE 6.4 

Rotor configura- Anal~►tical 
tion 
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A 	 2.84 
A2 	1.37 

A3 	2.0 

Etperi Dentes, 
¶6,T8 

2.28 
1.21 

2.4 

TABLE • 6.5 

Rotor 	Current for ' Current for 
Configuration 	6 Polo 	8 polo 

Al 	4.2 A 	1.8A  
A2 	4»8 A 	2.0A 
A3 	4.15A 	1.6A 

~ 	 f 



k i s a. l 	ca VL2 

cccwcxc11 	ICA m :: 0 im CCOPi 	z'u 'u uO 

o t3ot s o ou1t c of (° . 6.3 povo that tho Dor-
nc3flco diatrib tion f ticntnj "cc ponont obtitnod b# 
s c o ana1ycia is Quito i(.c ato to Pmdlct tbo 
rScr Banco. Tho analyoia, rocs on ththo princ ,plo of 

not 1Uc accu ni1c do :a atvoo rocnaltoVAl lc! tau17 fovorr3.b ly 

t1 zi S; 

 

to o t?t!3vnta1 Z3ou1t30 2ho o rooaton ?or 1 Cl1 4 

obti .nod f rc thia taz 7y oto in aiip10 to 1znd10 and to 
co poblo of jivina accura to roou t coo Hca oou1ta fuior 

aatabli o that tt o roiuctanco motor 4th o9t ,o 	rotor 

d w loacor current frci tho oupp y and rrno at o1ioot 

o ,t 1 pot m f ictoro at tho trio opooTh llich uno att,ot at 

in dooicnina tho rotors Tho ration of uh1caout Cor o 

cro 3100 found to bo 	ro2ncto1y c io o n doto lncd 

frci a . 1yoio and a artiontal roculto-, 

4'. in-lycio t 3O boon 4dOno to 1 n00DDo3to tho fat 

' r 'ioro for cauotnc ot~at r in tho La otic c1iuit 

c of nttn to hi Xdfl 'attoe 	of!`dc{: of f u bci oro 
7 *c ] cnplo od uth tho cnno1o9 ►o Quch Dopa ,ray ounood 

tho c2zsnnolo, fir 2ti oucrjootc to fur or docvon 'o 

to on no. vidtb b° ttoo4n3 the auau t of to to bo 
rAllca out at 3;'` or co. 'moo L.ou1d - ci' to 1 oG'o ' 

otitor input current cnci tnczzxtccd affcicnc r au 1le 



70 

cff~Solcz 	RCI ' 24 ct2 o con bo cchiovoO9 for a 
9 t2 c ^ cot of apt z 2 cca oi2nrno1 ar...cotoro by cuitabLo 

} i.cc c .t of f1ubcA'Soroo 

?o attar of n311in hcncjczon trio also casrod 
out at va10 0t313oo of Q9Onct1 t 	fl opt &`oi 
tho ci o . or'1 Ort COp)O baja v 'c"0 'O !701 `Ioa to tho on 

rtn:oo tho note t'a loI to ru Un► t, th a ccnnootcd 
oq ivn1ont to oaz'1r 9O of tho ui1out tarouo in Wnch- 
F'OMGUO 	ic cucpp6t0 tbt eovi Of Coppo&' 

tiro o1cuith tho . 	dt 'in tho n1111n j out londa 

to lot, indvct2on motor torgizc tc to otiU 1otao a~ 
tho ol.p C0srocpon2tnt to tbo lead to bo or,, ch nioodo 

o L3 at tOt 3Y rolitr4o motor to Ito 
abt .tj to ctntoth a conotant o coU tstt n conal Flea 

oio Sri o1gI7 volfia o 0 Rolmto co matora of ractn3 
oo hlCJ Qb bi! id od cod 1if't r 3o ao j of zs aro b ln3 uoctl 

in ztot7 of inCuotr'1al a 1 iUoatior s a 3b "oo outotndtj 
applicottonog 	t Con bo catoCori -ocd oro In tho fio1Q 
o O 

i0 	C0i10' e'Ont I Ooz1 d vo, O. for otor Alto .i to&' 

• colo go I.tcop to 8rocluonoy va atio to that of oho 
oe3b eco; uto and huffor ouRpp37 coto0 d vo for 
oiccts"to cic€i ` o 9 to o Coct7►o , cino } !ro3octoYcnd 

cd'a.̀choa Otce 



71 

?o Csmp dz?0000 p3 cfl' rW culWxy,-od C72.7O3 or. 

uo:,3 2E 	to (ooae th07 LWo oa t O 	O tOV1O 

9? co2co27 cc nt llahlo and cc31oto7 	citboot1 czAt2.' 

p10 Q" dvao off' to:tilo x inorr z nd In c, 	otic bro 

p o c rasa c c& ►oo) . 

3, L'oot t1cm o' orti rot rjr rrc~1 a e •(o a jam. T cy b 'vo b` ,o n taocd 
to p00ttton prcctc31r and roliably the control redo in 
nuclear rvac torn and in culttrxcIi1no o yo ci rogttrin 
o ct ctgncnattcn of asn olcicnto at all ttoo. ) 

in onor31p an ob r&ouo .old of nppliea3. on for rogt-

tanco Motor to c:3Ooo any dLVQraorxo in tho opood cr tld 

acIount to varlatton In tho docired uor! to be obt nod 

frc i.o drive. 

^io rotor to 10 r in coot th1n t io o lotInG conn int 
apo^d drivoc. X roquiroo cciparotivo1y 2i$tgo r-ainton neo 
ubith to a z c 3o conoidoz-ation In ccnttnouo 24S boyo 
poc000 ter. In ca ,artccn to ind=uon rotor the ?lt3a 
tcnco motor baa the advantarjo of having 	cwwanouo 

a tod cporatrs c©rroppondifCS to the ou )ly Sroquo'_ncy 
and tie mbar of pa1QO 2or u~ickL it to GOA. 



72 

11pp c~ ~e"~o In torah m1tmt co c c o o Oro 
to t, fa SAO vc L blo 	MCV  

aaco 	XO23 Oflt tydotO? .flvo !o aro ' oC3in3 
t o ::.00h pa 	'a a of 	Aly 0 loco 6t40 o r 	cera 
GZ t nt do1 Jao tiC1 c20 U1t aocoptnb ,o to th o  
IthEoo ovon lata to :` qiT bolo1 1 C Oo a ao po- 
Sozaz' oo riith oc3 1 to poai' OactoE and oUlclono? 
on c 3 O t VO 2nput o IC JO 1O 	U3. aat'o b3 c oL t, 
1c to c ciao c3VO inputs 

Sn o or to attain tho adn►ontcGoo of uo1ng 

rl oto .p ro Soy cmtablo oquonc7 opo tian p 
It 10 au ootcd to anon to po!'or nno of tho cohtno 
e,acz c" 	pict c to cnab auppi7 t of o Q 

iso It to not p000$blo to øieito rotor cr1 

0%m- ct7 2Vwo duo to ionQvoigobilit - f v coc~cu $tc uttoo 
{io or-s21 oio for ulUagood OpoortiC3 cou11 not bo toot o20 
Xt 2.o ' om?bro Quc33ootodto fcrtccto o3+ ot3 EmUl aooc 
2'otc wo uith optial 3 fdirionoionoe 	o att=pt® if ouocoo^° 

c,iu load to to bottoms utilicotic of otntor 
fr o0 o OtZ ' icto' owl to tit of In Ot iol Ian ticn 
t O'o anti ArO 33c O pull out C? %!O thick caoialc onablo 
t o of ctanoo ootor to c ut l c to oto r achlnoo In 
B ln7 o ar bot of ind~aots~.r~ . a rpltcat .c o. 



73 

	

. 	RtDCO19  PJ.,  AGTJ A0 L $ 	1oo arLd I rf©manco 
oQ Po1rpi3 c 1uc t3nc a riachinoo °', tP oc e 

1701. lilt 	°11D 196k 0 rn 1+35-moo 

	

2. 	norm 9  T.Z. G o1ro co flc3c c C7nchrououa =7oto " 
tT.A,%.BX.0 1923 p 11620 

30 	'C 	p 	1a q 0  Cbcingo O OC O1UCtflC0 	otorrs"v Z®Proc e 

Vol.iI49 130. 6, 196 a80,  PP 797a801 

s.Ydi ' 	SOi1, JD  GUPTA#  S.$(. v  V t• l.F AJ g  °' ' '1° Q  
" lulti opood porforrnc o of c onta1-rotor rol ' nco 
£chinaa D  X- Proc. (GB) V. 1140  U 	1-lay 19G8 

pp. 6957O2. 

5. PO G a  tt, D  " I1owr 'T rpo of Roluctanco floto r" I - 

Proc. V. 117 133.3, 1970  9 p. '45"5 ' 1e 

6. L!RE1COJ9 P.3.0 "ncbr 't Ina 1orfort anco of . 

fzluct. nco t?otora"Q  12Ii13 Proc. (GO V. 915©  193. 

	

70 	33Pt1s , T' nm and ImmmisO3O P.J.p ''&vorrj4 
Ltynabronoua torquo of a t ynthronow anchino uith 
parttcular roforonco to roluct.nnco rztcbino0 reProc. 

9  19690 1160 (6, Pe 10490 



14 

8010o 1d►,WRXX dam", p.;,, "FULL In Criterion for Reluctance 
roto rs, , " In. Proc. Vol. 120, No. 9, 1973, p.982. 

9. 	t? (, X., "Pulling into Step of Reluctance Motors," 
Ifl, Trans., 1965, ?AS# 8 p• 3)+9-352. 

11. LM4R1SCK# F.J., tnd GUPT , G.X. , "Developments 
in the performance and theory ct segmenta, rotor 
reluctance rotors", Proc. 1*, 1967, V. 114* (5) 
p 61+5• 

12. IAW .,N SON, PJ.,  "T~ro speed Operation ofSalient 
Pole reluctance machines", Il aProo. (GB) , Vol. 112, 
No. 12, 1965, pp. 2311.2316• 

IN OMMW00D, F.B. , "rncbronous Reluctance Motors", 
X1.sctric Rsvisv (GB), March, 1968 Vol. 182, No.12* 
p. 432-1.3i. 

14. RAWC L; MS G.L , !A Now Type of Reluctance Motor" 
1tt.ctric Review (GB), Vol. 183, 1968, p.129.30. 

1 	L&WRNSON, P.3., 4TP'A,, &.L., "Developments in 
the p.rtor*anc. and theory f' sigmsnted rotor 
reluctance actors', '. -~proc.t V. 114,E No., may 
1967, pp • l545o653 • 

16. 'Yon Liner Opt satton" - L.C.W. Dixon. 



CHAPTER 9 

AFp']pi33ICE S. 

(s 	 L1LIkI11I1iJI 

Fig. 9.1 shows the basic conventional feature of a 
simple single phase reluctance motor. The essential require-
nent is that the rotor should be shaped so that the raiuc 
tancs of the magnetic circuit is a function of the angular 
position of the rotor. Refu ring to figure, it can be 
seen that reluctance H Is a periodic .function of the angle o 
bete ee n► the long axis of the stator poles and of the " rotor. 

When the rotor is direction in line with the *xie 
of the stator poles (i.e. e a 0 9, V 1, 2'',...) the reluctance 
has a mini,u m value, Ed,, called the direct axis reluctance. 
when the axis of rotor is at right angles to the axis of 

the stator poles U.,. e. e . W A. 0 • . * i, the reluctance 
has a maziim s value# R, called the quadrature axis 
reluctance. The excitation is provided by connecting the 
vindIng on the stator to s single phase source of altirna-
tin& voltage. Pig. (9.2) shove that the flux d is alternatin 
According to equation (2.1) 

T 2 dE $ where T 1s the instantaneo e torque ~ w I ~ dao 
acting in the direction so an to increase the angle  

curve of yip and dH/dao corresponding to 0 and B respectively 

are shown in PI g. 9.3. 



, is if c&.do 	a 

anL uf tAW L  
LL L 1 0. 
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The direction of torque in equation (2.1) is deter-

mined by the sign of dHldo0. Figure above that torque is 
positive .h.n the reluctance is dec;lsasing and negative when 
the reluctance is. increasing. The .reluctance varies according 
to the geometry of ragn.tic circuit and the vaysforn of the 
flux dspsndsi upon the wsvetor a of the applied voltage . For 
siaplifieatian' it is assured that the flux and reluctance 
vary sinusoidally. This aetsticaption of t e sinusoidal asysform 
is a fairly realistic sstnapttons, If there is sufficient 
departure in wvsfom fromn sinusoidal, . the flux and reluctance 
can be expressed in to as of Fourier series. The instantaneous 

value of of the flux 4ll be 
ff a OM cos gat 	 (9.1) 

where #,a Is the aasiaa M value of flux 
. is angular velocity 

nonce 02 a 	cost ,trt 	Ø (I + 2 coo art) (9.2) 

The instantaneous value N of the reluctance is the function  
of the variable angle so. If sinusoidal reluctance variation 
is *awned, referring to reluctance curve shov 	in Fig. (9.3) 
the reluctance can be aapressed as 

R 0 2 d* Bq) • 1 (#~ Rd) too 2 0o 	(9.3 

dli 
•• 	 N t2) sin 8 	 t9.) 

d% 	d 	o 

It is to be ass ed, that t e rotor has been started 

by auxiliary device and is running at t c nnsstant angular 
velocity wo radians per second. 
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Neglecting torque pulsations, the instantaneous. 
position of the rotor is given by 

of * ( 0t•6) 
	

(9.5) 

vhers ` is Its instantaneous position C.: t sero tearer rn the 
flux is passing through its maximum value. For simplification 
in derivation 6 is taken as a lag angle. 

Substituting expression (9.5) In expression (9.ti) 

0 
w (Bq 4) sin (2.0t r 2b) 

	
(9.6) 

Substituting expression (9.2) and expression (9.6) 
in the Casio torque a ctum tion (2.1) . 

T 	4 s2  (8e 9d) Isin(2tj0 t*26)w sin(21ot • 2b) cos 2Q]  

(9.?) 

vhich on further simpiif ic!tion takes the fore 

T w " sax (Hq fid} .in (2mot • 26) + 1 min ~2(wew)t .26  

• sin{2 (e 0 e) t - 2b j 	(.8) 

Zr the time angular velocity c of the flux wars i.e. applied 
voltage is not equal to the shaft angular velocity 
three texas In equation (9.8) area function of time and the 
average value of each of them over a ccsplet* cycle reduces 
to zero. Hence no average torque is developed ung as 'a • Yo. 

When a - wQ„ the torque becowes,, 

T a "' 	(H R 	sin 	sin (hhtr'2b) +  

(9.9) 



The first two sine terms are functions of tie,. and hanca their 
average value are sero. The last sine tint being independent 
of ties, the average torque viii be 

T$  i2 t8" l dl sin 2 b 	(900) s^z 

The above equation is the characteristics of 
reluctance torque in *11 synchronous motor excited or 
non Exited. 

9.2 DETFRHIN i TON OF DIRECT AXIS FLUX ►1!. RITY 

The equation 3.1 is rewritten as 

Bid- * t H d )Ce sin2pa de 

4 	2 1 M cos ape 
* Id 	 dil 

/2 
2 Hid 	 +sin 2p# 

[Ce) Q i 	w~.wwwnn 

0 

'/2

ss 	
E

x(8) F(M) 
* 	a 

_ 1d` ~$ 

•
r 	o v12 -, 

H 	!/2 • 

f 

Li 	Wa 

z/2 - (l 
I 
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s 1d 	n 	~ .. ,~ „ sig ♦ ~i,., n 1 
2p 	2p 

♦.~°.~( v/2 ••t 	sin 2p ( # a4} + rin2ps%) 

• ein2p(l - 1 )• sin 2p( s m( r4} ) 
t 

+ °  ~t~} } t~~ ~► An 2p '-~' * sin gp t 
Q 	 g 	 1 

'R1d ' o 
Y 

. .. (sin 2p4 • sin 2p41 main 2p( .'(4 ).sin2p(T 4}) (1•~ 

(9.11) 
where, h w Gig , the ratio of maximumm to iintrus .irgsp. 

9.3 DaTRAMr"Tr k OF ROTOR AGNTIC POT 'I!XAL~4 

9.3.1 Doterainstion of P3 

For ditsrmining P3 •qn 1.J is rewritten stir int•gru- 
tion a• ": 	 ,,, 	wr de l► 

~► 	grin pe 	
_ :: 

 

D 	sin pe 	xf2 t3 	V 	W' 
♦ i $14 P re * 	+ P3) r , { P2 " P }T T *0 

or $ 	ain 	 3 * sin p~~ -~c4) - sin Fit 
1q1 pg/b 	 p0/ 
♦ tin 	0) • ainp(" -.t*) * g 	+p 

pg/D 	 T 	T 



• I 

~ ̀  p3 s/D 	O/D 	* 	+ * g/D T  T' 

W' or 	A+ F 	F2 #  
p „  (9.12) 

8 

vhare, 
in pact+ w am n p43 	sin pt, _ +(4) - dnp4% 

A s H,~q 	pg/I) * 	B0/) 

sin pt -mac. ? 	s ,np t 2 	d ? 	(' • 13) 
pg/D 

4 «. 	1•C%•4 	•c 	 •wWr 
and B ffi 	• 	+ 	+ + '  

8 	0/I) 	g1D 

9.3.2 D terraaination of '2 

For determination of P2 fl n. 3.6 is Solved. 
•t 

g [l4 p . 1'2 3 + t 1•~ ,~ ' tp  2 	2 	3 	T 
Vii* $r 1r sin p 	sin 	1 	A P2 T 	2 ;► w 

or U1 q 	pg/t) 	 '~fi.~ 	B 

.P2 8,'D 	T1 

Al , p J. 
'°r p a 	T1

B 
In which the tsrR B + + i 

DI 

it is too X11 to be considered. 

(9.10 

has been neglected because 



where, 	 *'n pK3 " stf p + 	ll' . W
B T 

2

(9.16) 

+ (- ) 	(9.17) and 8,~ 	g/D 	I 	 T' 

9-3-3 Dat srnirs► tion of P1 

'gquation 3.34 can be rewritten after integration . 
as, 	 D 	 , 

' '8 	+ --
D  

'' sig P0*? ,~ 8  
a  4(l 

ar k 

ein +t i 	aurin p t2 — An pcl, 	w, 	AI# pI T1 ) 

9 

	

six p~41 	sin B°~2 • sin p 4i 	Al 	W! 
or 

	II 	
p41 

 p F # 	pgFD 	# $ 

I 	b1, 2 
• .. w......1 •,.i 	, 

(lID 	gFD  
'(9.18) 

9.3.4 Dot*rmin! tion of F 

Tq,,,ting to aero the aa *tion of tz, in region 

cc3 to 2 - cccc 



r12 w K0 	 I 
(H coo pe -Pr ) • d8 • 1 (p -► p9) u-1-  

2 i - 	 2 	d 1 	2 2TI 

+ c(P •p ) 	ate 3 2 2T#

1) 	

] 

2 
or -m[uuIq "..."' ......' " PP 	# C Pi • p1) 	+ (P3iP2) no 

s 	p 	9/2 -At 	 I 

a~inp(l •~c 1 	sinp( 	} 	F, !,t# 
or H1 	2 	+ 4 	pa/} 

1W1 	r 
A + PP • 	P ~r 	" i 	W, Wr 

[T' 
W 

P 1/D T'# Ti 
~ 

T 	Pr  Thus 2 * 	 (9.19) 
8r 
1 

in which the term P2 	W Wt 
T 

B; 
has been nogl+ cted 

B; 

biceup it is too s11 to be considered* 

ve ers 	s#n y(j 	} 	sin p (5 	). 	p +fir 
AI _1q 
	 pg/fl 

 

(9.20) 

sand 	.4 
	W; 	w+ 	1 W # 

B.' a 	I j; uP , "w;" " 	( fir} 	(9.21) 
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9. 3j  

know, ©gts~ rj to co to otion ofo2 fitizi  

C: i3 °1 C 22 	to 17  
17/2 

9 	 g 	Li0 
~fdIq coo 	f I j do aI 	(fl coo O -)1) 

17'2 

D 	 t;~ 

. 7/2 	 k 

Off' 	 o 

2 	a 

a .n pts . 	can p 	 aha p 	adn p~ m ~► dl) 

g 	9 	q 	90 	1  
i  L c  O/1 

t 

Z34 

fl 0 

	

.+~e~ 	eer ....~w.. 

cps O/D  
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9.3.6 Determination of cmdrature • axis flux density 

Bzpres iOi for quadreturq sxie flux density given 
in l qn 3.19 of Sec. 3.2.E is rewritten a: 
B a 

- t'/2 (H1 Qo3Pp8 	PCl ) coe p 	~► 7~ (9) .d8 

	

Q '0 	4 

4 	 z/2 	I + cos 2p9 	 einpt 7/2 
s 	flI Q X(Q) f 

Q 	
d®- I P(0) .ate) 3, 

a 
(9.23) 

Observing the expression for direct-axis flux density 
it is very much olenr that as far as first two terms of 
equrtion® 9.23 and 9.11A are conearned there is only a diff-
er nce of sign and therefore oqn 9.23 beeo a a#, 

•

200 	u 

6 

• 1 s1n2pat„~►ein2p41.ein2pC . -*c 1) +etn2p( .44) (I” 
t12 

• PCG) . ) (9) . sin p+0 	 (9.21) 

`fter substituting for ) ( and PO from '`able 3.1 
erzt 3.2 respectively, the last teras is 

hsso 	P sin pai + , fin pnc2 	PI sin pC'! 

	

*p 1 	0 	 g. 

# !asulI 	.-...p2 ' n 42 	
P,3 sin pit , - P3 sin P43 

9 	 9 



~r 	Grrw~~ ~ r 	te► - _-+G-- 	
IC.+, 

6 

An 	g) - pi otn p( 	° c) 

a 

.+ 

!i 	
) i 

	

° . ~~, 	aln p11 P oin 1 I' oth g(@ Q ) 

Qn PC 	))) Cl  
Li oint 

	

( 3~p4) ~" 	 ) ' ' (p aP q) o2 n L( 	i) 	 j 

ThoroSo$o aubQtitutina, for ]est to in T n 92 tho 

oiroo cion for ' , 4 o vrittof d €) t 

____ q 	 P (1 a 

9 	 L R 	ren 

.r 2p4L - am 2 , ° io .n P-9 ~ ° Q d l , ,ln2p (° acZ ) 

2 e ( 4 	) ------~ 	910 	P n p(a a14) 

 
cin p(c )  



Wr t 
L,4 • 	' 

4(P3 "L')0 	p( 	©d 3 4' CV'' P4) oin p( ad ) 	 ---- ~} 

(9a2) 

9 d Is 	otoaa~. ton of Conotnto of 'OZtIO3flCO Det .on 'or a 

fto , v1nd mtorp©1ag C x holo 

9.4,1 Ganem 

Tho owwoco2on for potconco 2o Given by 
co  a  No 	coo 	 (3>) 

uboro Ac, and h 	aso a1vo i br 

~~ a 9 rt R) dX 
C 

Vt 
an,1 	f( 	coo --- - d hrs c 	 c 

aC 

In the its ory 3. a X I C . 

Tho atovo ozps000ior,a on oiwpliflcc t1on bacc~oos 

0 

0 
h 	C* I f(x) coo ~. X *i 

f(x)o 
13(10 

 Lonr l; of coro 
fl a Mdiuo of rtO? 

Gia D Po ~cabi1tt of froo opcoo 

C a a/2 ( t. 3.3.3} 



8 

9ob,2 rz  r Jin ton of 10 

Za 3o often nftor ounot1t attn3 C an in 

	

Bq 	.on 9.23 Ciao 

o 

	

0 	 t7 
0 
l!: r 1 n 	 1 Ct 

t7 	t 	0 	cs1 

17 	 Z7F2 

Ix 
rr/2 044 	 11/2 

2Asc) RL 	ctI 	`lea ° ctI 
G 

a 

iL L. a(Oct, data) ( I a 	(9.2k) 
QQ E2 

c onr) bo it toi in nno2t or fo o aMr mnk ina tiro 
OUb rr ~ltnUOn o ~i 	A 	i 	D 	u D and 	aC 

2 '0 flL 
U 	 (1'C) ( l m 0) 	• C 9. 

	

0 	ff ( 	2 



Mo' 	C zi/ n rn0 323 to 

ongb'oocio7 for %I, fo ' a o I bcccon0 

~ 	COo 2921 6X 
17 0 	3(X) 

Tin ducat two ao oforarico w-lo 

---~---- 	I 	c n 2 t 	~' 	I o2 pt 
0 	 c 

tl/2 o4 	 17/2 ct 

an a 

0 	Q cP 

- - - - 	uin 	fi 	urn 2% - r2n 	, 
(ot  	4 cam► 	(, 	s 	oiE t ` «tet 

17 	1 
sin 2g 	am s dip( 	cq) 

n 	p aril 	( 	)+otn2p{ ac) 

o Ic  



A or rIttj ct botitiationo of p~ovioun ocat n Ata 
con bo v ton In aloforor foM no s 

t Q L 	~ 	N --, am 2- ( 	D) o am 	(-, CD) 
17 C3 C~) 	

~ 	E? 	 ~ 

' c 	2p ( 	°D)1 	(I..L) 	 t 90 ) 

9.5o 9 Ctato.p 

rAmplo. adaptation, of t o11 U z*tin rou1to for tho 

njr- py It to  oariib10 taking phaco I to bo tho 1on6ing 
0ico a .tb current 8I a I coo cwt - 0) 0 to wto tho 
atc to t1Ot'IOP t1 for a thrao phaco tach.tnoD riog1oct1n 
to n3 bcizo4ca 

1 c1 
a 

coo (v - wt G 0) (9,2 3) 

v oro et d a tio one ulo r chi opinc c ont r'unJ 	c EEpp 
once cl , o tho t +o Io a bots on vo3. ao and curront voc to' 4 

9 5 2 ?orxuanco Bgtttton 

`Tho oc~zation for po rucanco to $ 

2 a 	0 Nr COO2 2( 	~' 0) (for I) 

1'o bo Coro pr^eloo In dotosuinina thoo wic E'cXCt32tCO3 
it 4o t~c Woc r 7 to 3 z1tto tho othor to 	corroopomt1tnG 
to 0 Y3 ns3jpk-~oa.ao 



'E 

i os tho zopocon : Cra317a10Q cont .tnçj tLth tho o t10 

ongroocongomO3oo v tho ro 1on. S2tz« Q ano .t 7 
oo onont , o 

I1o~ 	4 [Ito coil (zi'D Ot 0 a) 	rr NO * "► p~tC?D2C 1"x'4) 

of 

rt~lbat$tntirrj 	 Q or  	yi i1n 
tho 	and pozror nco Smc rmonto1 c 	 o of t noO 

r w* rl , 11Q +goo 	v 	c 	»to A4Z) Coo E 	°vt 4d) 

o coo2(0- t-g3acl 

a 

aocrr~t~~ot~2r30 c )j 

oI7Ao 

u 

and r a 
20` 

9.5,4Wnotivo Pmt-1.o 

V zo voltO 	t ono tod 7 tho ?.u= &onn t f $n .'moo I 

.o obt :nom t7ov.nlrtt.nrt tho t2oo rl,tion ref the t tot 

t 12 i3rPo 
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d 	f/2p 

as 	w 2p$ 	 I 	B d •t 
dt 

d► 
- "2pW K2 I-----►I ....sin (pec • Wt r d )  

dt' 
8 	/ M 	 W/2p 

+` -- sin (put wt - 2ps ♦ ~f 
P 

a 
: 	tg d'_ M D cos (Wt"i) ♦ B coo (t•1 2pb *4 

4gI K2 w [D em n (t - 4) * g sin (wts►2p6 i»4) 

or y - 	2X w D sin (wt•4) • 8 ein(*at '4) cos 2pb 

• 9 sin 2p6 can (hit we 

2 

	

	 di1 dt1 MiM + S cos 2 pb dI 	- 8 W 	~rin2pb 
W 	dt 	dt 

(9.29) 

9.5.5. Axis Ataataness 
"Bq tion indicates the armeturf reaction at any 

general position of the rotor* The impedance component can 
now be separated into riseiative and r Rctivs parts. 

Thus %ff '° • 4p 1Kw ( E siin 2pb 	 (9*3Q) 

and fit! " ~* It l~w~r I D + It cos 2p&) 	 (9.31) 

The energy dissipated In 	is that converted 

to 1 Y 	.: moebsntcsl output,, and its dependence on load rk. 
angle • is very such apparent. But practically, in 



oic2 to tho voltat;o ro r000ntod by of tion (9,29) 
thoro o oleo 1ca1toio r netnnoo 7oltacoo duo to plot and 
and ti f .unoo thicL do not dopond on tho rotor pool tion. 

The not roactaneon u1on,a tho C2 and q ~► ania 
a 	thcn obtalnod by $tine pa 0 $ p roopoctivo1y 
in oc w tion 9.31 and add1na to ago moctonco to tho 
roaulting onpi 000iono u23icb o do 

Rd C tc.Xa  
a 	 8) X0 

and 
Xq 	tQq X0 

4 ry Its ~► { D - 2) - X0 

If looha,go roocthnco La noL31octod ltd and 

con bo t, ltton cog 

9«3 D aPRIIT'AT1 i, OP ROTOR t3ICITET$C POTffE IAL 
(vi tk_ ~.nto for ohanno .a) 

w i rrrrarrwr 

t q 3,31 So vot, ttton. ass 
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9 el 

aln p9 	1 'c D 	cinpO 	S 
_ 

'~ P 	app 	
TJIQ - °P7~ 

0  d9 

oS!~p! 

G 	1q 	
1J 

tr/2 

sin PAI 	o .n p4 , ~►aix, ctg 	si r pC 	acdnp 4 
or S4 -- --- 

pt 	 pia 	 3 

m 	3 m ~ .n p  

E1q [{oiTt P% sin p:t,~ sin pt ° ) oinp(  

1 1' 1) 00  aw 

(9.3') 

9.7 DSI; ,`t-1ISUATIO ' OF QUADPMURP AXr8 FLUX 1)T TTT 3 

`iso oxproamion n ' Vic. 3.4.2 In co tion oa 



" 'i2 
B ,~ 	r (H1 Q X(9) coo po • PI) (Cos pp) d9 

r` 	V/2 p ► coe2pOdO 	W/2 A(4)QQSpS dA 

3 irst tees in this equation is same as Bqn in see. 9.3 
The substitution for this yields 

2µa 
Bi q 4 + (4% & . 4# • moi) t 1 

B 

# 	Bin 2p% • sin 2pc,~ - an 2p 	-tet) .sin2p ." ) 

• (1- 	 p)(i) sin pA I 

Substituting for X(e) from Table 3.3. the last term becoces„ 
wy 1 	.̀o 	 '44 100 	2 ----- P1 	sin p 8 j f 	f sin pet 	•. 	` sinp+9 

10 	0 
Is 	21 	No 	 W l2 

• ..° . I sin pO 1 

	

	~► a j oin pe i 	.. 
44 

o 	sin p4,~ 	sin pK,, - sin pall 

'+gyp 
• sin p{! -o(4) - sin pet 	sinp( • ,) -:inp( 	) 

G 	 i 
sin p 	- a pt • ) 

_____-  



'te e 

.)0p1 [ ■ ( sinpA4 a- sinpc 1 • sinp(~ -•t ~) * sinp( = *.1 )) C 1.13 P 	 2 	 '1  

After substituting, value of p1 expression for B1Q can be 
written as , 

B1 a _P___ 	(1 1hf 4 
p

ain2ptit •a v 	,rs 	 2 

sin 2po% - sin p( 	} • sin 2p( 	(1 -h) 
w 

t 	t sinp.4-ainpac1•scrip( '.c) . , sinp(* 	e- h) 	i p 	 . 

(9.35) 

9.8 D1TFRMINATI( OF ROTOR MACNZ XC P4TF TZALS 

9.9.1 For determination of Ps the m t flux in the region 

Ata to 9 • &c3 is equated to zero. This has already been 
done in sac. 9.2.1 The same result bolds good here also. 

9.8.2 Deter aination of P2 

The flux in the region 0 to d3 is equated to sero, 
which is, 

•t 

2 ~~ ° - ~i cry i P D d~ 	3 t. 0 ( 	cos po -P2) 2 do 

4 0 

s 0 	( I Q 	s P 	► 2 	d 	'~ +~ 	2 

. (. p2 + P3 ) 
1 	 ._ 



sin pii , 	D - 	einp9 
or ...' 	H1 ps 	+ q 	.........._ 	 2 

•p2 .B3 - 	0Q 

or. - 
em lq 

3 T 
pg/ 

OlD am T 

c►r a inpi 	min pt 	1 AW 	F • 	w! 	' 
A 2 	¶" 	T 

44 + 31 ...,. 	.,~, _ ,..,W 	* 	- (w 	, 2 
pO/D g T 

Lest firm in the expression# when divided by denominators 
becoses, too nis11 to effect the value of P2. 

sinp4 ♦ sinp'( -sinp4 	A * w 

Kone P2 = 	p 	F 

O/D gID T 	T 

( 9.36) 

9.8.3 For ditermina torn of P , flux in the region 
• t 	to W/2 Is equated to Soros SCh glues the 

r zpr. s sion 
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2 19, 
	! 	(81 q cos p9 - F&)D d® t 

V/2- Kt 	 2 

	

a~'l2 	p 	 D 	w' 
.1  

2 "A 
1~ + (p 

3
P) 	* 1 
 2T

r 

or 
D 	sinpA 2 

..p"@ 

3 

1/2 
a [B1q*iflpP A 	p r e 

21 

WI t Cp - pil Orm. 	a 0 
3 2 Tr 

ar 	sin P(! -1) - sin pts ,P*) sinpi -s~►np(a 
3 

g~ a 	Pg/D 	 PG/p 
r 	 r 	R 

A W' p2 W W. 	r ',3 	f ... ~... t 
BT B T T' 	 .~ 

wr 2 
(.1..) 

arr, 	-sin p(! -4 ) Lnpa -ainp( -1)TAw, 
Eiqi Fid 	 PG/D 	 ' 

2 	"fir• °tr 	'~ 	Wr 	1 I)2 
g/D GD B T 
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9.9 QUADPATURD AXI 8 FLUX DEN 8RTT 

gression for D1q. is given In Sec. 3.x'.3 as 
1'/2 s 

 - *
t t81 q ,( D) as2p~i • p( ) (e) cos pe) d8 
0 

r/2 	 '/2 
* * 

11,

iq x(0) I 1# eos2p9 dD 	
I P(e) ) (9) cospQ d8 

0 	2 

First term is same as in Eqn. 9.23 of Section 9.3.6• 
Therefore, 

B1 q - 
	1q 	• to~ -v( +4 mac 1) (1 • ~) • 	®in2p0 • sin2poc *` 	2b + 1 	1 	b 	4 	1 

• sin 2pt u.0(4)  + sin2p(' tj 	( i • ) 
w12 

• 1
p(A) A (D) sin p8 

'Pt 	Jo 

Last term can be expanded after substituting for ) (9) and P(®) 

as: 

•1 	~„ 0 	«~ 
VP I P2 6 PIn P 

Q V 

* p3. 	p°, 	. 

"' p2 	ain 	P~np# d 1 	3 

P 	sin o 2 3+ P 0 	2 1 

2 s ~ 	'!2 
I ' ~► P2 r sin pD r , j 

2 "~9 



$9 

-  - 

	

	[

ainp41 	($inp t - $in") !3 41.  - stnp'(3) 
2 Grp 2 	$ 	 i 

P f sinp (v- i') - SinpK1) P3( ~ inp(-4 ) -sinp(a-•c4) 
f 	 ~► 

0 	 9 

	

( sinp(' 4) « sinp( AV 	P (sinpt "etnp(t -44) ) 
t 

	

i 	 a 

,~ .. ~.~... 	..g2 Ainpot1 +P sinp c; - sinp( .% 

• PI sin pt2 {) 	(1• ) t(1'2•P3) sinprt3 +(P3-PZ) sing( -it , 

pt siziPj]  

b 

Than the final expression for B1q bscomest 

B : ~- © 1 q 	---~ a 	► (t t r 	« •t t) (1- 1)+ {sin2Iu(itn2P.c 

1 
WS 	 14 1 	2p 

« sin 2p( .K4) . sin2p (a _4.)}(i4) - 2 -- Prinp.t 

tP3( einpst ►sinp( 	) ~+(P2) .np(-~ ) (1-) 
2 

+ (p2-P3) ainpa(3 + (P3 P) sinpi -*c) + ~2 amp 2 Y4]  
(9.38) 
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APPENDIX 9,10 

MAIN PROD IAM 
DIMENSIOtc R1O),cR1(jc.3),ltl(10),H2(1O).H9tjO)rtl(10,IQ)*XlUO)s 

1Xt101,DGR(10),DXX(IC) 
READ 10009K~ 
READ 2OGC • t X l ) * lwl,K2I 
READ 200(,*RO,OX2*OXXv0XI' 
CALL FUHC.*F1.I 
IT m  
00 3' I.1,K2 
DO 3) J*1*P2 
IF(E'►J)2C,IOs, !G 

G0 TO 30 
Ht l,,J)*D,0 
CONTINUE 
CALL GRA4 4 X,Cf I 
00 40 I*1,1(2 
GRA NAP SF 1,SiR ('1  1 I 
IF(CRA' OXZ)4,J#4O,SO 
CONTINUE 
G0 TO 180 
00 60 I l.I(2 
H1(I) *G.0 
DO 60 J*1.K2 
Hlti)-P Itl)—tftI*J)*GR(J) 
SP'o.0 
UO 62 I*1►KZ 
SP*SP+H11d)+~H1(I) 
Sig*SQRTF(SP ) 
DO 6 I*1,.2 
Mj(t)*t41t1)/SP 
CALL GOLV iE C X,R.0,GR r 1 ,OXX, I TER, F,(2, TP,X1) 
FAS * t F—F 11 
IF(FAB)72.5# 
FA3*A3 SF t Al ) 
IF (FAf3--OXI )180.180,72 
CALL GRA0tX1,GRl$ 
00 75 1*1,1(2 
AGR*AB $F t ;;R 1 i I I I 
1Ff AGR'-QX.) 75,75, 8 
CO! T I NUE 
GO TO 180 
00 80 I*1,1(2 
DXXI I)*X111)—XIII 
DGR( I)*GR1 t1)—GR(I) 
ssu:4I;*o.0 
SUi42.O .O 
00 IZJ I'A,K2 
H21I)*G.c 



101 H3(I)aO.D 
00 110 JR1.X2 
H2(I)•HZ(I)*H(I►J)*'3CR(J) 

110 H3(I)3H3(I)+C-GR(J)*h(J►tf 
SJMZ.SUv I+DXX(I 

120 SUM2•SUi'2+H31I) )GR(I) 
DO 130 1 ■1.K2 
DC) 130 'I ,K2 
Ht I ►J)■k (I ►J)+DXXt I i8t)XXtJ)/ J 1+i-21 t)*H3(J)/$U:+2 

130 H(J,I)sH(I.J1 
DO 170 Ix1►K2 
GR(I ).GF 1t I ) 

170 X(I)•X1(1) 
PUNCH60C 1► I:TrR 
PU'UCF3' CI14.(rl I) ,11'K2) 
PUNCH9iWn.(X(I),1* i•K2) 
ITCR•ITFR+1 
PUMCHa3OC .F 
F1*F 
GO TO aC 

600:. F0RAAT(2~+Xv14H1TFRATI0N' LIQ -►Ia►13HGRADIet4TS ARE) 
!CCO FOR4AT t TF10.S) 
From Fo''-10(2I51 
;n4O FOP,"AT (I ?] . , 
180 STOP 

APPEI DIX 9.1t 

SU ROUTI !! CGLDS (X.STEP*GR#S,FTOL,TTER►FY,X;2►DP►Y) 
0I" !'A4SICN X11O),Y(10),5(I01•GRIZO) 
IPRIT-1 
IEXIT=) 

FTOL2=FT0L/Ir"1. 
CALL FUN(X►FX),'' 
FA=F'X 	s 	1 IIFX 	s 	CwFX 
DZM(1. 	S 	DZ' 0. 	S 	DCe0. 
KK 2 

DPS YEP 
1  DO 2 IQ1,K2 
2 Y(I)oX(1)+DP*S1T) 

CALL FUK (Y►FF) 
IF(ITERd.1)3."a1, 1,392 

351 PUf.CH7OC 0oFF'.DDP9 (Y{ I),ISI,K2) 
352 KKrKV+1 

IF( FF—FAS)5►3►6 
3 	00 4 Iv1,K2 
4 Y(I)tX(J)+0Z*S1I 1 
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FY-FA 
OP■'IYA 
PUMCH7OC•^►s )A 
IP( IPPi~'-►i).' ,8O 

!45 PIJl CH2104 
60 G0 TO 24 

	

5 F(*FP 	S r.FA 	S  

	

DC"De, 	S 	1D2 	S 	tZZmOP 
DPs2« OeDP+STrP 
6b TO 1 

6 IFiKK)7feo9 
* F *FF 

	

unp 	¶ 	nr e- )P 	5 6Pm~»$TEP 
GO TO I 

	

8 FC''Ffx 	$Fr.wFA 	S 	FA4FP 

	

DCoD2 	$ 	T`PUDZ 	S 	DZUOP 
GO TO 21 

	

9 DC^~D3 	s 	h woz 	A 	02-OP 
FCOF 	 P-3aFAS 	FArVF 

In Ds'*Q,3*(DZ+OP) 
1F (l R* 4)3S1,3! , 54 

353 PUN(f 7CO1„ ' ',hP, (Yt 1) , f 1 nK2 i 
314 aO 11 2x1,K2 

11 	t)*X()*!P*Z(1) 
CALL FU "(V•FF) 

12 DXY•(DCP)'tf ►-*tll) 
IN XY)15 x3#18 

1' 	DO 14 11,K2 
14 V#1).X4l)+Dr*S(I) 

FYwFl 
ISP*D 
1 'f t X1Tm1)62,61.,62 

61 GO TO 2 
62 1 F( I P I T -1) 6496 964 
63 PUMCHr ? 
64 On 10325 

	

15 FC*FP 	S FEaFF 
DZOt3  
GO 7021 

18 1F(FFMFf )19*13r2O 
1+ 	FA+*Ff 	$ 	&F ' 

	

DZ=Df3 	$ 	0^0C1p 
GO TO 21 

20 FCOFF 
OC*DP 

21 AZ FA* (t 	C )+FL * f OC—E~Z) +FCe (oZ—Dp ) 

22  
ODA•(x.32-DP)9 (P—OC) 
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IF( ODA 11 3,13,2) 
23 X' 2 4 I.1, 
24 	'Yt t ?O t t l+t;PO'St t 1 

CALL FW' Y,Fl ) 
IF(A9SPi )--FTCL2)2 .2$ ,26 

25 AZ*1,O 
GO TO 27 

26 AZ*1,O/FA 
27 	 t 	 *E+b FTOL 

I1~(AnX)19*211#12 
228 I XITs1 

IF(FF-F )29.13.13 
29 FY+~FF 

GO TO 32 
30 IF(M)31," 1,13 
31 ~t.it►1 

G0 TO lC 
32 GO99I+1, C2 

I'FtYt I )*KI I) $32 ,99,325 
99 c© tT INUr 

GO TO 31 
325 1F VTOL 1578 026 026 
328 I '! tPRIT-R11326*3' C)«326 
330 PUNCH3001.t4WL 
326 IFt T~Y- 'X )345+r"~35*335 
335 AGX~►.-GR { I ) 

IF(S(I)' AGX)?~4O, 36,340 
316 IF1 PY-F'l 34 ,,338,938 
338 PU 1CH5000 
333 IFtMTOL'5)3) s34O,339 
399 IEXIT.O 

t4TQLmNT( I~+1 
FTQL.FTOL/1t1. 
60 TO 12 

340 PUN CH?f)^ 1',fW 
71+)O FORMAT t l 3P6.3 ) 
21Qu FORMAT t 13frtSPARC 1 FAIL 'f ) 
22DD FOgMAT(7*sHSEARCH FAILFU 0Y ROUNDING) 
3Q O FORMAT( 17HTOLERANC? PFDUCC;D.12 ) 
5"nC FORMAT t 1 BWARc8 FAILED CRA) 
345 A!TURI 

APPENDIX 9,t2 

!t)tl ttl)71W ' FUt3tXsF) 
C'tME' 5ICM X(I'1) 
A3~~1.r+t~3t lbw+~~tll.fl~'~I3~~t~r~'fXttl#~12?11 
Al2*tA171,Stt:r(6.*X(4))+` INF(6,a(X(3)+X(41 )))/6. 
A16*SINF(P.*Xfll)-SINFtf),. X(I)+X(2))) 
A16otA10~*SINF48 	1X( W)+X(4)))+SINFtU, X(4)))/8. 
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F.A1Z+Al6 
Fw—F 
A'TUR14 

APPEND'.-;X 3,i3 
St1'R! UTIMF GRAD(X,CR! 
CTMENSIfl X(1),GRUUO) 
GRI-CO5I (6..X(1)) COST( .*(Xt'1)+Xt21)I 
GRt'1i=C,B I+CCI)F(S**Xf 211—CO5FEtl.*tXtil*Xf2111 
GR( 1?s—t'R(1) 
GRt2t*~-C.O: FU *(XIII+X(2)))-CO5F'18.+fX(B+X(2)) 1 
G?t2).—CR(2) 
C$?(3).COSF(6 *tX( i+X1411 COSFt1«*(Xf 3)+X(4)11 
GRf' 1m--CR(31 
GR4aCOSP(6.*(X(!I+X(4)1)—COSF16s*gt411 
CR141,# rP4+CC.SF(E**X(4))-COSF(C.' (X(3)+X14'1!1 
GRt 4? ■-- `I( 4 ) 

IJ!'~9 
"ID 

APPCH OX 	IL1 
SU!3ROUTTNE FV1dt7 •F) 
DI"ME04SION X( 1O1 
12*SU (&.«X( 'LI )—SYt4'(6.t, xU)+X12!)! 

Al2.(Ai'St€ Ft i. ►X3!)+ t 4Ft6•$t.8O—Xi2"l+X1311} 1/14. 
AIb*St~S~t~1.+►Xfa.l 	 ittll+X(2)1 1 
~1~*t Aldi--"`,tr~Ft~«~t.~E1—xt;~l+xE3~i ! 1+5irtFftl.~►Xt31I l~~. 

f~m~F 
RcTl.l,t`,! 
END 

AFP N'D(x 9, ~r 
U T t 	ot'.f~i!.r t x,c7S 

CTMCM$1CN Xt1)1*G1 H1O) 
Gu,l«Ctl$R(6,r+►XtI,)!'"~COSF(6. (X(1)+X(2)!1 
C'~t11•GF;2+C~:~Ft6.~'Xt111~-t«'U:~FtEl.+~t'~t2l+Xt~1 i? 
GRt11s-CRt11 
GR2e-CC F(6:ø1X('1)+X(21 !  
GR(2)=GP2-~COSFt8,+CXf11+X(2)))+CC5Ft8.*t.3O-X(2)+X(3!11 
(R(2)*—(.Rt2) 
GR3 Ct'r 'F16.+ X(3)1+COSF(6.*(.60—X►2)+X(3) )) 
GR4 3)*CFF-CorT113«*t.8O"Xt2I+X13))' +COSF(O**X1311 
C^11!■-(,R(3) 
R 'TURN 
E 4 
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9.16 Determination of A and 3 

The expression for torque Ta is $ 

Ta :A82 t Bit•C 

At slip 8, Ta will have some known value? 
and it slip 92 Ta will be Tat . 	 1 

Tel =A$ •►B91 -C. 

4 
or A+BiB -►C-Tal *0 

and SZ A + 82B -C -T 	0.0 
2 

Solving two simultaneous equations in A and B 

(Ti 82 •'Taa 9) +. C(S 32) 
A 	 (9.39) 

81S2(51 8~,1 

and B s 1 (T 	•C-  82 A) 	(9.40) 
1 

9.17 Determination ofd 

Bo is the slip at the beginning of that synohronising 
attempt and not torque at this point 3s Zero. 

Therefore T :. 0 j Ta 0 T~ - Ti 	(from lgn.f, i0 ) 

or 	A8of B8o -C♦ To 	Tl :0 
o 

Is the value of To at B' a slip. 
where T~ 

0 
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orA82 +H90 •(Tl !C•T+ ) . 0  
ro 

B t B2 ! 4A (Tl• C * T ) 
' $ s 

' '  O 2A 

so 	 1/2  
.2[..B 	B2 l 4A ~ '1! C • T, 

2A 	ro 
(9.41) 

The negative sign is not considered as' it is not 

reelised. 

9.18 Dstez dnstion of Criterion for Pull - in 

The equation to be integrated es stated in Sec. 5.4 is 

fl2b 	db 
Jt 	Qt ! C b 	'fit 

dO 	db 
or J d +B dt +Kb1A82+B81P4+Tr +C•Ti 

d8 
or 35 db ! %fl ! Kb a A coe2(bsof! 26i) •Bfl00os(Ctb(2b1) 

•C ! A cos2b ! IlAn2b • Tl 

d8 	 ri + coa2(a+b?2b ) 
_.1 

! Bea ccm(b+bt+2b $) C + Dcos2b !E 8in2b •Tl 
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or sfln.'brin dS 	 £9 A 8 b  

	

(3S—... .    T$. Kb) : t - 	....ocoa2Wy2bl) 
fin, in 	 2 

+ BSo co;(b*b+2b 1).D coi2b*Ssin2b u (Tx + C) 

or ~lt~n. ~b~• 
:d d8 + B 8a cot (b• b#2b1)db+Kb db 

sin' bin 

A.  
LO
2 

løsaa. 	cos 2(6+4?2b.,i) + 8 BQCOS(b+bt+2b1) 

Dcoo2b# rin2bf (TeC) 	db 

Jt 	o f b~►~, +2b 	Xb 2 a s'fr2 - bo 
or 	2 BM 'do 	! I

i
) 

A b A 
+ ' j ' sin2(b0+b. 26i) + I380sin(b+b?261) 

2 

8 cos2b 	 9, */2 +6 
D

(T1 , C) b 
~oI bo 

3L 2tf +)2 '" b2 
- 2 	sQ+ 2 	2 	a 	o 

r 	 E 
2 	2 + B o 	2 six 2bo 2 sin 2bo 2 coat 2bo 

coo 2bo - (T1. C) 
2 	 2 



or 	2 ,~ -1~dn~bo +$co•260 + tl 41 DO 80 

Cj +wba) "(T1+CM 2) 2 

or J 	2 1 sins o +Sco*2bo +(B BM)So 
Q 

1 	2 

(9,t,2). 
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