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«. - result a commercial s;wltc‘h?d reluctance motor drive appeared In 1983,

- C i Y
) : . o
S . ABSTRACT . ' ,
Design and Finite Element Analysls of Switched '
. ’ Reluctance Motors™
N o ’ s . k) ‘ o
Arumugam Rengasamy, Ph.D. - ) N

9 — . .
Concordla University, 1987 ' )

N " @ .

In this thesls, 1t Is noted that although the principle ofpro'&uc!ng mechan!-
c L4

cal motlon by refuctance variatlon Is not new, practical drives using such a prin-

ciple could not be déveloped untll 1970's. During phe l'asr, decade lnteresp in

. «

| I
.~ switched reluctance motor drlves was revived 1n the United Kingdom and as a
, i

L3

" . After a review of existing analyses of the switched reluctance motor, the

™\

thesls develops an analysls that ove_rcoﬁ'les'manyf of-their limitations.- In-partie-——-
i ! 5 T .
ular, a finite element analysls Is used to determine parameters such as self and

mutual Inductances. This analirsls Is used to comp'a,'fe the chaqacterlstlcs of two "

\

° formis of construction. It,’ I1s also used to determlne the Influence of the alrgap

‘

geometry on the performance of the switched reluctance motor by varylng the .

p

pole arc/pole pltch ratlos of both the stator and rotor.
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. A deslgn procedure for the switched t:eluctance ipot‘or 1s developed. Tpls'ls
- . . ’ . .

- 1n a form sinillar to that for conventlonal machines In that an output eciuatlorn

e Is obtatned. 3 ' , -
‘ ' . s ﬁ . " ! ’ 3
- End effects. are lnvestlgated using . a‘three dimenslonal flnlte element

S e N

N ””"!lnalysls on-one machlne. This 1s used to, provide ,a comparlsc!n or the two apﬁ

LN -

, .
three dlmenslonal ﬂnlte element analyses.’ . - . \ Lo ’ .
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~ INTRODUCTION

o

1.1 Intreductign to' SR motor drives '

Wlth the advent of semlconductor power devlc;es. ‘there had been consld-

-.erable lnnovatlons In the development of varlable speed drlves Switched

Reluct,ance (SR) motor ‘drlves are one of such developments. They have been

under actlve research and development during tle past two decades {1}-]4).

The first motor operating on the principle ofreluctance variation was bullt in

'1842/[5]. Untll the recenn past, the. reluct,ance motors were consldered to be

g hlghly lnemclent wlith low speclﬁc power output, The present, developments are

R

_prlmarlly due to the avallablllt,y qf rellable semiconductor power swltches and

-the modern computer alded design process. The. power density of SR motor‘

v

‘drlve‘ls high and they operate with high power factor and efliclency. ‘Thelr

L

controllers are slmble- with 2 mipimum number of switching devices compared
with Inductlon metor controllers [6] [7] |

“

u The doubly sallehg\swltched reluct.ance motor \resembles the varlable
reluctance stepper motor in const,ruct;lon .The stator and rotor of the motor
have even:bu't unequal num:ber of* sallent poles. The stator poles carry wind-
lngé 'arrd there are no windings on the rotor so that there 1s no rotor copper

loss. Each concentrated winding on the stator poles when connected with the

,dlametrlchliy opposlte pele “winding . in-serles constitutes Qne phase of the

motor Each phase windlng is excited at approprla.té times such that the motor

—— -]

-.develops torque in the requlred dlrectlon Rot,or position sensors are used to

generate control slgnals to, swnch currents Into t,he phase wlndlngs.

The alr gap llength of Lhe motor 1s made very small so that the motoican
“ e - ' . t )

N
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be ope!;ated under sauqa’ted conditions. 'I"Ihls results In higher coenergy chanég
. ¢« .
as the rotor moves from the maximum reluctance position towards the

- AS
*

minimum reluctance position, compared with that In unsaturated conditions.

Hence, the motor develops more torque (8]-

»

The doubly sallent switched reluctgmce motor ogerates on the princliple of

‘the rotor paoles getting themselves allgned along the axls of mlnlmum_ relué—_ .

t;mce when the approprlate statpr pole windings are exclted. Since the torque

.1s produced due to ‘the change of reluctance In the motor, the direction of

-

current flow in the excited winding Is Immaterlal. This results In the unipolar

®

operation of the motor with only one switching device required In ‘each phase

of the motor. The number or‘sx_v'ltchlng operatlons for each’ revolutlon of the

motor depends on the number of phases and the number of rotor poles. The

~

direction of roﬁat\bn of the motor depends on the sequence of switching the

.stator phase windings.

The speed of the motor can be varled by altering the switching frequency

’

-] - ~
when the torque 1s held ‘constanf. The developed torque at constant power can

be controlled by the instant and duration of switching. Thus, the switchlng
-«
angles are controlled to achleve the desired speed and torque and to stablllze

"the~operation of the motor. At low speeds‘ choppling Is used to 1lmit the peak

.

current.

< For convenlence, the positlon when a stator. tooth 1s opposite a‘rbtor

‘tooth such thaf the reluctagce Is minimum Is defilned as the allgned position.

The una]}gned positlon 1s deflned as that when the stator tooth 1s opposlte the

rotor slot such that the reluctance 1s'maximum.

i

.
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' don were not developed further as a practical source of energy conversion.

LI
-

1.2 History of SR motor development s -

The method of electromagne'tlc energy converslon used In SR motor 1s not

new. F‘rom the day Faraday demonstrated the possibliity of obtalning mechan-
/

lcaLmotlon by electromagnetlc means In 1821 there had been several att.empts

to bulld electric motors which were then called as electromagnetlc englnes . In
v, . i '

1840 W.H.Taylor made a motor utlllzlgg the force of magnetic attraction

between’ the soft-lron armatures and the —electromggnets [9]. The speclal

reat'u're of hls motor wds that the electromagnets Yvere simply S\;zltched on and

off and were never reverse'dl. Charles Whez:tstor}e,‘then Profgg,sor of Experl-

m'en\tal Phllosophy at King’s College, }gondqﬁ. who visited Taylo_r's rriachlne
a

with his students, later constructed ;not,o'rs which he ca!led ‘eccentric elec-

tromag’hetfcv englnes’. His, motors which .are now In the Sclence Museum, Lon-

\

4 In 1842, Robert Davidson made ;motor ba._sed on simllar operating princl-
ples ‘as ,'the earller verslons, for driving a battery powered vehicle [10]. Latgr
Charles Grafton nge of U.S.A, made a large swltc,hed fleld machine In 1851
for tractlon purpost;s [11]. The above attempts wére not. successful due to poor
electromagnetlc and mechanical designs and the hnavallabmty of suitable

switching devices. They used the commutator as the rotor position sensor to

switch currents Into the.windings and there was ho provislon/ to change the

duty cycle of the excltation.

Praetlcal appllcatloﬁ of the above energy converslon prl clx;le was made
to devélop other type of motors early In this century. It was ‘ ‘ed to b}md high
rrequency alternators known as pulsatlng ﬂeld or Induet} alternator type
machines [12],(13]. The Jater verslons of these machlines wer knqwn as the ver-

nler slotting machines [14).
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Due to the avallabliity of rellable semicondudior switches such as the
transistors and thyristors, the interest In switched fleld machlnes was revived -

. ®
in the 1960's. Several patents were.flled In U.S.A. In early 1970's {2]-[4].
- hY ,

The first commerclal version of tpg{)wltched reluctance machline appeared

,,\_/' e . '
In the form of single phase ‘shaver motors with ‘me/chanlcal contactors. More
/

reéently, a number of researchers have directed thelr attentlon to varlous par-

( .
ticular deslgn developments of varlable relucta?nce stepper motors almed at

~ 14
’

. hlnc'reas'mg thelr power levels conslderably.

"Lawrenson a;nd others [is]-[i7] Investigated the reluctance machines In the
‘1960'5 and published papers on varlous types c;r low lnema rotor, varlable
reluctance motors. II_I ;965. »Lawrénson has x;eported that these motors, when )
given sultable design and "deveiogmg,m opportunity, could surpass at least 1n.
sdme aspects, the induction motors {18].\ A considerable amount of work.on
varlable reluctance stepper motors [19)-[24] has bef;n done and l‘lasilater ‘been

‘extended to the design of doubly sallent switched réiuétance motors.

It has been polnted out by Byrne and Lacy [25], and O’Connor {26] that
t,h;e sat,uratlo‘ri profoundly aflects the force téndlng to align the partlally over-
lapped teeth {n doubly sallent structures. If t,he— magnetlc material has square
‘loop B-H curves and the saﬁuratlon,ls conflned to the pole ’ches then the force

developed could be almost twice that In the unsaturated condltions.

Byrne and Lacy (4] In thelr pat'ent spegification have described a single
stack, 2 phase, stator and 2 pole rotor varlable reluctance glachlne which was
unldlrectional. They have shaped the rotor {poles such that there is unlrorr'n.
rate of flux Increase with mechanical displatement of\the rotor. The alrgap
length was made small so thét sa't,ura‘tlonrcould be prodgced in the pole faces

with the objectlve of Increasing the torqué output as proposed by Jarret [27].
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/ Among the developments of varlable relgctance motors was an axlal alr-

/

fap ‘motor developed by Unnewehr and’ Koch [28] for batbery powered trac-
7

/f”tlon. Orlginally concelved as a low power motor, this reluctance motoxx has

/ subsequently been develope (J for many high power appncatlons such as trac- .

tion, fans, blowers, and ﬂmps Due to mec'hxmlcal complexlt.les and cost, there
were not. much further Improvements. Koch [29] subsequently described a 3
‘ bha.se. single stack pulsating fleld reldct\agce .xhotor. Very }lmllar J',o those -of
‘the present SR motors. The motor had gallent poles on the stator and rqtor

and was supplled from a fixed voltage de source. He presented an analysls of
. ' #

the ‘operation of.the motor to determine, the current waveforms, contro}ler’

power output, -shaft power output, of the motor, gating angles to control the

speed torque characteristles. He has also’ descrlbed the determination of an

a4

optlmum pole and gap dimensions based on the Hnear permeance values of

doubly sallent devices [30]. But, he has not consldered the fundamental effects '

of negatlve torqué -developed durlng part of the.pperating Eycle and plie posst-

billty of swltchln‘g current into the phase winding before the.onset of Increas-

Ing Inductancé perlod, which are essentlal In practical systems.

Al

Bausch and Relke [31] extended the stepplng motor strategles to a ‘4
pha.se double stack reluctance motor using a drilve system proposed by them

[32] for low Speed operatlon. They .were partlcularly Interested In the Inherent

serles motor characterlst,l.c of the vehicle drive.

Harrls et al. [22],[23] have proposed a theory for the statlc reluctance.

torque ‘pro'duced by a doubly sallent }nachlne when 1ts magnetlic clrcult ls,..-

strongly saturated as that occurs'ﬁn the majorlty of étepping motors.’ They
" have used the linear permeance values derlved by Mukher)! et al. [30] rrom‘tﬁe

unpublished work of F.W.Carter, to predict the perl’ormaﬁce “of the doubly

sallent machines. They also have shown that ‘Saturation sets a theoretical Iimit

a ’ AN

y '
,
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* to the torque tiat 'can be obtalned C(r unit rotor volume The relatlve probor—

‘

tlons of tooth slot and alrgap that produce the maxlmum torque are Investl-

ko

gated using the llnear permeance data. Sgbsequently, they have reporte’d a

unifylng approach ro‘r' predicting statlc torque In stepblng motdr structures.

. They developed an expresslon for ‘the holding torque; duly lptroduclng factors

Al , ! L3

* .to account for (a) phe fraction of the rotor volume effectively utilized rqfl

Y
.

torque prod”ﬁctlon at ‘3 timé, (b) the shape of the forque angle characteristic
and (c) the finite magn\t}lde of excltation current In the wlhdlngﬁ that do not.

cause saturation In the unaligned position. . ' -

In 1974, a reaslbmty stud rives for battery veh{cles was conducted

" by /Nottlngham Unlversity [68]. In that tudy, 1t was polnted ont hat .an o
’ nverter feedlng a doubly._s salle t reldctance motor was. u\ore promlslng than an —,
"lnduction motor system. Durlng at ‘time, research on SR motor was already
. ln progress at Leeds Unlverslty In 1975, Chloride Te&mlcal Ltd Sponsored a
. 'comblned project on the analysls. deslgn and dev.elipment of SR lzgotors to
" both these unlveysities. The o‘utconre of thelr research' was the first commerclel

SR motor varlable speed drive In 1983 [33]-[35].

Stephenson and Corda of Leeds Unlversity have described a more accu- —

~

rate method to compute-the torque and .current of doubly sallent r'eluetance

T .
' motors from the measured or predicted magnetization data [36]. The other

meshods of perrormance prediction [22],[23] used linear permeance values
presented in references [30] and [37]. The accuracy. of the method depem;s
malnly on the permeance values In the allgned and unallgned positions. Sub- f
sequently,‘Corda and Stephenson [38] proposed an analytical method to estl-
~ mate the ‘allgne'd and unallgned permeances rrom the motor Lgeometry and the
winding distributlon. Thelr method of chlculatlorz assumes that the.ﬂux‘.unes

RS
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consist of stralght line segments and concentric clrcular arcs, simllar to the

C ) ,
ass'umpmons .of Chal [39).

Ray and Davls or Nott.lngham University . [6] descrlbed an Inverter for a

e

doubly sallent SR mot,oi'\%analysls was presemed uslng a llnear model for

the SR moyor to predlct the approxlmate.current waveforms and to determlne

.

. the control strategy or the'ln‘verter system. The de&ails of the. poWer converter.

~

deslgn were rep ted by Davls et al subsequently. for both 3 phase and 4-
i

phase SR motors : -~ .

In 1980, Lawrenson et q.l [1 have present,ed the prlnc\ples or ope\ablon, .

deslgn conslderatlons and test: results ror SR motors. Thls is the first papér

them later on .SR motors [40]-{51] present the development )i the motor -

design, perrorfnance, cost comparlson, tractlon applicatlon arid the power con-

.

trollers from' time tfq time. There have 'been'several patents assoclated with the

. \
work on SR motors [52]-[568]..

Finch et al. [57],[58] have extended the design method déveloped for step-,

ping motors [23] to deslgn a SR motor with two teeth per stator pole in 1984.

Miiler [59] described-a nonllnear analysls of SR motor drlve system. The

~

basls for the determlnation of the kVA requirements of the SR motor power
" g . . .

* converter were dlscussed. Bose et al. [60] of General Electric described & micro-

-

computer based four quadrant control of a SR motor. A review of the capablll-

tles of different SR, motor drives and Inductlon motor drives has been

o

- publlshed on the deslgn consldegatlons of SR motors. The papers published by ‘

presentéd by Harrls et al. [81]. A junipolar power converter for SR motor was -

the entire trapped energy In the ph;ase windings. to a capacitor when the power.

. d L
presented by Bass et al. [62].. This converter is designed sukh that 1t returns

{
switch Is commutated. -

Y . v"

. . . "
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_parison of 2D and 3D results Is made. v - . ]

‘e '

o o , o
1.3 Contributions - ) . .

‘. :The féllowlng- are the major contributions of this thesls.

switched reluctance motors. . o .

(b) Two dlfferent. motor configurations are anafyzed, thelr performance

r
©

'evaluated and ' compared. Same maln dimenslons are used ror both the

'conﬂguramon_s to glve first true comparlson. . »' . &
N , . % \
’(c)" The Interpolar -leakage fluxes are clearly Indentifled and thelr-magni-

-

. tudes calculated.

"w»

/ (d) Sensitlvity of stator-and rotor pole arcs varlation on switched reluc-

.| tance motor performance 1s Investigated. s

[ B Y -

(e) A design procedure for switched rglucta:née motors ¥ developed: ~ « - -

»

(f) A 3 dimenslonal finlte element analysis has been performed to asses the

*

' approximattons Involyed in 2 dimenslonal analysls, due to end effects. A com-

kS

1.4 Organization of the thesis L
. This thesls Is presented.In,seven chapters. Most & the chapters ‘are pro-

vided }vlbh an lntroductlon and a’ concluslon. This 1s lntended to provide the

' reader with a brlef summary of the mater}als covered in eacﬁ chapter.

¢

In Chapter 2, an account of the finlte element analysls of SR motors Is

given. This lncludes the deﬂvat\on of the basic equation whlch defines the
B

magnetic fleld problem, setting up or bound,ary condltlons, the varlous steps

Involved In the use or the MagNet CAD package, modeling or the magnetlza;-

tfon curve and the postprocesslng of the finite element fleld solutlon
e . - . ' &

(2) x} 2 dimenslonal finite elémet;t analysls 1s applled to the .analysls of .

BENF2,
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- Chapter 3 deals w_lth the application of finlte element analysis for the px‘edic—

tion of SR ,motor performance. Two types of SR mbtors with different

configurations are analyzed. A comparison of the performance parumeters such

-~ as the flux llnkages, termlnal Inductances, leakage Inductances end the torque

L
characterlstlcs are presente§ , ,

. The sensltlvlty’ of theLchjnge In pole arc/pole pltch ratlo of the sgator and

rotor on SR motor performance Is given In Chapter 4. In addmon to the use of

finite element analysis an analytical method of senslt:lvli"y study 1Is also

de§cr1bé¢. .

v

A step by step deslgn procedure ror SR motors Is developed and presented
In Chapter 5. Anoutput equation slmllar to that used for the conventlonal ac

machihe design ls,déarlved. A discusslon on some of the deslgn conslderat.loxib,

the selection of deslgn parameters, deslgn verlficatlon and an operational limlt
H -
Q L

are glven.

~

Chapter 6 deals with a comparison of 2D and 3D finite elément ana.lyéls of .

S

SR motors. A local parameter such as the flux density and a global parameter

such as the lnd}‘xctance are evaluated and compared.

o

A comprehenslve summary of the conclustons reached from this ;esearéh

are presentdd in Chapter 7. A few .suggestlons for fu ther.-fesearch on SR

motor drive are glvens e ,ﬁ\
; - ’ / |

e
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. CHAPTER 2

~ FINITE ELEMENT ANALYSIS OF SR MOTORS

) 3
>

~

The design of SR motors must satlsfy certain speclﬂc' réqulrements with
regard to rating, torque, péak current, temperature rise, etc. The power sup-
ply requirements and the Intended use of the motor as a ﬁxc_ad or vgrlable
8peed dtive are to be consldered. These requirements coupled with the need for

K design optimizatlon necessitate accurate performance prediction at the design

Y

s . AN
stage.

mine the magnetlc.fleld distribution In SR motors. Classlcal analytical solu-

&
tlons [63],[64] are possible only for ldeallzed cases of grossly simplifylng
»

This chapter deals with the finlte element analysis which Is used to deter- *

assumpt,lons,‘conc'ernmg the machine geometries and materlal properties. Trad- -
. ’ J .

v itional approaches are generally not sultable for complex geometrles ‘and

material nonlinearities and therefore, require the.use of numerical methods.

2.1 Introduction o«

With the advent of modern digital computers, numerical methods have
become practfcal in exl‘lglneerlnzg‘ design and are, nowadays, extens‘lvely belng
used to Improve the accuracy of magnetic field computatlons.\ The finite ele-
ment analysis‘ ila.é emerged In ‘:h\e past decade as a useful nurr'xexf‘lcal method for

magnetic fleld analysls of electrical machlnes.

The ‘method Is based on formulatlné the magnetic fleld equations in’ terms
of magnetic vector potentlal. The solutlon Is ob‘talned by reformulating the
resultlng partial differentlal equation using varlatlonal terms and 'extremlzlhg
- the assoclated energy functional by 8 set of trlal functions. To lmplement the

varlaclonal formulation, t,he entire problem region s divided Into numerous

N }P‘

«
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subregions calleg finite elements. In this thesls triangular elements are used.

1

Inslde each elemental trlangle the magnetle vector potentlal Is linearly interpo-
lated by a first order polynomlal from the three vertex values. The complex
motor configuration and the nonlinear material characteristic are taken Into

account In finite element analysls.

2.2 Assumptions : -

To determine the magnetic field distribution Inslde the motor, the follow-

ing assumptlions are made:

(a) The magnetic fleld outside the motor periphery iIs negll(glble and hence

the outer berlphery of+the motor can be treated as a zero vector potential llne.

(b) The magnetlc materlal of the stator and rotor cores Is Isotroplc and

the magnetlzation curve 1s single valued, 1.e., hysteresis effects are neglected.

L4

(c) The magnetic vector potential,A and the current denslty vector,J have

only axlally directed components and are Invarlant In that direction.

' (d) The magne%lc feld distributlon Is constant along the axlal directlon of

the motor. . ' ,

(e) The electtomagnetlc fleld is quasistationary, l.e., displacement currents

it
are neglected. 5

- . o ‘

(f) Time harmonic effects are absent.

(2) In the two dlmenslonal analysls the end effects are neglected.
\ N o

2.3 Derivation of Partial Differential Equation

C 4
The fundamental laws governing all electron}ggnetlc flelds can be-’

expressed by the well known Maxwell’s equations. With the above assumptlbng

tle Maxwell’s equation become,
<
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. S e o~ ClH=J - . (2.1)
K ~ ) - Div B =0 - o (2.2)
" . The constituent relation Is . °, ) C ’
- ‘ - ' - - . B _'
S T, B=pH A L @3
L -whére Q18 the permeabmty of the magnetic materlal which ls a §ingle valued
S |
«runctlgn of magneti¢ ‘frux density B._ ’ S o :
v Y . . .
Q.im, ' By defining the magnetlc vector p'ogentlal, A as ' R
. ' | C o . B=CulA . c T (24)
‘ .“/;nd by uslng“Coulomb’s.conventlon, we assume that ) )
R R . ] . . \ ’, : s °
. B Div-A =0 = - - (25)
Frorn equations (2.1) and (2.3) - ’
" % v Curl ('7 B ) i." : ) (2.6)
v
' where 7 1s the reluctlvlty or the magnetlc materlal whlch Is reclprocal of the
permeabllity. ] ,
|~ ' . o . \b ‘ . - N
.Substltuting equation (2.4) Into equatlo (2.6), we get™
- X , o o }
‘ \ ) Curl (y Curl-A )& J (2 7)
¥ which may be\f regarded as more general, because the problem region may
/

; - ot . - A

. thus equatlon(2.7) Is nonlinear 1n iron reglions.

‘ﬁ X ' - V . ‘.

Since A has chly z-directed components A, (a: W) , -
) - AT : -
L 3 ' —
‘ 5 S Curl A = 94 t - ——aA 7 ~ (2.8)
l a,y . ax . ) - 0
From equatlons (2.7); (2.5) and (2.8), we get \ ,
L} : ) L . ) . . “ . * . ’
T ~ . d 6 0A g, 6 0A - ‘
n — () + — (=) = -J 2.9
‘ ’ /‘— ‘32:(?\0?) s y("/ay)‘ . . . , ;( )
. ~ Conslder\Flg. 2.1 where a two dlm’enslonal ﬁnlt.e‘ reglon,R In the Xy plane '
Y whlch represents a’typical problem reglon, bounded by S, has been shown. The
: §

region R contalns a current. reglon, an lror?”reglon having nonilnear materlals

_ Include x&)n zero current .densltles. The reluctlvlty ~1s ﬁeld dependent and -
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L 2
s
P

and a non-lron curfent free reglon. The equatlon(2.9) is the general 'partial
. differential equation applicable to all the above three reglons within the prob-

~ lem region R.

When “we conslder the SR motor In the x,y plane as the.problem region R,

then for the-stator 'and'rotor core’ reglons where there are material nonllneafl-
. , .

tles present due to saturation but bave 'no excltatlon current density 'present.

-

the equatlon(2.9) can be written as,

o ——

' ' 8A, , 8 BA._ -
L )t (g =0 2.10
The winding reglons carrylng excltations have no lron parts and hence
: - . B ]
equatlon(2.9) reduces to . coa "
: . .
L PA  PAL N
- oS )= : (2.11)
S . dz2_ Oy - ,

L 3

.The equatlon(2.9),'ror the alrgap reglons where there are no current carry-

BN N . " N -,
Y . h .
A 9’A : :
h N 7 dz? * 33]2) ° (212

The equafion(2:9) is the -two dimenslonal nonlinear ‘part,l'al ‘differential

- . equatlo” which is to be solved to get the magnetic Vector potentlal values

when the excltatlbq current denslty" 1s specifieq The solution of this equation

Q

In closed form Is very difficult to obtain due to‘the complex geometry of the *

SR motor and the nonlinear nature of the core material. Hence, nymerlcal

’

methods such as finite difference and finite element are particularly usé_rul. In

»

- . “\this thésls, the finlte element method Is used to obtaln the fleld solytlon.

“Té obtaln a numerjcal solution to the -fleld problem which Is free from
topological and gedmetrical restrictlons a varlational formulation 1s used [85].
This formulatlon Incorporates the boundary condltions during its solution pro-

cess and also permits' trlangular finite elements of any slze and materlal

Ad N
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‘ . . . . . ¥y

N

]

X N [
property. From the known boundary conditlons, an Interpolation technique Is

- A

used tQ determlne she the nodal magnetlc vector potent.ral The solution ls

obLalned bs?’ mlnlmlzlng the nonllnear energy runctlonal

¥y

S ) B - ]
I,_ | F _j{deB JA] dR O (2a3)
where R is J;he problem reglon or lntegramon ¢

E

The qntlre problem reg\on is subdivided Into triangular finite elements.
The elements are defined such that the sides of the triangle colnélde‘ _with the:
. 'Y . 3
boundary of each materlal. Smallerelements are, used: where the magnetlc flux

density.1s expected to change very much. Such regions are the pole ilps and

v

-the alrgap between the oveflapplng poles. Co. 1\ L »
. ©TH = R

2.4 Boundary Conditions ‘ o

LS

In SR' motor analysls, ba.ééd on the ale;sumptlons made earller, there are

certaln nodes lylng on a contour havln_g a specified potential value. In some

cases, the' potentlal of the nodés on_a specified line may be constralned to have

]

a certain value of the poteﬂtlal on another llne segment. Or, the dlﬁerence In
po/{(n\lal may bé speclﬂed wlthout, knowlng the exact value or the pot,entlal
“ itself. The nodal pocent]als specified may be for exterlor or Interlor boundary °*

nodes. Depending on the nature of constralnts they are classified as Neumann,

.~

Dirlchlet or Perlodic boundary conditions. , -

. . 8 ‘ .
~In order to ldentlfy these boundary conditlons, let us conslder one quarter

. N ’
of the cross section of the SR motor, showr In Fig. 2.2. When the rotor s In

_the allgned position, the pole axis of the stator and rotor poles has geometric

~
‘

as well as magneﬂc symmetry. Hence, the allgned pole axis may be consldered

as- an‘equlpotential line ‘of zero magnetle vector potential. Based on the

assumption that the flux iines are coﬂﬁned ‘within tlie motor core only, the

-y ‘ ;

A * ’ ¢ . ™

7
N - i
o ! FOY M M
. N ’
. N
.

s

%



.
r
’
-1
h »
.
P
4
k
)
1
M
3
£
N
-
L]
@ '
Lo
.
~
. N

=

t
L
,
~
»

e

Fig. 2.2

7

.
-
.
0
°
-
- 4
v
™
K4
~
'y
-
- »
-
*
.
' )
0
+
0

)
N
.
B
-
E
P N

Finlte element, subdlvislons (6/4 motor)
N .

: Aligned position

5

-
B
. -
\
. ,
- ,“
.
'
"y .
.
\ \
. L]
‘l " -

.
-
. .
f
2

.
-

.

]
<

»

.

.'h’l
N
.

3
’
N
-
i
“

.
“ - .
.
!
.
, .
. . N
'
\
'
. .
- W
L}
s
.
e '
. -
, .
R :
v . .
.
W
t .
I
1 +
b o
. '
- :
' * -
. 1
t
|
i
\
> ‘lw'
- Ve
. E
{
. . s i
"
. {
. Lo
i
a * ‘ -
a
ey o
° ;‘&C:.‘:u
‘
» "
- .
‘
.
» P
. ‘
" °
+
N . *
R .
. .
. R
x v .
N )



17

exterlor boundary of the stator and rotor sha are taken a$ an equlpoténtlal

4 ) L ) N ‘- )
~ darles are speclfied by the Dirlchlet (..{\.=0) boundary condition. They are

"speclﬂed using unary constralnts.

When the rotor 1s In the allgned position, the radial line on the horlzontal

axls 1s a line of even symmetry In A. The flux lines cross this line at right

angles. ‘Hence, the normal derlvative of the potentlal’A 1s zero on tHls line.
ol
. 3
Also, along the lron alr boundarles inside t.he‘ mot,o'r the flux lines Ympinge on

the Iron surfaces at rlght angles due to the very high value-of t,he permeablllty

or Iron compared with that of alr. These gouhdarles are called Neumann boun—

darles where -%i 0. Thls iIs also known as natural boundary ‘condjtion.
. n i . \ \ ’

Conslder Flg. 2.3 where one half of the motor 1s shown. The rotor 1s

'

shown to be displaced from the allgped position. In such cases, 1t can be
observed that, the symmetry or the fnégnetl'c élrcult Is upset. But the physical
condltlons repeat arter half the motor Cross sectlon Tms periodic nature of the

magnetlc circult condmon results .ln a perlodic nature of the flux density and

that of the magnetic vector p@tent,lal. The vect,or potentlal and/or its normal

’

derlvative are not known along Lfle radial boundary. Stlll, the corresponding
nodes on the radial lines on elther sideyof the shaft ar'e constqa!n%i to have thé

. Same magnitulle of the poténtlal but with opposite polarity, whereas the nor-

mal derlvatives of the vector potentlal at th‘ese nodes have equal values. These
are denoted #5 perlodic _boundary cdndltlpn’s and are specified bjl using binary

constraints.

2.5 MagNet CAD Package l
r ! ’ .

The finite element dnalysis Is performed using a MagNet' CAD gackage. It

Involves preprocessing, problem editing, sofl'vl_ng and postprocessing operations.

N - . L

"llne with zeromagnetic vector potential magnitude. The nodes on these boun- —

+
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Preprocqsslng comprises the speclfication and subdivision of the motor -

geometry to be.analyzeg. With the knowledge othe main ‘dimensions, the’
w . -

xhlnlmum mmtor geometry that could be- used for analysis 1s determined based

kN

on the geometric %nd magnetic symmetry that exlsts for a given rotor positlon.

The subdlvlglon of the problem reglon has been done using trlangular ele-

ments of arbitrary shape and size with the restrictlon that every single element

- shall be entirely In one reglon of the sé.mé material and that the unton of all

" elements shall create a problem region without overlapping. Finer meshes are

to be used wherever the flux denslty Is likely to change véf'y, much. Fig. 2.4
shows the finlte element subdlvision of the alrgap region used ?brj’the analysis

™ .
of a SR motor with.slx stator poles and four rotor poles. The elements should

.
————

be such that the included angle of each trlangle 1s not less than 5 degrees. A
higher aspect ratlo for an element has to be avolded as it may result In numer-
1cal Instabllity. It ls Important to keep In mind that a valild mesh-need not be

y

a good-mesh approximation.

Preprocessing also lnch‘xdes, the'mgterlal.cﬁaracterlstlc modeling aLnd set-
tglg up boundary conditlons. Cublc Hermlte Interpolation polynomlals are
used to represent the B-H curve of the coré materlal. Sufficlent data pOlI;tS will
result In a better approximation of the characteristlc. Best curve fitting 1s

ébsolutely essentlal and the materlal characte;'lstlc has to be monowWhic for all

v g

values of flux denslty, otherwlse, an unique solution can not be guaranteed
f ~

1]

66]. : ) -

fee) . ‘ .

-Probler_ﬁ".edltlng requires the speclfication of the excitation In, the winding
i

region., The winding region, the excitation In ampere conductors and its polar-

.ty are glven as the input. The magnetlzénon characteristic for t_he core
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-

materlal, the type of solver, 1o be used. and the tolerance during numerical
. ~ e . « '

lteratfons are also speclfied durlng problem edmn-g.

Once the problem Is edited, then the CAD package does not require user

.

lntérac’tlon during the solutlon process. The g')ut,pu't of the solver will be a digl-

tal vérsion of thé magnetic fleld. Further manipulations are -required to extract
* ' -

englneering Informatlon from the mathematical solutions.

-

Durlng postprocessing, the mathematical solution wh]chgs' In_the form -of
the nodal potential values Is processed to obtaln specific results such as the

flux llnkaéeé, Inductance, torque, etc. By utilizing the BASIC style progr‘am-

-

. ming capability of the CAD package, spe‘clﬁc suhprogrammes are written.

1 g . ' Ui
. Thesp- subprogrammes, known as the User Defined Verb are used to calculate a

’

_ certaln value of the aeslred result.

2.8 Modeling of Magnetization Characteristic Curve

¢

: ’ »
Finite element analysls of. magnetic devices requires the use of a single

M - N .
equation to represent the miagnetization characteristic of the core material. A

number of methods were proposed In the past to model the magnetic materlé.lﬂ

property [67],(68]. They use power serles approxlmations, transcendental func-

[ . L]

tlons, Fourler gerles, hyperbolas In the form \of Froclich's equation, a sum of

exponentlals, a ratlonal fractlon approximation, etc. These equations ‘dontaln

]
~ constants which are to be determined by trlal and error. All the lterative

methods require repeated evaluation of ré&uctlvity and 1ts. first derlvative with
respect to each elemental flux dehslty. This necessitates the modeling of the

B-H curve uslng a computatlonally cheap and accurate method.

The Newton Raphson lteratlve method 1s used In the finlte element

analysis of nonllneaf‘ magnetic fleld probkrhé. In ordelj_ to explolt the quadratic

[

convergence propertles of Newton's method the .reluctivity of the core material
o i ) N .

-

)

@
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"has to be mod'eled.as 2 function of squared ﬂAux density and the function must
have a first derlvatlve. It 1s shown by C'harl that“the runct,!on\ must, be contlxiu—
ous and should vary mo?lotonlcally to yield a unlque solutlon. The convergence
Tate Is qulte sensitlve to the conslstency of the curve modeled for reluctivity
and Its first derlvat.lve Thererore, t,he Iron should be characterized by a'single
very smooth curve for which its derlvative |s obtalned simultaneously. When

cublc, splines are \used to model the reluctlvity characteristic these require-

-
s

ments are well satisfled at low computational cost [69].
* -' . - . rd . ot g
In order to model the reluctlvity characteristic it 1s necessary to subdivide -

the 3quared flux ‘dex_islty axls into a number of segments so that the accuracy
B ‘ N\ .
can be lmbro_ved. The following requirements are to be satisfled when a cublc

spline fit 1s used.

'

- -,

(8) The derivative and 3e curvature must be contlnuous at all end

points. ° . >
Y . \,

(b) At B=0 the slope must be zero. ,

o
(c) The slope In the rightmost segment must be constant.

" A slmpler medel for the geluctlvity characterlstic was proposed by Brauer

[70} The characterlstlc Is approxlmated by the equatlion '
H = [k ezp (k,B?) + kg * ' (2.14)
It can be seen that the reluctivity ‘and‘lts derivatl _are obtalned by,slmple

" equatlons. They are much-edgsler to employ .and havefine convergence préper—

tles. The constants k, k, and k; can be evaluated accurately by using a

~
\

Newton’s scheme [71]. ‘

The MagNet CAD package used for the aﬁal?’sls 'gr SR motors uses cublc -

Hermlite Interpolation polynomlals to model the reluc't,lvlt,y characteristlc. The

e

reluctlvity Is expressed as a function of squared flux denslty.
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2.7 Postprocessing S . -

N
¥

2.7.1‘ Calculation of Flux Linkages ’ ' R

~ - -

Conslder one pole of the motor carrylng a concentrated winding as shown

in Fig. 2.5. The flux é, that 1s llnked by a representatlve tﬁrn of a coll can be

expressed In terms of .the flux density B, and. the area enclosed by the coll,

Thus, =
- . . , v l ) . ‘, . -
¢ = [B.dS : . (2.15)
Since the flux denslty can be expressed In terms of the magnétic vector poten-
tial A; as -
B ="Curl A o (2.18)
the expresslon_for the flux will be, ’
. é=[curl AdS— -~ ‘ (2.17)
Using Stoke's theorem, . " . ' , B
o T e=fAad T . (2.18)°

where the Integratlon is around the closed contour of the coll. Sinte _the

- . LY )
length of the winding in t_pe axlal directlon Is always greater than the distance

between the collsldes, the end contributlon In the Integral may be neglected. If

"the vector potefitial on the rléhb and left hand collsides of the co'\ll 1s denoted

as Ap and A respectlvely, then the flux . ' .
. “

. ¢ = l,(AR ~Ap) .“ : (2.19)
where.l 1s the core length. For a tmultiturn coll having N&rns, the flux link-
! [ SR .

-

ages are

.,

.1/’=“N$=N1(AR'AL.). ' " (2.20)

If the current carrled By each conductor of the winding 1s ¢, then the Induec- ‘

’

tance Of. the windlng will be .

- i N¢ ° l(K-AL) C
, ) ‘ — — i . 2.21
' - L " . /4, " \ .( )
b B S ‘ ' o

-
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~

A‘slmllar ‘procedure can be qsed to determine the flux that leaks to t.he’

yoke and the flux that leaks to the ad)acent pole winding from the knowledge

<

of the magnetic vector potential differences between appropriate polhts.

S

2.7.2 Terminal Inducﬂ;anée‘palculation

“The Inductance due to the flux that links the excited stator pole wlndlnis
only, the Inductance due to the flux that leaks to the yoke and the inductance
due to the flux that leaks to the adjacent poles can be added to obtaln the ter-

minal Inductance of the motor. }

For windings that flll a conslderable amount of space, the question of

choosing the .exact pélnts where the vector potentlal has to be considered ls‘

%

rather ambligudus. In such cases, some sort of average value of the vector

potential over the winding 'space may give a satlsfactory value for the Induc-

e
I

tance. ° , ' ) .

T

Conslder a thick wlndlné which may: be regarded.as having a set of

smaller, thin, multiturn coll, all connetted In serles. The total flux linkages of

> . : %
the winding s the sum of flux linkages due to all the sets of colls. Conslder the
"y . . "

-

k -th set of colls with IV turns, 1ts flux linkages are

M

(n¢)k = N, (App - Axp) .. (2.22)

“ where the potexftlals on the right and left hand sldes are A,p and }i,,L respec-

. the wlndlné, i1s°

, ‘ N
tively. The total flux llnkagesx(. assuming that there are m such sets.of colls In
1 ) o

v

N
~ - . o
.

.
-

= -

. n¢—— E(nq?)k - ZNk IJJI (2.23)

The last nterm ln the summatlon Is pe‘rformgd over t,he collsldes, taklng

approprlate slgns for the dlreetlon of the current denslt,y vector, J. Slnce. all

- .

‘the tqrns are In serles and carrying a current of ¢ amperis. , -

ap
'
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where t\:e surrace lntegratlon S,, Is t,he Cress sectlonal area of the- Ic-t,h elemen— ’
. . tary collslde whilé the denomlnator represents the total ampere-turns of the .
' winding. o T v i .
. .. i . M "’ ’ . \\% ) \ ) ~
From equatlons (2:23) and (2.24)
- =-fA Jds | (2.25)
\ < ‘ - -~ .
The wlhdlng lnductance tor a wlndlng havlng l meter depth will be -,
' ,\ ;-—l;fA. Jds .o “ (2.26)
: a c\' - - *
A . - } | . . PR e . /
RSN The above equation Jhas been used to determine the term‘.lnal lnductaﬂce :
L or,qthe phase winding. The llstlng of the User Deﬂned Verb used 1s as fallows. T w '
4 4 ‘ ’ ’ '| o OQ
. P o , ' ‘ ‘ ‘ 3 \ > .
LT 10 REM INDUCTANCE CALCULATION R S
to. . - . 20 GET PR1 cha e , . T . -
; ) i v 30 GET PR1 DENS t s oeg e ‘ N ) S ’
' 40 ENIBE , . o ‘ . : . - . ° ) ' ’ i
. 50DOT ‘ ~ . S - - . . . . .
, ‘ 80 INT_E(« s . e - R e e B
. © 70'STAC NUME . ; v - S
, 80 PUSH . L. . ‘ oL
\ 90 ENTE.LNTH s S .o ) T
*  100PUSH S
) . ‘ » 110 MULT - o ' N e .
. ‘ a~t 120 ENTE CUR e e ee . L .~
e . 130 PUSH w0 Lt : w7 e
Cll . s Iy & ‘140 DUPL ) p ‘ \ . { BN ' TN . ¢ » ‘ - ‘ o \r. i ‘
SRR ©.'160 MULT R e oo
- ) . 160 DIVI T . : o o L
' 170 STAT : " ) . = . .
' [ . DR oL N - s ! s
AVERBINDU ' -t .‘.-'.'\' o o,
o \ : In«t,he above subprogramme, PRl refers to the na.me ot the problem con- .
© v talnlng the, solutlons. LNTH !s the length oT the lron core and CUR ls the excl- N
. * ~ ' ¢ .
- tat,lon current, used for that problem Q numerlcal values ror LNTH and ;
,l v: . X ) , ‘ . X . ‘.
i ¢ < = ) v % ¢
.,‘ N ] N - ] R
v ‘ . ’ . . N
. ‘ i © . ; . . j
) ) W - N rd ® -' *‘;:‘\
! ' S
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*

. oy CUR _g'mve to be entered through the keybodard by thé user ‘who s dolng the

. postp;-ocesslng. INDU refers to the User Deﬂped Verb which’ wllf be st,oreq In

the computer for later use. . , . o -

N . L
‘ -
7

- 2.7.3 Coenergy Calcﬁlation . . /

. , ) ' )
The coenergy In the SR motor for a specified excitation current when the

. - rotor 1s"In a glven position can be obtalned as the area uhnder the flux linkages

i . ~ . . - .
. vs current characteristlc curve upto the specified current. . '
., ¢ A - *

~

. . N
3 .
.

Conslder Fig. 2.6 where the ﬂux' linkages are‘ plbtted.agaln;st. the exclta-

. .tion for a given rotor position 6. If the operating current value is i, then the

Y * . ‘ '

. coenergy will be equal to the sum of the areas S, and S, In finite element
{  analysls, tfle_ area S§,.can ,be‘ca)éﬁléted using the equation '

P ' . . B ¢ . .

, ' S’l=lf[fH dB} dS ' ; (2.27)

. ‘ . So . % P

¢ The drea .S o can be obta?lried by considering tl*™ line tionshlip and using

o the equation . . o ’ ‘

Y s [ K
Sy=—[A J dS (2.28).

/ ) 5 ." 2 S [ .

1
. .

\ W=25,-5,. ' (2.29)
. 'The \éhange'or -coenergy when the rotor changes 1ts posltlion at a constant

a N\,

current, \ls\- obtalned as the difference of coenergles at two different rotor posl- .

[y M !
A |

¢ tions.

»

‘_2.7.4. Calculation of Torque . . .
% N ¢ N » $

';F-he average torque developed by thé SR motor Is calculated as the

s\ -

change 1n coenergy per unlt angular dl!ﬁf&cgment of the rotor at a given excl-

A -
-

- tation current.

ook ' 4

».

»

v

By making use of equétlons (2.27) and (2.28) the coénergy,W, Is epmphte_d as .
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© 2.8 Conclusion R ' -
PN § '

In thils. chapter. a two dlmenslonal ﬂ’nlte element rormulatlon is descrlbed. ' i
The baslc equatlons uséd to get the magnetdc neld solutlon. the assumptlons

. based on whlch the rormulamon 1s done, setting up of the b,oundary condlt,fons oo

for the SR motor analysls, the modellng requirements of the maznet!zat.lon
- * AR

characteristic curve ror numerlcal comput.atlons' are-given. The baslic¢ princl-

ples Involved In the calculatlon of ﬁux linkages, terminal lnductance, coenergy . ’
' and torque ax;e dlscussed A brler descrlptlon of the use or the MagNet CAD : -
\ A3
package whlch was used In t.hls t.hesls and the various steps to be followed

durlng the analysls of SR motors are glven.
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- - CHAPTER 3
APPLICATION OF FINITE ELEMENT ANALYSIS TO
' SR MOTOR PERFORMANCE PREDICTION

-
- s

3.1 Introduction

l

a RN

In thls chapter, the characteristics of two different types of SR motors are

-pre-dg’et,ermlned using a two dimenslonal flnite element analysls. One of the
. .

.motors , has six poles on the stator and four, poles on the rotor.(6/4 motor).

The other motor has six stator poles havlng two t,eet,h on each étator po]e and

s

ten poles on the rotor (12/10 motor) A comparlson of thelr perrormance 18

-

The maln dimensions for the 12/10 motor are taken from Finch et al.,
[57]. Omne of the conslderations 'for_ this cholce Is 'that« the performance
predicted using finlte element anal_yéls could be verifled by the test results that

A

are already reported In their paper, In order tb compare the performance of

" both thé motors, the main dimenslons of the 8/4 motor are taken to be the

same as those of the 12‘/ 10 motor with some modifications. From the results

[}
- of the finlte element analysls thelr performance parameters such as the flux

linkages of an excited pole winding, the termlnal Inductance.of the motor, the

leakage Inductances and the torque developed by the inqtor for varlous exclta-
LY ! .
tlon currents and rotor positions are determined.
Y

——

~ 4 - . 1

3.2 Motor Specification , ‘

The maln dimenslons for the 8/4 and 12/10 motors are given In ’Iféble

3.1. The conflgurations dr the motor lamlnatlons‘ror both the motors are

shown In Fig. 3.1 and Flg.'3.2 where ihé stator and rotor poles are In the‘

P

. allgned posltlon. The wl.ndlngs on éach stator pole are concentrated

A ]
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’ “TABLE $Y . . ‘
Motor Specification -
- , . A
“o T " 6/4 motor - 12/10 motor _
stator coreouter diameter  165.1 165.1 - ’
| Bore diameter 03 93, _ -
g - c i }
Length of-lron core 108 .. 108 ‘ .
Back of sta'it,or core ‘ 2.6 12.5
Length of alr gap :~  ~ 255 - 0.255 .
Stator pole arc 18.8 - .
Helght of stator pole / .23.55 - . '
Tooth width W S TY I
Stator pole neck - . 248 , .
Rotor pole arc  28.3 10.2 . "
5 -, ) " . . )
Helght of rotor pole 19.5 R
Shaft dlameter - 28.58 28.58 ‘
(All diménsions are In mm)
. !
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>F1gn 3.2

ra -

Motor coni’oguratlon'ln aligned posnioﬁ (12/10 ho

%
tor)
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. 34 B )
. ~ . -The concentratéd winding_on each stator pole has 222 turns. The stator
and rotor core are made up of M-19 non-orlented sllicon steel laminations. The

magnetization curve fdr the core Is taken from the mamrracturer s data sheets_

and: Is shown In Fig. 3.3. \ T ;

-

L 4

To glye some measure of the position dependence of the torque devéloped
by the motor, 1t 1s-modeled for different rotor posltlohs In addition to the
allgned and unaligned posl_tlons.‘ Fo'r the 6'/1 motor t.ivle fleld auﬂ()ns are
'pbtalned a:Q the rotor positions of 10, 20 and 30 mechanlcal degrees' rrom the
aligned position. Slmﬂarly, for the 12/10 motor the fleld solutions, are obtalned

_ when the rotor Is at 4,, 8 and 12 mechanical degrees rr?n the al!gned posmon
. Lo : e ~
: Calculations for more Intermediate positions of the rotor would result in better

-

prediction of the torque durlng Its movement from the unaligned to the

~\allgned position. It 1s presume.d that this will not affect the credibllity of she

\ % -

results obtalned to an appreclable extent..

- ——.

Owlng' to the r'ngn'etry_ when the rotor Is 1n allgnéd and unallgned posl-

tions, one quarter of the mot mo‘del Is }1sed for fleld analysls. The riodes on

the periphery of the stator, the shaft periphery, the maxlmum permeance axls
e . for the allgned |poslition and®the mihlmmum permeance a.xlsﬁ for the unaligned
positlon are definéd to have zero mdgnetlc vector potentlal. Thé Neumann

nodes on the lron alr boundarles Inslde -

the motor and on the nodes along the horlzontal axis of the model.. ;

For \other intermediate positions of the rotof, a modei oi’ one half of the
motorﬂfg used, slnce the perlodlcity condition repeats after three stator pole
pltcﬁes. The homogenemfs Dirichlet boundary condltloﬂ (A=0) Is used aiong

. ‘ the shaft and motor perlpherles. Blnary congifz;lnglts are applled to the nodés on

the dlametrically opposite polnts on elther slde Br the motor shaft. -
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THE QUALITY OF THIS ,MICROFICHE
1S HEAVILY DEPENDENT UPON THE

PR

.
»
' A3

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALIS®E DE LA

QUALITY' OF THE THESIS SUBMITTED  THESES SOUMISE AUMICROFILMAGE.
FOR MICROFILHING. .
UNFORTUNATELY “PHE ' COLOURED MA'LHEUREU§EMEN'1", LES' bIFFEREufrgs
ILLUSTRATIONS THIS. THESIS  ILLUSTRATIONS EN COULEURS DE CETTE
CAN- ONLY YIELD DIFFERENT TONES THESES NE, PEUVENT DONNER: QUE  DES
OF GREY. ' N . *  TEINTES DE GRIS..
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Finite element subdivislon of the motor model - - -
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. -t ‘ .
The fleldranalysis-is ﬁrformed using a MagNet C package which Is

| ]
based on. the varlational energy _minimization technlque for the magnetic vec-

tor popentlal The field solutlon is postprocessed to obt ln the results such ds

l

‘thé energy stored 1n the ﬂe}d, flux density distribution, stc. The lnteractlve

graphic feature of the CAD package facliltates the display of fleld distribution,
v ' ! .o ‘ b ‘
ﬂUX/ ‘energy denslty distribution, etc.: z oo ;\.
- e S _
0o i

I ' o | 1
3.3 Analysis of B/ 4 Motor . i
\

) Y

-The configuration of the 6/4 motor ls shown 1n Flg 3.1 and Its main

dlmensions are glven 1n Table 3.1. The ﬂnlte element subdlvlsron of the motor
ln t,he allgned posmon Is shoWn in Fig. 3 4. The fleld solut,lon is obtained by

solvlng equatlon (2.9), satisfying the assumpt,lons made earller and- the boun-

]
L

' ; * i
dary con-dltlops specifled. \

-

. Typleal ﬁu'x plots obtalned for t,he motor 1n the allgned and .unallgned .
posltlons of the rotor and for the Intermediate posmons of 10, 20 and 30

degrees from the aligned position are*shown.in Flgs 3 5 - 3.9, —respectlvely The’

plots shown are for a steady excltatlon of 6.amperes 1H one phase yvlndlng. The

W plots obtalned _fo}' other excltatlons are not shown but are simflar. ' These

— S

- o ,
equlpotential plots represents the flux distributlon In' the motor. The flux dis-.

trlbutlon pattern ltself glves the nature of saturatlon that occurs In dlfrerem,

) parts or the motor.” It can be observ,éd‘that, there are,ﬁuxgs which complete

. thelr path t,hrough the rotor polé tlp and the ad)acent stator pole which cause

.

mutual Indyctance between the adjacent _stator pole windlngs. These fluxes

were not consldered In earlier' Investigatlons. The excited stator poles are

heavlily saturated compared with the other parts of the motor. At partlal over-

-
4
.

lap of .t.l}e 'st.atlo.r and rotor poles the pole tips have higher flux densities than s

those In the back of 1ron cores. . i f

n
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-~

The ﬂux linkages of one pole wlndlng for varying excltation currents and
[
rotor' posmons are shown In Flg 3.10. They Increase monotonlcally with excl-

tation, but decrease as the rotor moves away from the allgned poslnon. The ‘

-

; . N .
area under each curve glves the coenergy when the rotor I1s In a glven p ion,

_ As the torqu‘e developed depends on the coenerg'y phange durleg rotor \move-
ment from one posmon to the other, t,he areas between these curves are Impor-
tant to the motor designer. It is observed that t,he change In coenergy when )
‘the rotor poles are nearer to the allgned posmon ls conslderabl‘y smgller -t,haq

. that when the rotor poles are lix the partlal" overlap positions. Hence, the excl-

-
L]

tatlon of the windings can be switched off Just before the poles reach aligned
- pésl'tlon without much loss of torque.' Simllarly, an Increase In excitation

-

beyond saturation produces a progressively smaller Incréase in'torque.

L]

, The termln.al'lnd'l'lcnanee of the SR :mot,or consists of three coxﬁpoﬁents.
Theif are, .(a) the lnductagce eue po the flux .that flows through both the o -~
exclted stator poles, the rotor and the stat'or; core, (b) the inductance due to K«
" the flux that leaks to the yéke and (c) the lnduc‘tance‘ due to the flux that

l_lnks t',he excited and adlacent st,at,or’pole windings. 'l‘ile terminal Inductance

varlatlons with rotor positlon and excltation dre shown 1n Flg. 3.11.

. The leakage Inductance which Is due to the leakage flux In the 1ute‘rpolar\
. alrgap and the oke or'a phase Is shown In Fig. 3.12 for dlﬂ‘erenp excltations
and rotor posi{gis. The amount of leakage' flux Increasdb as the rotor moves
’away from the al)gned posltlon, for a glven excltatlon. Thls does not change ’.-'

the leakage lnducta.nce value appreclably but the leakage inductance does

decrease slightly e,t, hlgher exclitations. . "

The leakage Inductance due to the flux fghat links the exclted and the

’ adJacent pole wlndlngs Is shown in Fig, 3.13. The leakage flux increases with

I

- . . 3 . ,(
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the max!mum value of the torque’per ampere decreases.

44

A
I

excitation and also as the rotor moves towards the unaligned position. A con-
slderable amount of flux crosses the airgap and travels through the rotor pole
tlp to the adjacent stator pgle. For a glven excitatlon the'change ln: the leak-

age lriductance 1s very small compared to aligned Inductance values.

By uSlﬁg‘ the finlte element anaiysls Lhe'.energy stored In the motor for a
glven rotor’ posltlor; and éxcitation Is computed from the calculatéd flux dens!l-
tles 1n each element of the motor model and the magnetlzatlon characteristic
of the core maﬁerlal.. The average torques developed during the rotor move-
ment between the rotor posltlons oi; 0, 10, 20, 30 and 45 degrees from the
alligned posltlon are calculated. The values obtalned sho“> clearly that the

developed torque Is a function qr rotor position for a glven excltatlon. A typl- .

cal‘tdrque vs rotor poslt,lpri curve 1s shown 1n Fig. 3.14 for a steady excltatlon

of 9 amperes. For com{énlence, the average torque is shown as constant over

the Intervals. * . : ) .

Deﬁending on t;he' Instant of switching and duratlon of conductlon‘of the
'pow;ex% sﬁltches, the average torque developed per rms ampere excltt‘mon .
var;es. Fig. 3.15 showséthe preglcted va'lues_or’t,hg average Lordpe pe; ampere
for ﬂied excitation duratlons of 33, 40 .aﬁd 50 percent duty cycle. Although

the average torque Increases as the duratlon‘ of current conducslon Is 1ncreased,

~

3.4 Analysis of 12/10 Motor

[N
N .

The conflguratlon of the 12/10 motor Is shown In Flg.‘3.2 and 1ts maln
dimensions are given in Table 3.2. This motor has six pole{s on the stator each
pole having two teeth and the rotor carrles ten poles. The main dimensions of

this motor are the same as those used by Finch et al. [57] In.thelr experimental

N ——— -
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motor. The results obtalned by the.finite element analysls are compared with

the éxperimental results of Finch et al. wherever possible.

Vé ' ¢

The finite element- subdivisions of the motor In the allgned positlon are

' shown ln/Flg 3. iﬁ The stator and rotor core reglons are represénted wlth‘

larger elements whereas the stator and rotor pole tlps and the alrgap between

o

them are subdlvlded Into ﬂner elements
. v

Finlte element fleld solutlons are obtalned when the rotor 1s In 'the
. L] A . )
aligned, unallgned and Intermediate positlons of.4, 8 and 12 degrees from the

4

allgned position. The flux plots obtalned for these rotor positions are shown in

3

Flgs.’ 3.17 -3.21, respectlvely When the excltatlon,, Is 6 amperes. A detalled

. «Study is done to asses the amount of saturation that is present in different

parts of the motor under varylng ex<:ltatlon condltlons It Is observed that the

O flux denslty ln the exclted stator poles and the torque produclng rotor poles

are higher compared with those In the back of rotor and stator cores ror a

glven excltatlon. Flux densltles In other parts of the motor arT very much less.

A plot of the flux linkages of one pgle winding for varylng excltatlons and

\»\)

rotor posltions are shown In Flg. 3.22. The pattern of ﬂux-llnkage varlatlon Is
very elxrlllar 10 the verlatlon obtalnétl tor. the 6/4 motor. When expressed in
normall_zed form, the aligned and unallgned flux linkages are as showh in Fig.
3.23: The steady excitation (18..1A‘) that causes saturation In the motor when

thelrotor s in the unallgned positlon and the corrésponding flux llnkages

(1.18Vs) are taken as l)ase values. The, normallzed flux llnkages obtalned
through the finite element ztnalysls show higher values than those of the exper-

“Imental, values reported by Finch et al. when the rotor Is In the allgned posl-

\

tlon. The flux linkages In the unallgned posltlon are the same ‘as those reported

by Finch et al. untll the b‘eglnnlng of saturation, beyond which the finite ele-

) .
v K N {
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Flg. 3.19 Flux plot. Rotor pole axls at 4 degrees from the

A I

""aligned position’ . - .

—

ST ., Fig, 3.2(5 Flux plot, Rotot pole »axls at-8 degrees rrom't,he. -
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ment analysls shows smaller values. Howe\;er, the difference 1s very small. In
splte of the same physlé’al dimenslons of the motor, dlﬁ‘erences are lnevltable

due to measurement errors in the experiment and the tolerances In the numerl-

cal computation.

’ Inductance- ls defined . as the ratlo or flux llnkages to the -exc\tatloﬂ

current. Vafues based on this deﬁnltlon are presented ln Flgs. 3.24 - 3,26
alt,hough t;he nonllnear characterlst,lc of be magnetlc clrcult llmlts thelr use. It
should be noted that 1t 1s the flux ]lnkajes that are determlned and used in all
Inductance calculatlors.

o Flg.3.2«.1. shows' the terminal Inductance varlation for different rotor posl-
t%o'ns‘, and excltation currenis. In the aligned posmon,\ the Inductance s the
kreabes& ae loys; excitatlons and decreeses -Tapldly as the excltation 1s increased
due to sz;.turatlon. For other eosltlons of the rotor, It decreases as the rotor

moves away from the allgned position. At higher excitations the lnductanée_ Is

i'elatlvely Insensltlve to rotor position change.

The leakage inducfance due to the leakage flux that passes through the
Interpolar gap ‘and the yoke Is ehown in Fig. 3.25. The leakage Inductance due
to the flux linking tHe adjaceht pole windings of the exclted poles 1s shown In
Fig. 3.26. Compared with the allgnea values Lhe' change in leakage Inductances

at different rotor posltlons 1s not appreclable for a glven excltpa‘t,lon.

The average torque developed between the rotor positlons at which the

finlte elerﬁent analysls was performed, namely, O, 4, 8, 12 and 18 degrees from

the allgned posltion, has been calculated. A. typlcal :torque varlation curve Is
shown In Flg. 3.27 for a steady excitatlon of 6 amperes. Thls shows the nature

of torque pulsation that isipresent in SR motors even though the exclt,,athn is

held constant.
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The average.torgue developed pei' rms ampg}revexcltatlon having duratlons
“.of 33, 40 and 50 percent duty cycle .ére‘shown In Filg. 3.28. As In the 6/4
métdr, the average torque Increases with a longer period of excitatlon, but the
maximum values of torqu'é: per ampere decrease. Thus., for a particular applica- ‘
tlon' if the ’tor"que per ampere s a more Important criterlon than the Lordue per
. unlt volume, the duratlon of excltatlon can be chosen accc;rdlngly. taking due
account of the likely Incréase In pulsating torque. The average torque also
varies with the angle of swltching. The general pattern of the torque per
ampere characterlstlecs shows substantial agreement wlth't}‘he experimental
: values reported by Finch et al. Dlﬁerer;ces are Inevitable due to the assump-

tlon of rectangular ‘blocks of current and a possibly different magnetic m'aierlal

characteristic used In the computatlon.

. k!
3.5 Comparison of 6/4 and 12/10 Motor Performances

In thils section, some of the performance parameters such as the flux link-
ages, termlnal Inductances, leakage Inductances and rorque per ampere, which

are obtalned using the finite element analysls are compared.

The flux linkages of a pole winding are shown in Fig. 3.29 for both 6/4
and 12/10 motorsT}The values are expressed In per unit. The varlatlon of flux
linkages with excitation when the rotor Is In the unaligneéd pdsmoﬂ 1s almost
the same for both the motors. For the allgned pc;sltlon, the 6/4 motor has

more ﬁuk llnkages than the 12/10 motor. Due to the two teeth per pole con-

structlon of the 12/10 motor, its core saturates atfrelatively lower excitation.

The terminal Inductance varlatlons for both 8/4 and 12/10 motors are
shown 1n Flgs. 3.11 and 3.24, respectively. The Inductance éecreases rapldly as
the rotor moves away from the aligned positlon at lower excitatlons. The

'change 1s not very much at higher currents. In the 6/4 mdtor the unallgned
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(a) 6/4 motor. (b)12/10 motor.
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position lpductance 1s less thah that In the 12/10 motor. This may permit fas-
ter rise of currents In the phase windings of the 6/4 motor durlng switching. In
‘the 12/10 motor the rate of Mse of Inductance with rotor position Is g'réater,

whlch, results In higher torque developed for a glven excltation.

The total leakagé inductance which Is due to the leakages to the yoke and
the adjacent pole windlngs In the Interpolar gap s shown In Flg. 3.30.
Although the leakage flux Increases wlth Increasing excltation for a given rotor
position the leakage Inductance decreases slightly. The am01;nt of leakage
Inductance for thg 12/IO$ motor s more, whlchﬂ Is due to the stator pole
con_ﬂgurz‘itlon ‘and the locatlon of the wlndlng.' In the unaligned position, the
leakage Inductance Is a}bo‘ut 20 percent (;r the unsaturatqd Inductance. In the
aligned posltlop, the leakage 1s only about 2 to 5 percent of the unsatu}'ated
inductance. In both motors, the leakége Inductance is relat!vely Insensitlve to

N = \ ]
rotor position when the excltatlon remalns constant.

The average torque per ampere characterlistles are shox'avn In Figs. 3.15 and
3.28 for 33, 40 and 50 percenp duty cycle 'exclt,at,lons. The average torque
. developed by the motors depends on the Instant or/swltchlng and the duration
‘6r excltatlén applled to the phase windings. The higher rate of change in coen-

ergy with rcitor positlon which occurs In 12/10 motor causes a higher tdrque

per ampere compared with-that In the 6/4 motor.

3.6 Conclusion

This chapter has presented a method of performance Predlctlon for the
doubly sallent SR motors by dlrectly computing the coenergy in the motors at
different rotor positlons and exclitatlons. A two dlmenslonal finlte- element
analysls Is used to predict the performance of two dlfferent SR motors. Oﬁe of

the motors has a single tooth on the stator pole and the obhe_r has two teeth
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’

per _stator pole. In order to examine the effect of-the motor configuration on °
the performance, these motor structures were considered. The maln dimenslons
“a . Y .

of both the motors are taken to be the same for analysls and comparison.

~
-

The fleld pattern obtalned gives a better unde;standlqg of the flux distri-
bution In the motors. The dgpendence‘of t;rmlns;l and leakage inductances on
rotor positlon and ex’cltatlén has b’eén demonst'r"atéd. ‘The naﬁure and amount
or. leakages In SR motors are ctlearly ldentlfied and calculated‘. lIn general: there

does not seem to be any slmple relationship to relate these parameters with

’

rotor ‘position and excliation. The one, exception 1s that the total leakage

Inductance which remalns almost constant independent of rotor posltion.for a’
. glvgn excitatlon. The terminal Inductance does not have a llnear dependence,
on rotor position with the result that the ratio of change of Inductance to the

change In rotor angular position Is not éonstam.

The flux linkages lncreAse monotonlcally with excltation. When plotted

for dlfferent rjotor.“posltlons, It can be noted that the changes In coenergy whern

the rotor Is nearer to the allgned position Is relatlvely.small. Hence, the excita- *

tlon to the phase windings may be switched off before the rotor reaclies the-

a2

allgned poslition. Increasing excltatlon beyond the saturatlon value results In .

\

reduced coenergy changes but may Increase the iron losses.

The value of Inductance for the 12/10 motor seems somewhat high com-
pared with that for the 6/4 mc}tor. This may Inhiblt the growth oj current.in-
the phase windings. WIith the Increased losses due to hligher switching fre-

quency of the two teeth per stator pole

¢

construction of the 12/10 motor, this

motor may not be sultable for high speed operations.

Even wlith constant excltatlon, the torque developed by the SR motors 1s

Inevitably a functloxi of rotor position a;xd thus the motors produce a puisating
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k]
’

: torque A pulsating torque Is also present with standard excltation a:"range~

ments. As In ail varlable\reluctanqp motors the. developed torque, maxlmlzes .

.

" before rull allzn;nent is reached. | L ’ ‘

The torque developed by the motor with two teeth ' per stator pole Is '

‘greater than that. of a motor with a slngle tooth per stator poIe. This 1s due to

I

saturatlon at a relatively lower excitatfons and the hlgher rate of change of

. c’oen‘ergy for a smaller angdlar kmo‘vement. of the rotor. .
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;,  CHAPTER ‘.

SENSITIV'ITY OF-POLE ARC / POLE PITCH RATIO ON
SR MOTOR PER{*‘ORMANCE _—

In this chapter, the sensltlvity of the pole ar¢/pole pitch ratio of the sta-
tor and rotor on the performance or' a SR motor Is lnveétlgated. An analytlcal

Y

method based on magnetlc flux path' and.a t,\No dimenslonal finite element‘
analysls ere used for the study The method of sensitlvity study 1s perrormed
by comparlng the average torque developed for different ‘stator as well as rotor
polé arc/pole pltch rat,los and chooslng the ratlo combination t,hat, produces

the greatest value o#average torque.
-7 A}

A)

4.1 In‘tro'duc'tion

1;1 ;'ecent years,a number of papsrs. on SR motors, has been publlsht;g in
the llterature [1],[40]-[62]_. Only a few of them address the deslgn aspects
7 [1],[491,[57],[58]. The design phllosophy published so far, Is based on the
knowledge of variable reluctance stepper motor deslgns In those papers, the
pole arc/pole pitch ratlo has been elther derlved from the permeance values
assumlng parallel slded peeth and slots or taken to be sllghtly less than that
used for varlable reluctance stepper motors. }Jnllke these vartable reluctance
stepper motors SR motors-have smaller, unequal but even numbers of poles on
the stator and rotor. Moreover, SR motors can be used for higher power appll-
catlons requlring larger slzes. Hence, the change In motor performance due to
‘ varlatlons of the stator and rotor pole arc/pole pltch ratlos will be of Interest
to the SR motor designer. With the above conélderatlons the present study,

described In this chapter, is undertaken.

An analytical method based on the lumped magnetlc circult model at

-
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different judiclously selected sectlons 91‘ t.h;e mé.gnet,_lc c.lrcult hz;\s been ‘proposed
by Corda and Stephenson [38]. This method_ Is used, as a first approximatlon,
to determine the sultable pole arc/ pole pitch ratlo that enables the SR motor

to develop the greatest value of the’average torque.

The advantage of uslnglﬁnlte element analysls for electromagnet]c fleld
analysis and‘paﬁlcularly for the SR inotor, In whléh high levels of saturation
are e‘ncouptered, has already been discussed In Chapter 2. A two dimenslonal
finite ;slement analysls s used, in this study, to calculate thg energy stored in
the motor when lts; rotor 1s In the allgned and unaligned posl%ns. The coen-
ergy change between the above two positlons of the rotor 1s computed from
which the average torque developed Is, determlnéd. As In the analytical
method, the best cholce for the pole arc¢/pole pitch ratlo Is deternﬂ\ﬁe&,by con-

sldering the average ‘torques for different pole arc/ pole pltch ratio combination.«

4.2 Basis of Sensitivity Study

In SR motors the alrgap geometry plays a vital role on thelr performance.
A sults;ble cholce of the alrgap length, pole’Wldt}h and pole helght Is necessary
for a better deslgn of the motor. Therefore, attentlon has been directed to
optimlze the alrgap geometry so that a SR motor with a greater value of
torque 1s deslgned.. The length of the airgap Is made as small as mechanlcally

possible so that gthe torque developed !s maximum when all other alrgap

-parameters are held constant. In this study, 1t 1s assumed that the helght of

the pole Is fixed. The pole. ar'cs on the stator and rotor are changed In steps of
about 0.05 pole pitch, starting from a pole arc/pole pitch ratlo of 0.25 upto

0.55. A study, below 0.25 and above 0.55 pole pitch arc length 1s not required,

" which will become evident from the trend of the results of this study.

—_—
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Due to the nonllneat: nature of ‘the flelds In the SR motor under operatln'g .
conditions, the virtual displacement principle can be used to calculate the -
average torque. The flux linkages are calculate“d' for different excltatléon ,
currents when .'the rotor is in the al\gnedh and u;lallgned‘ poﬁltlons. ~The .coen- . f
ergy change lé obtalned from which the average torque Is calculated.: The

range of pole arc/pole pltch ratlos which producés a greater average torque s

chosen as the preferred values for a better deslgn. _ ‘

‘

4.3 Methods of torque calculation . . o

In this study, t'.wo methods havé been used for torque prediction. One Is
an analytlcal\ m&thod w)hlch 1s used to calculate the allgned ‘and %nallgned flux
linkages for various pole arc/pole ﬁltch ratios. The other Is the finlte element
analysls. The f?rthcomlng paragraphs glve a brlef description of thege

methods. ' | C }

N , . o
4.3.1 Analytical method o

The analytical method descrlbes the determlnation of the minimum and :
maximum Inductances when the configuration of the motor 1s kndwn. The . - ,
minimum Inductance Is calculated using the: assumption that the tagnetic ~
fields In the \vnterpolar and alrgap reglons conslst of \st,ralght Hne segments ‘z.md\ i ’
clrcular ;1rcs. Unlike the earller methods, thls method takes into account the |
actual distribution of the winding on the stator poles. The flux linkages when

the rotor Is In the unaligned position are obtalned assuming that the minimum

inductance remalns constant for the range of exclitatlon consldered for analysis.

" When the rotor Is In the aligned positlon there is considerable mmf drop in the

stator and rotor cores compared with that In the hlrgap. Hence, the conven-

tional magnetle circult anaiysls 1s used to determine the flux linkages. ’ T

. L]

-

.....
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..

The application of the technlque proposed by Corda et al may lead to

large errors In the minlmum Inductance calculation unless care Is exerclsed

The formulae derived for permeance components are based on t-.‘e assumptlon
o \ 3 o . ' .
*t,hat the ratlo of pole a‘}c/pole piteh Is 0.5 for both the stator and rotor. Also,
. the windings are taken to be extented upto the mlddle of the stator Interpolar

. regions./Hence, a sultable m'odlﬂcatlon‘ of the formulae 1s required when thils

techuique 1s used }’or ‘a'p,art,l‘cu]ar motor conﬂguratlod and windlng arrange-
ment. o . #

LY

ﬁ the 'maxlmum 1ndﬁctance position the cores are eapufated even at lower
excitatlons due to the shorter alrgap length. "Hence. the]mn'lr drops In varloos
sectlons o(\the core and the nonlinear characterlstlc of the core are taken IntQ
ecéoont when'the flux llnkages vs current characpexilstlc is computed.'

The data for the mag.ne.ﬁlzar,lon characteristlc of the Iron (M-19 steel) 1s
taken from the manufacturer's data sheets. ’fhe chareene;'lsnlc Is divided Into

20 nne segments and each seginent, Is represented using cublc spline polynomi-

als For flux densltles beyond the range or avallable values, a llnear ext,rappla-

°

t.lon ls used.

In order to determine the ‘Aux llnkages,\'rs current characteristic In the |

gllgﬁed poéltlon, the flux . linkages are assumed and the excltations required to

establlsh the assume‘d flux llnkaée’s a}e calculated. From the known number of

turns, the flux and ﬂux densmes in various sectlons ‘of the magﬂtlc clrcult are '

computed Using the n\a,gnetlzat,lon -curve and the ﬂux densitles,. the mmf

~ drops ln dlpﬁ‘erent sections of the core are determlned. The excltation current 1Is

obtalned as the ratlo of the ampere turns expénéed In the core and the alrgap

r
-

-~

The flux linkages vs current characterlstic for the allgned and unallgned

4
.

- ’ Ao
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positlons are stored In a data flle. The area bet.Weén tﬁese curves 1s obtalned .
uslng numerlca.l Integration. Having obtalned the coenergy change for t,he
chosen ratios of pole arc/pdle pitch In bhe st;ator and rotor, the average t.orque

developedﬁls calculated.

-

The procedure used to deternilne the optlmixm pole arc/p'ole pitch i‘at.lo Is

-

ag follows:

. 1. Set the pole arc/pole pltch ratio of the stator to 0.25'.
2. Set the pole arc/pole f)ltch ratio of the rotor to 0.25.

. 3. Determine the flux linkages vs current characteristics for the allgned

and nnallgned positions.

4. Calculate the change: In coenergy and hence the average torque
« ! N

. deve]oped:

5. Increment the pole arc/pole pltch ratio of the rotor by 0 05.
/ ‘ N . 7

8. If the rotor pole arc/pole pitch ratlo 1s greater than 0 55, then go to

.

' step 7. Otherwlse go to step 3.-

\%\9 ot ) . ' a
7. Incremem the stator pole arc/pole pitch ratlo by 0.05.

. If the stator pole arc/pole plteh ratlo Is greater than 0.55, then go to

i

step 9 Otherwlse, go to step 2 ’ \ BREEN

!

9. ‘Tabuylate the average 'torque developed as a functlon of the stator and '

i E .
'y rotor pole enclosures for different excitations. ’ . r
e

10. Chpose the pole arc/pole pltch ratlgs corresponding to the zreaﬂéét

average torque for a glven current.

"

It can be reslized that there are 49 combinations of p(’)le arc/pole pitch
ratid when both the stator and rotor pole arcs are varled., For each combina-
¢ tlon, )bne flux l'nkagesws current characteristic Is obtalped for both ‘aligned

A S

. :
.
J ' "
N - "
v N ° o . i

VRN

v,
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and unalligned posltions. When’ filve excltatlon currents are conslidered for. each
combtinatlon, .there arq’ 245 average torque values eomputed. It Is ;;resumed

that this will give sufficlent Information on the nature of torque development

for the changes In stator and rotor pole widths. Any number of average torque

values can bg calculated If a-sultable number of excltatlons Is consldered. On
the other hand, when ﬂnl_te»element analysls Is used, separate problems are, to
be set up and solved for each excltatlon and pole arc/pole pitch ratio combina-
tlon In the allgied and unallgned posltions. Thus, for the chosen flve exclta-
tlon currents 490 problems are solved and postprocessed to obtaln the coen-
ergy for \both a;\}gned and unaligned poslitlons. The coenergy Is directly com-
puted In finlte element analysls and hence the flux linkages vs current charac-

teristic need not be plotted to determline the.average torque,

4.3.2 Finite Flement Analysis '

I

The fAnlte element formulation used for ﬁe.ld analysls has already been

A

described in Chapter 2. The conflguration of the SR motor .co'nsidered for

A

Investigation 1s shown In Flg. 5.1.

For each stator pole a'rc/pole pltch ratio, the rotor pole arc/pol’e pitch
.-ratlo s changed from 0.25 to 9.55 In steps of 0.05. Thus, seven finlte element
analysls models are developed for the aligned position, gach model hé.vlng pro-
vision to changg the rotor pole arc/pole pitch ratlo. Since, the field solutions
are obtél‘ned for five chosen excltatlons, 35 problems are set up for each sta}or

pole arc/pole pitch rat}o. Simllarly, for the unaligned posltion, seven different

models have been used, each time solving and postprocessing 35 problems.

The coenergy for each pole arc/pole pitch ratio comblnation and current,

Y ‘
when the rotor fsin a glven posltion, Is directly computed as deserlbed earller.

[y

The change In coenergy and the average torque are determined.

v

e
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4.4 Results

v

The average torque values calculated by the analytical method is given in
Table 4.1. To lllustrate the nat|ure‘ of results that leaﬁ to these values, 8 t,ylpl-
cal flux llnkages vs current cha‘x“acterlstlc for a pole arc/pole pltch ratlo of 0.4
on the stator and 0.35 on the'rotor Is shown In Fig.4.1. The varlation of the
average torque with changes In stator pole arc/pole pltch ratlo is plotted for
different rotor pole arc/pole pltch ratlos and is shown in Fig.4.2. Keeplng the
pole arc/pole plitch ratlos for the stator and rogor the same, average torque

values are calculated for varlous excltatlon currents. The resulting average

torque varlation for different pole arc/pole pitch ratlos Is shown in Flg. 4.3.

]

The average torque Is prqportlona’l to the change In coenergy values when
the rotor moves from the unaligned to the aligned position. Hence, the results
obtalned by the flnlte element method are presented In terms of coenergy
{tself. Excltatlo.n currents of 1,2,4,8 and 12 amperes are used for the investiga-
tlon. The results of L ampere excltatlon are not presented as they are very
‘slmllar to 2 ampere results. Fig. 4.4 shows‘,‘the varlation of coenergy change
wlith varylng statdr,,gnd rotor pole arc/pole plitch ratios when the exclitatlon’1s

2 amperes. The results of 4,8 and 12 ampere excltation are shown in Figs. 4.5,

4.6 and 4.7, respectively.

4.5 Conclusion

The changes In stator pole arc greatly influence the average korque com-

i \
pared with the changes In rotor pole arc. At lower exclitatlon currents, when

the saturation In the core s not appreclable, the developed torque Increases |
; N - . A -

Invarlably with Increase In stator pole arc for a glven rotor pole enclosure.
' 1

. Instead, at higher excliations, the Increase In average torq&.le with stator pole

enclosure is less and at\at igher stator polejarcs the averaée torque decreases.
: L
1 ’

s »
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TABLE 4.1
Average Torque Calculated Using Analytical Method

Stator Rotor pole enclosure
pole
enclosure 0.25 0.30 0.35 0.40 - 0.45 0.50 0.55
rd s
Excltation == 1 ampere
0.25 0.3527 0.3540 0.3552 0.3565 0.3571 0.3574 0.3572
0.30 0.4113 0.4150 . 0.4163 04176 0.4181 0.4182 0.4178
0.35 0.4649 0.4721 0.4745 0.4758 0.4763 0.4761 ' 0.4752
0.40 - 0.4856 . 0.5244, 0.5284 0.5299 0.5303 © 0.5298 0.5282
0.45 0.4119 0.5615 0.86294 0.6860 0.7318 0.7693 0.7992
0.50 0.4812 0.5610 0.6289 0.6850 0.7308 0.7676 0.7962
r 0:55 0.4802 0.5600 0.6276 0.8830 0.7280 0.7641 0.7904
) Excltation = 2 amperes s
", 0.25 1.2503 1.2541 . 1.2561 1.25687 1.2573 _1.2567 1.2541
0.30 1.4286 1.4337 1.4362 1.4374 1.4371 " 1.4354 1.4318
0.35 1.5956 1.6073 1.6100 1.6105 1.6093 1.8061 1.6000
0.40 1.6154 1.7184 1.7230 1.7230 1.7203 1.7156G. 1.7085
0.45 1.5058 1.7819 1.8761 1.8450 1.9970 2.0340 2.0580
0.50 1.6482 1.7790 1.8723 1.0401 1.9805 2.9240 2.0420
0.55 1.6440 1.7740 1.86854 1.9314 1.9780 2.0070 2.0160
Excltatlon = 4 amperes
0.25 3.1576 3.1578 3.1487 3.1411 3.1330 3.1233 3.1067
0.30 3.8732 3.8719 3.8081 3.80620 3.8530 3.8400 3.8210
0.35 4.1178 4.1230 4.1180 4.1088 4.0960 4.0773 4.0492
0.40 4,2307 4.3424 4.3380 4.3260 4.3080 4,2820 4.2420
0.45 4,1056 4.4240 4.5218 4.5880 4.6290 4.6450 4.8330
0.50 14,2649 4.4064 4.5008 4.5610 4.5830 4.5960 4.5613
0.55 4.2420 4.3800 4.4690 4.5214 4.5420 4.5260 4.4530
Excltation = 8 amperes
0.25 . 6.0733 6.0097 5.9640 59193 | 5.8747 5.8240 5.7580
0.30 8.3843 7.2550 8.3117 8.2730 8.2260 8.166 8.0810
0.35 8.3810 98.3530 8.3130 9.2656 ’ 9.2055 9.124 8.0060
0.40 9.6302 9.7220 9.6750 9.6140 9.5330 9.4220 9.2590
0.45 0.4844 9.8099 0.8726 0.8880 9.8550 9.7640 9.5860
" 0.50 9.6200 0.7320 0.7787 8.7710 b.7040 9.5590 8.2900
0.55 0.5230 9’.6190 9.68450 0.6060 9.4930 9.2730 8.8520
, Excltatlon = 12 amperes ,
0.25 8.276 8.136 8.019 7.915 7.810 7.690 7.540
0.30 12.008 12.816 12.727 12.635 12,528 12.391 12.197
0.35 14.599 14.514 14.414 14.301 14.162 13.975 13.706
0.40 14.991 15.030 14.913 14.770 14.585 14.331 13.960
0.45 14.814 -15.102 15.000 15.009 14.846 14.568 14.110
0.50 14.885 14.922 14.874 14.740 14.500 14.102 13.436

0.55 14.662 14.686 14.570 14.367  14.023 13.454 12.449
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It 1s particularly evldeﬁt at a steady exclitation of 12 amperes where the aver-
age torque 18 less for a stator pole %rc/pole x;ltch ratio of 0.55 compared with
that for 0.5. When the stator pole arc/pole pltch ratlo Is less than 0.35, there
Is distinctly less developed torque at all exeitations. Hence, it may be recom-
mended that the st,ator’ pole arc/pole pitch ratlo be chosen lﬁ the range of 0.35
to 0.5. Higher pole arc/pole pltch rzlilos for the stator may be llmited by con-

. slderations of winding spaée and the necessary clearance between the windings.

At all excltatlon currents, the average toréue value Increases with lncrea.ée
In rotor pole arc, reaches a peak value and then decreases when th stator pole
arc 1s held constant. It Is observed that there Is no lIncrease In torque
developed when the rotor pole arc/pole pltch Is Increased beyond 0.45. Higher
excltation currents produce maxlm;nn values of average torques v&hen the ratlo
Is slightly less than 0.4, whereas, at lower currents the average torque values
reach peaks when the ratlo 1s slightly above 0.4. Considering the nature of
currents, normally encountered in éR mopors, choosing the rotor pole arc/pole
pltch ratlo around 0.4 may produce the highest torques. The average torque Is
less for a rotor pole arc/pole pltch ratlo of 0.25 compared with that for higher

ratios when the siator f)ole arc/pole pltch ratlo 1s In.the range of 0.35 to 0.5.

It éan be concluded that the pole arc/pole pltch ratio on the stator and
rotor of a SR motor need not be the same. The range of values that may be
used for the pole arc/pole pltch ratio of the rotor can be 0.3 to 0.45 and that

of the stator 0.35 to 0.5.
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CHAPTER 5

-

(3

DESIGN PROCEDURE FOR SR MOTORS

Switched reluctance motors have galned the attention In variable gpeed
drive market. The savings In manufacturing cost of the motor due to 1ts sim-

Qlclty of constructlon, minlmum malntenance and the use of minlmum

number of switching devices Jn the drive circult are the lmport_an’t, fagtors fn .

its favour compared to other motor drlves."Thls%'liapter Is c8ncern9g1 vy;ft,h
P

some of the design ‘aspect,s of the SR motor. A step by step procedure .15
developed for the deslgn of the SR motor from the baslec princlples of elec-

tromagnetics.

Y

5.1 Introduction '

Switched reluctance motors have been developed for electric propulsion,,

1

fan, pump and other commerclal applications. Varlable qpeed drlyés comprl? '

« Ing SR motors have been Investigated -and bullt durlng this decade. They

have simple and rugged construction and provide high overall efliclendy. Due

)
of power switches and therefore have significant advantages over the conven-:

»

tlonal three phase Inverters used for inductlon or synchronous motor control.

~

In spite of Its grow!hg popul.arlt;y,fvery ‘few papers have dealt Wltil the
de.sulgn aspects of the SR motor itself [1],{48],[57],(58]. The parer by‘La'wrenson‘
- et al. [1] glves som'e of the deslgn aspects that are t9 be consldere%w the SR
motor. In another paper by Fulton et a}l. [49] they alscuss some more optlons

r

to deslgn a cost effectlve SR motor. The design philosophy described by Finch
2 A ‘ , - ,
‘et al. [57],[58] extents the deslgn method developgd for varlable reluctance

stepping motors [2@],[23], the valldity of which depends on the accurate

. .
!L’ . ) 4 ’ ‘\'H‘

to unldlrectional current requirement, thelr cont:ollers use a minimum number

"

o,

~
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determlnatlon or\ermeance values in ‘the allgned and unallg”necl positions,

j

N Whilie a ﬁnlte element analysls of a SR motor has brought, to light the com-’

/

plexlty of the motor [72] It has Jot. given way o' a slmple deslgn procedure '

—_

—

that could be used wlth mlnlmum compmatlonal eflort. i

~

" This chgpger attempts to flll the vold In th@eslgn,procedure for the SR

‘moter. The output equatlan is developed In a manmer very simllar vo that used

" for ‘convegw(on'al rotating rnachlnes, therebirfbrlnglng the deslgn englineer's

0
N ‘ .\ N LI

experlence to bear on this new machlne. The.maln dimenslons are ebtalned

= . - ) - ~ .

. using an output equatlon. While the exlsting procedures are used for the com-
\\ . - ‘~ -

putation of Imductances, the sensltivity of thelr prediction on the performance

. calculatlon is glven. A crlceglon to find the upper limit of the stator excltation

= X . n)

'Is lIntroduced relating the Incremental ratlo of ‘mechanical energy and stator

» R -} ¥

) * current.” - . ' :
\.J ’ ) ' ) ¢ < N

The study of SR motor reveals that there are”a number of paramet,ers‘ ,

such as the number of poles, ratlo of lenth to dlameter, wilndlng,-losses, etc.

v

- affect the motor perform@nce Hence, the sensltlvlty of these parameters has to

be considered In the deslgn of the SR. mofor. In order to deslgn a motor wh'lch
! -
satisfles the glven requlrements, 1t 1s essent,lal that a met,hod ‘ot performance

predlctlon be developed. For preﬂllmlnary de@n purposes a computer pro-

. gramme, ba.sed on the method proposed by Corda et al. [38] for the dgtermlna:—

-

tlon or allgned and unallgned lnductances, has been developed ud used to cal- .

culate the SR motor-perl’ormance. N —= : .

5.2 Output ‘Equation -

. -
Y

©

In general conventional machlnes are deslgned st.artlng from the output

o ’
-

equablon A slmllar development of the ounput equat,lon for the SR motor wlll

& make its deslgn process a systematlc one, ‘Moreover.ﬁ the experlence of the

. a
by

¥

“
<
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machlne des!gners can be effect!vely used 1n the deslgn of these new machlnes .

-

as they can use the commqnallty be"tween these aﬂd conventlonal machlnes, at

,-

least, t,o start wlt.h The output equat,len of a SR motor wlll be slgnlﬁcant,ly

- different from those of.conventional machines. In this tHesls , the emphasls is

. - \ . -

- N placed malnly on the similaritiés In the design process.

~ K ‘ .

- , ‘
The out,put equatlon of any machlne rd/at,es the power output to lt&maln

A3

1 , dlmenslons such as the borq .dlamet,er and length the speed of operatlon and

~

N~ < the electric-and magnetic loadlngs at the operat;lng condltlons of the machine.
Normaﬂy—thekoutput power and the opera’clng speed of Che“ machlne are

\. . speclﬂed From expeﬂence, dependlng on the method. of coollng and the

-‘\(' characterlstlc of the caré material t.he specific electrle and magnetlc loadlngs

’

wlll be chosen ‘Depend1ng on the type or appllcatlon the relation -between the-

length and bepe dlameter 1s ﬁxed By maklng use pr/f,he out,put eQuatlon. the

maln dl‘menslons of the motor will be determlned

f . » The outpbt equat,lon ror tﬁSR motor ha.s been developed based on the

B .
- ~— -

rollowlng assumptlons oL N

4
“e
v L]

1. The motor operates with a flat topped current, l.e:. the back emf genr |
.8 T o t .. - € = e .
, erated'ls equal-'to thevxoltage applled to the-phase wlnd}ngs.

A? ‘ v 2, The‘ln@gccan? changes only. durlng the ln‘terval when'the stator and

: ' rotor poles overlap. This occurs for an'angular rotor movement equal“to theé

’
Y

| stator pole arc, f, . : T ,

« . - N ]

° L

nen voltage,V Is applled to a'phase windigg,
It Is; related to the ftux llnkegeé. ¥, at any lnstant by _—

. T~ - " t %

= A T b ’ 0 ——
| (5.1).

. ' = Rt + _d.n.\l_'(_).
L. where RIS t(he reslstance of the wlndlng and % Is the phase current. If the

K o Tﬁe conﬁgurat]on Qf a typ ‘jl SR motor with slx stator poles and foyr

rotor poles 1s shown In: Fig, 5.1.7%

.\ L3 Ll 3 - "dt . /

. ) N . R
. ’ P ~ ’ .
N

- v - ) “ . .‘ -
. + R . < .

)

&

ﬂ.
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resistance R 1s neglected, to slmp}fty the analysls, the special case of ;.,ng.b

IL

* topped‘current condition wlll be obtalned.

4

Typleal flux l.mkages‘ vs current nchalractqust.l‘cs for SR motors, obtalned

using finite element analysls, are shown In Fligs. 3.10 ans 3.22. Foi- the pur-
€
, .~ . bose of slmpllﬁed analysls, the aligned and unaugneda ﬂux llnkages can be

g e approxlmat,ed as those shown In Fig. 5.2, slmllar to those used by Mlller [59]

-«

with the followlng assumptlons. . . T .

»

1. The unallgned ‘lnductan'ée, L, , remalns constant untll the stator and

rotor poles Just begm\ho overlap. s B

2. The aligned flux llnkages curve Is approxlmated' by twonétralght line
S o

SRR " segments, one, from the origin to the polnt C assoclated with the,.unsatura‘tc.d
. aligned Inductance, L}, and the other line segment CB, roughly parallel to L, ,
.7 - with a slope L, =& L,. The area enclosed by OABCO represents the elec-

S tromagnetic energy that s converted to mechanical output of the motor in

each working stroke. '/

e - 2

The back emf developed In the winding during the' r_otof movement for a

3

flat topped current, t,1s L bt

»
h

; V = ( ) [ . . \ (6. 2
. L. (5.2)
The flux llnkages change rrom L ¢ to L?i, duging the interval, ¢, when the

£

) rotor moves rrom the unall,gned position to the allgned position. Hence, .
- * . -

' (LE-L,)i =Vt . o (5.3)

where L. - allgned saturated.lnductance per phase .

. L, - unaligned Inductance per phase

~

V - applled voltage -



r— 4 A

and ¢ - the fime taken by the'r&tor; pole to move through ;ni.‘ angylar dls- -

. tance of By -radlans, l.e., from the instant it Just begins to_overlap the

stator pole untll it reachés the altgned pos!tlfm._

] -

When the rotor speed Is w,, rad/se¢, the time

" — oﬁ‘ \\— 5 N .
re T { = = N ‘. ' (5-4)
j . b, . N wm T . , . , . . .
Defining - ~ R - . i ,
S T “ C ) Le " C $
‘ - . a, : " e
\ PR ' g = = * . (5‘5)
- nE e :
s ) . . 1 . - ’9' u. . .,< .
- . N ’ oot X" 3 L-I-lﬁ- - * - - . (5.6)
. i - Du R ’ o \

+ and substituting equations (5.4),(5.5) and (5.8) In equatlon (5.3)

o s . .
» . . 3 Lol <

s \$ - ( ® . k .
and.o Ty, - number of turns.per phase. - =

- , - “ ¥

v - » \ 4 .-

" " The stator current may be obtalned from' the specHic electric loa'dlng‘A,p

. ’ w . 1 '
L P TV = L - : ' : 5.7
o SRRy o 6D
The flux linkages In the ll'gned posjt,lon are = . - - .
L D C S .o .
- | i Lje = BAT,, . ,(5.8) »
DS . - . B , -
and . .
T D -
<, . WA = —=L2§, (5.9)
. . . . 2. . sl
5 ' ~ o . 6., ) % .
" .where " B - flux denslty In the.alrgap when the poles are. aligned . = °
A- area of the stator poie.
. i . . - i , )
' .D-vore dlameter -
T L- lerigth of the stator pole . ."‘ Lo ‘ v ..
Co B,. - stator pole arc o LT ' ' ‘



‘ k\
LY
.

a

‘ - . v
' o 3 2 .
0 Vs i . i ' ' —\’\ : .
which 1s'defined as, ) AN . S L | \
- R R ¥ 7 W ST

- .- ‘ " ap - "D * . ¢ .’ o ‘(5‘10)'

t

where m 1s the number of phases that conduct simultdneously.
. N A - 1

o

' ™ . ., The power developed Is o -
= . . .
/ S ”‘ Py = mky Ig, Vi. .- (6.11)
r~ ” h ’ .' ' “ -
— ~F . . ) e . “ [ '
‘ -where V and s are the peak values of the voltage and current respectively
- - kg 1s the duty cycle defined ll‘n equation '(5.12). ‘ '
\ o
; arid  k, Is the efficlency. _ ° v
The duty cycle can be expressed as,
al’ qPr
N ® _d. 360 4
where @, -'¢urrent’ conduction angle for each rising inductance
% P,
: ¢—number-of ;phases = -
o : .and It; - nimber of rotor poles:
. " Combining 'equatlohs'(5.7) to (5.11) .
; . 1
‘ i ) Pd—-kdk( )(l_ax )BA,,
where N, 1s the rotor speed In rpm. t
Equatlon (5.13). can be re'a;ranged to resemble th ( of the conventlonal output
. v a . . . o
equatlon of ac machines. Thus, - . \
; | , ; P,, = Ic,,k k& ,BA /D"’LN (5 14)
’ where - . T o
[} ty b ! ¢
v . . A L. M
. < ’ . (5.15_)
N - S ’
et ® , ?
) =N . '.' ,\." ) - ’. i - \ )\) ‘\
- . . ' .




" * .
o , . gg . . -
. ) ¢ ;
R
and R : - , ' } \
. k= (1 j-‘—l- e (5.16)
‘ L , 0)\" ’ ! ,
“The equation for the torque can be expressed as = e
—_— Vo ' 3 .
, ' . T-=kyk, kyk,BA,, DL © . (sa7)
where } L ' - % . \
b ' N ~
< ‘ kat‘—— '4_ . (5.18)

. Not,e that r.he torque and power ou‘gput are proportlonal to the' product of *

specmc electrlc and. magnet.lc loadings and bore volume The varlable kyis -
dependent Qn the operatlng ‘current or theé mot,or and Is deeermlned by the, sta— ’
tor phase currem magnetlc chafdcterlst,lc of the core materlal and dlmens)ons ' .

of the motor For a Qven operatlng current k, ls a constant Hence, to asses_

'

the max ,mum power output of the SR motor, k needs to be calculated at the

maxlmuT stator current. In order to determline t.he value of k,; the flux link- .

- 4

ages vs current zl;arac'terlstlc ror the allgned and unaligned posltlons are to be .

1

estimated for varlous values of stator currenbs. 4 .

4

«For,kd equal to one, tne f)ower developed is _maxl_mum for a’glven stator
') ' N .
"current. It 1s usual'to find that the n)axlmum ‘possible duty cxcle 1s less than

unlty. Torque and power coﬁtrolé are exerclsed by the variation of duty cycle

14 ) ﬁ h ' '.
stmllar to a chopper controlled dc motor. The speed s controlled.by the fre-
quency of switching of the phases resembling the control of a synchronous

.
4

-

- . ' . <« - v .
motlorc - - N L v,

" 6.3 Design consideratiens
o . :

_There are a number of par_afnete‘rs that determine the SR motor. perfar-

mance. These parameters, thelr effect on the motor performance and the

conﬂlcﬂn@yegulreinents that arise in parafneter selection, are to be consldered

PR » . ‘.;
. 3 , . . .



.. 53.1 Numbet‘ of Poles.

T

?

'durlngsthe design process\'l‘b' SR motor; unllke 8 conventlonal ac mot.or. has.

to be operated ‘only with power control]ers Hence, the SR motor deslgn Isto
be done In conJuncnon with the power controller deslgn.

£

.

* The number of poles Is selected based on the following conslderations.
1. Mlminum mﬁtual inductance to maximize. power output. - " 6

'\J 2. ngper ratlo between the lnd\ictances In the allgnea and unallgned posi-
- . » “ . B i ”~
tlons. . S = o

~
-

3. The capabllity to start from any rotor position and to run’in elther
) H - .

'3 R LIS Y
dlrectlon. ) ‘

HP - 4 ’

4. A sultable pole combinat,lon of the stator and rotor such that Qhe

’

swltchlng frequency-1s minimum. . 2 S p

In a single phase SR motor \\:lth a single palr of colls, positive torque 1s
\ .

devéloped only\ove'r a lmited range of rotor poslt!ons. A two phase motor,

such as the one described by Byrne and Lacy [4] can start, and run rrom any

- rotor poslt,lon, but, At can only be unldlrectlonal In order to have self starting

&

capabllity and bldirectlonal rotation 1t 1s necessary that a SR motor. have a
v ‘ “ *

n}lnlmum' of three phases. ;
A sultable pole comblnation for a three Phase motor will tie, siXx poles on
the stator-and four poles on the rotor. Slml‘larly, for a four phase motor the

Pole aomblnatlons are, elght poles on the stator and six poles on the rotor. -

In order to satlsry the above conslderatlons, the ‘number of poles on the
stator and rotor are to be even numbers. When the windings on the dlametrl-
cally opposite poles are excited, the mutual Inductance between the excited

wlhdlngs will be zero and these two wlhdlngs can form a phasé of the motor.
/ e . \ s - ’ *

r

‘ki’
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The cholce of more poles on the stator requires that the stagar pole arc be less

mt,han that of the rotor in order to accommodate t,he windings.

S . ' O
5.\3'.2 Pole Ar'cs on the Stator and Rotor 5,

-

The eﬁ‘ect. of the pole arc/pole pitch ratlo clfanges on the motor perfor—

ance has been dealt wlth in Chapter 4. From the analysls lt was concluded

1 » 1

that, the design with unequal pole arc¢/pole pltch ratlos for the stator &nd rotor .

e

are, ravoured. In pract‘lcal desligns, unequal pole arcs at the alrgap are used .

: which has the effect or redudng the ratlo of maxlmum to mlnlmum reluctances -

in the magnetic elrcult and thus reduclng the statlc mean torque ‘This is done
L}

g0 that the best possible combinations of emcie.ncy and specific’ output. for 4

partlcular speed range 1s achleved,
AN , . .

7

5.3.3 St’:arting Torque

It has been seen In Ghapter 3 that the torque developed by a SR mator 1s

_

a runctlon 0of rotor poslt,lon even though the exc!tatlon Is malntalned constant.

‘ The cho!ce of the number or pha.ses and pole arcs mu‘be such that there Is

v

~—rgiOUZ h stanlng torque at all rotor angles. It is achleved by having adequate

4
overlap between t.he Inductance variations of adjacent phases.

. . . . 0
5.3.4 Windings .

=

The windings on a SR motor are ‘very simple. They _are normally wound

on a former and later transferred to the stator poles. For large motors, the -

)

conductors may be stranded to reduce the skin eflect. The windings are com-

. pact having least overhang which enables the SR motor to have gréeater core

-

volume within the same volume ‘of space occupled by an equlvalent Inductian

motor.

-

v
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¥ 5.3.5 Airgap-

N . i | 2N

. ‘ 5 :
. In the SR motor, the developed torque decreases as the length of the alr- *

~ s

gap 1s Increased [23]. Hence, the alrgap length 1s made as small as mechanl- -

\ . 4 .

cally possible .lh terms of manufacturing -technique and tolerance for shaft
i , . ® '

deftectlon. A compromise has to' be made between the electromagnetic and

mechanical requirements. P
[ o ~

536 Losses : B . .

The selectlon of current denslty and conductor slze must be éuch that

— -

there 1s less J?R loss. The number of turns, excitatlon current and the iron
area have to be Increased sultably to have sufliclent flux in thé ilrgap to pro-

. duce the requlired gorque. ‘The Increase in iron area to reau'ce flux density in

the core and thus the core loss may lmpose restrictions on the winding space.

. o- ,
A compromise has to be made keeplng copper loss In mind. The core loss wiil

increase due to higher $witching frequency !f the number of poles \ls increased.

5.4 Selection of Design Parameters

+

- -

~—§‘.4.1 Speed : ‘. SM——

Y

-~ . ; "

Since &the SR motor 1s normally used as a varlable speed drive, 1t is
appropriate to have a base speed specification. At base speed, the motor 18 '

" expected to dellver the rated torque and hence rated power output.
X \. .

. ' ./
) ‘5.4.2 Diameter and Length ’ )
From the output equition (5.14) It is evident that the ra‘ted poﬁef output
is éroport,lonal to the bore volume and can be expressed as .
. - P, a piL C U (5.19)
Depending on’t}xe nature ot' application and space limitations, the stack length

It
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v H
of a nkq' is chosen as a multlple\orsubmp‘ftlple of bore dlameter. Thus,

-

t . ‘ ' .
oy L=k - . (5.20)
where £ 1s the ratlo between the ‘length and bore diameter. TH¥ value of k

_need not be chosen arbltrarlly. For non-servo -applicatlons, the range of k£ can

be ,

. -

' 0.25<k <0.7. : .(5.21)
and for servo applicatlons , i »

g

— 1<k <3 - : (5.22)
. The bore dlameter D 1s evaluated from the output equatlon (5.14) I the X
rated speed N, B ,A,, k, k; and'k are known. It Is possible to start the ltera-

tive process'ror deslgn with reasonable values.

&

In general, at rated gdndltlon the rangé of k, will be
i
0.6<k,<0.75 ‘ (5.23)

.The magnetlc loading B for the allgned poslition can be taken as the allowable

maximum for the core material. The specﬂfc electric loading, A,p , In ampere
: ~ ' :
conductors per meter is In the range of

25000<A,, <60000 - . (5.24)
“The duty cycle k; can be taken to be unlty to start with. Uslng the above

. starting values, the bore dlameter D Is computed,

5.4.3 Airgap Length
In ordef to achleve better I;error;nance from a Varlable_rgluctanée motor, '
. 1t 1s necessary that the inductance of the phase winding vé,ry to the largest
posslb’!e extent with rotor posltion. Therefore, it 1s essentlal to keep the airgap *
length as small as pdsslble. The alrgap lehéth, as mentioned In the previous
sectlon, Is det;rmlned by the machining tolerance and assembly technlques. -
Small machlnes may have airgaps of about 0.25mm.

"\
\ ' C
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5.4.4 Number of Turhs

Uslng equat,loh‘(s 10) the number of vurns per phase Is calculated for a .

glvqn currenf‘ The'current is obtalned trom the conslderat,lon of power output,

§

nd the cornverter voltage supply .at the mOtor lnput terminals.

' eflicle a

epéndlng on the nature of coollng employed In the motor, the maximum per-

missible’ current denslty ls chosen. The conductor size Is determined rrom the

A

winding current and the chosen currént density. The volume of space required

2

to accommodate the winding is calculated and checked agalnst i,ile avallable

clearance required between the adjacent pole wingilngs. Instead of choqslrig the

!

L4

Ing space requirement.

H

" space for the winding taking due conslderation of Insulation thickness and the

.current denslty, the conductor size can be chosen such that the a"vallabje spaée
Is ﬁlled.’. The resulting current denslty can be checked agalnst the maxlmum

. permissible value. The helght of the stator pole Is then derived from the wind-

From equatlon (5.10) for a glven specific eleétrlc loading and bore diame-

ter 1t can be seen that the product of T, and § Is a constant. The best values
. i

are those which would satisfy the r;)llowlng mutually-contradictory demands:

1. Small current and Inductance.

v

f) l4

2| Small valué of resistance implylng a smaller number of turns.

An eﬁglneerlng trade off has to be made wlt.h ‘thermal considerations in-per-

spectlve It Is emphaslzed here that the selectlonof ¢+ and T oh depends on t.he

ac supply avallable for rectlﬁcatlon and subseq

control the SR motor.

~

It input to the cbnverter to

¥
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t,he temperature’ rise. the a&lable surra,ce a.rea rort cooling and addmonal cool-

The thermal capaclty or the mot,or 1s one of the Important characterlstlcs
AY

~

In motor design. It, 1s,determined by\ the quper loss and core loss In the motor, .’

.
N

etc.: : .

Ing arrangements stich s 18

, If R is the phese resistance of the winding, the total copper loss for non-

-

overlappling currénts In the stator Is glven by

.

] _ P,, qmz R | (5.25)
where the rms vﬁlue of phase current ) _ Ce
't - ‘ . ) . "
= iAV(q ) S (5:28)
and g Is the number of phases of the SR motor. , . . ‘
Hence, .
' “ " " ° \ ‘ N
P, =¥ ' Co. . (s.27)
The reslstance of each phase winding 1s C o
. ‘ : . ; . ‘ l . l. . "
- 3 R = L=, . (5.28)
o i » '. . ac . -
This can be rewrltten ln terms ofsthe number of - turns etc. as
. t : ,
~ [ 5 . R A ) ' .
' ) ¢ A k. T h\ Le N .
e . “R=L0 - . (5.29)
v, 1 a, ‘1 J /] ’ ’ .
14 . ' - :,\ : ) ‘e
r i . " . .
wheré ? \ls the area of cross section- of the condu,ctor .
VA v . ’ S .
’1 ‘ls ‘the totaj'length of wlndlng conductdrs per phase* ‘
A , N . . ) ‘5
p ls the reslst,lvlty of the conductor / ot

~.
) [}
- . > I3

and. . k, fs the product or‘reslst,lvlty aqd the mean length of turn.

. A
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- «stator poles }mve flux denslt.y excﬁrslons from zero to B _only, but the back

- -

i

-
Al

- Substltuting equation (5.29) in equatlon (5.27)
) NS

T8

a

2

decreased.

thlckness, the peak V ‘ﬁxe of ﬁux' denslty andﬁfhe frequency or flux reversals *
due to switching. The ,rundamental rrequency of flux, reversal depends on the
-Speed and the number of poles or\t,he motor The harmonlcs In t’he ﬂux
waveforms due to the nature of windpg currents Increase the core loss. The.. .
. Co . .
lron reglons experlence ﬁux reversals ln segments ror each ‘swltchlng of the -
phase The rotor _poles ekperlence one flux ‘reversal per rev?utlon whl’le ‘the
jlux In the Totor cofe has a complex waveform and contains higher order har-
monlcs. In contrast ‘wlth ac ‘machines, the procedure ror predicting core losees
In & SR motor and thelr dlstrlbutlon demands a conslderable soph!St.lcatlon -of

approacl;.- N

5.5 Design Veriﬁcafion
As.seeﬁ'\ in the previois sectlon the design of
number of varlables and often requlres a/Judlcloixs
meeting confllctlng requlrements In Qrder to deslgn a motor to meet the glven
speclﬁcatlon Itls essentlal to develop a method of accurat,ely det.ermlnlng t.he

performance from deslgn detalls. Due to ~hlgh levels of saturation USUEIlY"

-

4

“1

)

8

-

*

?

y
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»
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P

Pey

a
[y

*

|

I |
=k, ——T, ¢
rac oh

J

[

P,

. .q’

’

K

-

=—~3.\

ac,

Q J Ton )
Since,.the maximum T ¢ 1s a constant, the copper loss 1s proportlonal to the

)

\

o

.,

AY

the SR motqr Involvées a

selection of the varla.bles‘

s

A

#
H

. (5.30)

= (5.32)

. current density. Thus, to decrease the copper loss the current density has'to be
. . . . - /

The core loss 1s Influenc¢ed by the character_lst!cé of core lamlnations; their

-

S

a

“ .': (5c31) \'

-

Ve
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expeniment,al SR motor are given In Table 5.1.

L

. .
) -

L
. P

[N 1 . -
. ot , -

. encountered ln SR motors.*the finite element anal,ysls has been used to estl-

mate“-tﬂh%’perrormance It- may Involve more comﬁutatlonal eﬂort:’ and tlme for

J
’ - ‘a
a chosen 'motor conﬁguratlon. In order to get s qulck feel. for the probiem at

hand, the analyt.lcal method descrlbed ln Chapter\ cnn be used ror perfor— )

A
o - “
(AN o

N . RS RO L
’ Tk J. !'? -
R .

,,
¥ fa S
EAdan

mance predigtion.’

+ "(' ’,'_

Whlle the evaluatlon of aligned flux linkages can be’ accurate, the same‘

- —— ".’ e 3
o g «;,

cannOt, be sald ror the unallgned values, when the analyﬁcal method 1s used

The leakage fluxes and the path of mutual ﬁux compllcate t,he accurate est,l-

7 3

mauon of unal\gned flux lmkages and lnductan,ces The !naccurate ’vahre of the

w

-unaligned Inductance lntroduces an error ln the’ comprltajlon of k2 and hence

R
/—r-—~

In the output equation. It Can be reca{:jd t,hat, : , R
-l . " - ) P X {ﬂm *
: : R e Tre L T . (533) :

[y

Great accuracy lh the calculat;ed unallgned lnductance l's not necessary It can

be proved, using equatlon (5.33), that; an error of 50 to 1ob percent compared

-
-

to the actual value Introduces only 10 to 15 percent devla\t\lon In the predlct;ed".

>

-

_ motor output. ’ N ‘ e

. - i 3 . , ]
An experimental motor has been designed with the same bore. dlameter-

and length as that of an ex!sting Induction motor to enablﬂe,perrdrmance\com'-'

parisons bepween these two types of motors. Tge maln dlmenslon’s of the

T:pe conﬂguratl?n of the motor core lamlnatiohs is shown In Fig. 5.1. The
x -
core' 1s made up of M-19 sllicon steel lamminations. The flux lilnkagés vs current

characteristic, caldulated uslng figite .element analysls, s shown in Fig. 5.3.

Flg. 5 4 as a mnctlon of stator current The value of k, and the ratio of the
ﬂ
allzned to unallgned lnductance vs stator current are shown 1n Fig. 5.5. Such a

-

H .a. - ot . -

- The Inductance varlatlon when the rotor is ‘ln the aligned position Is shown In -
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" wide. var!atlon ot k, afe¢ts the power developedQ_’r ampere Input when all

other machlne varlables are constant. Thls s shown In Fig. 5.8, relatlng the

’ p«roduct of flux density and lc vs stator eurrent. From the output equatlon, It

raduct of flux density and k. v
I » ! ‘ /
‘ ., TABLES5.1
| . . Motor Main Dimex:sioﬁd ’
A .| Number of stator poles =6 .
. 1 Number of retor poles = 4
Stator outslde dlameter = 19.4 cm
) . . 1. Rotor bote dlameter \ = lf-2.2 cm
T . Core length N '-—-""5:'09,'cm
) ‘ Alrgap lepé}h « = 0.025 cm
¥ = . | Back 1ron width ., =125cm )
Number or.m'xrns per phase =\‘536’
o Stator pole arc = 0.418 rad.
. ' | .
\.és: . | thor po;} arc ‘ = 0.828 rad.

‘the design calculation ylelds an output péweg"or 2866 watts.

Ty

, .output of the SR motor. But, the enhancement of rﬁechan!qal energy Is not -

jan be reallzed that the power developed per ampere 1s proportional to me_

Based on a maximum current of 20 amperes and base speed of 1800°rpm

Is on the basis of 85 percent efliclency.

5.8 Operational Limit h ‘

Th}s calculation

unlform for, all operating polnts, particularly 1n the saturated region. At those -
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5 N a -

operating pelnts the returd diminishes necéssltatirg a -operlﬂonal limit on the-

maxtmuin excltaflon current. The Incremental methanlcal energy per-lmput N

[ >
LY

current can bewritten as T
Aw, . '
gr‘n; - At Ve e ' ] . .
.. . At . .
=N, + i, (L, L)+ 5 L = L) (5.34)

W "

: . » .
where A\ o 1s the Intercept on the ﬁux_llnkages axls from the sagurated pdrtion®,

. . N B (%
of the allgned flux linkages curve, shown In Fig. 5:2. The Incremental values

-

are calculated at the operating stator current ty o A1 denbtes the Incremental

-

stator . current. 'Awm Is’ the resumng mechanlcal energy -per stroke and . the

shown ln Flg 5 2.

Ifiductances aré glven as thg slopes or the ¢
It can be seen.that L, > L, 1n the present xample and Hence 3,1\1”e

Incremental galn g,;,,' decreases with d‘é:c Ing stitor current. It 1s §hown, in

. " ¢
Appendix I, that the max!mum value of g,; occurs when L, = L, and 1is
glven by - -
o Imi (maz ) =X, - \, _ ' (5.35)
’ = . .

5.7 Conclusion - - >

A step by §tep design procedure has been developed for SR motors. An
output ~equatlbn !s'derlve\a whlch Is slnﬁllar to that used for conventional ac

machlnes The Influence of certaln deslgn parameters such as the number of

L

,p()les, pole arc/pole pitch’ ratlo, wlndlng arrangementz alrgap length, starting

' . ~

torque, losses, etc. on SR motor performan‘ce are discussed. In brder to design

a SR motor that can start from any rotor posltion and run on either direction

-~
A -

static méan térques when the windings are energlzed In sequence. An Increase

’,

-in the number of poles will Increase’ the swHRching frequency and hence the

-~

.

the’ num‘b-er of poles must be chosen such'.that there Is sufficlent overlap of
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. - . — ° : “ i
. " . oL T

core loss. ’D&le Jength of the alrgap and the pole arc/pole plt¢h ratlo must be

syich that the motor develobe' greater torque and also prov'ldés enough space to

: house the wlndlngs. A comprofnlse has to be made between the mechanlcal.

’ electromagneblc and.thermal considerations. The selection of deslgn parameters

. ‘ S~
T
.such as the ratlo of Tength to bore dlameter, alrgap lengt,h, numbg of turns

Y k‘i

. and the specmc elec@rlc and magnetic loadings are also discussed,

» L AY . [
. . N

To \“rerlm the deslgn procedure developed 'the finlte -element analysis -

- which pi‘ovldes a more acc'ﬂrftq performance prediction, has been used. The

flux llnkages In the angned and unangned pos!tdons are determined from whlch )

3

the constant k,'Is computéd The range of varlatlen of k,’ plot,ted ln Fig. 5 5

-

can ‘be used as a guldellne to choose k, The serisltlvlty of the 'unallgned. '

lnductance on the output -equat,lon has shown that a certain amount of error In

~

'lts predlctlon can be tolerated for prellmlnary deslgns

\

o . .
Increasing excltatlon’beyond savuratlon may result In lncrease{developed

torque. But there 1s an optlmum operatlng limit of excitation beyond which

the mechanlcal output, decreases with lncreasing excltatlon causmg lncreased oo

. losses. This limit occurs when the lncremental allgned lnductance Is equal to

the value of the unaligned lnductance. L .

“x

&

[
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! " CHAPTER 8
= .

COMPARISON OF 2D AND 3D FINITE ELEMENT
ANALYSIS OF A SR MOTOR

‘ s »

’

6.1 Introduction . :
N s . . , : \'
“A t'wo dimensional (2D) finlte element analysis approxlmates a three

dlmenslonal (3D) devlce by assuming that the devlce has a constant_cross sec-

* tlon and mﬂmte depth Consequently, It has been assumed that two dlmen-

’

-s!onz}l analysls ylelds good re'sult.s‘ for motors with constant cross sections and
in which end effects :do not slgnlﬁca:ntly aﬁecp’bhe perrormance. The doubly
, sallent SR moiors, on the other hand, may he.ve slénlﬁcant end effects particu-
!arly when ;ﬁ/eStator end rotor pdles are not fully allgned Hence, a three

¢ C "dimensional-finite element modellng may ‘be necessary for a better perrorm?nee

- prediction durlng the design stage. -

E The ﬁnlte element analysls using a- 3D sort,ware packages 1s significantly

Ty

more expenslve than the 2D finite- element‘ analysls packages. Moreover, a 3D
v

analysls requlres more computatlonal effort and time. In order to determine

-

. ~ whether a 3D analysls yields a better result than a 2D analysls when the SR _

,.motor is analyzed, the study ,presented 1n thls chapter Is undertaken The

.

»
12/1Q, motor, already described in Chapter_s, 1s analyzed using 2D ‘and 3D

~

finite element analyses. . ) .

Owling to the higher computaplonal cost and eflfort, a &lopa] parameter

A
.

such as the Inductance and a local parameter such.as the flux density are .

evaluated using 3D finlte element rm‘n,ly's\‘s and tompared with the results of
0o the 2D analysis. The étudy ehows significant end efrects‘ when the rotor 1s' In

the unallgned position.
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1

" 8.2 Problem Specification

A For the purpose of comparison, both 2D and 3D models were set up at

two rotor positions, one with the rotor fully aligned and the other with the

rotor pole completely unaligned. Thie motor model used in the 2D and 3D ana-

- lySes are shown In Flg. 6.1 for the aligned positlon and:In Fig. 6.3 for the
unallgned posmon Solutlons were' obtalned at one current level or 8 amperes

that caused saturation for the allgned case but not for t.he unaligned casé. It. 1s
1

. to be noted that the 2D analysls presented In earller .Chapters was performed

.. for five rotor posltlons and ten excltation currents for a complete analysis.

8.2.1 Two Dimensional Model“ | ‘ ) Y

For the 2D analysls, twWo Trelatively coarse finite element meshes of approx=

-

‘Imately 950 meshes and 1800 elements were defined for the aligned and

“* uraligned posltions. "The finlte element.meshes are shown In Flg. 6.2 for the ,

allgned posltlon and 1n Flg 8 4 for the unanghed posltlon Although only one

[

quarter of the motor geometry Is sumclent to be modeled due to Yhe magnet!t

and geometrlc symmetries, the rull cross section was modeled 50 as to have ‘

exactly the same model for bot,h the 2D and 3D analyses.

’

6.2.2 Three Dimensional Model o ‘

'
-

To define the 3D finite element meshes, the 2D meshes were lmporied lnto

\
MagNet 3D’ s mesh generator and extruded along.the motor axls to generate a
3D mesh' Flg 8.6 shows a vlew ofsﬁhe resulting model and Flg 65 shows

-

‘where the planes. were deﬁned along the_z-axls during modellng process. The

resultlﬁg 3D finite element rheshes dre abojit 6600 meshes and 10850 elements. '
In order te evaluate the leakage flux at the end of the motor, a 5.4cm alr was

modeled past the end. of the motor (Fig. 8.5). The windings were not shown

-

~ )\‘ : . J

-¥
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o

‘tances calculated are glven In-Table. 6.1.

112

.- o, -

”

V

since they were defined durlng problem sp'eclgéatlon process. The B-H curve

used for the analysls Is shown In Fig. 6.8,

60,3 Resiﬂts ', : ot

»

As noted above, only two parameters have been calculated to provide the

comparlson, namely Inductance and flux density. These may clearly lilustrate
s \

the dlfferences In the results obtalned -uslng a °2D' and 3D finlte element

analysls of the SR motor, with any other parameters of Interest having com-

.

parable differences.

8.3.1 Inductance ' o

qu the purpose or'é.nalysls, the Inductance has been _deﬁned as the ﬂux.

llnkages per unlt current excltatlon, The total flux passing through the Nne’

‘shiown In Fig. 6.7 In the alrgap underneath the excited stator pole has ‘been\'

used In the calculations. Due to perlodicity, only the flux ©£oming Into the pole

has been calculated slnce both the exclted colls see the same flux. The Induce

{or the allgned position, the results of 2D and 3D analyses are-more or ,

. . < . Vi .
less the same. The difference 1n the lnductance value s about 3 percent. When

the 3D result 1s-broken up Into contributions from each block (l.e blanes 1-2,

planes 2-3,etg.) the ends of the motor-contribute relatively less than the inner

segments. If we observe the Inductance pe‘r’unft axlal length of the motor, the

4

contributlons between the planes 1°and 3 are almost constant. The contribu-
tion 1n the last 0.9cm axlal length segment of the core 1s slightly less. This

may be due to the flux leaklng be};ond the edges of the motor. The Induc-

\

' tance contributlons from the end Teglod Is calculated by adding the Inductance

.
(LS “a

contributlons of the ‘segments considered In the alr beyond the end of the

I.\l

(\%" ‘ A
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motor (l.e., planes 4-5, planes-5-8, planes 8-7 and plane 7-8). It 1s seen that the

end’reglon co'nmbutllon l§ about 7.4 percenit of the total allgned Inductance.

o . . ’ - \' . . ‘(-\ \ .
. TABLE 6.1 " ) L ‘
=y e : . Inductance Values ] ' . oo
Aligned\| Unaligned -
mH - mH
2D .232.7 117.3.
3D- 226,0 .80.4 _
[ ° * ..
¢ 3D Contributions i . .
e,
Planes 1-2 1189 44.1
< Planes 2-3 59.3 19.9
| ) Planes 3-4 31.0 10.3 ‘
Planes 4-5 6.1 2.2
. ‘1 t,
Planes 5-6 7.4 2.8
Planes 8-7 2.2 0.8 ‘. . :
Foo " | Planes 7-8 1.1 ‘0,3
y .
Yo . - : . , > ‘ ¢
For the unallgned Inductance values, there Is about 32 percent difference’
bet.we‘en the results of the 2D and 3D analyses, when the end reglon contribu-
h Y
’ t.lon Is takgl Into account. When we conslder the contributlons jlue to.ea.ch .

4

~ segment along the axlal direction, the’ lnductance per unlt length decreases
when the plane segments' are away from thg center of the qlot.or. The rate or‘ .
decrease Is moré than that In the‘a;ll.gned case. It Is obsenéed that the end
, reglon contrlbutes about 7.8 percent of the tptal unaligned lndﬂgtance even
«~ When tlh-e motor is unsaturated. It suggests ihat there may be considerable end (\ |

v ,b‘
effects In SR motors when operated under saturated condition.

rid
I
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Fig. 6.10

Flux density plot for 3D solution

. Plane at z=0 cm, allgnedfosltloh
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Flux denslty plot for 3D-solutlon
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6.3.2 Flux Density
,To compare the flux densitles predicted by the 2D a‘iﬁ 3D analysls‘ an

\
arrow plot showing magnitude and’direction for the“x and y components of

flux density are plotted. "The 2D case should glve approxlmately the same

e

resplt: as the center plane (pl;me 1 in Fig. 6.5) value for tl}e 3D analysls.

4

For“the alllgned position the flux density plot obtatned using the 2D
analysls 1s- shown In Flg. 6.9. The flux density plots obtalﬁed by the 3D
analysls at- the plan'éé 1,2 and 3 are shown in Figs. 6.10—6.12, respectlvely. As

-

In the case of the aligned Inductance, value, the flux denslty plots. In the

. aligned position sh% very good agreement between the values predicted by

*

the 2P analysis and those obtalned by the 3D ?nalysls. The plots look essen-

tially the same, allowing for"numerical and sampling errors. e

ol

The flux c’lensu;y plo'tgot__)talned' using the _2D analysls for the unaligned
poslt,lon ls shown ln Flg. 6 13. ’i‘he three dlmenslonal'ﬁux density plots at the
planes 1,2 and 3 are shown {n Flg 6.14-6.186, respectlvely The unallgned posl-
tion result.s, ln‘ contrast, show slgnlﬂcant differences between flux denslitles
obtalne.d by 2D analysls and those by 3D_analys)s. Even alloyv!ng Tor I;pmerlcal
-and sampling errors, the ﬁu;; density plots'sho'wg in Flgs. 6.14 -%.16 show a

significant drop cdmpared to t,fose shown In Fig. 6.13.

. «

The varlatlon of flux underneath afl“ excited stator pole in the a'xla:l“dlrec-”
tion of the motor, ls shown 1n Flg. 6.17 for the allgned ;ioéftlon The flux vari-~
\

ation for the unaligned posltlon ls shown in Flg 8.18. In both the cases, it Is

-

" seen that bhe flux magnltude at the. outer edge or the stator po]e Is small com—-

\

pared with that at the center of the ‘motor. Also, there Is a slight Increase In
flux nearer t,o the edge of the pole. The magnitude varlatlon for the unallgned

position Is greater than the varlat,lon In the aligned posttion. .
- ¢

a
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In order to obtaln an experlmental verification of these trends, mea.sure-‘
ments o{ flux density were made ror a SR motor havlng single tooth per. stator

pole. These'were taken underneath an exclted stator pole along the axla.l
A

-
A a

length. They show that the general trend of the flux denslty varlation along

’

the'axlal‘length Is the same, but the magnlt’udeé\of varlation are not the same

" as that obtalned using 3D dnalysls. This may be qile to the following reasons:

\ 2 - N
/

(a) The 3D analysls was performed for a SR motor with two t,eetri per sta-

tor—bole.

r
1

(b) Ttre axlal length of the motor used In 3D analysls was much less tharl ]

that of the motor on which the flux density measurements were made.

©ow,

In 3D _analysts, it ha,s been polnted out by Simkin and Trowbridge [73] ..
. ; R | ’ ‘ ’
that the measured and computed magnitudes of flux and Inductance may
disagree due to longer alrga.ps and coarser pj'oblem dlscretlzatlon Hence, a

reflned mesh in the reglon or alrgap and pole. edges of the motor had to be

L

used to achleve an accurate soluf.lon.
', 6.3.3 End Effects -

“-In order to determlrie the end eflects, plaﬁar slices are taken along the
axis or ‘the ‘motor so as to plot the ﬂux denslths In the end reglon For the
allgned posmon Flg. 6.19 shows the locatlon of the sllce at 75 degrees through

- the alrga.p bet,Ween the rotor tlp and the stator pole face 1n the motor model.

»

Flg. 6.20 shows ‘the slice cut across the motor geometry consisting of the motor

" core aﬁd the end alr reglon. The flux density plot 1n the air reglon beyond the
end or the motor core i1s shown In Flg. 6.21. In order to havé a close: look at
the plot, a zoomed vlew of the motor core end reglon Is sho:wvn In Flg 6. 22 It
Is- evldent that there Is a small amount of ﬁux lndlcatlng some but. not over{y

-

significant _epd effects In-the allgned position.. :
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'For the unallgned position, a slice 1s shown at, 63 degrees, ha:lrwa.y
between the .unalighed. rotor t1p and the nearest stator pole face. The locanlon

of the slice when vlewed from the end of the motor Is ‘shown In Flg 6.23. The

slice showing the motor core end reglon ‘and the alr 1s shown in Fig. 6.24. The

¢ .
flux density plot at the end reglon Is shown In Fig. 6.25 and a zd&med view
around the a)rgap reglon Is shown ln Fig. 6.26, From Flgs. 6.25 and 6 26, 1t is

seen that there is a large dlsturbance around the. end reglon of the motor core...

AT\hls lndlcates far greater end eﬁec’t.s In the unallgned posmon t.han those In
( ]
the allgned postition. . -
N
o - 4
6.4 Conclusion

4

The fleld analysls of a SRAfiotor has been re-examlned using a 3D finite
element analysls CAD package. The results obtalned Indlcate differences when

the 2D, and 3D analyses having the same degree of fineness In tl,he finite ele-
ment . mesh are used. A comparlson of the results such as the: lnbuctance and

~

ﬂufc denslty, shows that the 2D analysls 1s adequate when the rotor Is in the

allgned position. On the other hand, a 3D analysls rnay be ne]cessary if an-

%
accurate determlnatlon of the unaligned values Is requlred Thls Is malnly due'

to the end effects which are significant when the rotor is not In the‘fully

alléne“d positlon. -
ot 5 .
A comparlson, of the computattonal cost and time shows that a 3D finite
l* . - : - ' %

. element CAD package 1s mc('e expenslve and tlme consuming than the 2D

‘analysls package. We have alreidy seen In Chapter 5 that an ‘error In the

unallgped lnducbance values does not affect the predlcted motor perfornl}nce

" very much Conslderlng the above fact.ors, the cholce o/ usl?ng elther the more

- expensive 3D or the less accurat.e 2D ﬂnlt,e element analysls CAD pac«kage for

‘ SR motor Is lert to n,he motor deSlgner

i
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/ 7.1 Conclusions RS B o . )
. e - ) , & 1 . *

“»

he analysis of the.magngtic ﬂelga to determine the performance' of si¢
o (Y < ) R ! " ! . ' !

*  motors Is presented in tl_lls'thesls\.\ln additlon, a deslgn procedure Is devetoped.

The first serlous work -using a two, dnne'nslonal finlte element rorr‘n'ulatlon'

. to determine the pex‘formance or SR motor ls descrlbed \éarlous steps anOIved

'

N In the use'of a CAD package such as MagNet are descrlbed briefly. D&é to the

position dependence or the t,orque deve10ped by the SR motor, the necesslty of

\ -

- calgulating ﬂeld solutlons at several rotbr posltlons IS\Qemonstrated Though
alt%rnatlve approaches aﬂ belng developed to lncorporat;e the tlme stepplng

AN
nature of the magnemc ﬁeld in finite’ element analysls [74],175] the ‘method

' _Padopted ln thls thesls to obtaln the ﬁeld solutions provldes one or the _alterna-

tives that are belng used. T _ ’ Lo

v . &

» » " . Rl

In order to save computational effort and cost, the magnetic and
. N - : N -~ "

geometrlc symmetries are ldentifled. This enables the.use, orﬁone quarter of the

motor geometry for ﬂeld solutlons In the allgned and unaligned posltions. For )

. other lntermedlate rotor posltlons, one halr of the motor geometry Is- used'

” -

explolting the perlodic nature of the magnetic fleld, when the\dlametrlcally.

~

opposite pole windings are exclted. The setting up of the boundary condltions
for each case of study Is discussed. A brief summary of the varlbug methods of

N

. . i S w , P . . X o
modellng the B-H° curve of magnetlc materlals Is given. The baslc electromag-

C et netlc prlnclples 1nvolved to obt.ain cert.aln parameters of SR motor such as the

' ﬁux linkages, lnductances, coenergy and torque from the' finlte element ﬁeldt

v Al
. .

', solutlons are descrlbed. L ‘ L ir

o



' .o, /
: Ofhe of the 'methods of checking the effectiveness of the proceduressused In

finlte element analysls Is by predlcting the performance of an experimental
0 : e

" motor and comf)arlng t,hefresult,s with the experimental values those. b.re

' alreaqdly avallable. In this chesls, one df the motors considered for analyals s

-

- the 12/10 motor, descrlbed In Chapr‘ €r 3 whoée experimental values are

already reported In the-llterabure. The flux llnkages vs current characterlstics

obtalned by finite element analysls a%ree sat.lsractorlly with the experlmental .

A

values: reported by Flnch et al. [57] for tpe 12/10 motor (refer Flg 3.22). The

' dlﬂ"erence between t,he predlcted and experlmental values I1s very small and
. could be-due to t,he use of magnetlc materlal h,avlng a slightly -different mag-
n . . * ' "_ . . N ' ]
N netization characteristlc In the finlte element analysls. . ne

1 . L4

14
RN

' . conflgurations for SR motors, at the deslgn stage, tWo maqtors are cansldered.

.
.U Ve . . . S

A

motor having a slngle tooth per stator pole' The ﬁnlt,e element analysis Is used

-~

. t,o evaluate t/he performances of these- two motors. The performance parame-

" “r

-

ters consldered for evaluation and comparlson are the flux linkages, termlnal

lxrductances,‘leakage _lnductances and the torque per ampere ‘characteristics.

o L

All these parameters are found to be dependent on the fotor posltlon and exél-

tatlon current.

A Fronl the flux linkages vs clirrent characteristics, It is observed that the

L4

-,change ln coenergy. when the rptor 1Is nearer t,o the allgned posltlon 1s small

o . o

.'compared wlth that when the rotor ls ln partlal overlap positions. Hence. the

In order - to ln\;estlgate the relatlve perro'rniances‘ of " dlfferent‘

o . Both are three phase motors and are described In Chapter 3. One of them 1s

’ O tull allignment: Inc_rea.slng the excltation current beyond.\sat/uratlon does not’

-

the 12/10 motor which has two teeth per stator pole and the other is the 6/4 ~
. . 1 -

'excltatlon of the phase wlndlng can be swltched off " before the rotor, reaches .

‘produce Increased Incremental torque. “This Indi¢ates that at higher falues of '
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excitatlon currents, well beyond saturatlon, the efficlency of the motor may
~ .=d
decrease due 'to Increased losses. \

+
'

The’ unsatur'ated Inductance of the 12/10 motor Is greater than th'at_ of

the 8/4 motor. The higher rate of change of inductance with rotor position In-

o /hé 12/10 motor results In a greater torque being developed thzn that In the

-

. '8/4 motor.

. In the SR motor, t:he winding Is excited well ln advance of.the onset of
N

the lncreaslng lnducbance perlod In order to allow \he wlndlng current tQ reach

. 1ts maxlmum value [1] This Is desirable since 1t maxlmlzes the torque develop-

ment The relatlvely higher value of lnductance ln the unallgned position of

)Y
the 12/ loxlotor may Inhlbit the faster rise of currgapt in the phase wlgdlngs.
"In earlfer lnvestlgatlons. a detalled analysis of the nature of leakages was

[

not undertaken and reported The assumed ﬁux path method proposed by

Corda et al. [38] a.tt,empts to consider the leakages, but the result.s of their.’

.

study have an error of about 14.5 percent for the -unallgned positlon values

. corhpareq with }/hose ‘obtalned uslﬁg two dlnienslonal fleld analysls. A '

slgnificant ousgome of-thls research 1s the ldentificatlon anld determdnstlon of

the ledkage lnducganceé in SR motors. The total leakage Inductance shows a -

sllght Increase in partlal pol‘e overlap positions compared with thdt In the
aligned 'and.unallgned poslitlons. When compared with the terminal inductance

of the phase winding, for a glven excltation, the change In leakage Inductance

v

Is very small.

] . 1

£
" " It Is clearly shown that the torque Is a functlon of rotor position and excl-
‘tatlon. The SR motor produées a pulsating torque even with steady excltation
currents. The magnltude of the torque pulsation may be controlled by switch-

Ing cﬁrrjent,s at appropriate rotor angles. . .
. i . ¢ ” AN
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The ‘higher number of teeth on the stat.or pole of the 12/10 motor has-the
effect of saturat.lng the magnet;lc circult at a stnaller excltat\on current. As a
consequence, the 12/10 motor has a hlgher torque per ampere capamllty t.han,

the 6/4 motor. On the/other hand, in the 12/10 motor, the switching fre-

quency Is doybled compared with that of the 8/4 motor, due to its two teeth

per stator bole construction. Thls f‘esults In Increased Iron losses which limlts

+

the operatlon of the 12/10 motor at hlgher speeds.

This thesls presents the first serlous lnvestlgatlon to be directly concerned

_with the influence of the alrgap geometry on. t,he SR motor perrormance It 1s

)

observed that, the changes In the stator pole arc/ pole pitch ratlo greatly affects

the torque development Qhad ‘that in the rotor pole arc/pole pltch ratlo, Also, -

" . . / , -~
a pole arc/pole pltch ratlo of 0.4 suggested by some lnvest&atom need’ not

necessarlly be an optimum deslgn value for SR motors._ o

It'1s deslrable to have a greater pole arc/pole. pitch ratlo for the stator,
keeplng winding conslderations- In mind, and a smaller pole arc/pole' pitch

ratlo for the rotor such that the rotor pole arc Is always g‘reater. than the sta-

tar pole aré. Thus, the pole arc/pole pltch ratlo for the stator and rotor can be

different. From the Investigation of this resgarch, 1t can be recommended that

' the pole arc/pole pitch ratio for the stator may be 0.35 to 0.5 and that fér the

rotor may be 0.3 to 0.45, for a motor having more poles on the stator than on

the rotor. , 4 ' q

2

N, - ' | ' -
A step by step deslgn procedure for the design of a non-servo SR motor Is

described. The design 1s based on the output equatlon developed which'ls very

© slmllar to that used for conventlonal electrical machlneg.'Tﬁe influence of cer-

taln deslgn parameters on the SR motor design Lssdlscussed.’Selectlon of values

for the deslgn parameters and verification of the design through finite e}ement
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machines will be useful for further understanding and control of

140 S . :

)

analysls are gldven. It 1s s'howln' t.hat, the outp{lt calculated 1s not afrected appre-

clably by the error In the: unallgned lnductance value. A crlterlon to evaluate '

\

the operat}lonal Iimit s’ developed The llmltlng value PMh.e.lncremental power
out,put 1s found to occur when the lncremental aligned lnduct,ance is equal to

the value of the unallgned lnductance

!

The postprocesslng of 3D ﬂnlte element analysis lndlcates a dlfference ln

Lhe results obtalned byduslng a 5D analysls on a motoir model with t,he same

degree of fineness in the finite element mesh From a comparlson of the results -

’

such as ‘the lndugtance and the flux denpslty values it Is’ observed that the 2D

approklmatlon‘ln. the allgned posttion. agrees favorably ‘with the 3D analysls. .

On the other hand, the results for the unellgned position differ conslderably.'
These are due to the end eflects when the rotor 1s In the unaligned position

‘ %
and the longer alrgap-ln the magnetic circult than that in the aligned position.

'

It has‘elreac_ly been seen that an error In the unaligned inductance value can-,

be tolerated: as It does not aﬂeet the performance prediction greatly.

I

72 Recommendations for Future Work -

‘.

A'sultable electric clrcult model similar'to that oﬁconventlc}d{:ctrlca‘l ,
R

chines.

The behaviour of these machines under steady state and dynamlc conditlons

can be Investigated. Torque pulsations and nolse are the problems assoclated"

with SR motors. The possibllity of reduclng them by controllilng the motor

-

input current waveforms or by éhaplng the poles at the motor design stage can

o N .
be studled. Improvements in the design of power conditloner may enhance the .

ease of motor control for a deslred applicatlon.

\\ -
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