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ABSIRACE

“In tho diocortation worlk tho princinlo of fiug
tarriors 4o oztondod to multigpood opomation of roluetaneo

notors. Andlyois hao boon corried oul for a tuo opcod

rotor inconrppraling ogsontiol os voll as cundlinry
tarrior olongith tho intorpolor chonmolo.

A thyoo phago rolustonco potor 1o dooigncd,
gabricated and tootod for difforcent rotor dooipno. A
goaseh hao boon mado for optimun valuce of thn rotor

intorpolar channol paremotors, to givo oqnl noxima povor
factors for tuo gpocds of oporation with lovor gtator
input curront. An altornative mothod 1o ougpeoted

%0 prodict tho porforacnco of a roluctanco motor hoving
only intorpolar channsls on tho pordphory of 4to rotor.

Yoot rooulto of throo potor dooiong, For a0 ,
oo poluctanco notor gtotopr with analytical cg woll ao
optinigod channol paramotors havo boon vocovdod. Tholy
porTornancas ara gatiofoctory ond ceaparc favourndly wvith

tho ougpootod mothed of prodicting tho porforminnco.

Tho pull=in eritorion k1o dbeon furthor gonogaliocﬂ
¢o dnclude tho viccous £riction ond cowpling vipldity. |



&

It 18 believed that 4if a rotor is designed in-
corporating the flux=tarrier principle the performance
of the motor at each speed, will become comparable
to induction motor performance for the sameo frame and

the reluctance motor may be preferred to all existing
nachines, in a large number of spplications,
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1.1 6 L

Miuctonee notors voro knovn to oxiot for ovop
ono oad holf o contury. Dut thoy eccupiod vory lowv poole
tion in tho gonoral fonily of rotating oloctric nachinog
betruco of Lugds poor porforaanco ng caapared to tho
oauirrol=copo induction motors of oomo  oizo, Bt with
tho progreoosive increage dn tho donond of conotypnte
multiemmood drivoo 4n tho industyry, the rocoorch worniors
n;vo been prorpltod ¢o furthoy donrovo tho dosipm of theoo
cotors vith roopoc=t €0 both gynchyonous ord agynchronsus

poreri neos

00 zoluatanco nofor: nporntoson tho prineinlo
anf verinhio poluctnnco and hno boon dofinod Uy AN oo
®a gynchron~uog notor oinodinyr 4n conotructinsn an 1méu¢%ian
ntop in vhieh tho ncobor earrying tho coenadary elrcult
heo onldcad polop vithout Q.c. ozb&tctaen. I% atarto ag
on indvction potor but oporatos nosmnlly ot gynchron~uo
0pa0a®, |

1.2 50T REVOLOR TR

- A —— -

firmigleant doprovcacnta havo boca cehioved
Ae hn mpb deendo 4n the  popforoanco of polugtnnco

%

19%0e Zntmnncan1(196ho propoocd o semontnl rotor
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vhich vas superior to the pr-vidu; salient pole rotors in
all respec-ts except thit it wna.ﬁaahanicuixr a complicated
atructuri t9 ba fnbricitad. Ko-tko'a? flux-darrier principle
vas llsd cuﬁlqyod to iner&ana the asyraetry in the magnetic
circuit., Pongd (1967) extended the idem of pole smplitude
modulation to‘two speed operation of the reluctance motor.
Lavrenson® (2968) then extended his segmentsl rotor to
multi speed operation. Agsin it wvas rbn35 (1570) uhé
applied the flux-barrier principle to obtain widely Aiffer-
ing saxes-reactances and achieved significantly bigh xa/xq
ratio and hence far better single speed operstion,

The synchrontisstion process was also s subject

of study simultaneously. Ltwruncon6’7’8 has many

papers to bis credit uhich deal with different mspects of
synchronisation. K. Burian9 also studied the pull=in
phenomenon end he gave a geherelised analogue reprrcant;-
“tion to smearch for the boundaries for inertia, slip etc.
Por succesgful synchronigation. lavrenson'C (1973) dertved
a pulln criterion which gave the values of inertia which
could be synchronised if the induction motor ncéicn be strong
snough to bring the rotor tc a maximum speed corresponding
to a fixed mintmum slip.

1.3 SCOPR_OF DISSERTATION WORK

In the dissertation work, the principle of flux

barriers suggested by ﬁbngs for single speed operation




hop Bonn oztonntod Co mudtdopcod vange. Amalyolo bao bocn
cnozd o out to obtndn ¢in wotio Khtﬂq for po paldy of
POI=ge WO £rcdldtnto tho doolpgn, tho cono annlyoic hao
beon poponted for (1) rotor otructurc baving no tarriors
(33) pator ot -wuweturo having only ogrontial tarrdor. In
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tho ccavoentional cnalygio (b) by tho caployaont of
princid 3lo of not £lun accvoul~tlon,

A cuitoble doplpn procedure is thon cupgroted o
dotomine tho opticwa lecation and dinconoion of tho
intorpolar channolg, tho ococcontial barrdor and tho auziliary
borrior. Otinicotion hag necordingly boen carried out |
to obtain sipultancougly onniow va’uoa of Kalxq ratio fop
tho ¢up opoado of oporation, thus dorivins ooxinua poonidlo
sorquon  for aqund pouly fb&toyg. 7ho enpofimontnl roculte
aro ceannpe! wdth tho om~iytical rosults o ootablich tho
authenticity of tho dordvod ozpyagciong, “thdg ooiabiiﬁhod
¢hat tho ocungogtod nothed of onnlyols for dotoraining tho
porfornnnes of o caliont polo rotor glvos bottor prediction

of tho porforooncop of rFoluctanco rwotor.

Thc pulledn critorion hng also boon modifiod to
ircludn tho ripidity of the coupling and tho viscous frice
tidcn wldch avo bBoon cxova By affoe-t tho pulling in
odrmicdcontly, by . Darlon’. Iovzoncen 0 (1973) @48 not



include these 1in his criterion.

Astne pulling into step of a reluctance motor can
" be more easily ctudidé by laprenson eriterion, it is
further generaliged to also include the viscous friction
and coupling rigidity constant,



CHAPTER IX
THEORY OF OPERATION ARD MAGNETIC
CIRCUITS 8P RELUCTANCE MOT(R

2.1 PRINCIPLE OF OPERATION

The stator of & reluctance motor is identical to
that or'an i{nduction motor, Itiu speed being exactly rela~
ted to the frequency of supply and the number of poles for
vhich the armaturs vinding is wound. Rotor of the machines
is in principle, sizilar td that of a squirrel-cage 1riductiop
motor, 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 reluce-
tahen is knovn as the direct-axis; that of largest reluctance
is known as the quadrature-axis. The revolving magnetic
f1eld produced in thLe stator causes the rotor to start
rﬁolving and to come upto near sinchronot‘u moid, by in-
duction motor action. If nov the mechanical load on the
shaft of the machine ims comparatively light, the slip -
vould be negligibly mll and the flux entering from the
ctutor‘ into the rotor tends to align itself to the path
of least reluctance . Thus the rotor experiences a torque
vbich tends to move the rotor so that the direct-axis coin=
cides vith the rotating flux axis, in the process, locking
itself with the stator poles and the machine then operates |
at synchronous speed. |



When the machine is operating without load, the
rotating flux and the direct~axis of the rotor are exactly

aligned (assuming losses in the machine to be negligidle).
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 half of a pole pitch, the motor
is pulled out of synchronism. The value of load torque
which is necessary to éauu this pull=cut is known as
the pull=ocut torque. After being pulled-out of synchron=-
ism the motor continues to run vwith a slip in induction
motor mode, until tné load can be reduced sufficiently
for the motor tosgain pull dback into synchronism. 7The

‘maximum resistive torque against vhich the motor is

capable of pulling into synchronism is known as the pull-
| in torque and is a function of the load inertia, the
allfuncy of rotor and the mtmimum slip wvhich 4is attain-
adble under the induction motor mode.

2.2 EXPRESSION FOR RELUCTANCE TORQUE

The reluctance torque is produced due to ssliency
of rotor only. It can be shown that the torque required
to move the armature of an electrical machine through an
angle d6 is given by

4 R

. 1
T - o



The expression clearly shows that the force set
up in the system tends to decreass the reluctznce and move
the mechanical part towards the péﬁtion of minimum reluce
tnnci s fhc 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

Te 4o _ (B8 sin 2 (2.1)
®* § max.q d : i

where B

qQ and Hy signifies the quadrature-axis and direct-

axis reluctance respectively, # is the aaximum flux

max
and B 1s known as the load angle.

5 The same torqus T can be written in terms of Qe
axis and g-axis reactances as
wwe 1 1
" a, T X

If now the frequency and magnitude of the supply
voltage remain constant, the flux in the sir-gsp would
also remain constant. The reluctances H, and ﬁ'q are
constant for a particular machine as these depend on the
geometry of the magnetic circuit. Thus the only variabdle
is the rotor phase angle & .

When the load on the motor changes, load sngle &
sdjusts ftself so that the electromagnetic torque developed
by the motor becomes sufficient to drive the mechanical



load comnectdd to 1ts shaft and the torque required to
ovoréa-c the losses in the motor. I the locad increases,
the motor would momentarily slow down, thersby increasing
the angles & until sufficient electromagnetic torque is
dqvclopcd to éqrry the increased load. The operation is
resumed at synchronous specd after & brief transient period.
The maximum value or'aléctrnnssnetic torque occurs at
3 = 45° for which expression for the torque becomes?
2 |
Toax ™ 2‘3' ""?E;""%; @

2+3 RATIO X,/ Xq

The expmessions for pover factor and pulle-out
torque (sec. 3.6) suggest that the operation of reluctance

motor depends primarily on the ratio of the direct-axis to
quadrature~uxis reactances, xa/nq $ the bigher the ratio,
the botter is the performance. This can be achieved by
increasing x. and reducing the value of'xq. The direct-
axis and quadraturs-axis reactances are arsociated with
the direct and quadratures~axes of the rotor. So by

guiding the path of the flux along these axes, appro=-
priate value of the two reactances can be obtained. It

bas also dean established that the gulding of flux 4is
mainly dependent on the asymmetry in the magnetic circuit,
which therefore led to the investigation of varicus kinds
of asymmetry in tke magnetic circuit.



2.4 MAGNRTIC CIRCUITS OF RELUCTANCE MACHINE

Since the dlio 1hventoé. reluctance machines
have been built in varying degree of magnetic circuit
proportions and have been used in a variety of applica«
tions . The earliest form of reluctance motor rotor wvas

produced by simply milling out trom the periphery of a
squirrel-cage rotor two channels as shown in Fig. 2.1.
The pole axis is the direct-sxis of magnetisation. The

| Bu@h of direct-axis flux is shown by continuous lines,
If the rotor is turned through an angle 90° from the
original position, keeping the position of stator field

" same, &t occupies the lesst favourable position with
regard to the poai.ﬁ.nn of the flux., This is the position
of quadrature-axis and the dotted line shows the path of
the quadrature-axis flux. '

The same motor could de operét.od for more than
two poles on rotor. But the performance of the motor dete~
riorates as the mumber of poles, for which the stator
is wound, increases. ¥kikes It wvas due to very low value
of xd/mq ratio made availadble by the magnetic circuit
for higher pole mmbers. It wvas later observed that for
mcecism operation at higher pols nuabers the rotor

must have squal numdber of channels (or poles).
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The earlier designs, hovnvor, suffered from
roJ.ang disadvantages @

1. low efficiency,

2. Lov power factor,

3. Lov output

4. High magrnetising current.

The reason bebind the above gtated dravbacks being

the 1mdiqmcy of the magnetic circuit to provide larger
reluctance to the quadrature~axis flux which would leed to
lov qudrature~axis reactance and hence higher xd/xq ratio.

| Though the very next form of the suggested rotor
Was a crude form of the present day single speed design,

yet it wns exploited for research work and commercisl
application cnly after another form of rotor called the
saguental rotor came into extistance. This type of rotor
resulted in significnnt improvements in performance compared
with the earlier designs.

The segmental rotoi' consiasts, magnetically, of a
number (equal to mumber of magnetic poles for which
stator is excited) of circumferentially extending pole
segnents. The shape along with magnetic circuit is as
shown in Fig. 2.2, vhere lines marked D and Q are associated
wvith direct and quadrature-axis fluxes respectively. As

1n the previcus designs, direct-axis is the axis of
-m reluctance snd the quadrature-axis that of maximum
reluctance but as is clear from Fig. 2.2, that the direct
axis coincides, not vith the pole centre line (Fig.2.1)
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but vith the centre of the interpolar space.

Consideration of the corresponding flux paths shows |
the advantage of the new circuit. The radially ‘cxtm‘ding
interpolar space has only a slight effect on the directe
axis paths Lt lies across, and has a much greater otfoct
on the guadrature-axis paths. Consequently even vith larger
values of the pole arc o.nd ponco lov magnetising current,
larger value of rutid xd(xq cwauld be a_’ttnihod. ‘Ihus. advane
tage of the geometry of this rotor lamination is the improe-
vement in both synchronous and asynchronous performsnces .
The success of segmental rotor further led to the nilfu.ng'
out of channels on the pble segment (Fig. 2 .3) and theredby

reducing the gquadrature-axis reasctance and giving still

higher ratio of direct-axis to quidnturo-uzu ruct_azicos.

" The segmental form, hovever, posed problems with
mechanical design es the coadined magnetic and centrifugal

forces on each segaent may become conglderadle . Also,these

rotors require nanmgnatic stesl shafts and non=-magnetic
steel bolts. These drawbacks cleared the way for mplmnt
of flux barrieras (or guides).

The ideal for a reluctance motor is to produce
strongly directional rotor while mnmtuning - standard
type of construction. The principle of flux guides smploy
one such system paé pole. Bach syti;qn is comprised of one

essential barrier and one aux:.lury barrier. Varicus rotor
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laminations employing barriers for single speed operation
are shown in Figs. 2.4, 2.5, 2.6.

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

ends of each flux barrier alvays coincide vith two diroct~
axes; and P flux barriers divided tie periphery of the
rotor into 2P equal parts (Fig..3.1") « Trie approadh
changes tle flux paths in such & Qay that there i3 no need
for a stainless stcel shaft, All materials used in the
fabrication are standard and cost is oxpectcd to be equal

to that of a squirrel~cage induction motor, if specially
punched laminations can be made avalilabdble.

2.5 EXTITSINY OF PRIICIPLE T0 TWQ SPTTD

The multi-speed operation of reluctance machine
has been of interest for & long time due to the ponsibility
of obtaining perfect constant speed froa them without
having the d.c. excitation in normal synchronous machines
Among fha notable contribution the earliest was the modi-
fication of the conventional m-chine (Fig. 2.1) to yield

apeeds in the ratio 211 . Two and nore epe«tds vere also
derived from segmental rotor. But two poles on rotor and

tvo or more poles excitation on stator, could not give

satisfactory performance, It was observed from the
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derived expressions tblthhighur Xe/ Xq ratio can be achieved
if number of channels, milled on rotor periphery are made
equal ﬁo the higher mmber of poles for which stator is
wound. A compromised rotor design is therefore assential

for cucccsqful operation at two different spoeds.fo fulfrfil
 this requirement a rotor with unevenly spaced channels on
its periphery (Fig. 3.5) was developed. ‘

, In the present work, theprincipls of flux-barriers
'1s being 1nccrpora£td with the above rotor with optimised
pole vidths and locaticn#, for improved operation of the
reluctance motor at two different speeds as the principls
perzits the combination of any one set of essential-barrier

~withk another set to glve a change-speed rotor.
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CEAPTER _ III
ARALYSIS OF TWO SPEED ROT(R

[ .

3.1 84 LIFYING ASCUMPTICNS

The following assumptiorz are made in order to simp-
14fy tke analysis:

1. Iron i3 infinitely permeadble and hysteresie and
eddy currcnts are negligidle.

2. . Fffective flux~linkages are produced only by fundamental
camponent of air-gap flux-density.

3. A sinusolidnl space distribution of m.m.f 13 considered.

3.2 ABALYSIS WITH INTIRPOLAR CHANHELS AlUD FLUX DARMIERS
INCLUDED IW T.F ROTOR SIRICTURE

3.2.1 Description of lanination

¥ig. 3.1 shows an elght pole rotor lamination with
four auxiliary barriers .nclosed within the four essential
barriers. 7The interpolar chLannels of the earlier designs
bave been retained as suck. The lamin~tion also has peri-
phberal slots punched cut to accommodate the squirrel-cage

vinding in the ususl manner for starting the motor and
bringing 1ts speed very ne r to synchronocus speed of the

motor (not skown in the Figure). Each fluxedbarrier is
nade up of three parts, a central ciannel, suxiliary barrier
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and essential barrier.

Relative to the quadrature-axis, positioned at the
centra of a channel , the peripheral location of the flux-
bnrriou and the 1ntcrpth channels are defined as follows ¢

First pole-end is marked at an angle Ay radians,
rn. auxiliary=barrier o f W, vidth and T, Thickness is
situated at «<, radians, This auxiliary-barrier and an ess-
ential - barrier of width W and thickness T , situated at
s radians are symmeirically placed about the reference
axis. The far-end of pole i3 at «“, radians. Next pole starts
st ¥/2 -« ond finishes at ¥/2 - <y Tadiens. Essential-
barrier wvith W' width ‘anrd T* thickness is located at v/2 -ti
radians vhile the auxiliary barrier with W{ width and T,
trickness is situated at v/2 =« d,:. These two are also
motﬂcaily placed about an axis at right angle to the
original rerex;onoe axis. If the anglescposition)of second
set of barriers and pole is referred to this axis then
the angles will read -l; » d,: for pole-ends,

and «j , "‘5 for suxiliary and essential-barrier respectively.

3.2.2. Direct-Axis Flux-density

This is the anmplitude of the fundamental airegap
flux~density wave when the rotor direct-axis are coincident
with the axes o the fundamental stator m.m.f. wave. It's

asplituds is odbtained by Fourier's analysis as ¢
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v/2
B“ - 2 J ( m.xn.r) (Permeance) sin P 48
" /2
- -'- (H1d sin pﬂ) s N (9)0 sin pe dae ‘301)

| Where the value of A(8) keeps on cianging with angle,
as measured from the reference axis. Veriation of permeance
is defined by Table No. 3.1.

Table 3.1

Value of permeance Range vith respect to ’

2 (8) { refereance axis. i
# /G I 0 te
j b5 | “ to «,
§ B /8 | | i «, to | '(3
&4 “.78 ' %3 to ),
B /0 «, to g - o
B /g ‘ $o% to  Eea
ofs IR TR R
B8 g - «5 to g -«
/0 g_ - 44; to /2

>

Integration of eqn 3.1 after proper substitutions
and simplifications (Appendix 9.2) gives the wvalue of fluxe
density B., a8
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2&6 n
qa m k=] (=] Q
SO LU | PO

1 _
. 8 {oﬂ.na}dhouﬁaapiq°aﬂ.ﬂ29(g°d{;)
- oin 250 § =y ).} (1= %)J (3.2)

In tho nbovo anprogoion b 4o ¢ho ratio of poxdmuvn
oivegap o mininusy AdS=r0n.

3.2.3 Direct-axig Hagnotising Reaxctaneo

The volua of uvagnturated diracteanis magnetdaoing
pcactanco ig givea by ¢

g oK (Byg/Hyg) (303)
Thoro
Ko 2bDL £ k)2
D o Rotor diomotor
L o Cowo longth
'O o Ooplon turnospolosphaso
B 'Wnding foctor

Cubatitutinm Eqn 3.2 in 3.3 ¢ the valuo of Xaﬂ io

dotermined. Gho cnprogeion foxr Xaa ig 3

)

b 1
Xag® % z I’i o (e %)(qa;cs,‘ocs,g} =i )}; o a; 0in2pely,
o

) uy

= gin ° g (%) s (gﬁ)’i (1°3)‘
2pctq = odn2p( 3 < <)o sinp(g 35 5

(3.%)
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3.2.% Rotor Magnetic Potentials

The rotor lamination of Fig., 3.1 is supposed tc be divided
into three typical regions. First reglion ras the interpolar

channel, second 4s in between the auxiliary and essential-
barrier and the third region extends beyond the essential
barrier.

Owing to the presence of these fluz-barriers the
various rogions in the rotor take up different magnetic poten~
tials. The rotor magnetic potentinls conatitute ar opposing
rotor m.n.f. wave, set up under the influence of a funda-
mental stator m.m.f. wave. Ths rotor m.m.f. vave 13 of
stepped form as ghown in Fig. 3.2 To determine the heigkht

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

Agsuming P to be the general halght of the rotor
magnetic potential, its value in Aifferent reglons 4s defined
as given in Tgble 3.2,

- Equating tb gero, the summation of flux per unit
length in the third, second and first region defined earliier,
tre folloving expressions are written ¢

/ L
Lo (g D ae }a o 2o 9 =P,y

2| 4, B TagPosp@ =Py 5d6e [ FiHyq cowe Ry
D 3 - -t' 4 v
=40 + 3 o D - L - .
3 ff , 5 (B1qt0omp® ~P3)3 40 euo(-PyeRy) 7 +Ho(= P3*F3)

2° %

-

LI R (3.5)
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2 IB“Q (F< cos po F)e 40 +4 (P-P)&’l B (P v
- 0 (3.6)
and
- o,.. o(e,,, cospd -P1)~ 40
2! I E-(L1q cos po -P1)gd9 of % 1q 2
Lo
o, I | (3.7)
0“°(P2°P1) -2:?‘ = .
Table 3.2
. ;
_ o Range with respect to theo '
Value of P g reference axis.
P1 ! 0 to et1
Py | % to 4 L
P, . % to <y
P3 «3 to :1,
- - 1
z - d' to ! - of
F3 3" % 3~
v
Pé g - ct§ to 3 =4
' g w !
& R T A
v
] - - ﬂ"
g 5 e({ to /2
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Oolution of thoco cquatinng (Appondix 9.3.1 to 9.3.3)

givoo voluos of PypP, ond Py oo Poiloua

Ao @2«%,’- o po. J*
P ] 4 2 o
3 (3.8)
B
127
Py, © - -_— (3.9)
-1 | -
) ct,., = \ 4
g [t o MRl MR, NG
omd Py T T e (3.10)
s IR - i I R e TN L
o o/ " Bl.% o
TROPQ [
npty,=esinpd ]
Bqy = Hyg il P2} . %}5— (3.19)
| Do/
daot, Y Y 1 U :
By o S 2, - °*FT = 3 (:;-)2 (3.12)
asm *9 4
Fvln r,° gin [;:'(3 oin pl{vs2 oc::i\) ooin o,
Ao .‘ o ———
“i pahd | pG/D
. 7 oyt ™ r W o cf 1
o MR DER =) - oln p(0/2 - ) (3.13)
- paMd |
bo Wty TRTHN ey w w3
g G/mD g/M e T

fAndiraly, tho ocuproociong for rotor Lo notic potene

tlolo Pé el 93‘ con bo darived (Aprondln 9. e¥y 9.7.9) aos
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ul

Al o p'.
pé a 1 i 74
(3.15)
Do
1
- 0in p(T/2 etf) = pinp (7 /2 =iy )
T P - owns 3
y L Pa/m
q © - Al u!
, 0in g3/2 = ainp (o/2 m‘%’] o 3. 3
G/ M
» -~ B-; ‘l‘{
= cl? o cjﬂ tie % ["..
o o =L o — ()
. (9]
3 G/AD 1; By |
‘ (3.16)
vBoTe, Pi“ p7/2 ~ig)eptn plz/2 =<4 ) | o it (3.17)
~ 1 G e o o
A; o H.‘q L pg/D J 3 9
g = gl W% e 1 e 2
' , 2 — i °
By = — o/ M « w5 G (3.18)

Thug the valzas of Péapa ond p§  con bo dotornincd
by propar gubgtitutiong.

3.2.5 Cundroturo=gxic flux =donsity

Thio ig tho amplitudo of the fundoaontol air-gop fluxe
donglly oo vion tho rotor quadraturo=nnos oro colneidont wvith
tho azds of tho fundnnontal ptator mem.fe tavo. It 10 ool €0
tho da¢foroneo botuacn o ntator m.O.fe ANA the rotor n.a.£00
1 Aplicd by Ithe pormoanco. Py Pourdierts omlycis tho

raplituto of Cio fupdncontinl gires~p fluedcapity tavo con



to obtainoad frox tho oxprogoicne.

T/2-

b |
bg = ¢ gtﬁm coa po °p(@)} o A(G) ., o pd a0

(3.19)
vhaoro P(Q) and A(®) ¢tako tho vnlwa given by tablo 3.1 ond
3.2 mogocéivoly. ‘

Tho oxprascion for By qQ io dorivod in Appondin 9.

ol 4n rhowtm 29 32

5 o %o | [ o -

Bm —_—ry ’

e " og ?nﬁlmﬁ’(“&-““‘i*”"‘i“%)u@%)
A 1

a1,
4 55 ?31132]}1!‘.“51‘“29:‘1°01m?9(ﬂ/2‘°‘{’)‘9’8132p(1?/2 m&; )-? (1= %)

- 2L 1
D{ﬁ QQGln 9"1 -993(01113:(!0 «ginp{w7 /2 ac{i_’)) PN %"s&nP(t?la aﬂ%) g("f

o(!??«-Pa) aanz;sza ¢(93~P3) singcts 4»(95 w?é )os.n:?(wa ecxg)
1’; sin p U/2

¢(£—’§ -»P%)nlnp(trla acté) $ - (3.20)

3.2.6 Cndranturo=nnis tIngnoticing Ronctnneo

“hn voluo of quadraturo=oznioc pagnatising roactonco

ic glvon t7s8 n |
B, © R ;q - (3.21)
- 1q : R
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“abotituting cquation 3.20 in 3.21, ¢ho £apal
oaprogsicn for I

aq
a o -
g
foa @ 55 'zz; O (hym e ap oy ) (1 =)

-

can B0 weitton oo 3

-

-~ -

& %n 3;33-1" 2p &y, = odn 2p 4y = oin 2p(a/2 mb)eoanap(- -cu) ;
b Mg | 1774 Ginpd1¢2?3(81npnihwcﬂ.n?(§ "d&))*‘?«;m(gﬂ

o{1= 1)@ (91«» :,) sim::aa(?a»%) 02.:13;:1 o (pyp 2) amp( §=c:§)

P}

o(P1 =pe)ainp(c/2 o4} ¢ (3.22)

1 gi’.ngg i}]

:
=

3.3 ATANYRIS OF TUO CITH ROTOR wITH IITTPOLAR € AITTLS

——

( t4thout Fluz~tarriorg, cmgloyang tha Conveational
Mothed of Arolyrd o).

3.3,91 Pornonnco Distribution

Zac rotor of n Foluctapco notor has calicat poles
on ito poriphory. Doch polc corrooponda to o couploto cyclo
dn peoracance and tho aire dp poracanco dictributio: for o
2p =« polc roluctance notor of this tymo con tbus o
cuaproerod in Comms of thd anjgulnr Adnplnconont 8 around ¢tho
rolor pordphory oo ade hka cog 2n9 < hirkor ordor hnrnonicop
vacre p 1o ¢ho funﬂgmcntai mobor of pole mmira 1.0. by
0 coart~nt  Sorm Aye Togothor wvith o deninmnnt cocendebhasnonic

(L p = pola), ecaponcat ond hirhor ortor hnrmnndes of
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coprativoly czall nagd tudo,

I¢ tho nirecnp porcoanco Alntritution of o oquirrole
cnro gotor con bo nndo to bo approxinntoly ropracontod by

B, 2 Moy €03 7€ 2 Ay,(c0929 ) ¢ other harrorics it will
bocan posgiblo €0 obtain gynchranous opo:ntxon for oithor
yepolca or z-polesy vhen the rotor is used in conjunction

vith 0 p.a.me. stotor wvinding for y/s poles.

For veasons ozplained in Ebction.b.a hay 19 tokon
oqual to A2z. A graph of tho pormeanco torng, varying with
anglc © 5 48 plotted vith y = §and g = § for a 6/8 polo
notor (Fig. 3.3.). Tho groph with tho horizontnld cxic through
0 , contains no constant codponont. If howovor, o lino AB,
vhose position is dofimod by vnluo of X 4 i0 tokon no
abscdgeay an $denl poraoanco distribution contnining no
othor hammonic rosults. An anpproximation €n tho 14eal pore
nooneo distribution, toking tho lino AB ng abceissn, con bo

ovtoined, 4in the gimplost form by tho bivnlucd funciion
of ¥in. 3. b,

3.3.2 Dascription of Rotor Lam;natioh

I. p2acticol cmbodimont of guch a permeance digtrie
butiocn, as ia ropresonted by Fig. 3,4 1o obtained by using
cotor nunching of tho ohnps showm in Fige 3.95. Plainly tho

su 2otor 43 o coaprenico botveon dndopondont single spceed



sotoro uccd Lor oix and oight polo oporation. Rxcluding
tho flux barriors this lominotion rocomdlos ot doscribed
in Fige. 3.1 Tho poraocance for such o rotor lanin~tion can
bo daofinod by tablo 3.3.

Tadlo 393
Poxaocnnco ;  Rango with respect to !
: roforonce axie i
A( 9) |
B 16 0 to ¢y ;
! ”o’ 13 _ c‘1 ' Lo Ciu
| g o
MOIG _ dh. to 3 t.’
e o
£ S o 9 <o e o e ‘
0’8 2 ° % 2 9 ,
‘ B JG E - c{’ g
o’ 2”1 % 3

bt

3.3.3 Caprogsion for Pormoonce Distritution

Tho bivalued Punction of'rlg.z.b can bo roprosontod
by o Pourier gorlos ags

P = ab<¢ 2L51 jhhp cos *7;' .

fMnco tho function of Fig. 3.4+ 15 syrmotrical nlong
two aoppondiculnr axos, the termm (egn 3.23X 48 cquatod to g
Thea for « 8o be the angular displaconont rownd thoe alr=gap

ani (8) tho instontanoous rotor position Eqn 3.23 con bo
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govFditton no 3

&!@ coo 2 nP( - Q) (3031})

Mo

I?ntsoo
Fea k)

Zho ozproosion for Ao ond Ahp havo boon optablibhcd
in Appendix 9.4 and are given by ¢

' 2 R L ‘
Ao @ “&“{'—”-’--w (eeC)( 1 = 3 )] (329
o g {2 b ’
and
N, © n2ph = oin2p(ieD) =oin2p( 3 =CoD)
?  ugn(2p) . -
o sin 2p( § am} (=2 (3.26)

Thus the oxproorion for pormeancé con be uritton (for n=1)

Qo 3§ ,
; o 1
Po 2ol | o (BsC)( = & o = ¢oin2ph =oin2p(AcD)
v g Zh h p

- aiaZp(g acoD) ¢9inap(g -Dif‘(1-§ ) | cos 2pla =0)

(3.29)

3.3.4 Axls Ronctancos

Roforring to Appendix 9.5, the dircet and quadraturo
arioc magrotising ronctonceo dus to armnturc roaction

0roy Pospoctivoly,
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R N - (3.20)
Al Lo K g =20 (3.29)
Val050y alL ¢

e (3 K )2
R = = g)

Lopeo ¢he ratio of diroct ond quadraturo axio pagrotioing

zcactaneso 48 givon bys
ST P N

fgg 70 27

) B = 3 My,

(3.29)

o 2

3.4 ANALYCES OF TwQ £PBED ROTOR WITH INTRERPOIAR CHAIIDLS

(Uithout flux-barriorg, cmploying the principle of me
£luz accuaulntion).

3.%01 intor tiagnotic Potontinl

Tho shopo of lonination is samo ag shown in Fige 3.5
vhors, oaly ono rogion con bo reonlised. Tho posmcanco diotri-
butlon 1o rgain dofimd by Toble 3.9, Assuning tho veluo of
rotor magnotic potontierl in tho rotor to bo Pyt and using
¢tha condition thnt not flux accumulation in the ropgion 4o
oucnl t2 zoxo tho fbllqwing ofdprogoion 18 golved for Pq °

~
ai 1 o, | D cf’* s, D
f- T { Hm cos pd = 2y) re a0 ¢ ‘ Ea (B.“a coo po °91)§d€
0 o
T ; | o
s dl} X3 Y?/Z o
O?t'- o] D 14 i
é -E—~<qu cog pd = P1) 5 ae o -9=(n1qgoap@ *D,
. l} 3,2 L] 8
T/ cdb
D s [ o -p) 2a0
.5 e ] S (qu coo pd i 2 o0 (3.31)
7/2 =44 *

i
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and 4¢o van'g_c (Appondiz 9.6) 4o givom by ¢tho omprocoion
B4q i_ﬁgn 54, © odn 5, «oﬂ.ﬂp(g @cﬂ)‘:»oinp(gocxv)](‘io%)‘

9
o o (dyoctiocty =53 ) (1 = 3)
PO e B ]

Unking cubotitutions dgz A p = Ay = B d; = D and

c&{} o cq = C , tho above oxprosrion can bo rouritton

in difforent form as & .
\oB) = - 2 oCo g o o3
< q[aﬂ.npm@m ednph =ainp( 2 =C4D)+< oinp( 5 D)] (1 &)

E’.'u T
v
- I |
s {B2C) 1 h)

(3.32)

3.b.2 Quadratureoeaxio flux-donoity

Tho ozprossion for By q is 3

wr2

D, o :: r(H1 cos p@ = pg) coo pd A(Q) a0
7 o q

iq

vhoro wvarintion of AN (O) 4s given by Tnblo 3.1.

tiith proper substitutions and sizplificationg, the
ogorUccion for Bm can bo dorivod (Apprndix 9.7) as 3



a3 ﬂ.‘ vog
o Q 9

e-:m(} c o
{B>C) (4 3 do

7 {canop(roD) =canzp

i
- ap .
oaﬁtxap( «@sD) & pin2p(s eD)} (1= 1)-= 2 ér.
I64 n2p(3 " =3 Lgsmp(l\:@ﬂ)
Dm a o gin pA o ofin p( g o CoD) & sin p(g cD)g (1= é) }a]

— . — - A O S+ W

= o (B> i,
on o (EsC) (1°h

(3.33)

3.4.3 Czadroturo=aad g renctanco

fubstituting ean 73, 33 in tho oxprension
xm s K (}31 a 71, q) tho oxproangion for quadraturc axio
¥o.ctance can bo doternined,

3ol b Dlrcctamtia Reoactanco

Ao tho progonce oF aboones of flunebarriora in no
way offocct tho dircctenxzis flun donsity, ¢ho diroct o %o
reretanco rcnino  unchanscd. Thug tha ezprencion for
dircet-nrlo reactanco reomaing somo ag dotorained in £30.3.2
ond tho gubotitutions of soe 3.%.1 ylolds
R Z 2; s (BsC) (1 = g-)@ i L"" 0Ds! =

vg L ae 1

— hi
= gin 2P{A+B) ¢ a&nszg e CoD) =31n29(§ =D) » (3= g;)

s — b

(3.3
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3.5 ANALYSIS OF TWO SPEED ROTOR WITH INTERPOIAR CHANNRLS
~ AND RSCENTIAL BARKIEHE

3.5.1 Description of lamination

The shupi of lamimetion is as shown in Pig. 3.6.
Only the auxiliary barriers of Fig. 3.1{Sec. 3.2) have desn
omitted. Thus the Mmtﬂ.m consists of two poles ends of
vhich pre situsted at <., «, , #/2 =} and #/2 - 4
radisns vith reference to s refersnce axis situated at the
centre of a chaunsl. At -t3 Tadians, a fluxe barrier of width
W and thickness T 1a included to guide the flux, This barrier
is syooe tTical about the reference exis. Ay ¥/2 = «' there
is another barrier of width W+ and thickness ¢ \M.cg is
symmetrically placed gbout an gxis at right angls tc the
original reference sxies. Tho psrmeance distridution of Table
3.1 #till holds good.

3.5.2 Rotor Magnetiz Potentials

In the Mg. 3.6 , two regions are realised which
have different magnetic potentials. Accordingly the variation
of magnitude of rotor magnetic potential is defined by Tabdle
3.k,

Rquating to sero the summation of flux, per unit
length in 4different regions, the expressiona for rotor magnetic
potentials have been derived (Appendix 9.8) which are
expressed as @
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Table 30"
f _
Rotor magnetic Range with rospect to tha refe-
potential ! rence arxis,
Pa 0 to < |
Pa L to -13 ;
P 3 o ﬂ". to g - “&
! - ¢ { ' ' -
Py 3 4,. to 3 aé
. h ! - ! -
2 3 di to 3 uc;
P ¢ ! - | B !
2 2 c(1 to >

Y e
Ao Pree —
2 T & Pi- T

2 .
P3 = - (3'35)
X B ‘
|z i ]
P, s ~g o< 4 —  (3.36)
2 i‘- » :‘-3—-.:‘-1 » E- 1 ( E )2
) g/ T B T
and - . -
o | sAnp(¥/2 ext) esinp(s/2 -ay) sinp w = sinp(3 =
' pg/D * PG /D |
Pt -
“ o ST we 1w
_,j, . 3. V 4 = o e (.....)2
amn g Te B ™

(3.37)



vhere,

Asw H? [lin P¥), -sinpt, . |
19 pg/D paL

etnp( § <y ) = otnp (I -t,;)]
pE/D

ainp( § =«¢) « sinp «,

*»

(3.33)

AT feqee me VoW
B eeec—— —— PR
g/ G/ * an T T'E (3.59

B =

3.5.3 Cusdrature~axis fluz-density

The expresgsion for B.,q y the quadrature - axis
flux-denaity 1is 1
/2
I

q " 3 cj; ( H‘q cos p® = p(@)) NO\. cosp® 46

vhere, vari,tion of A(€) and p(e) 1is given by tadle 3.1 and
table 30“.

B

The sxpreasion for Byq ©8n be solved ( Appendix 9.9)

and expressed as - -

ou 7
B, w —2 H‘q -a-h' O(O(u"‘" ﬁ(& - d*) 1 -g )

1q rg
* 1-»?1329-‘ sindpd ~uin2p(§ -<d, )4-:1!:29(- M{)} (1~ é )
- ; [‘-paunpﬂ“ Py 93( sinps;, -sinp(g -q‘)) » Puinp(i -({)}(1-
. sanp v727 ]
* (Py=Pg)ainpey #(Py=P) dutnp( § =g ) o B} -~ )

d
(3.%0)

J
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J.5.4 Cxadraturc=onio fNcaetanco

Cobotitusing Ran 3.%X0 4n ¢ho ozproocien
qu a 5 ( D.zqi B4 q) tho valun of quadraturo axlo ronetanso
con ©0 obeadncde

3.5.9 DdpoeteAzis Reactance

Foliloving tho carldor diceuvooion, thae valvo of
Gisocteomio narnotioing ronctanca proaing wnchanged nnd

honco souriteon ag o

po gy R -0' 0 )
R E i e SR RICEY §
— - ' l
9
° 55 i{‘cﬂn 2pY,~0in2p, = c.‘ln?p (‘3 2™ ¢aﬂ.n2p(3 “ﬁﬂ)j: (1°3);

(3.149)
3.6 PEWOIAICE BGUATIONS

Uou , that tho omproosion for dirocte=anndo and quodrae
turc azio nrgotiodng rcactanceo have boen cginblichced, tho
valuo of dirceteonio ond quadrature ido Fonetancos érm bo
dotorninodng $ |

Ta = ¥q ° %y
Xq o XB a & Xl

By subotituting ¢thoco valuog in tho varlous porfore
ooneo cquationo 1lotod Bolow tho porformar2 o of tho potow
ean ba prefictod.
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!

3.6.1 Torque

For line veoltage V the output torque of a star

connected reluctance motor is given in gynchronous watts

by

avz(xd‘.x.ﬁ) un 2 & . (3.42)
-.!2 hd

Er—(xd~x )sinzl.] 2 E.xdavxq)dxds:q cos 28,

-

By d;ff-unthung this equation with respect to By the
condition for maximirs output may be obtalned ¢
«(x§ =% |
cos &. .2’2-:2:-;5 | (3.43)
q |
and substituting for it in BEquation 3.42 gives the expression
for pull=cut torque 7T

po *
(X, = X)) |
: ¥ c = SRR
po
2 {X,=X ) o[r?(x X ) AR 2"2"4’& * xgéa]

If resistance 1s neglected, thiz equation reduces to

Xy=X )
"po'f X%y _f_(; e 1y @G
r=0 2 XaXq S X4

346.2 Current

The equation for current is

v (Xy=X)) stn 28,

I sf‘ .2 _\2 172
[{Zr-(xd-xq) ma,} . {(xdoth(xd-xq)coa 2, f ]

(3.46)
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AC puldl oul Cho ¢aluo of curront Deoeenos 8
v G2 o na)g
:DO o - a q : (Botﬁ)
le TRy

30603 Poror Lootor

e omyrenclon for povor foctor 5 4o

| ] agamaaxﬂ)‘ odn 23,
Q0o O o' 12 72172

1

i;??«(xaaxq) 9‘7.3‘1.?;:)0'3 ‘fw,'(xﬂoxq)o(}{aw}{q)coo 200. l

(3.18)
videh gives tho nazdmem povor factor, coo dmazz p QOO

(Rg=%g)2 = b2?
Cos O np, O (3.19)

o w2 o b 472
1{3 12 = tatugg o )

Lopgloeting tho reolstonco g

X X
d “a
coo dmnx -

0 ,
52 Aq* Xq 10 quﬂ

(3.50)
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4.2.1 Determination of Objective Function

The expression for x‘d/x.q  for Pepair of
poles has been derived in Appendix 9.4 and is given by

(Sec. 3.3.4)

1 2
A= TlWp
[+ ]
;“’ . f (4.1)
* %o = 3 Mup
or
X
2 A ska
aq Ao = & Ny
vhere, _
kK = (1 -,-}) (4. 3)
Ay = ‘z'h s (B +C) (1 -é) (%.%)

1 ) 4 S
Ahp ® 2; l:m 2pA = 3in2p(2+B) + sin 2p( > CsD)

- oin 2p(3 « n)] (4.5 )

Forpe 3, Ay = Aye 1/6. 1 sin 6r= etng(aeD)
+8100(CeD) = smsv] (4.6)

For p = by Ay % Ay = 1| ctnBAeatnd(reB)-atrB(Con)e atndD
| (%7)

Frn Fgn 3.3% the expressions far rotio xad’xaq

for a 6/8 pole motor can ensily be deriverd and writlten ass



X "

X - 22— (%.8)
(1] =3 Ay =k Ayy

and

x Ao + X "16 |
ad = (,*09)

xaq p= b A‘O-k A16 '

Madbstituting®an 4.2 41in eqns 3.45 and 3.50 the
expressiong for pull out torgue and power factor are re-
written as ¢

T - - £ ;‘4-9—- = 1) {(Assuming xl w0 )
p.0 2 X4 aq
A+ KA
3 32 | 1 e kp "
- - . . ' -
2 L S T
v K Ay |
= D ) (%.10)
2a 2 _ o2 ,2
and cos % ar u‘ ud/ %ag) wilk
(X‘dlx‘q) *» 1
. A _
Aq

‘ To attain large values of pulleout torque and
maximum powver factor, from egns 4.5 and L.6, it 1o

necessary (v make A,‘p Baximum. “lop possesses values
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512 and A1 6 for six and eight pols operation respectively
Thus for a two speed motor the maximisation of Mup
virtuslly means sizultanecus meximisation of A12

and ‘16'

Hence the objective function F to be maximised

is

The variables in this function are A,B,C, and D.

| There are two ways for maximising the function
vith respec t to these variables. First method is to
maximise the function without putting any constraint on
the values of A,B,C ar D . Thus by suitable programming
AyB,CyD 418 determined for vhich A,‘p is maximum for
both, six and eight pole operation. In the second method
some constrairt is put on the value of one or more
variables. In the present prodlem, B and C are the wvidths
of salient poles on the rotor psriphery . In other words
B+C 1is the amount of iron remaining on each quadrant
after the interpolsr channels have been milled out. If
the value of BeC 48 guitadly restricted, the magnitude
of magnetising current can dbe controlled.

Both the possibilities have been considered.
Subroutines given in Appendix 9.12 and 9.13 correspond
to the case vhen there 1s no restriction placed on the
values of the varisbles A,B,C and D wvhile the subroutines
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App-ndu 9.1% and 9.15 correspond to the case vhers
BeC 48 restricted to ,tnko a constant value 0.8 redisns
1.0. 51 per cent of the iron remains on the periphery
after the channels have been milled out. 8ign of objective
function is reversed in ths subroutines so that the mini-
mization of »F wmay meximise originel ¥, For minimising
" =F o main progremme (Ap endix 9.11) and subdroutine (Appendix
9.12) has béen prepared vhich , vith either sudbroutines |
of Appendix 9.12 and 9. 13 or of Appendix 9.1k and
9.15 4 give the optimum value of A,Bf{ and D ,

b.2.2 Iteration Steps

The following iteration steps followed in brap.rin;

the prograwwme, '
1. Set k = 0 and evaluate F(x'K))
2. Evaluate the gradient ¢ tx“")
3. Initialise Hessian uatﬁx B=sX
4. Calculate the descent direction

p{K) e Kk'(k)
5. Find A wbich mintmizes £(xX), 5p(K)y -

6. Compute dx* w = 2 ¥ g(x"")

7. Calculate values of x“‘“’ o

8’.' Campute a;(x“") = !(Xk”) - r(x")

9. 1 g(x)) /r(x®)) 14 Jess than the specified
tolerance the minimum is found. If not the HResnsian
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is modified by the relation

axl®

!k‘1 - va

(0T

axOT 40

42

T
g0 400 £ 0T L0

agt T g 4 00

and the above steps are repeate’ again. This is 1llus~
trated in the flow chart given in Fig. k.1,

4.2.3 Rasults of Optimisation

The results obtained by successful exscution of

programmes listed in Appendix 9,10 to 9,15 are er Tatulated
below (R‘fer Flg- ’0.2 Bec ., ’0.2.2.)

FU———— P SRS 4

Table L1
: Optiulsaa Without any width cf poles
values constraint on restricted to 51%
wvidth of poles of vhole rotor peri~
phsry.
A 0.232 0.22
B 0.421% o.uh
B 0.458 0. ugY
Cc 0.277 0.36
D 0.181 C.0668
h 25 25
A, (Eq U.L) 7328 838
kA,z(iq 4,8) 222 « 2959
kl16 (OQ l‘t?) .‘000 0312
"d ’ (eq.hoﬂ) 10875 2.1
e ‘P~3
‘d ' (0“.“09) 3.!‘40 2.21
Peh
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From the table 4.1 it can be observed that
value of 3512 amd kA16 tends to become equal for fixed
pole widths . This satisfies the sim of obtaining simule
taneocusly, maximum pogsible values of RA12 and kA,s
hence the rstio X 4/X . for 6/8 pole operstion. This
leads to operation at equal maxizum power factors at
speeds corresponiing to 6 and 8 poles excitation. That
19 also the reason for taking eqgual) valucs of \éy

and 2,z in the sec, 3,1 for detemination of permeance

wave shape,

Programme can also be prepared to determine
the pogition of interpolay channels in such a way that

equal forquen are available at two speede of cperation,

4,3 DBTERMINATION OF DIMENSION AN POSITION OF ESSENTIAL
BARRIERS |

Rxpressions for direct and quadreture=axds
reactar es for thisz case nnvé already been determined in
sec. 3.5.5 and 3.5.4% The esimplifying substitutions
(1) WP =0 (2) G= o are made in eqns 3.36 to 3.38
and modified expressions for P3.P2 and Pé are obtained

as follows 3 . - ,
Ezabfsinpﬂhrainpuaﬁ sinp(y =%y) =siup(s ~«f )
P Ew. oy, =ty o -4

93.

(%.13)
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sin p £, ~ gin pt
2 ’ _ “3 - ‘1
- - - -
sinp(= =x1) « gin p(z -«1) ,
oL L% 2 1 3™ (4.15)
2 P “ q& -« J .

Froz last colusn of tadble 4.1 the optimum values

of parameters corresponding to 1ntarpo'1ur channals ares

*1 = A= 0,22, o = oD = 0.A6, ﬂiu CeD = 0.h26
g = D= 0.066 and h= 25,

fubstitution of expressions for rotor mgnot.icﬂ
potentials along with the above values in the sxpression
for x‘q glven in eqn 3.42 yields the value of gquatirature=
axis reactances in temsa of eszegntial-barrier position

 parameters “3 and 4 , Direct-axis resctance is indepen-

3
dent of these parameterg. The expression for xad’x.q is
of the form _EJ____ vhere K, ané K, are known constants
Ky~ Fp

constants,. FP is an expres-ion dependent on «3 and «5
and i3 valid for ¢p! pair of poles . Ite value for

Yand Z gpair of poles is Fy and Py respectively . For
x'd/x.q to ve ugximua for Y and 2, Psir of poles the
sxpression FP muat be maximised with respsct to «3 and -tg
for both pole pairs. The ~hjective funciion is therefore

F --(ry + ¥.) and can be mininiged for Fy, and F,



45

Lo boermo anmdnul,

Sabroutince can bo progrommcd for ealeulating
= for any gonorol 4':&3, 45 1 and tho dorivativas of =1

, - | 1,
vith r-gpoct to C13 ond eti for tho oomo {@(3 0 q§ ’,

Doponding on fho pogition of intorpolor chonnols,

rootrictiorgs con bo imposod on tho values of d3 ond dg
in cuch o woy thot conditions « 4 g ¢y and oy < d§<(il

aro alvays ocotiofiod. Thon tho two subroutinos alenguith

noin prograzmo (Appondiz 9.11) and gubroutino (Appondix
9,12) would givo optimum valuogs of cz3 and d; °

- For cloapitly onlto ouitadlo valuos of ct3 and dzg
have boon nosusod and gpscinmen dosign sghoot 1o propared
ng ghown in Tablo L.2.

Thic olco glves tho probable stops for prograrming
‘tho pubroutine for dotornination of objoctivo function P,

%4 DETRRMIDATION OF DOWUOLC! ALD POSITIO! OF AUXILIARY
RARRIERS ‘

‘ In tho oxprossions for votor magnotic potontials
(Bang 3.8 10 318 ) the oimplifying subgtitutions
LWH/Z3 0, 20 U/Tg=0 3. W/TI o0 bty /) a0
nER €8 = © oaro made . In tho rosulting oxpragsions thy
optinua wvaluoo of paramotora coprdononding to intogpolar

channalg and cgcontialetharriors oro subititutcd. Theo satio
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TABLE L.2s

DESICN SHERT FOR EBSENTIAL BARRIRR PARAMETERS

Configurstion A3 for optimiged channel parameters

Ay ® 0,22 4y %, = 0.66 3 A1 w 0,066 5 % = 0.426
Essential Barrier Parameters (assumed)

13- - S

 Volue of . U = | | R
P
3
-0,
P, 07 B,
P q
2 N |
6n =0 e (0-2493)
| xd ! | E“OK
(1.126)
/ X
e d Lh.5
T pull out

Maximum pover factor 2020 watt
R B — e — 00632 —_—
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TABLE b.2b

Configuration A3 for Optimised channel paraneters

‘1 = 0022 ) ‘hs 0066 ) “% L 00066 * “'.‘.. - 00"26

Essential Darrier Paraxzeters (Assunsd)

13» = O.b «5 - 0.%
i
VePue of =

Pg 0.57 ‘H.‘q

_. 28 K

*q ; "° (0.165)

_ - 2@‘0![

)[1 z O , . g

6.99

Xd/ Xq

T pull out 2000 vatt

Maximun power factor 0.7%

- ———— - e e -
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Xea/*qq Obtained 1s of the sam fora as obtained in
the preceeding section L.U 1.e. |

¥aa Ky
s »
L‘Q K2 - P

Constants K, and K, are same tut Fy 1s & funce
tion of auxiliary =berrier parameters and attains values
F, for Y-pair of poles and F, for T pair of poles so to
fird optimum wvalues of auxiliary barrier parameters ‘2
and ﬂ; thic has to be maximised with Yrespect to “©
and “:?_’ for both speeds of operation, corregponding to Y
and Z palr of poles raspec tively. This would mean maxi-
misation of ratio x.d/x‘q vith respect to *l, and “‘é’
Thus the subroutines of gec 4.3 vhen replaced by subroutines
for detemining the new atijoctive function Fw -01?;_ 4?; )
and correspondirg derivatives with respect to «, and “4e
The main programme of Appsndix 9.11 and subroutine of
Appendiz 9.12 , n;difinc to suit the conditions 41<-t2<-¢3
and * <4§< e% For positioning the suxiliary barrier,
would provide the optimum valus of utz and "‘é .

This completes the positioning ' flux-berrier.

The value of permeance factors W/T , Y,/T,, W¢/T* and W§/T§
can now be fixed in accordance wvith electrical and mechanical

congiderations . Once the ﬂnnl}valuo of all parameters 1is
 known effective value of ratio Xga"%aq for two pole pairs
can be determined. '



CHAPTER - V

PULL IN CRITERION FOR RELUCTANCE
MOTOR

.1 GENERAL

Apart from the running performance of reluctance
motor, the pulling in phenomenon plays an important rol
in the design of‘ reluctance motor. It presents 44ffri~
culties, particularly when the moment of inertia of the
connected 1oad is appreciible. The following are some
important factors which influence the pulling-into step

of reluctance motors.

1. The pull:l.ng‘ into step requires that the slip
o shoul ._bo as small as pq@ible. 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 spsed reached at by indw tion motor action
may not be sufficient for pull‘.lﬁg in to take
place. |

2. The moment of inertia of connected load com=-

bined with that of reluctance motor rotor also
effects the pulnng into step.
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3. The reluctance torque which varies with width
of poles 1i.e. xd/xq ratio, 13 also a factor
effecting the pulling in phenomenon. Parti-
cularly in modern machines wvhers Xh/xq is
quite large, this has pronounced effect on
pull in phenomenon,

$.2 ANALYSIS FOR PULLIN  PHENOMENON

A gpnirtl 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 T acts on the
rotor, which has a moment of inertial equal to J,,viscous
danping , characterised by the coefficient B1 s acts on
the rotor whose position is fixed by the angular displace-
nent 61. The load with a namaﬁt of 1nertis equal to
Jo ia connected to the shaft through s coupling which
is characterised by the gspring constant k, viscous
friction B, , and a speed independent component Ty
constitute the load, |

The systen equations can be written ag:
k(O -0) = I, + B9, (520

The torque T has got three componentse

0 9¢
CENTRAL LIERsYy (J’.f:"'vcf;%

Fowige v Roo‘n’
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1. That produced by induction motor action, called the
agynchronous torque ard is denoted by 1“.

a, That produced by sunchronous motor action, called
the reluctance torque and is denocted by 'ra-

3. That consisting of uctmitcal load and cther retarding
 torque Tye

S0 the net torque T is sxprersed as:

Curve of Fig. 5.1 shows the characteristic for
s typical induction machine. The most atrikmz feature of
this curve is that 1t cuts the slip axis bdelow the synche
r“dnons speed aml shows a negative torque gt zero, slip.
This negative 1ntarcapt at 2010 5lip leads to higher values
of &#ﬁmx.ﬁ_ slip in the critical region Just bolpv synchro-
nous speed and makes the Jump into synchronous mode appre-
ciadly wmore difficult., The presence of this negative inter-
cept doss not allow to represent the characteriatic through the
sero torque point by a nniar curve. It is found that a
pu'lboné cxproision is more suited to such s charscter=
istic. Thus the expression for uynchmnuul torquo T‘

is taken to de

r. - Aé‘ Bg - C CS."-—D
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vhere § 1s slip and A,B are constant s determined in
Appendix 9.16 . |

The variation of reluctance torque 'rr wvith
load angle & 4is shown in Fig. 5.2 . A convenient form

of expression for T, 18

T. = Dcos2s+ Bsin28 ~C (5.5)
Uh.l‘.'vz
(X =X ) .6
D = — _4 L | s xgexy | (56
- 2
(deqf %)
v2 (X, = X.) -
4 q.
B = 2 5.7)
2 (XyX r2)2 | XgXq = ¥ ] ¢ |

v2 r (X -X ')2
C = d q ' | &
2 2
(xdxqo r2)
Another form for Tr is

T, =Kcos 2 € &~ &,.) -C

vhere, | ,
E = J D24' 32

Smax *

(5.9)

tan =1 B

N g

With the adbove values of Tr and Ta the value

~of negative intercept is accounted for twice . Therefore
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to avoid this the valus of expression for net torque T is
modified to ' |

' | 10)
T =T, 4 T -7, 67

]
vhere Ty, = Te* C

- Xcoaztb.“-b)

In Eqn. given above & 4 the electrical load
angle and is positive for motoring action. In the limit,
as slip tends to gerc the average torque at Zero slip is
obtained by integrating cqmuoﬁfﬁ)th regpect to 9 from
zero to ¥ . The expression 1s 3
B AN AT S LI |
T © which 18 alvays negative
2
2 (ztﬂ:lq + )

except when tharc is no saliency 1e., xd = xq .-nd when
resistance 'r* 4is negligidle . Under thege conditi~ns
Torque T becomes Eero.

Evidently it 1s necessary to supply shaft torque .
at small positive sliip. As 'tho effect of resistance of
stator winding is to increase the walue of regetive inter-
cept at zero slip, at speeds approaching synchronous,
asynchronous torque of a reluctance motor may, as far
as synchrondustion 4is concernsd, dbe regarded gs an
eguivalent effective load torque. The incresasing value of
this torque with increasing saliency and increasing stator
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resistance acts to the detriment of the syhchroniling
porforsance. It is because of the stator resistance that
the pull in torque is different for the same machine vith
different resistances inserted in the stator cireuit. But
'4f the effective losd on the motor is considered it is
observed that it is almost same vhatever may be the value
of resistance of stator winding. It can thersforebe
concluded that the pull in performance will be worsened
vith decreasing motor sise, since the stator resistance

is normally mors for small machines,

5.3 VARIOUS COHDITI"NS OF PULLING -IN

At subsynchroncus mod. 3 incresses contimously
so that PA' 1s positive slip and P° 5 1s deacceleration .
An sttempt to pullein starts (from subsynchronous speed
corresponding to slip §,) when , owving to T., T, begins
to increase even though T, 1s decressing . This attempt
(not the synchronisation attempt), terminstes when T,
becomes Zero 3t and is successful or not depending on

(a) Vheather the spsed reached is less than the
synchronous ' spesd, |
(b) the load alnslo vhen T, becomes squal to zerc.

If speed remaing less than synchronous speed,
pull=in cannot occur otherwiss the poasidbilities are there
vhich are now discussed.
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lat 5, be the angle at vhich the forque r,.

attains value = C . Thereforefrom Equation

Ist 3, be the stable load point at which the
reluctamc e and load torque becomes equal . This value is

obtained as fuiiuvwe ¢
T3 =T, =K cos?(&..x-br) -C

or )¢ C = Kcos 2 (3, . = by

Jx’- - {1y w002

1 |
or bm.x"btu -2- tan 1‘106
A _Jx'? «(Ty4c) 2
bf - b“x - 5 tan - - {5.19)

Tloc

fame value of T, ocen t» obtained at another anple
b wvith the condition that |

: ]
bf » a‘.
- * dpax
dnax is the gngle at which maximum torque T, ...

1s avatlable . Thus 31 =28, -3,

' .
If the load angle & 43 less tl;an a, or greater

than a} s synchronous speed is never reached and so
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pun#in cannot occur, If value of § 1lies in between theae
tvo angles, synchronous speed is reached and pullein may
or may not occur.

Of the possible load angles consider first the
case for wvhich !’t become s serc. 5 would then lie detween
dpand ¥ o If Ty 2Ty pull-in will occur with
terming tion at the stesdy atate loed angle dpe

Next case is vhen T, bicmu Zeroy o lies bdetween

L 4 ’ )
dugx 8N4 3, | Thnis meets the condition for synchronization

but, as 5 increases, Tr - TI 2lso increases and thus
instead of decgcceleration acceler tion tekes place and 1t
takes some time before final stabilisstion tekes place with
&= dge

The limiting' case vhen § just squals » 1',

exists two possibilities. If opersting conditions tend to
reduce b below b, y then T, > T, and synchronisation

takes place in a similar way to that of case vhere 3 lies
and &, . If , however, the system condi-

s there

betveen ‘nux

tions tend to troreacs, & p then T, {T; ani a pole
slip occurs.

5.4 PULL~IN CRITBRION

It is apparsnt from preceding 4iscussions that
operational modes is class vhen slip decomes zero are the
crucisl cases for the estadlishment of a pull=in criterion.
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It is aleo Observed that mt acceleration is larger in case

wien & 1s equal to 3. . than in case wien b lies between

51’- and duax ° It 13 therefore the mode most likely to
lesd to synchroniem s 80 that the terminal conditions for
successful pull in are s | |

1« 2 a0

2. & ub; » g -3, ~zg;

Let the slip, at the moment when this synchronisa-
tion process mrti, be equal to 5, an’ an upproxintim_
iz made at this stape vhich gosureg thet S can be reprse
~ sented as a simple cosine function of 8 . This is represented

vy

S =5 cos(dsdp +28y) - (5.12)
So that at an angle bug =8, =28, . 8becomes sero.

Swilloqulso when
aubo = ~bf-261

It 13 sero at this moment wvhen the attenmpt of

synchronisation atnrté, ¥rom Eqn.5.10 &, 1is obtained
as (Appendix 9.17) |

172
56 'zi [-n o{nzwucz',_tc'-‘r;c,)} ]
: (5.13)

;e
Finally the Bgn 5./ 1s integrated.Using Bqn 5.2

and 5./2 gubstituting for initial and final conditions,

yields pull=in criterion for inertia J which can be sr»
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synchronised, against a load torque Ty. This J includes

the inertia of reluctance machire rotor also.

The expreszion for J ué derived in Appendix 9.18)
is

Jd =

ED sin 23, + B (:tm~ 2 8, + (B~ B") 80-'(!'100
(0
- é—s-gn-* K 8 L ]

e— ohc
- o * T (5.1%)

=
o
nin
w
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Nunber of turns per phase * QKLY
Number of conductors per slot = |°y]

6.1.3 Rotor

In the present dissertation work it is the rotor
design which bas been empbasised in the oversll design
of reluctance motor . It 1s because the stator of the
reluctence motor is same ps that of an induction motor,
vhich has alresdy been standardised am does no more pose
a prodlenm, |

Analysis has baen done for a number of rotor struce-
tures 1in chapter 3 followed by listing a suitable design
procedurs . But before the optimisation method can be
applied 1t 12 necezsary tc obtain aﬁproximto value of
rotor parameters which could de supplied as the data for
the optimisetion prograsmes listed in Appendix 9.10 to
9.15.

For. this the varisti n of xd/xq and hence the

performance was studied by varying one of the four unknown
variables keeping other three conetaht. The prodedure

vas repeated 1till variation of performance with respect
to egch unknown variable vas obtained. The values of
unknown variables at vhich these unknowns were kept

- constant, were decided on the basis of experimertal
results . By careful observation of the trend of variation
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of xdtxq 8q1tab10 set of wvarisbles were chosen. The
rotor periphery vas accordingly milled out . This lead
to the testing of the motor for different rotor designs.
But only significant testing result s are plotted and

considered for comparison.

On tho baglis of above test rosults obtained data
to be supplied for the optimisation prodlem was fixed,
The successful execution of tho nrogramme lesd to
nptimised values of rotor Gaterpolar channel parameters
vhich have been listed in Table L.1 Accordingly s nevw
rotor was fabric- ted and tested. The performarce of this
rotor and tvo other typical rotor designs have been plotted
and conpared., Rotor structures incorporoting flux-~
barriers have also been considered. The

This section is concenred with the terting of

reluctence motor for different yotor &1nensio§s.

The rotio of main air-;ap length end the interpolar
channel depth was keopt ap.roximtely 25 in all cases except
for the n~wly fabricrted rotor in which, because of width
of the copper end ring welded to the copper bars, it
vas not poseitle to increase this ratio bsyond sbout 20.

But this docs not vary much effect the performance.
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The results obtaired on the basis of <testing done
on the reluctance motor are redorded in a serics of curves.
The variation of power factor uith output for specified
rotor dimensions, is shown in Mg. 6.1 for G=pole
and 8 sole operétion. For the same rotor tho efficiench
18 also plotted against the cutpui as shown 4in PFig. 6.2.

Similarly for other two rotor designs Fig. 6.3 to
6.6 show the variation of power factor and efficiency
wvith pull out torqgue measursd in aynchronaus»uatts.

The teat&ngrindicated that the starting performance
nf the notor gets worsoned as the pole width s decreaséﬂ.
This is because with the milling ocut of channels some copper
bars'ara alsc excluded resulting in hich rotor rosistance
leadin, to iow inducti~n motor asynchronous torque, At
one strge toca use of this the motor actually diq not
pullein=toe~ gtap even vien no load sas connected to
the shaft . To establish thnt "t was because of low
induction motor torque that the motor could not pull
into atep, copper btars, milled out during the removal of
iron, ware i replaced by welding them to the end rings.
Testing of this rotor resulted in succesaful pulling 4n
and the motor synchronous performance was ad predicted
on the bagis of xdfxq retio obtrindble from that particular
rotor degign.
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To avoid such failure in pulling in the milling
vas performed on the nevw rotor in such a wvay that maximum
number of bars ppss&blo, wers lef't on the rotor. This
avoided the welding of copper bars to the end rings to
bring down the rotor resistance in order to incresase the

asynchronous torque.

6.3 COMPARTEON OF REEULTS

Tables 6.7 to 6.3 compare the rstio xdtl s pover
tactor (muximum), pull=out torque and effec tive load being
supplied by the motor as determined from analytical nnd
expsrimental results. |

The performance calculated by using results of
conventionkl anslysis, can be observed to be very much |
deviated from the experimental results. This mesns simply
and not surprising th~t the method of analysis (conven~
tional), besed on the p-ermeance distribution! and the
use of Pourier geries, is insdequqte, to deal with the
problem . If, to obtein better results froz the same -
analyeis, the higher order harmonics are considersd, it
will not be without the introduction of mathematics of
conplextity that the accurate results could be odbtained.

The performance obtained from the analysis,
employing the principle of fluxeaccumulation, its very
much closee to the experimentsl results. Thus it is
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9stadblighed that the regults given for direct axis and
quadrature axis reactances in gec. 3.% are simple and
accufuto as well vhen compared with the conventional
analysis. The term teffective loed?!, determined
ulonﬁwitb pull out torque, maximum powey factor and
efficiency, 1s the sum of net load being supplied
through the shaft and the torque needed to supply the
negative intesrcept a8d 2ero glip which 4s

.
L. T e
o0

- - e = S

2AXgX, + )

As the value of expression increnses with increasing
saliency and ststor resistance, the amount of ectual load
that can be supplied through the shaft, can be increased
by decreas-ing the value of stator resiatance for a parti-

cular =machine,

The effective load being the value of pull-out
torque at sero stator winding resistance, it is easily
concluded that 4ts value would remain constant for =zll
values of stator resistance . But the external load that
can be supplied will reduce with increasing ststor resis-
tance . Tadble 6.4 compares the ratio of torques availsable
at two speeds obtained from experimental as wvell as analytis
cal results. Table §.5 compares the magnitude of stéior
input current for the three rotor structures vhose perfor-

mance is being discussed.
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TABLE 6.4
floter CONIEUN" | Analytical | maperimentsl
on
6’8 , Te/Tg
Ay 2.84% ?- 2.28
A2 1.37 f 1.21
Ay 2.0 2.4
Rotor Current for ' Current for
Configuration 6 pole 8 pole
———— e ... ..operation | operation
A1 b.2 A { o 1.88
A2 L8 A | 2.0 A
A3 oA 1.6 A

6
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Tho toot sooulto of £1¢. 6.3 provo that tho pope
ncanes dlotribution fundoncntald ‘eeaponont cbtadnod by
Fourdopfo annlyosio 1o quito inddegquato to prodict tho
porforooncc. The analyoio, bascd on tho pwineciplo of
not fiuxn accumulntios, givop romlts wadeh tally favourarly
vith tho omporimontal recults. %ho oxprooalon for X,/R,
obtadnod £ren this omalyois 10 oinplo o hoandlo ond ig
capablo of giving occurato Fosults. ho zopults furthor
" aotablich that tho roluctonco notor with optimio.d rotor
dmavs logcor currcnt frea tho gupply ond runo at olnoot
oeual povor foctora ot tho tvo gpocds, vaich wao ained ot
in aocignina tha rotor. Tho ratiog of pullecut torquo
ave'alao feaund to bo approxinatoly como oo dotomincd

£eca oanalyodo and ozporinontol rosults.
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~ worriors for cauqihu agyomotyy in tho vagnotice clrcuwll
cooundting to biga Xd’xq Fatl0efi offdet of Llun-barrioro
vhcn caployed vitn tho channolos, 40 ouch poyo pronounced
thon tho channolb,aﬁ ig ouggostcd to furthor docwongro

G20 cknmmol width by kooping the anount of iroa o Bo
rdilcd out at 397 or go. 5hio would 17a¢ to lowor

otntor 4dnput curront cnd inercaccd offdecicncy 0o wOil,
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Ouffdeicatly bhich q” Hﬁ £atlio enn bo cehdoved, Lo o
particnlor £o% of optindecd channol parcnesors by suifoblo

ploccoont of flux=barzdorg.

o oty of pulldn phoncacnen tas also carricd
out 0t vardcus otogos of ozporincatal wiis Dmopt for
tho eac. v2on oxtsn coppor bars, Uoro woldod to tho omd
fMnro, tho notor foilod Lo pullin vith o ccanoeted lend
cquivilont Co soarly 505 of the pullecut Sorguo in gymche
poncuo valle. taic ouggosts that poroval of coppor
baro clengudth <he dron , during tho nilling out londg
to lov induetion notor tbrqus vaich 10 0tlll lovor ol
tho 0lip corrocponding to the lcad to bo gynchsoni cofe

$ho 5305%::3?&3 >f rolustomeo potor 4o 480
ablliity te caintadn o congtont ppeod vithin pognal fivee
Cuatlong 4n cwnly voltago. Rolvetonco cotora of rating
oo Kroh ag hundsed and fafﬁy'horoo poras a®o bolng wocd
in veploty of Anduotrial applicotions. TPes cutstanding
applicationg, Cant ¢nm ba catogori=scd oro in ého £4024
of o
1. Cenotent cpocd Axrdvo. vo.ga gop llotor anltornntos

coto £o lcop (ho Lroqueney vordatiesn to that of noldng
Qefe Ccaputor and bduffor cupply cots, Grivo foy
odcebrde clealioy tapd €oelo, cino projoctorand

gracarsnicing ovidlehoo ote.
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9. Oscup Ardvoo, particufrly multicpeod drivos aro
nese angortont. (0.ge thoy havo boca uwond ¢0 provido
5re3icoly controllnoble cad ccaplotoly oyrchreahocd dilde
ndo Arivoo of 2outilo nochinory ond in gyatheotie 24bro

pgeeocoing nochinon) .

3. Pogition com rol 7obcnoe (0.3« They h~vo bocm used
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auclcaP woce tors ond 4n owitdnaching o yoten roaqmdapdng
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In ponoral, on obviouo £1io0ld of applico® on for roluce
toncao notor 10 thopo any divorgorco 4n tho opocd would
aoount to varintion in tho dosircd vork o bo obtaincd
freathoe  drivo.

Tho notor 45 lowor 1n coot than tho ozisting congtant
opead drivoce. 20 rogquiroos coaparatively 2ittlo molntonngeo
vhdeh 1o a nojor conoidoration in  contimucuo 24 hours
procons vorz. In coopardcean to induetion motor tho FOlulde
toneco motor has tho advantape of hnving ogynchironoun
opacd  oporatisn, corraocponding to tho supyly Lroqueaey
ond tho aubor of polos for valch it io vound.
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Appldeaticag 4n vdich polvetonco 0OLOPD OFO
gocmarcd 8o vorlr £ vorlablo froquoncy canndy,nro
0dco dnoscanda and  Chysintor dnvortorc oo Locediag
€20 ;000 populdar Loy of CUPPLY » “20cO (Ve oGuaro Tavo
calynt voltegoo tvhdes oRo @udtd aecopltoblo to thzmso
nebdnoo ovon dowa to frqqueoncy Bolou 3 e/o o IRo pope
goroaneo vdth sogord %o povor foctor ond cofficioney
OR CCUAR0 Vo dapul, heovop will alvnys Bo 'cc::ozf}m%

levop tham ea gino wave 4dnpute.

In oxdor to ndtain tho ndvontogoo of woing

Chyrdotor Anvordoro £op varinblo Lroquoney oparationg
1¢ 20 ourpootod Co omnlyno tho porforonnec of the coching
vaca guitehcd ca o cueh owpply oo%0.

Ag 42 vag not pooodblo Co fobrients zotor with
Sun=taofdoro Guo o nenavolilablldcy ~€ nocoocnry foelifitioo
tho amnByoio Lo nvltiopocd opasniticna could nol Ba Coopted,

20 40 Shosoforo tugiootod o fabeicolo cueh ultigpocd
potorg wAth eptinw dinonciong. ko adtcopt, A€ cuseoone
fal vdll lond to ¢ho bottor utilicatien of oftotor

L8010 0 potopr foctor oquenldl o thot of amﬂuotrial intestion
ootopp ond dneroacod pull out fopqid, vailch would onablo

a0 soluetanes notor o cutelaco tho othop nochinog in

0 orpo mebor of induatrdnl applicotieno.



1.

2o

3o

4,

Se

6.

7o

13

VXXX
REBITICE G,

IAURITIECT, Podoy AGUy Aolop, “Thoory ond Porfomoneo
of Polyphaco soluctanco nachinoo”, IRT=ProcC.,
Vol. 1119 300119 196‘6‘ » PP 1'@‘35"1359

ROMERO 5 JKop "Polyphnco Ronctlcn {ynechronoug Motor, ™
J-&oIchBog 19239 2] 1162.

POID, Y., ° Changoe opocl rzoluctanco otopa®, XE3-ProC.,
VOI:?‘“OQ o, < 7) 1967 s PP 797=801

LAVRENS0ily PoJop GUPTA, S.Kep VAMARAJU, SeRelMoy
mMiults opocd porformnnce of Lognontalepotor rolustanco
anchinog, IEB= Proc. (GB) V. 11b, 115, liay 1948,

PP. 695=702.

FOG,Wep, * llov Typo of Roluctonco Metor”™ ILE-

Proce. Vo 117, Noe3; 1970, po 545551,

LAVREIE0], PoJ., “Eynichrendizing porforaance of
Boluctanca llotora”, IEUB Proc. (GBD), V. 115, 1943,

IBPRTHENT, Joie ond LAVREIIEN], Podoy YAvorago
Loynehronous torque of a gynchronous oachine wvith
particular roforonco to roluectonco macmm,"?mc.
IDF, 1969, 116y (6), p. 1049,



74

8,10. LAWRENSON, P.J., “PULL in Criterion for Reluctance

9.

1.

12.

13.

T,

15,

16.

motors, ® m. Proc. Vol. 120, No. 9, 1973' p.982.

BURIAN, K., "Pulling into Step of Reluctance Notors,"
IZR, Trans., 1965, PAS, 84, p. 3W9-352.

LAWRENSON, P.J., #nd GUPTA , 8.X., " Developments
in the performance and theory of segmental rotor
reluctance motors”, Proc. IEE, 1967, V. 11k (5)

p 645,

LAWRENSON, P.J., "Two spaed Operation of Salient

Pole reluctance machines®, IEE-Proc. (GB), Vol. 112,
No. 12, 1965, pp. 2311=2316. |

GRERNWOOD, P.B., "Synchronous Reluctance Motors™,
Rlectric Review (GB), March, 1968 Vol. 182, No.12,
P. B32-k34,

RAWCLIFTE, G.H., "A New Type of Reluctance Motor"
Electric Review (GB)* Vol. 183’ 1968. P« 129=30.

LAWRENGON, P.J., GUPTA, 8.X., " Developments in
the performance and theory o segaentsd rotor
riluctancc motors®, IEB=Proc., V. 11k, No.5, Kly
1967, pp. 645-653.

"on linesr Optimisation” = L.C.W. Dixon,



75

CHAPTER = 9

AFPENDICES,

Fig. 9.1 sehows the basic conventional feature of a
simple single phase reluctancoe motor, The essential require~
ment i3 that the rotor should bde shaped so that the reluce
tance of the magnetic circuit 1s a function of the angular
position of the rotor. Referring to figure, it can be
seen that reluctsnce H is a periodic function of the :hglo e,
between the long axis of the stator poles and of the rotor.

When the rotor is direction in line with the axis
of the stator poles (i.e. ©® =0 , ¥ , 2¥,...) the reluctance
has = minimum velue, H,, called the direct axis reluctance.
wvhen the axis of roter is at right angles to the axis of
the stator poles (i.e. 8 = ;—- .ze— geeee)y the reluctance
hes s maximum value, Bq, called the gquadrature sxias
reluctance. The excitation 1is prqvidad by connecting the
vindéng on the atator to 3 single phasa'aourca of gltornt-
ting voltage. Fig. (9.2) shovs that the flux ¢ 1s alternstin
According to equation (2.1) '

T= = % 2 %%. s vhere T 18 the instantanecus torque
. © .

acting in the direction so as to increase the angle O'O. *he

curve of ¢2 and 4H/48, corresponding to ¢ and H respectively

are shown in Fig. 9.3.
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The direction of torque in equetion (2.1) is deter-
mined by the sign of dﬂldea. PFigure shows that torque is
‘positive when the reluctance is decfeasing and negative when
the reluctance is increasing. The reluctance varies according
to the geometry of magnetic .cireuit and the wvaveform of the
flux depends upon the weveform of the spplied voltage . For
simplification, it 43 assused that the flux and reluctance
vary sinusoidally. This ansumption of the sinusoidal waveform
i1s a fairly realistic assumptions, If there is sufficient
departure in wveform from sinusoidal, the flux and reluctance
can be expressed in tams of Fourier series. The instantaneous
valus of ¢ of the flux will de

§ s ¢ cosut - (9.1)

vhere tm is the maximum value of flux
v 19 angular velocity
Hence ‘2 = 53 cosz wh = ; Oﬁ (14 2 cos wt) (9.2

The instantaneous velue H of the reluctance iz the function

oi' the variabls angle ao. Ir sinusoidal reluctance variation
ia assuud, referring to reluctance curve shown in Fig. (9.3)

[ ]

the reluctanco1can ba exprtiaed Ny
‘ H= % (Hqe Bq) -2 (Eq- Hy) cos 2 8° (9.3

a"
o’ — - ~ _ (9.4)
', 3, = (aq Hy) sin 26, 9

It 415 to be asmmaed that the rotor has decn started

by auxiliary device and 1s running st a constant angular
velocity w, radians per second.
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Neglecting torgque pulsations, the instantanecus
position of the rétor is given by

O‘ﬂo - (Uot - 3) (9.5)

vhere § is 1its instantaneous position :t sero time when the
flux is passing through its maximum valus, For simplification
in derivation 3 is taken as a lag angls.,

Substituting egpresaisn (9.5) in expression (9,V)

an , .
Substitutirg exprassion {(9.2) and expression (9.86)
in the Tasic torque squation (2.1).

Tu-é ‘2

e (ﬂq-ﬁd) | sin(amot‘-ab)# lin(aaot - 2b0) cos aut)']

(9.7)
vhich on further simplificstion takes the form =
‘ - 1 - - l { - |
Te =i (BeH) |stn (20t = 28) ¢ 3 sin Q2w eu)t =28

* % sin{; (ué-u)t - 26} ] - (9.8)

If the time angular velocity « of the flux vave 1.e. applied
voltage is not equal to the shaft angular velocity w,s the
three umé in equation (5.8) are s function of time and the
average velue of esch of them over g complete cycle reduces
to zero. Hence no average torque is developed unl-ss w = w,.

Waen w » v,y the torque becomes,

| (9.9)
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The first tvo gine terms are functions of time and hence their
aAverage value are zero., The last sine temm being independent
of time, the average torque will de :

T2 o} ¢ix (B~ Hy) sin 28 (9.10)

The above equation is the characteristics of
reluctance torqus in all synchronous motor excited or
non excited.

9.2 DETRRMINATION OF DIRECT AXIS FLUX DENSITY

The esquation 3.1 ig rewritten as

7
Baa™ o o Fia MO sinpe ae

¥/2

B..2(8)
14 0

1 « cos 299

..zn:d [a.(a){o _ linzpe}]'

v /2
. z’ﬂs.[ue) r(_e)]
0

v o '
- o & W w/2 -,
= 2316 a_?_ ’ F(Q)l 1 + 2 l? (Q)l » -2-‘1”(9)!
WD ety
b 1 7] "/2
o o
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“ .
Hqy o sin 2p« u sin 2p«) sin2p«,

0-;9—( v/2 -t'u -t * sin 2p (! - &N ) + unzp-:,‘)

[ » .
+ .%-(-(,: - ot - .map(z, - ) & #in 2p( g - d{‘))

F]
L2 (4t .4 Y.
. 5 («1 ai.n:?patlinap.(a -q))]

28, . M v
- .....59;.9...[5 + (4,‘-«‘4-«!:--«;) (1-&)
1

L4 :
. - (sin 2p«), = sin 2p«, ~sin 2p(3 =«{ )nin:!p(g =«1)) (1=

(9.11)
vhere, h = G/g , the ratio of maximum to minimux sirgap.

9.3 DETERMINATION OF ROTOR MAGNRTIC POTBNTIALS

9¢3.1 Determination of P3

For d.tomining Py eun 3.5 15 rewritten am:* integra-

tion as ¢ « R «.I‘
2.;! M‘Pe. u,‘, -D- [K dnpeup J
gl.le »p 3 “ ¢ ¢« T 3 <

W/2 =kt | '
D sin po_ 3 . W - v

»
3 § - in we(s) = gin
or 8, sin p«, = sin pu, . pig ‘A Py,
L P&/l pamD

. oinp(= =«1) = sinp(= =ai?) 1’ P ‘Pé.w:



&

v W
or A+ Py 7 ° P, r
P3 - B
vhere,

sin pﬂ(!. ~ gin 9‘3
P&/

A= H"lq

{9.12) |

. sin p(g « %3) = sinp«y,

. sin p(é .-«5) - sinp (g - o )J
&/d -

Pl

snd B =

“W = «, ..fa'“f»'“

g/m e/m

Ge3.2 Dctaraimtion of Pa

PG/
(9.13)
‘(& - G(é Y 1*1 ]
anmmentpiogniis 4 +
* /D FTOTM
(9.14)

For determination of P, Eqn. 3.6 1s solved.

€ 1q P

of
92] 3
“

pg/l
o« > & W 171
3. 2 4+ 1 4 -
=Py | S T, T 17
W
A .
2 81 p! W oy

2 -
In \bichl @o term <5 T

w .
s (P.‘-pa) .il.s- (p

By

1t 1s too mall to de c'omidorcd.

'H
¥, A’Pﬁg“,{! ‘!"'w
T, B °F
1

(9.1%)

hes been neglected becsaus:
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vbere, sin px, = #in p &, A W
3 s B T
A, = 81q :
1 per (9.16)
.= W R |
2 -y W —————
32, e -7 ) (9.17)

9.3.3 Deterzima tion of Py

Fquation 3,34 can be rewritten after integration

a8y ‘1 5 “2
_#in _ .
G p 0 - 1
_ -0 “
r-a:l.n ¥y - 8in p, = sin p, v, AyoPy . ".F; y
3 - + P o B
or Fiq pxm pa/d T, ]
G ‘.l'1
g, |#° ""1 snplo - sny ‘1] g I |
°!‘ Q9 | pe/D pg/0 B, T,
W
"L' * 2% * :'3- - l-» { . | )a
+(9.18)

9.3.4 Detemminntion of P,
Bqu,ting to zero the summation of flux, in region
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[
2 -, 4,

=2 (H,. cos p® =P > 40 o £ (P! = P') = ¥
2| ¢ | 1q €O P LR 2 ofPy = Py 21¢
L} ' 1
/R -« ,
3 , W'
*Holfy T F2) 3;"] =0
w12 wel}
D slnpe 2 ' : Vi , .
['4 P . 2T
w/2 -45 1
sin (! wxg) = sinp( % =x1) Pt Wi
or H, 2 2 P2 i] + ?17
4 pg/p -_ 4
A S W :
4.92.;-‘-92?.- T 45-45 L
» . Lg -r = p L
B I 2 | gm T
.,
Th . P MR '%' |
us fp = 3 (9.19)
. By
. e
in vhich the term f_%_ . 3—.
- has besn neglected
B

1
becsugse it is too amall to be considered,

vhere, sin p(g —e‘& ) = sin p (g .“5 ) A W'
A; = K1q _ e +BE*°Y
] | '
(9.20)
and ‘i - .‘é‘ ‘\‘; w' T
31' - “""Tg“""‘" * 7 "‘1" -3 ( """) (9.21)

’ :
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9+ 3.9 Dotorainntlon of E’;

Ingtly, oquating o soro ¢ho cu=—Cicn of fAumm 4in
Proicn g e dé to 02, :
- ‘ w/e

)

Um-»d% B By
72 ety O ; a/2 o af
2 9
D g
‘5= @00 u (P e.f;') . a0
2(’1
“q _10;2
ul -T2 ""-’d k!
D adn po I T T R
o Uiy 22 [ o2 ey S e
B - 9 t-'._?m “ﬂé - f?/?'! Qijl
“’-3
TO
1
0%y 103 z ] E
[aanptgacqm conplSec) cpFeaap(s -ap
n it . - 5 SR + | —— i A S g B - .
fa DG/ p G J
N NI
| " oﬁ.np(% =19) =otnp(l ~=~c:g) odape aomg(o mxg) v A
ow ia pa/D pLG D el Dy
pJ - B
L Qo ege o Us i w2
SCCICE - ©3 Swaw——— -4 '
B 7 IR TS ‘) ]

(9.22)



9.3.6 Determination of Cuxdrature ~axis flux donag.g

Expression for quadraturoe-axis flux density given
in BEqn 3.19 of Bec. 3.2.5 is revritten as:

| 3
Bm -l ¢ 2 ‘“m coszpe - P(@) coap® ) . A (8) .40
v
ho g ¥/2 14 cos 2p9 sinpe /2 !
LY q 0 2 44
- 0
(9.23)

Obgerving the oxpreossion for direct-axis flux density
it 18 very nuch clenr that as far as first tvo terms of
aquntions 9.23 and 9.11A are congserned there is only a diff-
eraence of siyn and therefors eqn 9.23 becernsg,

B 2”0_ w , 1
= P — - - ™
10 = By e T sy (e )

1 - Fd
+ 2; {sinapoth-»sinapﬂfamap(g -«g‘) +ain29(g -«{)} (1-'% )]

v/2
- ¥{pe) . M® . sin pﬂ (9.2%)
¥p . <)

Lpter substituting for A(6€) and P(6) from Table 3.1

ard 3.2 respectively, the last tems 1s

- t.“o P1 sin pﬂ.‘ . P1 sin p‘a - P.‘ sin p“‘

wp . G g

8 8
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74 2 - o < €2
. 1?3 odn p( 3 = <y ) » :;Boin B , 1?3 oin p(g 631 Panﬁm(
¢ g8

ET D L ..’

] 3 . g .
. P, oin p( 3 cté) « P (4R ,\:a(2 cﬁﬁ)

8
P ofn p(tz «{t ) « P! oin 9(2 o o))
o 2 9 1 2 2
g g g
¢’
¢910m93¢?601n9(§ ct%)]
G
Fo o O o Py oin plz = 9
o e ;—;ﬂ (°?1Oinp‘4?¢l’3 n Yy, 30 pa q'-:-

N’% atn p g Wﬂ))(% ° ) - (Picﬁ’a)ain P %y «o(Pa-a!?“)aans:ig

Py ofmggl
¢ (Py=P}) sin p(° =1g) o (Pg ~P{) otn p g oag) o ~«md§

Thoroforo cubatituting for 1not Sora 4n Man 9.2% ¢ho

. ozprogcion for 131 q 49 wpitton an 8

-

Dyq ° %o “m {-——» o (gosktg oy = ST = ==-)

]
& 3 grein 2pty = oin 29&&1 o gin 2p (g ° cx,;)-e. ggngz;(g ncu) ;

wt
o(? o % )w -—-—u—-—-{g anﬂn 941,@935@%!}&?30&“&(0 adﬁ)

1
OP% oin p(g -y g (i= 5 Yo (Pq=Py) cdn pig 0(1? Pg)nﬂ.nyt
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Pt g 7 -
1B P %

h

(©.23)

9.4 DPotcroimatien of Conotanto of Pormconco Dauatien for o

fotor o hnving intorpolog Cuannolo

O.b.9 Goneral

Tho ozpreosion for pormeanco 1o given by

S

=X |

vhoro, A, nﬁﬂ h‘%‘? aro given by

A ] ¢
On ‘m.ug
"y g

nwl
c
£(X) ax
C 4
¢ (X cog 5 an
o

in the iMtopval =C Sxf€C.

( 30 3!:”

Tho ctovo ozxproopions on glaplificatien boconos

c
8, o f

a

o

£(x) ax

ny X

£2(X) coo...aé.. an

#, UL

g

ianpth of coro

adiao of sotoyp
Poricablillity of £roo opreo.

jog 22, (a.,;., - 3-303}.

-y
¥

~
- - ey



O.be2 Dotoruination of x

d. 4o souritton aftor cuvotitiving C = w/2 4n

()
Rquation 9,231 agy i
N 2 /2 “ORL
]
L] o ¢ L
o alx ct gocs,_:
2 14 1L ,1!.u3¢13' ¢3,iitf
o - SRR §:4 5| a o
7 e O <4 b
'-—u-
Ulae-ct% 1 /2 '
o3 jxl ¢ 8 | % '
8 T /2 o:zlg wa»e:%
wm (o, Bth 5ot =
* T e G
o '}
A . 4
a8 G

F o

Pl g, .-“, | |
o ___GOG . ggo-( A=ty @ ct,': od; Y{( 9 e g )] (0.2%)

t““’m

hadc can bo urdtton in anothor form, oftor noking tho

pubntdtutiong Sz h g Bty =2 By d:% o D ond <, a;;% aC

Qg o

| 2,08 [ g .
%° on |3 ° (E5C) (9 fs )J -~ .(9.29)

T g

L)
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ALGor caltdng oubotitutiong of provioun gcelion "L-»;)
com BO  wRdlton dn Alfforort LoD 0o ¢

beonn [

T am
{ oin 2\ = pin 2p (Ae B) o oin 21;(5 =CoD)

A =] f

"2 g5 (2p)

aoﬁnap(g «-D).‘ (1n%) (9.2%)

——

9.5 DRINRIIUTARION OF AXIO REACTATCRO

9 ° 50 1 8totor “‘.‘f o I

E7 ddople adpptotion of woll hinnwn rosulto for tho

adrenPy 1% 45 poooddla, talting phaco 1 o Bo tho lcading
phoco vith cusrent 4, o I oo (wt = 0), to writo tho
otator [.I1.77 1 for o <hroo phago machino, nogloecting
winding hasooadeos

GlIY

H O e Kﬂ con (E‘-" ewte @ (90)
T

vaore o 4p tho onguln? diogplacenont pound Cha alvegnp

oRrd 4 4o tho ¢ino log Botvoon voltnge and curront voctor,

9.5.2 Porncanco Bauation

Tho oquation for porucacncc 1o ¢
P ohoo Mo coo® 2(pt = @) (Cor ma?)

o Do pore proeine An dotomining tho azlo gFonclancos
4¢ 40 vezccry o Artivdo ¢tho othor Cornio corragponding

o nm 8939‘5‘00000
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9.5.3 Tlux Doacildy

Por tho procont cnalyocig, contdmaing with ¢tho glaplop
ogproocion Lo@ POTDCANCO, tho rocudtand fluge doncdty
cooponent 4o o
NP o o 1
1. o - ‘:Rw cop (54 = 0t o ¢ )] x [Zso o 3530002(5‘-‘5"@)}

ol

fubstdcutding 9 u,"';' 4 D = d and nultiplying

tho l.M1.Fs and porcornico fundanontol coonsacntoy R 4o obtadned

a¥: I
6L , 6ll1 |
Ea-‘;;- Kﬂhoﬁontﬁd”wt'?@)6 ?ahl;pﬂmg‘%%{"‘bd)

s COO 2(p=1'-= ve e pd o0 )

o XDEK, eoo (pt ~wto O) 633&6{;00 (351 = 3v8 =2p3 ©39)
' ~t

oeon(&'-iﬂaﬁoe?paéd”

LR0P0 6[‘12&0
¥ 5 O
|7y
60 A
ond T o kp
20

9.5, Donetivo TL.ll.Pig

520 voltapo coaorntod Dy tho fiux Qonoity D A0 ghaoo 1
40 obtdncd By cvnalunting ¢ho ¢ine vard~tion nf tho tatel

£lwr  1AnrO.
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| . a w/2p
K - — f B 4«
o o g‘ = 2p N Iu I at
-'np

2px K2 a [n
= = K Jorow | wnnsin (Pt = wt ¢ o )
“ 4t | p =

v/2p

x .
* gin (Pt = wt ~ 2pd 4 d)]
P . -8/2p

2 a
= -MIK‘; H‘.Dcoa (Wt =~ 6 ) ¢ B cos (ut + 2pd -d)]

= LEX xﬁ w fD sin (ut -~ &) ¢ E sin (ute2pd ")]

¢ .
oF “w®" -4N mf w [D sin (wt=#) + E sin(ut -#) cos 2ps

¢ E sin 2pd cos (ut -l)]

b N x2 i S 2 ?-3- -Bwi, sin2
= " w cos 2 pp = . @ i, sin2ps

(9.29)

9.5.5. Axis Reactances

Eque tion indicates the srmature reaction at gny
general position of the rotor. The impedmnce compdonent can

now dbe separated intc resistive and reactive parts.

Thus Rooom = UN xﬁ @ E sin 2ps (9.%)
and X oo = 4 N xfju £ D+ X cos 2pb) (9.31)

The energy dissipeted in R,ee 18 that converted
to i+ 7 i, mechanical output, and 1ts dependence on load
angle & 4a very much spparant. But practically, in



o
o

0dditicen to tho voltngo roprogentod by oquation (9.29)
thoro oro o0lso leakogo reactanco voltaroo Guo to olot and
ond ¢Cura fluxoo vhich do not Qopond on tho rotor position.

The not rooctoncos along tho A amd q = ams |
oro then obtaidned by puiting pd = 0 g o roopoctivoly
in ocu~tion 9.31 and adding lookopo Foactanca to tho
rogulting onpmaniona wich ytoldg

g = Xng ¢ Xy

chﬁng'u(no E) « X
Xq al[aqé XO
o hﬂitiw(noﬁ)¢xo

I£ loalage roactavco ig nogloctod xd'cmd 'A;a

con bo writton ooy

| b 1% 2 e
J!.’d o 2 navtm © ( }\o & % hu@) (9,32)
}Iq ] —-"-;-—-*-* 0‘0 “3 !\249) (9.33)

9.0 DGIDRIIUVATION OF ROTOR MAGURTIC POITIITIAL
(vith intorpolor channola)

Ban 3,31 40 rouritton ass
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oin PR oin py, = gin p <, ain p(g = ) eoiapsl,
or 31 ——— & &
) po Pa 6

14 ] i 7, 7

otn pl 3=y ) =otnp ( 3= )  oinp(g) - sinpfg ”44)}

& * |
Py po -*!

1
TR M -«a;‘%]

&
8 G - @ G

ov P, = By [{ein B, = 8in py = ain D3 = <o otnp(l -«p}‘i»ﬁ

(), = W %) (r-3) 2h

9.7 D1 RMIUATION OF QUADRATURE AXIS FLUX DEFITY

Tho oxprogoion of ™c. J.4.2 413 rowritton ag ¢



- w/2 2

| 1 ( Hyq MO cos®p® = p,) (cos po ) a9

L. 0
U ¥/2 e co a6 /2 "t

= B, NO) p o « § p.e A@)cospl 49
v lh 1q 0 - o 1

First tem in this equation is same as Eqn in sec. 9.3
The substitution for this yields |
B 2“0 B ! 4 1
0% o Ttz (e soxd (-0

Tum,

1 4 - v |
4 Ep {sin 2p«), = sin 2pd‘ - Sn 2p (E g&) unzp(2 ""{)}
NP - w2
» (1= 2 ;—p[;;,x(e) #in po | 0

Substituting for A(6) from Table 3.3. the last term becomes,

. [ o “ s “, & £
i, | =—|stn p 8] + — |sinpe | * =2 stnpel?
¥p 11 ¢ 0 g e G
| 9 «
4
o — {stn péf * 3 sin pﬂ,"z_"
g 5 ‘*l', 1
Wo i’ sin psy | sin P, - sin P
= f1 7w 8

sinp(§ =<{) =stnp(z =<y
o .
sin pg - sin p(
R -

4
gin p(= =y ) = gin
o 4% A pot

¥y




wls op N

21 - - 4 ol 4
- [ ( sinpw, - sinp«, ainp(a -1,1) ﬂ:lnp(? -4;))(1 hJ
After substituting value of Py expression for B1¢l can de

written as ,

2, Bg| ¥ 1 1
810 = " 2h 4(«,‘ -, tep «t') (1 ) + -ép{sinm -

I |
-unap«;,~-1np(--dh)¢sinap( -d')f.’ (1")

-tiainpd,*-ainpd.‘-nnp(ﬁ-dg) » nnp(g -q,,)lg. 1)

|
i

¥ 1
T (“h‘“*\ sy - q{) (‘1 - g )
(9.35)

9.8 DETFRMINATION OF ROTOR MAGNETIC POTERTIALS

9.3.1 For determination of P, the mt flux in the region
-(3 to g - «5 is equated to zero. This bas already been
done in gac, 9.2.17 The same result holds good here also.

G.8.2 _Botormimtion of Pz

The flux in the r-gion 0 to «3 is eoquated to zero,
wvhich is,

r" o D ‘3”0(3 co e-p)gdﬁ
- (H, coap&e?z)sﬂﬁ*: - $ P9 =¥ 3

. w o 1

‘_1_9_.(-?24-93)5;-!

= 0



or - _
i, sin pe sin p‘ - gin p‘ i v
H4q | - v -3 1 -
__PGID pe/D
-
% . A“g - - W
= 92 —=- R
¢/0 §/D T
' s in sin pX.=~sin W W
or B 9‘1 * e ,3___,_*_?__‘1 ‘ﬂ* P. » il
Y ve/D BT 2 Tr T
Pén .
oy “3 M‘ W ] )

Las~t ferm 1in the expression, when divided by denominator,
becomes, too dmall to effect the valus of Pz'

g “sgg_g,;., *linp-t3;;1npd1 R
Honce P, = R pE - .

o L W 1 W 2

-1 31, . — e

et entT "Bl 1)

y (9.36)

9.8.3 For determination of Pé s flux in the region
g =« tows2 is equated to zero, which gives the

expression:
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w/2 - «
“0‘
2 ["’"" § (R, cos po - Pé)?.

8§ wp2- “y 1q 340

D W

/2 :
¥/2 - «; 27!
d v/2
oy - -ﬂ{
D iR sin pé - Pt 2 Py .D.. n.‘ ain pé - P'e ]
: aor 2 * ! ¢ voF y - 4 -l ?
3 ™3 2 1
Wt '
* (P= P ...

or sin 9(2 -‘,p - pin p(§ -qé) linpa ainp(z -410)

H +
LY Pg/D PG/
' - ] ] w'
AWt Py W ' ' ‘3 “1 * P
§ e ol w— - e m P " G re—— T
‘BT B T T 2 g/ G/m ]

-.‘-(3-'-)2]
8T

e b r
or, u sin P(g .‘) -sin p(% -(5) nnpi «0'1np(§.q{)] Ay
4
Ps/D PG/D

2 ' ’ Y1,
o€ ,» « "4 v 2
, .3 ) F'y - - 1 we
em om TR
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9.9 QUADRATURE AXIS$ FLUX DENSITY

Expression for B1 is given in 8Sec. 3.5.3 as

k v/2
Byq” ; ; (BN A(6)Cos’pe - P(O) A(8) cos pe) de]

N ¥/2 44 coszpe . ¥/2
- 2 1q A(®) 5 5 ae -6' P(O) A(6) cospe A

First tern 4is same as in gqn. 9.23 of Section 9.3.6.

Therefors,
B, = m’q (= -q K nql) (1 = . )Y o 1{011\2“ = gin2p«
L Sl 50 (4 =y s A 2p 1

« gin 29('-'- -d.,:) ounzp(g --q)} (1-;-; )]
‘ v/2

« “=—| P(8) X (6) sin pe]
wpP

Last term can be expanded after substitutirg for A(8) and P(6)

L o

l» “ S b
"P ['Pza"!dn P‘e' P, = d.n Pa[ 'PresinpOL
¢ 1 3

T e

+ |pyg- ato oof? :" s ---f-wif_«h .;f.mel“’

2

u .
4,1’5 ag.ninpd r .]
2 ™4



e
o

W, sinp«, (siop<y= sinp,) Py(sinpx, -sinp«,)
p - G s [

k 4
Py(stnp(3- <) « rnp) Py sinp(-«y) -sinp(G-«y)
G | g ,
. P, ( nnp(%«tp - ainn(g-»«i) )* Pé(unp(g) -sinp(g -q))]
— .

L 4

7 ‘
z - ;;3-—[{ *Pz linp°C1 QPB{.j_np‘h - unp(g .q.a‘)}
L 4 1 : ' T .,

BIPIRE
p,sinp 3
b

4

Than the final expression for B“q becones,

PR - ‘
B‘q = s Lh + (o) ok, » o -&1') (1 5)0 ap{unzp-th sin2p«

4 . v Oy L2
=~ sin 2p(3 =%¢) ¢ sin2p(3 -«').}(1 é pﬁ::{Pa.inp‘1 |
#P sinpﬂ%*slpp(g ~=g) )+ (P) einp(g-«i)? (1-g)

0(?2-93) sinp«a * (93-1’;_,) ainptg -:5) * Pé sinp g f/n}]

(9.38)
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APPENDIX 9.(0

MAIN PROG 1AM
DIMENSIONGREIDIsGRI(LIDI o HILIO I o HZLLO Yo HI{I0 2w HILIO2210) 9 X1(10)
IX(10)V9DGRELO)»DXXLICH
READ 10CC.x2

READ 2000+tX{T1alml,k2)
READ 20CCaROOXZ¢OXXsOX1N
CALL FUMIL.F1}

ITER#Q

PO 30 1=1,K2

DO 30 Jwl.X2
IF‘I'J’ZQtIQO?Q
H{leJdinled

GO TO 30

HtinJ)n0 e

CONY INUE

CALL GRAD{X#CR)Y

DO 40 I=1+K2
GRAwAZSBFIGRIT))
IFLGRA~OX2) 428050
CONTINUE

GO TD 189

DO 60 ImleK2

H1(1)1m040

DO 60 Jwm]laK2
HI{T)=H1tT ) =M{IaJ}eGR{J)
59'0'0

00 62 I=1eK2
SPeSP+HLI () uHIl]}
SPeSQRTF{SP)

DO 63 I=1,K2
Hi(1)=H1 (1) 5P

CALL GOLLSE(XsROsGRIHIPOXXS ITERyFaK2e TP A1)
FAGS(F~F1)

IFIFABYT] 5%

FAD=ABSF (*AR)
IF(FAB-OX1)180+180s72
CALL GRADIX1GORYY

DO 785 I=14K2

AGR=ABSFE( JRILLIY)
IF{AGR~OXIITST75,78
COHTINUE

GO TO 180

DO BD [Im=]leK2
DXXUT)» X2t )=XE]Y
DGREI)eGRI(T)I=GRL L}
SUMI#0,40

S5UiM2m( 40

DO 120 I=14K2

H2tE)=0e0



110
120

130

170

600°
Weo
Leon
o0

180

391
362

H3({1)30eD

DO 110 J=leK?2
H2(IY®HZ(1)=HE 12 JIRDCRD)
H3(1)oHI{TY4CORUJISH( Je 1Y
SUMIsSUN 1+DXXLT}
SUM2=SUNM2+H3{T)I&OGRIT)

DO 130 1sl,eK2

DO 130 JeleK2

HEL o d)mbi{ Lo J) DX XTI EDRXCIN/EUMEISL 20T Y RH3 LY/ 8UN2
H{Jsl)aH({]leJ)

DD 170 l=1,K2
GRIIV1=GRIC(])

XtI)ymxi( 19

PUNCHHOC 29 ITER
PUNCHSECO s (ARIT )1l eK2)
PUHCHS LN (Xt elulek2)
ITERe I TER+1

PUNCHSCCOF

FlmfF

GO TO &¢

FORMAT(Z IXe1QRITFRATICN MO wmo15423HGRADIENTS ARE)
FORMATIYF1065) '
FORMAT(215)
FORYATIETI3,%)

STOP

N

CAPPENDIX S}

SUBROUTINE GOLDSTIXeSTEPoGReSaFTOLWITERGFYIK2Z22DPaY)
DIMTNSICN X110 Y(10)5(10)+GR10)
IPRIT=}

IEXIT=2

NTOL =0

FTOL2=FTOL/10 ",

CALL FUN(IXeFX) Y

FA=FX 3 EPeFX 8 Fl=FX
DZ=0. % DN =D, 3 DC=0e
KKawg

M=

DP=STEP

DO 2 I»=]eK2

YeI)aX(1)+DPoS(])

CALL FUN(YFF)

IF(ITER« 113512520352
PUNCHTOC DoFFeDP o (Y1) 91l p¥2)
KK=KX+]

IF(FF=FA)54346

DO 4 1=1.K2

Y{I)aX{))sNZOSIT)

101



140

FysfFA

NPmDA

PUNCHTOC e

IFCIPRTIT=1)&M255% 080
85 PUNCHZ10N

60 GO TOAAU
5 F(CafR $ fFRreFA % FAeFF
NCeDR -3 Endat 1974 ] DZ=DP
DPu2,Ce0P4STFP
GO TO 1
6 IFIXK)ITe009
T FAnff
DARDP L3 NF e S BYEPuugTEP
GO YO 1
8 FCm=FR -8 FieFA % FhAafFF
DCeDR $ rtReD? % DZ=Dp
G0 1O 21
¢ DC=DY $ nren2 8 DI=DP
FCarn 3 FlmfFA 3 FA=FF

16 DP=0,3#(DZ+07)
IF(ITER=4)359,313,4354
353 PUNCHTGOYSFFHDP, (YL1)sln]aK2)
3%4 DO 11 IrleK2
11 Y(I)axX(1)+OP#S(T)
CALL FUNUY,FF)
12 DXYs{DC~DP)®(DP=DF)
TF(DXY)15013418
13 DO 14 Islek2
14 Y(D)eXU1)+Dr#5(1)
FY=Fp
pPeD?
IFCIEXIT=1)6256)062
61 GO 1032
62 IF(IPRIT=1)6646% 060
63 PUNCH22¢D
¢4 G0 T032%
15 FCeFR 8  FEafF
Dz=DB $  pReDp
GO TO21
18 IF(FF-FE)19,18+20
19 FA=FS  §  FRefF

DZ=08 $ pesDP
G0 YO 21

20 F(=FF
DC=0P

21 AZeFAR(L Be=DCI+FLR(DC=DLI+FCH(DI=DD)
IFCAZYI229300022

22 DP0 B8 (DUl mDCRDC ) #FA{ICHI CuNZRDZ INFLUG(UZRDZ~DREDBIMFC) /A2
CDAs{D2«DP )& (DP=NC}



22
24

2%

26
27

28
29

30
31

32
9

32%
328
230
326
338

336
338

23
339

340
700
2100
2200
3000
5000

345

IFIDDAI13013423

A0 24 Islyk?
Y{l)uXC]YenPeS(]}

CALL FURLIYFF)
IF(ABSF(TRISFTCL2)25020426
Alml,0

G0 TO 27

AZn],0/FR

ADX2ABSF (PR=FRILATFTOL
IF(ADX)I8e28412

1FX1T=}
IF(FF-FR)I29413913

FYuFF

GO YO 32

TF{R131¢31013

Mmida ]

GO YO 1¢

P099I=1442

IFLYL T N1E1)325%499+225
COMTINUE

G0 70 3%

IF{NTOL)I 32842282728
IFLIPRIT=11326+320e326
PUNCHIQCOWNTOL
IF{FY~FX}36454338+335
AGKw=GR{ 1)

IFESIT e AGX Y2409 3368+340
IFIFY-FY134%43384338
PUNCHS0O00
IFIHTOL-5)33943404339
1EXIT=0

HTOLWNTL L]
FIOL=FTOL/10.

GO 1O 12

PUNCHTOMIWDF
FORMATL13F643)
FORMAT{ I BHAFARCH FAILED)
FORMAT{ 78HSEARCH FAILED NY RCUNDINGY
FORMAT (I THTOLERANCY REDUCLDL12)
FORMAT ( ] BMSEARCHM FATLED CRAD)
AF TURM

END

APPENDIX G, |2,

SURRDUTINE FUNLIXWF)

DIMENSTIOM X197}
A12eSIHF{6e#XIL)ISINF (G2 (X1 1+X (200}

A12mfAY] SSINP{E#XIA)IMSINFIGe®(X(3)+X(4)2))76,
A16mSINFIRL¥X{I)I~STHFIRLRIXI)+X{I2)))
ALSolATO~SINFIG R IX{214X{4))I+SINF(BBXI4))) /80

103
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FeAl12+Al8
Fa=-F
RETURN
END

APPENDEX U, (3
SURRNUTINE CRADEXSGR)

DIMENSION X(1212GR{10)

GRISCOSH (6o8X{1) ) ~COSFIE#EXITI4XI21))

GR{1)wGF 1+COGF(Be®X (1) 1=COSF (Bo®{XI1)+X(2}}) \
GRI1) m=¢RETY

GRU2) w=COSF (6e®{XILI+X(2)))~COSF (Be#(X{1I4X(2)))
GRI2)e=CR(2)

GR{3IMCOSF AWM EXE31eXI4)) 5=COSFIRH(X(3I4XL4)))
GR(IVs=CR(3)
GROBCOSFL6e#(X(TI+X(61))=COSF(6e*) (41 )

GR{4)wGR 4+ COSF(E o ¥X(4))=COSFIB®(X(314X(41))
GR(4) == R(4)

RETIRY

END

APPCHDIX 9,14
SUBRDUTINE FUNY oF)
DIMENSION X{10)
AL2SINFLOe®XL1)I=SINFLlot{XI1)4Xi2)))
A12n(ALf ~SINF(EeMXI2II+SINF Ge*{ «B0-X12)+X{3))) ) /60
AL6eSINF (e XI1))=SLNFIB#{X(11+X{2)})
A16lA14=STINFIS42(o30=XIPI+X{2})I+SINFLOL#X(3)1)/8.
FaA]24A18
FawF
AETURN
END

AFPENDIX 9,5

SUBRAOUTTINE GRARIXIGR)

DIMENSICN X{101.6RE10)
GRIWCOSFLA,8XL 1) 1 ~COSFLoHHIXLIIMNE2)))
GRIIISGRI+COSFIS«MX{LI 1 =CUSFIB#{¥ (1) 4XL12)))
GRIY1)»s~(R(])
GR2e=COEFLEaWIXTTIIHXI2) ) =~COSFIE 4B {oB0=X(2)4X(3)))}
GRIZ)ISGR2=COSF(B B IXIT114X (231 14COSFIB®*(o80-X(2)+X(3)))
GRIZ2)e~CRE2) )
GRIAnCOEF(6e%X(F))+COSF (SR {oB0=Xi2)4X(3)}))
GRUB)SCFB=COFIBeM{o80=X(2)+X(3)IN+COSF(8e¥X(3})
CRINe=GR(3)

RETURN

END



9,16 Determination of A and B

The expression for torque ‘l‘. is

T, =A% BS = C

At slip 81 1." vill have gome known value '1“

1
and g% 311982 '1’. wvill bnr.e.

o,

T.1 gAS% *381 - C

'm?aa = 452 + B3, -C
or GA+ S BeC T, a0

and S_2

oA +8B -C -1 =0

]
Solving two .:ﬁnult@ooua éqmtionl in A gnd B
(Tyq 8 =T, 8) - C(8 = 8,)
A = : 82 a2 81 81 32 ' (5.39)
\8182(81- 82)

.ndn.;;- (T +c-82A) (9.40)
1 .

9.17 Determimtion of Sip 8‘

Sy 1s the alip at the beginning of the synchronising
attempt and net torque at this point is zero.

Therefors T« 05 T, ¢ T, =T, (from Eqn.:i0 )
2 -
or A‘sot BBO-COT; I, =0

o
v 1s the velus of T} st 8  slip,

yhoro T’o



2
or A§, + B§, -(T14C-T;°) =0

2 -
B tJB 44 (s C =T )

o , 24

o 172
1
ao = az «.B » {32'0 "A (!1’ Ce T!.'G)
' ’ (9.141)
The negative sign s not considered as it is not

rea 11 ﬂﬁdo

9.18 Detemmination of Criterion for Pull -in
The equaticn to be integrated es stated in Sec. F.U is

3 2 ox
-—-OBMdtOKb a’.l‘t

| fg a3 '
or J a-t'g 4%3; #Kubahsat B,S"GO Tr+'c-2'1

as | -
a8 2
or 38 =+ B, + Kb » AL cos’(sed s 2,) DA Cos(Er8028,)

«C ¢ D cos2d + Eu:i.n"‘"o - 1’1

as
or J8 e o |
™ * ByS+ Kb .Aaz[

1+ coaa(bfbfh?b‘)]
. .

+ BS, ccs(ubgaap-c + Dcos2y +F sin2p Ty
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s 1 -

fin.'"fin o A8, 2

or § - o A
(Js--oqtsoxa).;? oc

082(aed 428,)
81n,°1n £

+ BS, coa(bd-af#e?a.‘)«m cos28+Bsin2d ‘(Tl + C)

sun.,bﬂ.l. . '
(] J8 48 » nM 8, cos (b » ofrza,)da ¢ Ky A
Snv 8y | | ;

or

4‘9§ A8§ ’
= § = . 3 cos 2(54-5:026,) + B .socos(b*bf-h251)

»Dcos 28+ B sin2p # (7,+C) _] as
, 0248,

W o
or —50 BH 30 .’-n(“ﬁr’aﬁ* '-2-

8o’ bo

A (3 As§ .
= 4 :1n2(504-6t0 261) » BBOIS.MM&(‘%.‘)

o

2

% cos2d 0y ¥/72 o5,

+gsin20- -‘(T1¢C)a:|

K }x 2 _ .2
+ B,S, + s {(24- 8, ao}

-2
o 2

8

ot 8

o
J

o

™~
o N'

B
2 sin 2&0 3 5 cos 260

5

r

D
;‘Bﬁo "2t
s

$ ¢o 260 - (Tl‘. C)

Nt »
VYL



@08

7
or """"2""['9'1!1 2a°0lco. 2b°+ (B -;“)80
2 A

2
oy J = = [- D sin2 §, + B coczbo +» (B~ BM)-so

AS Kvw - l »
o JUREI - o ) -

(90"2) -
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