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ABSTRACT 

In t h i s  paper, a developed design fo r  segmental ro tor  reluctance motor is  
presented. A sel f -s tar t ing segmental ro tor  with no cage winding and of higher 
power t o  i n e r t i a  r a t i o  is  b u i l t  and tested.  Calculated and experimental res- 
u l t s  are reported end compared with those of a conventional segmental ro to r  
design. Conditions affect ing pole -.Slipping during s t a r t i n g  a r e  studied. 
Also, the e f fec t s  of ro tor  shape and posit ion on the motor current waveform 
are examined. The reported resu l t s  show tha t ,  the  proposed rotor  design 
provides fo r  reduced no load current,  higher ef f ic iency,  negligible harmonic 
dis tor t ion i n  the  supply current and lower number of pole-slipping during 
s tar t ing.  

LIST OF MIN SWOLS 
n number of l o s t  s teps ,  harmonic: order of indqctance components 
N number of s t a t e r  turns  per pole per phase 
A magnetizing force 
a magnetic path length 
L rotor length, inductance 
h thickness of ro tor  segment 
Y a i r  gap length 
Rg mean a i r  gap radius 
R, . mean rotor radius along the d-axis 

Ry mean rotor  radius along the q-axis 
X thickness of ro tor  segment along the  d-axis 
Y thickness of rotor segment along the  q-axis 
i s t a t o r  current per phase 
2p number of poles 
CI permeability of ro tor  material 

permeability of f r e e  space 
4 f lux 
Y f lux linkage 
6 pole are /pole  pitch,  r a t i o  

Rotor designs of reluctance motors used t o  be of the  conventional salient-pole 
type where the increase i n  the  saliency r a t i o  was effected by increasing the  
q-axis reluctance a s  much a s  possible. In  f ac t ,  those e a r l i e r  designs suff-  
ered e i the r  from complexity i n  construction o r  from res t r i c t ions  t o  spec i f i c  
u t i l i t i e s .  



Lawernson and Agu r1f21 have developed a segmental r o t o r  design of  s a l i e n c y  
r a t i o  s u i + . ' l c  f o r  p r a c t i c a l  a p p l i c a t i o n ,  b u t  e x t e r n a l  means o r  b u i l t  i n  cage 
windings were necessary f o r  success fu l  s t a r t i n g .  Design and performance of 
re luc tance  motors have been t h e  s u b j e c t  o f  many papers  11-61. However, litt- 
l e  a t t e n t i o n  was p a i d  t o  t h e  s tudy o f  condi t ions  f o r  s tepp ing  forward without  
pole-s l ipping.  Such an opera t ion  i s  o f  prime importance f o r  p o s s i b l e  p o s i t *  
ion  c o n t r o l  a p p l i c a t i o n s  r e q u i r i n g  motor of  high power r a t i n g s .  

In  p r i n c i p l e ,  energy conversion p r o c e s s  i n  r e l u c t a n c e  motors is e f f e c t e d  by 
t h e  term dL/do, e.g. by t h e  s t a t o r  inductance modulation due t o  r o t o r  Yo- 
kat ion[7] .  The s t a t o r  inductances a r e  t h u s  of  p e r i o d i c a l l y  varying manner 
which, i n  genera l ,  may i n j e c t  c u r r e n t  harmonics i n t o  t h e  supply system[8]. 
To t h e  b e s t  o f  t h e  a u t h o r ' s  information,  such an e f f e c t  h a s  been overlooked 
a s  f a r  a s  t h e  r e l u c t a n c e  motor performance is concerned. 

I n  t h i s  paper a segmental r o t o r  with no cage winding and accordingly low iner -  
t i a  is b u i l t  and t e s t e d .  The developed r o t o r  is s e l f - s t a r t i n g  with reduced 
number of po le -s l ipp ing  and with b e t t e r  s teady  s t a t e  performance. The pres-  
en ted  r o t o r  design is  robus t ,  l e s s  i n  c o s t  and of  s imple cons t ruc t ion .  . 

P e t f o r m n c e  of  t h e  proposed design is  considered with p a r t i c u l a r  a t t e n t i o n  t o  
t h e  e f f e c t  of  motor parameters  on po le -s l ipp ing  dur ing  s t a r t i n g .  Axes r e a c t -  
ances a r e  c a l c u l a t e d  using l i n e a r  a n a l y s i s .  The e f f e c t  of  inductance modul- 
a t i o n  due t o  r o t o r  shaping on t h e  s t a t o r  c u r r e n t  waverform is  a l s o  considered 
and t e s t  r e s u l t s  a r e  reported.  I t  is shown t h a t  t h e  s t a t o r  c u r r e n t  wavef* 
orm is  a f f e c t e d  by s t a t o r  connection and r o t o r  angle. In  o r d e r  t o  show t h e  
v i r t u e  of  t h e  proposed r o t o r  design,  i ts  performance is  compared with a r o t o r  
based on Lawrenson and Agu/2/ proposal  using t h e  same s t a t o r .  Cons t ruc t ion  
o f  t h e  experimental  motors is considered subsequently.  

I n  o r d e r  t o  o b t a i n  c o n s i s t a n t  r e s u l t s ,  only one s t a t o r  was employed wi th  each 
o f  t h e  two r o t o r s ,  which were a l s o  made of  t h e  same m a t e r i a l  ( s o l i d  s t e e l ) .  
The employed s t a t o r  i s  t h a t  of  a 3-phase, 1/3 H.P;, 4-pole, 220/380 V,  50 Hz 
s q u i r r e l  cage induc t ion  motor. The shapes and dimensions o f  t h e  two r o t o r s ,  
RT-1 and RT-2, are a s  shown i n  Fig.  1. 

The r o t o r  RT-1 is  based on t h e  proposal  due t o  Lawrenson and ~ g u / 2 / ;  it compr- 
i s e s  f o u r  segments, t h e  spaces between them a r e  f i l l e d  with copper and s h o r t  - 
c i r c u i t e d  on both r o t o r  s i d e s  by end r ings .  The s a l i e n c y  e f f e c t  i s  ob ta ined  
v i a  t h e  f o u r  s a l i e n t  p o l e s  of t h e  r o t o r ,  while  t h e  copper cage is necessary 
f o r  run-up opera t ion .  

The proposed r o t o r  RT-2, i s  having cont inuous s u r f a c e ,  1.e. t h e  o u t e r  shape is 
c y l i n d r i c a l .  The s a l i e n c y  e f f e c t  is then achieved v i a  four  channels  grooved 
along t h e  ro_tor l eav ing  a s u i t a b l e  t h i c k n e s s  f o r  t h e  c y l i n d r i c a l  sur face .  
That way, a reseved segmental r o t o r  i s  ob ta ined  a s  shown i n  Fig. 1-b. T h i s  
r o t o r  design r e q u i r e s  no cage winding, b u t  a l t e r n a t i v e l y ,  s t a r t i n g  and synchr- 
o n i z a t i o n  is based on t h e  p r i n c i p l e  of  s o l i d  r o t o r  induc t ion  motor due t o  t h e  
e f f e c t  o f  t h e  c y l i n d r i c a l  sur face .  

3.  EVALUATION OF THE AXES REZICTANCES 

Due t o  i t s  cons t ruc t ion ,  t h e  axes reac tances  of RT-1 can be eva lua ted  us ing  
t h e  approach of  r e f e r e n c e  /4/. That approach is a p p l i c a b l e  without  modific- 
a t i o n  and need no t  be repea ted  i n  t h i s  paper. 

The proposed r o t o r ,  RT-2, h a s  a c y l i n d r i c a l  sur face ,  1 .e .  t h e  air-gap is uni f -  
orm, b u t  due t o  t h e  inner  s a l i e n c y  e f f e c t ,  f l u x e s  a r e  fo rced  t o  fo l low p a t h s  



havinqinimum, reluctances. It follows-that; t h i s  arrangement has the  effea-- 
t s  of reluctance and hysteresis motors combined. ~ c c o r d i n i i y ~ f ~ a i r - g a p  
flux can be calculated in  a manner similar t o  t h a t  used fo r  the hysteresis 
motor 13].  Then the axes flux linkages and accordingly the  axes reactances 
are  evaluated. For simplicity, l inea r  analysis is applied and a lso  permeab- 
i l i t y  of the s t a to r  i s  assumed t o  be inf ini ty .  

The model used for  analysis i s  tha t  shown i n  Fig. l-b; the broken l i n e  repres- 
ents  the mean flux path. The flux which i s  produced by the mmf ( N i ) ,  crosses 
the air-gap radia l ly  and is  assumed t o  be uniformly dis t r ibuted over the  angle 
8. Mean cross sectional areas fo r  flux path a re  taken along the rad ia l  
direction. Hence, the aupere-turns for  the  complete magnetic path can be 
expressed as, 

Following the simplifications made f o r  analysis,  the t o t a l  ampere-turns a re  
given by, 

Equation (2) ,  can be reduced t o  the  form; 

A general solution.for equation ( 3 ) ,  is easi ly  obtained, from which the r a t e  
of change of the airgap flux with respect t o  the a n g l e e i s  given by, 

alp ~i e 
a (8-n/2p) + e-a (8-n/2~)  

- = -  ae  2a a 
1 2  e a d 2 p  + . -ar /2~ 

The f lux  linkage is  re la ted t o  the  f lux by; 

The solution given by equation (4 )  is  valid fo r  e i t h e r  of the  two rotor  

Axes Flux Linkages 

Considering the  solution above, the d-and q-axes f lux  1Wcages a re  expressed 
as r 



and 
N~ i " / 2p aq(9-n/2p1 -aq (8-n/2p) 

=- r . e + e 
'q 2a a a d  / 2p -a n / 2p dB . 

'9 2q Bn/2p e + e q  

Axes Reactances 

From equa t ion  (51 ,  and c a r r y i n g  o u t  t h e  i n t e g r a t i o n ,  t h e  d-and q-axes induct-  
ances  a r e  ob ta ined  a s ;  

where 
R f R 

c 1 2 ( 2 P - - L )  f 
and D = 2 (-Y -% 2) . 

L X R P P o  
9 L Y Rg u Po 

The r e s u l t s  obtalned experimental ly  and t h e o r e t i c a l l y  a r e  l i s t e d  i n  Table 1. 
The measured axes reac tances  of  bo th  r o t o r s  were o b t a i n e d  u s i n g  t h e  method 

. presen ted  i n  r e f e r e n c e  ( 4 ) .  
Table 1. , 

S a t u r a t e d  Values of  X and X f o r  bo th  r o t o r s  
d 

Notice t h a t  the axes  reac tances  of  RT-1 a r e  much l e s s  than  those  o f  RT-2. 
Such behaviour is  due t o  t h e  high s a t u r a t i o n  f a c t o r  enhountered with RT-1, 
which is n o t  t h e  c a s e  w i t h  RT-2. The experimental  s a t u r a t i o n  f a c t o r s  f o r  
both r o t o r s  a r e  1.53 f o r  RT-1 and 1.21 f o r  RT-2. m e  measured no-load c u r r e n t s  
Ibr both  r o t o r s  a t  r a t e d  vo l tage  a r e  1.32 A f o r  RT-I and 0.6 A f o r  RT-2. 
4. SYNCHRONOUS PERFORMANCE 

The s teady-s ta te  synchronous performance of  t h e  two r o t o r s  was eva lua ted  exp- 
e r i m e n t a l l y  and pred ic ted .  t h e o r e t i c a l l y  a t  t h e  r a t e d  v o l t a g e  and frequency. 



Summary o f  t h e  r e s u l t s  is l i s t e d  in t a b l e  2,  which g i v e s  t h e  performance a t  
both f u l l - l o a d  and pu l l -ou t  condi t ions ;  fu l l - load  i s  taken a s  2/3 of  t h e  
pul l -out  power. Machine parameters  a r e  l i s t e d  i n  Appendix 1. 

Table 2. 

R e s u l t s  summary o f  synchronous performance f o r  both r o t o r  t y p e s  

Performance I RT - 1 
parameter 

Computed I 
If,L 1 Amp. 

T f a L  , N-m 

% .L 

COs f .L 
I,, I Amp- 

Tmax , N-m 

L X  

c o s  O max 

6max , e l e .  deg. 

5. STEPPING-UP PERFORMANCE 

Measured 

2.2 

2.4 

0.25 

0.42 

2.8 

3.2 

0.27 

0.49 

20 

Computed Measured 

1.1 

2 .OS 

0.72 

0.60 

1.22 

2.4 

0.75 

0.64 

39 

I f  r e l u c t a n c e  motors can b e  made t o  s t e p  s a t i s f a c t o r i l y ,  they may provide a 
r e l a t i v e l y  cheap powerful s tepper ;  b u t  o f  course t h i s  can on ly  be j u s t i f i e d  
i f  t h e  phenomenon o f  l o s t  s t e p s  i s  avoided. I n  o t h e r  words, i f  t h e  supply 
is switched-on f o r  a c e r t a i n  number of c y c l e s ,  t h e  r o t o r  should s t e p  forward 
a d e f i n i t e  angle determined by t h e  number o f  e x c i t a t i o n  cyc les .  In  which 
case ,  t h e  machine can be used f o r  s tepped p o s i t i o n  c o n t r o l  a p p l i c a t i o n s .  In  
t h i s  s e c t i o n ,  a p a r t i c u l a r  a t t e n t i o n  is p a i d  concerning t h e  range of machine 
parameters  and o p e r a t i n g  c o n d i t i o n s  under which t h e  machine w i l l  no t  p o l e - s l i p  
when s t a r t e d  from r e s t .  The d e f i n i t i o n  and c r i t e r i o n  o f  l o s t  s t e p s  would be 
found i n  re fe rence  /5/,  whi le  t h e  machine equa t ions  a r e  taken from re fe rence  
6 Those were p u t  i n  a s t a t e  v a r i a b l e  f o r 4  and convenient ly solved num- 
e r i c a l l y  using t h e  Runge-Kutta 4 2 o r d e r  method of  numerical  i n t e g r a t i o n .  
Parameter's used i n  computation a r e  l i s t e d  i n  Appendix I .  The dynamic behav- 
four  o f  t h e  two pro to types  were computed, s u b j e c t  t o  i n i t i a l  switching angle  

of  a-0 ( i . e .  t h e  vo l tage  of  phase A is zero going p o s i t i t r e ) .  To s tudy t h e  
s t a r t i n g  performance, t e s t s  were conducted cons ider ing  d i f f e r e n t  i n i t i a l  
condi t ions .  However, F igs .  (2,3) show t h e  v a r i a t i o n  of  speed and load angle  
f o r  t h e  two models. For  RT-1 a n % n s t a b l e  opera t ion  p r e v a i l s i n  which t h e  mach- 
i n e  is  n o t  a b l e  t o  synchronise a t ' a l l  (Fig.  2 ) ;  cont inuous increase  of  t h e  
load  angle  (do t ted  curve)  o f  F ig . (3 )  is  shown. I n  regard  t o  RT-2, t h e  mach- 
i n e  success fu ly  synchronises  (Fig.2) with Only two l o s t  6 t e p s . a s  shown by t h e  
s o l i d  curve of ~ i g .  (3).  

The number of l o s t  s t e p s ( n )  can  be ca lcu la ted /6 /  v i a  p r e d i c t i n g  t h e  dynamic 
l o a d  angle  gV during s t a r t i n g  per iod  fmm t h e  fol lowing expression:  



67iS is the steady-state load angle necessary t o  produce steady electromagnetic 
tolque balancing load torque. 

The number of l o s t  steps was evaluated assuming direct-switching t o  the  supply 
(a=O); when motor parameters and supply conditions were unchanged. . 

A comparison resu l t s  between the two motor models a re  given i n  tables  (3  th rY 
ough 7) .  For instance table  (6) shows tha t  n = 2 fo r  RT-2 and 17 for  RT-1 
through 0 . 5  sec. Notice t h a t  in each case only parameter under consideration 
was varied, whilst  t h e  r e s t  of motor parameters were kept unchanged. 

Table (3 )  

Effect of motor ine r t i a ,  J 

Table (4)  
Effect of s t a to r  resistance,  Ra 

Table ( 5 )  
Effect of supply frequency, f 

* unstable operation. 

Table (6) 
Effect of i n i t i a l  switching angle, a 



6. BFEKT OF ROTOR SEAPE ON MOTOR PEREVRMANCE 

Consider an energised reluctance motor i n  t h e  steady s t a t e .  The magnetic 
c i r c u i t  of each s t a t o r  c o i l  would be subjected to a per iodic  reluctance var- 
i a t ion ,  t he  waveshape of which is  determined by ro to r  shaping. Due t o  t h i s  
sal iency e f f e c t ,  the  s t a t o r  c o i l s  undergo per iodic  va r i a t ions  i n  t h e i r  induct- 
ances, the minimum of which is  Lq and the  maximum is  Ld; the  per iodic  va r i a t -  
ion is a t  a fundamental frequenry nt  il.=..LL- tSaL of t h e  supply. This  ac t ion  
of inductance modulation dv: -, ,,,or ro t a t ion  is a must f o r  energy conversion 
process in t h i s  type of machine. 

Fig. 4 is a simplif ied representat ion f o r  inductance modulation by the  e f f e c t  
of a ro t a t ing  segmental ro to r ,  where only t h e  fundamental component i s  shown. 

' A s  f a r  a s  t h e  ro to r  is running i n  synchronism with the  s t a t o r ,  t he  inductance 
var ia t ion  can be expressed a s  an indpendent function of time. If t h e  s t a t o r  
frequency is w l ,  the per iodic  var ia t ion  of a s t a t o r  c o i l  inductance may be 
represented i n  a fou r i e r  s e r i e s  as ;  

L ( U l t )  = E LnCos ( 2 n a l t  + y n ) '  (11) 
n=O 

n is an in teger ,  and t h e  angle(Yn)s igni f ies  the e f f e c t  of  r o t o r  angle. The 
s inusoidal  supply m l t a g e  may be expressed as ;  

where 4 is the  phase s h i f t  between V (w t )  and t h e  fundamental cu r ren t  il(t). 1 
The current  flowing i n . t h e  modulated inductance w i l l ,  i n  general ,  contain corn- 
ponents of a l l  poss ib le  modulation frequencies / 8 / ,  e-g. (2  n U f u ).  1 1  
The r e su l t i ng  current  components laay be wri t ten  as, 

OI 

i ( o j t )  = Xi Sin m l t  + C Ik Fin [(1+2n) U l t  + 4k] 
n= 1 

Quantkfff.  -e ana lys i s  of the harmonic cu r ren t  components is q u i t e  d i f f i c u l t ,  
%it s n e l r  e f f e c t s  can be discussed on t h e  l i g h t  o f  equations, and above. 
For b s t a n c e ,  t h e  input power to a s t a t o r  phase is given by, 

+is gives,  

P = f Vm I1 COS .$ f o r  k = l  

= zero f o r  k f 1 



That is t o  say,  only t h e  fundamental c u r r e n t  I i c a n  c o n t r i b u t e  t o  t h e  i n p u t  
pow&r?to the motor. I n  genera l ,  t h e  machine power f a c t o r  is determined as, 

P I1 A =  - = - C O S ~ ~  (16) 
v1 ,'TI 

It fo l lows  t h a t ,  t h e  h igher  t h e  harmonic c u r r e n t s  t h e  lower t h e  machine power 
f a c t o r  a t  t h e  same i n p u t  power. Also, t h e  harmonic c u r r e n t  components con- 
t r i b u t e  t o  s t a t o r  l o s s e s  and produce undes i rab le  harmonic to rques  due t o  d i s t -  
o r s i o n  o f  f l u x  waveform. T h i s  r e s u l t s  in reduc t ion  i n  t h e  machine e f f ic iency .  

The above undesirable  e f f e c t s  can be e l imina ted  by t a k i n g  c a r e  o f  t h e  r o t o r  
shape and s t a t o r  connection a s  follows. I f  t h e  r o t o r  is  shaped such t h a t  
re luc tance  o f  t h e  magnetic c i r c u i t  is made to  vary a t  only t h e  frequency 2wl, 
e.g. equa t ion  I l l )  becomes, 

Refer r ing  t o  equat ion (13) ,  the r e s u l t i n g  c u r r e n t  wou1.d then  become, 

Thus:& a star-connected s t a t o r  with i s o l a t e d  n e u t r a l  would cause e l i m i n a t i o n  
o f  t h e  t h i r d  harmonic c u r r e n t  l eav ing  o n l y  t h e  fundamental component. The 
experimental  c u r r e n t  waveforms shown i n  Fig. 5, i n d i c a t e  c l e a r l y  t h a t  t h e  
developed r o t o r  (RT-2) s a t i s f i e s  t h e  above requirements ,  which a r e  a l s o  r e f -  
l e c t e d  on t h e  o v e r a l l  performance a s  r e p o r t e d  before ,  The conventional  segm- 
e n t a l  r o t o r ,  however, s u f f e r s  from t h e  c u r r e n t  d i s t o r s i o n  which would a l s o  
g f f e c t  t h e  mains supply. 

Performance o f  a developed segmental r o t o r  r e l u c t a n c e  motor h a s  been s t u d i e d  
and compared with one of  a conventional  design.  T h e o r e t i c a l  and experimental 
r e s u l t s  have shown t h a t  t h e  proposed r o t o r  design provides f o r  h igher  power 
t o  i n e r t i a  r a t i o ,  h igher  e f f i c i e n c y ,  reduced no load  c u r r e n t  and h igher  power 
f a c t o r ;  They have a l s o  shown t h a t  t h e  proposed r o t o r  shape reduces d i s to rB-  
i o n  i n  t h e  r o t o r  c u r r e n t  and i f  t h e  s t a t o r  is  star-connected with i s o l a t e d  
n e u t r a l  the motor c u r r e n t  becomes n e a r l y  s inuso ida l .  

The s tudy  o f  s tepp ing  up and s t a r t i n g  performance h a s  shown t h a t ,  due t o  i t s  
low i n e r t i a ,  t h e  proposed des ign  can b e  s t a r t e d  wi thout  po le -s l ipp ing  i f  t h e  
supply frequency is  below 20 Hz. It a l s o  r e q u i r e d  l e s s  time t o  p u l l  i n t o  
synchronism. Based on t h e  s tudy  o f  po le -s l ipp ing  phenomenon, t h e  use  o f  t h e  
proposed des ign  a s  a powerful s tepper  is  f e a s i b l e .  
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Appendix. 1 

Machine Parameters 

A l l  r e s i s t ances  and reactances in ohms and J i n  kg - m2. 
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Fig. 1 : Configurations of experimental rotors. 
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Pig; 2: Speed - time characteristics at f = 50 HZ 
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Pig. 3: Load angle-time characteristic at f=50 8, and a=BO. 
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Pig.  4: Fundamental component variat ion of the s tator  inductance. 
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Fig. 5: Oscillograms of stator current waveforms under di f f -  

erent conditions. 




