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ABSTRACT 

This paper in t roduces  a comparati ve a n a l y t i c a l  and 
experimental s t u d y  f o r  t h e  performance of t h e  
universa l  motor when f e d  from d i f f e r e n t  power sources  
name1 y ; si nusoi da l  ac suppl y , square  w a v e  i nver ter . 
and a dc chopper. Throughout t h e  present  s tudy ,  
running performance of t h e  motor with a v a r i a b l e  
frequency i n v e r t e r  as w e l l  as a d. c .  chopper with 
d i f f e r e n t  mark - space  r a t i o s  are inves t iga ted .  A 
very wide range of output  c h a r a c t e r i s t i c s  are 
obtained us ing  t h e  dc chopper. I n v e r t e r  is a w e l l  
known e f f i c i e n t  t o o l  f o r  speed con t ro l  i n  
conventional ac machines. however. t h i s  concept is 
not  s t r a i g h t  forward t r u e  f o r  t h e  universa l  motor A 
high1 y improved output  c h a r a c t e r i s t i c s  are p o s s i b l e  
v i a  improving t h e  motor c u r r e n t  waveform. An 
ex tens ive  a n a l y t i c a l  and experimental s t u d y  are 
c a r r i e d  ou t  and r e s u l t s  are presented. An accep tab le  
agreement between measured and c a l c u l a t e d  r e s u l t s  is 
obtained. 

1. INTRODUCTION 

Universal motors are one of t h e  series commutator 
machines f  ami 1 y,  and can opera te  s a t i s f a c t o r i l y  from 
e i t h e r -  ,a dc  or ac supply. They are normal1 y 
manufactured i n  f r a c t i o n a l  -horse-power sizes f o r  
domestic and hand tool machine aP@l ica t i  ons. Such 
type  of motors has been e f f i c i e n t l y  used t o  d r i v e  t h e  
por tab le  apparatus  such as vacuum cleaners .electric 



dr i l l s . . . e t c  . This i s  due t o  the  comparable 
torquelspeed characteristic produced with both dc and 
ac power sources o f  the  same r . m. s .  value E 1 I .  

Although the  output characteristic of  universal 
motors i s  suitable for the  majority o f  the  mentioned 
applications. sometimes it becomes essential t o  
regulate their  speed for certain loads. I t  i s  
interesting t o  s t a t e  t h a t ,  the  present universal 
motor -based drive applications uses speed regulation 
methods which o f t e n  derate the  motor output power. In  
one spec i f i c  application, the  speed of  some vacuum 
cleaners i s  being regulated by an elementary variable 
voltage technique. With such technique it i s  
d i f f i c u l t  t o  improve the  current waveform which 
resul ts- in  a s igni f icant  reduction i n  the  motor 
output torque. With the  great progress i n  the  f i e l d  
o f  power electronics and microprocessors it became 
both easy and cost e f f e c t i v e  t o  control the  operation 
o f  conventional as well as most o f  special electrical 
machines t o  su i t  the  requirements o f  the ir  spec i f i c  
applications . However, it i s  hard t o  f ind a recent 
published material t o  study the  performance o f  a such 
universal motor with the  new techniques o f  power 
electronics and control applications. 

The present study introduces a new technique t o  
control the  speed o f  the  universal motor. This 
technique i s  based on the  use o f  a dc chopper with 
d i f f e r en t  mark -space ra t i  0s. High output torque i s  
obtained by the  improvement o f  the  current waveform. 
The motor performance i s  also studied when fed from a 
square wave inverter.  A comparative study between the  
motor behaviour when excited from a pure ac supply 
and from t h e  inverter output i s  investigated. 

Theoretical anal p i s  i s  presented t o  describe motor 
behavi our for d i f f e r en t  power sources. The resul t s  
show t h a t ,  the  proposed technique would produce a 
potenti a1 variable speed high output torque uni versa1 
motor suitable for a wide range o f  applications. 

2. MATHEMATICAL REPRESENTATION 

The uncompensated universal motor i s  represented as 
shown i n  F i g .  1 .  The voltage equation can be writ ten 
as C23: 

where the  f i e ld  and armature currents are related by 
the  following eqn. 



Also, t h e  vol tages  a c r o s s  t h e  f i e l d  and armature 
windings are r e l a t e d  by : 

From equat ion 2 and 3 t h e  vo l t age  equat ion can be 
r e w r i t t e n  as : . 
VCt3 = CR + LP -Me 3 iCt3 
where . 
R = R  

+ RF 
and L = L  + L  

a a F 

The motor performance has been obtained f o r  t h r e e  
d i f f e r e n t  power sources  name1 y ; pure si nusoi da l  
supply. square  wave i n v e r t e r  and a square- wave 
chopper output .  Representat ion of t h e  uni versa1 motor 
under i n v e s t i g a t i o n  w i l l  be presented subsequent1 y . 

2.1 I n v e r t e r  Output 

I n  t h i s  case t h e  motor is e x c i t e d  through a s i n g l e  
phase i n v e r t e r  designed spec i  a1 1 y f o r  t h e  present  
study. The cons t ruc t ion  of such i n v e r t e r  w i l l  be 
explained i n  t h e  experimental s e c t i o n s .  The output  
vol tage  waveform of t h e  proposed i n v e r t e r  is shown i n  
F ig  2. Such waveform is represented  by Fourier series 
as fol lows : 

00 
V C t I  = X V s i n  Co,.,t> 

n=i n 
Cn =1.3.5 ..... :, C6:, 

where o = nw 
n 

Equation 4 can be r e w r i t t e n  f o r  t h e  n t h  component as: 

To s o l v e  equat ion 7, Laplace t ransform technique can 
be  appl ied  where t h e  r e s u l t  equat ion is : 

The n t h  c u r r e n t  component can be obtained using t h e  
i n v e r s e  Laplace t ransform f o r  equat ion  8 . where. - 

L 
n K i n C t >  = An cos wn t + B s i n  w t + - L e 

n n 
C Q:, 



~ 8 - R  
where K = 

An .Bn and C n  a r e  t h e  p a r t i a l  f r a c t i o n  expansion 
cons tan t s  def ined  by: 

t h e  s t e a d y  state value  of t h e  n u  e x c i t a t i o n  c u r r e n t  
can be obtained from equat ion 9, where, 

V s i n  Cw t - @ > 
n n n i C t > =  

n ~ C R  - M b 2  + w2 L2 
n 

and. 

-i 
+n = cos  

R - MG 
ICR - MG)' + w2 L' 

n 

The total ins tantaneous  e x c i t a t i o n  c u r r e n t  w i l l  be : - 
iCt3 = E: i Ct3 

n=i n 
C163 

The n t h  to rque  component is given by : 

The t o t a l  ins tantaneous  to rque  w i l l  be : 

Equations 6 t o  18 can be appl ied  t o  p r e d i c t  t h e  motor 
performance when e x c i t e d  from an  i n v e r t e r  out  put.  
Also. using t h e  s a m e  equat ions  and cons ider ing  t h e  
fundamental on1 y. t h e  motor c h a r a c t e r i s t i c  can be 
obtained f o r  a pure ac  supply. 



2.2 A Chopper Output 

I n  t h i s  case t h e  universa l  motor is f e d  by a square  
wave chopped vo l t age  through an  e l e c t r o n i c  c i r c u i t  
s p e c i a l  1 y designed f o r  t h i s  purpose. More d e t a i  1 s 
about t h i s  c i r c u i t  w i l l  be given i n  t h e  experimental 
s e c t i o n .  The output  of such c i r c u i t  is shown i n  Fig. 
3. The vo l t age  waveform can be  analyzed by using 
Fourier series as follows: 

-0 

[sinCnan> . cosCnwt.31 VCot3 = Vu + ns C1Q3 

n = 1 , 2 . 3  .... and. a = T ~ T  = mark-space r a t i o  

Equation 19 can be r e w r i t t e n  as : 

s i n  nan where VnCot3 = n n  C213 

The c u r r e n t  and to rque  w i l l  be obtained f o r  t h e  dc 
component as f 01 1 o w s  : 

and t h e  dc to rque  component is: 

The ac c u r r e n t  component can be obtained by t a k i n g  
Laplace t ransform of equat ions 7 and 21 . where t h e  
c u r r e n t  is : 

where; 



The s t e a d y  state c u r r e n t  can be obtained by applying 
t h e  i n v e r s e  Lap1 ace transform technique t o  equat ion 
24 l ead ing  t o .  

*n 
can be  c a l c u l a t e d  us ing  equat ion 15. 

The t o t a l  ins tantaneous  c u r r e n t  w i l l  be: 

ea 
icwt: ,  = Idc + z i Cot3 

n=i n 

The n u  to rque  is then  given by : 

and t h e  t o t a l  ins tantaneous  to rque  w i l l  be  : 

2.3 Computer Simulat ion 

A computer s imula t ion  program has been b u i l t  t o  s t u d y  
t h e  s t e a d y  state performance of t h e  universa l  motor. 
This program s o l v e s  t h e  system equat ions  f o r  
d i f f e r e n t  power sources.  Calcula t ion  of motor 
performance i n  t h e  case of both t h e  i n v e r t e r  and dc 
chopper is c a r r i e d  o u t  t a k i n g  i n t o  cons ide ra t ion  t h e  
e f f e c t  of harmonics up t o  t h e  2Qth harmonic 
component. The si mu1 a t i  on r e s u l t s  are shown 
accompanied with t h e  corresponding experimental 
measurements. 

3 EXPERIMENTAL SET-UP 

The experimental r i g  c o n s i s t s  of a universa l  motor 
coupled with a dc generator  employed as a mechanical 
load. The motor parameters are given i n  t h e  appendix. 
Two e l e c t r o n i c  power converter  c i r c u i t s  are b u i l t  . 
One of them a c t s  as a s i n g l e  phase i n v e r t e r  , whi 1 e 
t h e  o ther  is a dc chopper. Another e l e c t r o n i c  c i r c u i t  
have been designed and b u i l t  f o r  c u r r e n t  sens ing  and 
waveform chopping t o  ensure  high output  torque. More 
d iscuss ion  w i l l  be given i n  t h e  fol lowing sec t ions .  



4 THE SINGLE PHASE INVERTER 

The inverter was bu i l t  t o  excite the  motor with a a 
variable frequency square wave voltage. This enables 
studying the  e f f e c t  o f  changing supply frequency on 
the  motor performance. The inverter c i rcu i t  i s  shown 
i n  F i g .  4. Four IGPT transistors o f  type "BUP203" are 
used as main switches t o  exc i te  the  motor through dc 
supply. Transistors 1 & 4 are turned on and o f f  
simultainousl y and followed by 2 & 3. The gate 
reference signals are generated using the  counter 
"MN4017B". The output signals o f  the  counter are 
connected t o  transistor gates via a NAND gate "7400" 
and an open collector inverter "74C06" with 2.4 Kohm 
pull up resis tor .  Such construction i s  designed t o  
protect the  transistor gate and t o  raise  the  pulse 
amplitude t o  12 volt. The two upper transistors are 
triggered through an opto -coupler "TLP250" t o  
i so la te  the  ground o f  their  gate signals from the  
power c ircui t  common connection. 

The recorded voltage and current waveforms are shown 
i n  Fig.5. I t  i s  clear t h a t ,  the  two waveforms 
a1 ternate between positive and negative values. This 
means that the  inverter c ircui t  operates i n  the  r ight  
order. The noise i n  the  current waveform may be 
attributed t o  t h e  commutator-brush contact e f f e c t s .  
The variation o f  excitation current when excit ing the  
motor from an ac supply i s  also shown i n  F i g .  5-b. 
There i s  a good matching between the  calculated 
instantaneous current waveform for both the  ac supply 
and the  inverter ,shown i n  F i g .  5-c, and the  recorded 
resul ts .  The calculated instantaneous torque using 
both the  two supplies i s  also shown i n  F i g  5-d. I t  i s  
clear that  the  torque variation i s  approxi matel y the  
same. These resul t s  are obtained with a rms supply 
voltage equals the  amplitude o f  that  o f  the  inverter.  
The di f ference  i n  the  instantaneous values i s  
attributed t o  the  d i f ference  i n  the  voltage 
amplitudes. For the  same rms values the  inverter 
would produce a higher instantaneous torque due t o  
the  contribution o f  the  t i m e  harmonics i n  the  total  
d e v e l  oped torque. 

The measured and calculated tor quehpeed 
characteristics are shown i n  F i g .  6. The d i f ference  
i n  the  average torque i s  due t o  the  d i f ference  i n  
voltage amplitude as explained earl ier .  There i s  a 
great possibi l i ty  t o  g e t  a higher torque value i f  the  
motor i s  excited through a square wave inverter 
output provided i t s  rms voltage equals tha t  o f  the  ac 
source. This i s  attributed t o  the  harmonic contents 
which add more torque t o  the  fundamental. Also, the  
resul ts  i l l u s t r a t e  clear1 y good matching between the  
experimental and si mu1 a t ed  er f or nmance. Through out 
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t h e  present  s tudy  i t  has been observed t h a t ,  t h e  
universal  motor is working q u i t e  w e l l  with t h e  
i nve r t e r  output and produces an output torque/speed 
c h a r a c t e r i s t i c s  comparable with those  obtained with 
e i t h e r  dc or pure ac power suppl ies .  A s  it w a s  
expected, t l 3 ,  i t has been found t h a t .  no benef i t  can 
be  obtained from varying t h e  i nve r t e r  frequency. and 
t h e r e  is no d i r e c t  r e l a t i o n  between power source  
frequency and running speed. The dec i s i  ve f a c t o r  on 
t h e  motor speed is t h e  supply voltage. Y e t ,  frequency 
has adverse e f f e c t  on speed due t o  transformer emf 
and induc t ive  reactance drop. 

5. THE CHOPPER CIRCUIT 

The motor is exc i t ed  from a square  wave chopper 
c i r c u i t  with d i f f e r e n t  mark - space r a t i o s  through 
only one IGBT t r a n s i s t o r  switch a s  shown i n  Fig.7. To 
change such r a t i o  a s a w  t oo th  s igna l  is compared with 
a reference  dc vol tage  by an operat ional  ampl i f ier  
"741" . The output of t h e  amplif ier  is then a square  
wave with mark  - space r a t i o  va r i e s  with t h e  
reference  voltage. A s  discussed i n  t h e  i nve r t e r  
s ec t i on  t h e  NAND g a t e  "74C00" and t h e  i nve r t e r  "7406" 
a r e  used with t h e  pul l  up r e s i s t o r  t o  p ro tec t  t h e  
t r a n s i s t o r  and t o  fed  it with t h e  required  g a t e  
voltage. Since,  t h i s  c i r c u i t  is a l s o  employed t o  
improve t h e  cur ren t  waveform, a s  w i l l  be discussed 
l a t e r ,  a snubber c i r c u i t  is designed and constructed 
t o  p ro tec t  t h e  t r a n s i s t o r  switch aga ins t  t h e  sp ikes  
of vol tage  modulation. The employed snubber c i r c u i t  
cons i s t s  of a r e s i s t o r  and series capaci tor  , 
connected across  t h e  d r a in  and source of t h e  
t r a n s i s t o r .  

The exc i t a t i on  vol tage  and cur ren t  waveforms are 
recorded f o r  d i f f e r e n t  mark-space r a t i o s  as shown i n  
Fig. 8. I t  is emphasized t h a t  t h e  e x c i t a t i o n  vol tage  
a s  w e l l  as t h e  cur ren t  inc rease  with inc reas ing  t h i s  
r a t i o .  This l e ads  t o  an inc rease  i n  motor speed f o r  
constant  load torque. The s a m e  conclusion can be 
observed from t h e  ca lcu la ted  r e s u l t s .  Fig. Q a , b 
which i n  phase with t h e  experimental. Also a higher 
instantaneous torque  is obtained with inc reas ing  t h e  
mark-space r a t i o  . 
h e  t o  t h e  p o s s i b i l i t y  of exc i t i ng  t h e  motor with a 
square vol tage waveform a t  d i f f e r e n t  mark - space 
r a t i o s ,  a family of torque/speed c h a r a c t e r i s t i c  can 
be obtained a s  shown i n  Fig. 10. This g ives  t h e  
a b i l i t y  t o  change t h e  motor speed while t h e  load is 
maintained constant .  This w i l l  permita u t i l i z a t i o n  
of t h e  universal  motor i n  many app l ica t ions  which 
r equ i r e  a va r i ab l e  speed drive.- On t h e  o ther  hand, a t  
1 o w e r  values of mark - space r a t i o ,  t h e  motor cur ren t  
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does not reach i t s  rated value which i n  turn 
decreases the  developed torque. Also for each value 
of  t h i s  ra t i o ,  increasing motor speed decr.eases i t s  
torque. Improving t h e  excitation current wave shape 
may be useful i n  obtaining high torque high s p e e d  
universal motor as w i l l  be discussed i n  the  following 
section. 

6. EXCITATION CURRENT WAVE SHAPE IMPROVEMENT 

The technique o f  improving the  current waveform i s  
summarized i n  excit ing the  motor a t  twice value o f  
i t s  rated voltage C31. This w i l l  ensure t h a t ,  the  
rated current level would be reached a t  lower time 
compared with that  would be taken with rated voltage. 
This: technique i s  implemented as follows ; , a signal 
voltage corresponding t o  the  motor current CVsmcr3 
i s  compared with a reference value CVrrf. 3 
corresponding t o  the  rated current. I f  t he  motor 
current tends t o  exceed the  rated value , the  
comparator . "LM311" , output w i  11 be a t  1 ow 1 eve1 and 
i n  turn the  g a t e  signal becomes low and temporally 
turns o f f  the  power transistors.  The current w i l l  
then decay unti l  it becomes lower than the  rated 
value which causes a decrease i n  Vorncr leading t o  
high comparator output. This turns the  transis tors  on 
and the  current tends t o  increase again , F i g .  7.  In 
t h i s  technique, the  motor current swings about i t s  
rated value. Moreover, t h e  current i s  maintained a t  
i t s  rated value a t  lower mark space ra t io  and a t  high 
speeds. This produce a higher output torque . 
To examine the  motor behaviour with the  proposed 
excitation technique , the  current waveform i s  
recorded a t  d i f f e r e n t  values o f  mark-space ra t i  0s.  
F i g .  11. I t  i s  emphasized that  a t  low ra t io  the  
current i s  swinging about i t s  rated value. Comparing 
the  current waveform shown i n  F i g .  11 with that  i n  
F i g .  8. . i t s  clear that  the  motor would produce a 
higher torque / speed characteristic with improved 
current wave shape. The measured torque/speed 
characteristic a t  d i f f e r en t  values o f  mark-space 
ra t io  and improved current wave shape i s  shorn i n  
F i g .  I A comparison between t h i s  resul t  and the  
torque/speed characteristic. shown i n  F i g .  10. 
i l l u s t r a t e  potential current waveform improvements 
with d i f f e r en t  mark - space ra t io  . This produces a 
high torque high speed universal motor. 

7. DISCUSSIONS 

The output waveform o f  an electronic power converter 
are generally distorted and may be analyzed into 
numerous components. There is a unique power factor 
associated . with each of these components, however 
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t hey  can not  be evaluated i n t o  a s imple expression. 
This adds a complexity t o  e i t h e r  a n a l y t i c a l  
p red ic t ion  or  measurement of t h e  motor power f a c t o r .  
I t  might be easier e v a l u a t e  t h e  power f a c t o r  a t  t h e  
ac source  from which t h e  power is obtained,  however 
it would be t h e  o v e r a l l  power f a c t o r  of both t h e  
motor and t h e  converter .  The f a c t  t h a t  t h e r e  is a 
c e r t a i n  reactive power a s soc ia ted  with most 
e l e c t r o n i c  power conver ters  would hinder any 
usefu lness  of such idea .  

The sparking  on t h e  commutator-brush con tac t  has been 
observed f o r  d i f f e r e n t  power sources.  The b e s t  
commutation has been obtained with t h e  dc source  
followed by t h e  dc chopper then  t h e  pure ac source  
and t h e  worst w a s  t h e  square  wave i n v e r t e r .  These 
observat ions  might be explained as fol lows ; t h e  dc 
chopper has  a s i g n i f i c a n t  dc component and its 
harmonics are of l o w  amplitude compared t h e  i n v e r t e r  
output .  The s i g n i f i c a n t  number of harmonics contained 
i n  t h e  output  of t h e  square  wave i n v e r t e r  might 
expla in  its severe  sparking compared with o ther  power 
sources.  A l l  t h e s e  observat ions  have been obtained a t  
a frequency of 50 H z  which is recommended f o r  t h e  
motor under cons idera t ion .  The e f f e c t  of changing t h e  
frequency on t h e  commutation has  not  sub jec ted  t o  
i n v e s t i g a t i o n ,  however t h e  a v a i l a b l e  r e s u l t s  g i v e  an  
i d e a  about t h i s  e f f e c t  a t  least over t h e  range from 
z e r o  t o  50 Hz.  I t  can be claimed t h a t .  over t h i s  
frequency range , t h e  1 ower frequency g i  ves  b e t t e r  
commutation. The to rque  pu l sa t ions  a s soc ia ted  with ac 
e x c i t a t i o n  might impose some r e s t r i c t i o n  on t h e  lower 
l i m i t  of t h e  working frequency. This working 
frequency is usual1 y a compromise between t h e  to rque  
pu l sa t ion  and t h e  qua1 i t y  of commutation process.  

8. CONCLUSIONS 

I n  t h i s  paper a comprehensive s t u d y  about t h e  
e x c i t a t i o n  techniques of a universa l  motor have been 
i n t r  oduced. The s t u d y  explores  ;nor e information about 
t h e  p o s s i b i l i t y  of e f f i c i e n t  use  of such t y p e  of 
motors. Throughout t h i s  s t u d y  it has been found t h a t .  
t h e  universa l  motor can opera te  from dc , ac power 
source  as w e l l  as i n v e r t e r  output  a t  approximately 
s i m i l a r  torque/speed c h a r a c t e r i s t i c s .  I n  s p i t  of t h e  
notable  success  of v a r i a b l e  frequency i n v e r t e r s  i n  
changing t h e  speed of conventional ac motors, i t  w a s  
confirmed t h a t  it is u s e l e s s  with universa l  motors. 

The paper a l s o  p resen t s  a technique of c o n t r o l l i n g  
motor speed with high developed torque. The proposed 
technique depends on e x c i t i n g  t h e  motor by a square  
vo l t age  chopper output  with d i f f e r e n t  m a r k  -space 
ra , t ios .  A c u r r e n t  waveform chopping technique which 
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s u p p l i e s  t h e  motor with approximately square  c u r r e n t  
pu l ses  would ensure  higher torque  a t  lower va lues  of 
such r a t i o .  

A complete t h e o r e t i c a l  i n v e s t i g a t i o n  is presented t o  
desc r ibe  t h e  motor behaviour us ing  d i f f e r e n t  
e x c i t a t i o n  power sources.  This s tudy  has been 
v e r i f i e d  experimental ly  and an  acceptable  agreement 
between measured and c a l c u l a t e d  r e s u l t s  have been 
reached. 

9. LIST OF SYMBOLS 

VCt3 supply vo l t age  
V armature vo l t age  
(I 

vP 
f i e l d  vo l t age  

R armature r e s i s t a n c e  
a 

RF 
f i e l d  r e s i s t a n c e  

L armature s e l f  inductance 
a 

LP 
f i e l d  s e l f  inductance 

M mutual inductance 

8 speed 
iCt3 motor c u r r e n t  

T motor to rque  

*n 
phase ang le  between t h e  n t h  vo l t age  and c u r r e n t  

10. APPENDIX 

The universa l  motor has t h e  fol lowing data:  

Rated ac  vo l t age  
No. of po les  
Armature r e s i s t a n c e  
F i e l d  r e s i s t a n c e  
Armature 1 eakage inductance 
F i e l d  1 e a k a g e  inductance 
Mutual inductance 
Ful l  load  speed 
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F i g .  1 .  The universa l  motor. 
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F i g .  2 Inverter  output vo l tage  waveform 



Fig. 3. Square Wave Chopper Voltage Output .  
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Fig. 4. The i n v e r t e r  c i r c u i t .  



Fig.5.a. Recorded voltage and current wave- 
forms for the inverter-supplied motor. 

Fig.5.b. Recorded voltage and current wave- 
forms for ac-supplied motor. 



Fig.5.c. Calculated instanteneous current 

--- ac supply.. 
- the inverter. 
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Fig. 8.c. a = 0.7. 

Fig.8. Recorded v o l t a g e  and  c u r r e n t  waveforms 
f o r  chopper  o u t p u t  a t  different v a l u e s  
of  "a". 
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Fig .9 . a .  C a l c u l a t e d  i n s t a n t e n e o u s  c u r r e n t  f o r  chopper 
o u t p u t  a t  d i f f e r e n t  v a l u e s  o f  " g " .  
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F i g . 9 . b .  C a l c u l a t e d  i n s t a n t a n e o u s  t o r q u e  f o r  chopper 
o u t p u t  a t  d i f f e r e n t  v a l u e s  o f  "a". 
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Fig. 1l.b. a = 0 . 3 .  

Fig. 1l.c. = 0 . 5 .  



Fig. ll.d. a = 0.7. 

Fig.11. voltaqe and current waveform at different 
I, 

I values of "a". (with current level control) 
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Fig. 12. Torque/speed characteristic at different 
values of "a". (with current level control). 




