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Abs t rac t  - A few s t a b i l i z i n g   c o n t r o l s   f o r  a synch- 
ronous  induct ion  generator   is   examined  through  the  quad-  
r a t i c   b i l i n e a r  and l i n e a r   r e g u l a t o r   t h e o r y .  I t  has  been 
found   tha t   t he   uns tab le   b i l i nea r   sys tem  can  be s t a b i l i z -  
ed q u i t e   e a s i l y   w i t h o u t   r e s o r t i n g   t o   c o m p l i c a t e d  comput- 
a t i o n s .  A feedback   con t ro l   der ived   f rom minimum t i m e f o r -  
m u l a t i o n   i s   f o u n d   t o  be v e r y   e f f e c t i v e   i n   s t a b i l i z a t i o n .  

I n t r o d u c t i o n  

An induc t ion   motor  when run  a t   supersynchronous 
speed w i  1 1  d e l i v e r  power as a genera tor .  A wound r o t o r  
motor i f  s u p p l i e d   w i t h   p o l y p h a s e   e x c i t a t i o n   a t   b o t h  
s t a t o r  and r o t o r   t e r m i n a l s  will run  at   double  normal 
synchronous  speed. The phase  sequence o f   t h e   r o t o r  
v o l t a g e  has t o  b e   o p p o s i t e   t o   t h a t   o f   t h e   s t a t o r .  The 
doubly  fed  machine will e i t h e r   m o t o r   o r   g e n e r a t e  
depending  on  the  angle  between  the  stator  and  rotor 
phase  magnet i c axes. 

Though t h e   p r i n c i p l e   o f   o p e r a t i o n   o f   t h e   d o u b l y  
fed  synchronous-induction  machine  has  been known f o r  
long   t ime,  i t  has   no t   f ound   app r i ca t i on   p r imar i l y  
because  of  lack o f   e f f e c t i v e   s o l u t i o n   t o   t h e   s t a r t i n g  
problem and a l s o   f o r   t h e   p r o b l e m   a s s o c i a t e d   w i t h   t h e  
i n h e r e n t   i n s t a b i l i t y   o f   t h e  machine [l]. Though  an 
induct ion  motor  run  at   double  synchronous  speed  can 
d e l i v e r  power much more than  ra ted ,   genera t ion   th rough 
t h i s  mode d id   no t   d raw much a t t e n t i o n .   S t a b i l i z a t i o n  
o f   t he   synch ronous - induc t i on   mach ine   i n   t he   doub ly   f ed  
motor mode has  been s tud ied   by   the   au thor   [2 ] .   Th is  
a r t i c l e   r e p o r t s   v a r i o u s   s t a b i l i z i n g   c o n t r o l   s t r a t e g i e s  
fo r   t he   synch ronous - induc t i on   genera to r   t h rough   the  
m o d i f i c a t i o n   o f   t h e   s l i p   r i n g   v o l t a g e .  

The Mathematical  Model o f   t he   Doub ly  Fed Machine 

The e q u a t i o n s   o f  a synchronous- induc t ion   genera tor  
i n   s t a t e   n o t a t i o n  can  be w r i t t e n  as [2 ]  

P = f [ Y ,  VI 

where y i s  a 6 x 1 s t a t e   v e c t o r   c o m p r i s i n g   o f   t h e   s t a t o r  
and r o t o r   c u r r e n t s   a l o n g   d i r e c t  and  quadrature  axes  of 
the  machine,  the  speed  var iat ion and the   angu lar  
p o s i t i o n  between  the  s ta tor   and  ro tor   magnet ic   axes.  
V i s  a v e c t o r   o f   r o t o r   i n p u t   v o l t a g e   a l o n g   t h e   d i r e c t  
and  quadrature  axes  given as 

= ['dr v q r  IT 
The s u b s c r i p t s  d and q r e f e r   t o   t h e   d i r e c t   a n d   q u a d r a -  
t u r e  axes w h i l e  r r e p r e s e n t s   t h e   r o t o r   q u a n t i t i e s ,  
r e s p e c t i v e l y .  The components o f   t h e   r o t o r   v o l t a g e  may 
be expressed as 

Vdr  = vr cos 6 

V = - V r  S i n  S 
q r  

The ang le  6 ( w h i c h   i s  a component o f   t h e   s t a t e   v e c t o r   y )  
i s  r e l a t e d   t o   t h e  machine  speed (wm) as f o l l o w s  

5 = -wet  - Aw,t - 6, (5) 

where w i s   t h e   f r e q u e n c y   o f   t h e   e x c i t a t i o n   v o l t a g e .  

S u b s t i t u t i n g  ( 3 1 ,  (4 )  and ( 5 )  i n  (11 ,   the   smal l   per tu r -  
b a t i o n  model o f   ( 1 )  can  be  expressed  by  the  fo l lowing 
b i l i n e a r   r e l a t i o n s h i p  

j , = A x + ( b l + b  2 6   x )  u (6) 

where  x6 = A& and u = A V r  

Quadra t i c  Feedback Cont ro ls  

The m a t r i x  A i n   ( 6 )  has a p a i r   o f  complex  eigen- 
v a l u e s   i n   t h e   r i g h t   h a l f   p l a n e .  Gutman [ 3 ]  demonstra- 
t e d   t h a t  i f  t h e r e   e x i s t s  a P = PT> 0 such t h a t  

(bl + b2)T  P x # 0 ( 7 )  

( 8 )  i n   t h e   s e t   { x  1 x # 0,  x (PA + A P) x > O }  

Then t h e r e   e x i s t s  an CL > 0 s u c h   t h a t   c o n t r o l  

T T 

will s t a b i l i z e   ( 6 ) .  

The c r u c i a l   p o i n t   h e r e   i s   t h e   d e t e r m i n a t i o n   o f   t h e  P 
m a t r i x   s a t i s f y i n g   i t s   p o s i t i v e   d e f i n i t e n e s s   c r i t e r i o n  
and r e l a t i o n  (8)  s imu l taneous ly .  The computat ional  
methods  suggested  are  qui te  compl icated, and f o r   h i g h e r  
order  systems as the  present  one,  the amount o f  compu- 
t a t i o n  may be t o o  much. From implementat ion  v iewpoint ,  
t he   ma t te r   i s   worse   because   f o r   each   poss ib le   po in t   o f  
o p e r a t i o n   o f   t h e   g e n e r a t o r ,   t h e  P m a t r i x  has t o  be  re- 
computed. The f o l l o w i n g   e x t e n s i o n s   o f  Gutman's  theorem 
s i m p l i f i e s   c a l c u l a t i o n   o f  P m a t r i x   t o  a great  extent[2!. 

# 1 .  The m a t r i x  P s a t i s f y i n g   t h e   m a t r i x   e q u a t i o n  

PA + A T  P - blT P b + Q =  0 1 (10) 

i s   p o s i t i v e   d e f i n i t e  and  symmetric, and t h e   c o n t r o l  
s t ra tegy   wh ich  will s t a b i l i z e   ( 6 )  i s  g i ven  as 

u = -a(b1+b2x6)T P x f o r   t h e   s e t   { x  I x#O, Y > O} ( l l a )  

u = 0 f o r   t h e   s e t  x j x # 0 ,  Y < 01 (1   I b )  

where Y x' (PA + AT P) x 

Both  P and Q a r e   p o s i t i v e   d e f i n i t e   m a t r i c e s .   S e l e c t i n g  
t h e   w e i g h t i n g   m a t r i x  Q a p p r o p r i a t e l y ,   r e l a t i o n   ( l l a )  
can  be made t o   s a t i s f y   a l m o s t   f o r   a l l  x&Rn.  Note P i s  
t h e   s o l u t i o n   o f   t h e   s t e a d y   s t a t e   m a t r i x   R i c c a t i   e q u a t i o n  

# 2. The d i a g o n a l   m a t r i x  P ' ,  c o n s t r u c t e d   b y   s e t t i n g  
a l l   t h e   o f f - d i a g o n a l   e l e m e n t s   o f   t h e   R i c c a t i   m a t r i x   t o  
z e r o ,   s a t i s f i e s   a l l   t h e   r e q u i r e m e n t s  and  hence i s  a l s o  
a c a n d i d a t e   i n  ( 9 ) .  
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# 3. The l i n e a r   s t a t e   r e g u l a t o r   t y p e   c o n t r o l  

u = - b T P X  1 (13) 

i s  a c a n d i d a t e   f o r   s t a b i l i z a t i o n   o f   t h e   s y n c h r o n o u s -  
i nduc t i on   genera to r  when t h e   t r a j e c t o r y   i s   s u f f i c i e n t l y  
n e a r   t h e   e q u i l i b r i u m   p o i n t .  Hence f o r   r e l a t i v e l y  
s m a l l e r   d i s t u r b a n c e s   c o n t r o l   ( 1 3 )   i s   s a t i s f a c t o r y .  

A Quas i -Opt ima 1 Feedback Cont ro l  

A f eedback   con t ro l   s t ra tegy   de r i ved  on the   bas i s  
o f   t r a n s i e n t   c o n t r o l   i n  minimum time as  used f o r  
synchronous  generators [4 ]  i n v o l v e s   d i f f e r e n t i a t i o n   o f  
o f   t h e   e l e c t r o m e c h a n i c a l   t o r q u e   e q u a t i o n  and s u b s t i -  
t u t i o n   o f   t h e   o t h e r   c u r r e n t   d e r i v a t i v e   r e l a t i o n s   t o  
y i e l d  a second  order   t ime  vary ing  equat ion o f  the  form 

The minimum t ime   feedback   con t ro l   i s   ob ta ined   by   quas i -  
l i n e a r i z a t i o n   o f   t h e   t e r m s   L ( x )  and b ( x ) .  The c o n t r o l  
a c t i o n   i n s t e a d   o f   b e i n g  bang  bang i s  made p r o p o r t i o n a l  
t h r o u g h   s e l e c t i o n   o f  a s u i t a b l e   c o n s t a n t  K and i s  
g i ven  as 

b (x )  > 0 

A& i s   t he   acce le ra t i on   o f   t he   mach ine .  

Numerical  Example  and  Results 

F igure  1   g ives a p l o t   o f   t h e   a n g l e   d e p e n d e n t  
e l e c t r i c a l   t o r q u e  Te f o r  a doubly  fed  machine as 6 i s  
va r ied   f rom - 135O t o  135O. I t  can  be  seen t h a t   t h e  
10 hp motor when e x c i t e d  by  nominal  voltage  on  the 
ro to r   t e rm ina ls   can   de l i ve r   abou t  30 hp  (3  P.u.)  as 
motor  and 45 hp  as g e n e r a t o r   a t  a S I  i p   o f  -1. An 

45  90 135 
6 (degrees) 

F igu re  1. Var ia t ion  o f   angle  dependent   torque  showing 
the   genera tor   and  motor ing   reg ions   o f   the   doub ly   fed  
machine at  double  synchronous speed. 

o p e r a t i n g   p o i n t   i n   t h e   g e n e r a t o r  mode c o r r e s p o n d i n g   t o  

6 = -25’ i s   s e l e c t e d   f o r   t h i s  example. The correspon- 
d i n g  A m a t r i x   i s  

-64.86  9765.98  34.32  9758.70  3.62  -603.14 - 
-9765.98  -64.86 -9758.7 34.32  0.94  1293.44 
62.40  -9758.70  -35.67  -9765.98  -3.77  626,89 
9758.70  62.40  9765.98  -35.67  -0.98  -1344.38 
-591.58 -178.59  -590.92  -179.38  -0.0047 0.0 I; 0.0 0.0 0.0 1 . o  0.0 - 

Vectors b l  and b2 r e s p e c t i v e l y   a r e  

b l  = [-1293.448  -603.144  1344.381  626.894 0.0 O . O I T  

b2 = [-603.144  -1293.448  626.894  -1344.381 0.0 O.0 lT  

The e igenva lues   o f   t he  A m a t r i x   a r e  

The f i r s t  two  pa i rs   cor respond  to   the   pcwer   f requency  
s t a t o r  and r o t o r   t r a n s i e n t s   w h i l e   t h e   d o m i n a n t   p o l e  
p a i r   w i t h   p o s i t i v e   r e a l   p a r t s   a r e   r e s p o n s i b l e   f o r   t h e  
grcwing  response. 

F igures  2,  3  and  4 show the  response  of   the  system 
f o r  a 30% i n p u t   s t e p   w i t h   v a r i o u s   s t a b i l i z i n g   s i g n a l s .  
Curve a i n   F i g s .  2  and 4 shcw ang le  and  speed v a r i a t i o n  
i n   t h e  absence o f  any s t a b i l i z i n g   c o n t r o l .  Curve b i n  
b o t h   f i g u r e s   a r e   w i t h   s t a b i l i z i n g   c o n t r o l  

1 + b2 ‘ 6 )  T P X  
u = -a (b  

w h e r e   R i c c a t i   m a t r i x  P i s  

‘0.364 0.056 0.357 0.05 -0.132 -0.08 
0.056 0.442 0.056 0.431 -0.092 -0.103 
0.357 0.056 0.35 0.05 -0.137 -0.077 
0.05 0.431 0.05 0.421 -0.074 -0.108 
-0.132 -0.092 -0.137 -0.074 0.335 -0.003 

--0.08  -0.103  -0.077  -0.108  -0.003  43.89 I 
The elements o f   d i a g o n a l   m a t r i x  Q a re  

L0. l   0.1 0.1 0.1 10 101 

The v a l u e   o f  c1 used f o r   t h e   r e s p o n s e   5 h w n   i s   1 .  I t  i s  
n o t e d   t h a t   t h e   s y s t e m   i s   s t a b i l i z e d   w i t h  a v a l u e   o f  c1 

as lw as 0.1.  Curve c i n   f i g u r e s  3 and 4 a r e   w i t h   t h e  
c o n t r o l  

u = -blT P x 

w h i l e   c u r v e  d shows response  recorded  w i th   p ropor t iona l  
c o n t r o l   d e r i v e d  from the minimum t ime   s t ra tegy   (15 ) .  

I 
0 1 2 3 

Time (SeC.) 
F igu re  2. T o r q u e   a n g l e   v a r i a t i o n s   f o r  a 30% torque 
s tep,   (a)   the  uncontro l led  machine  (b)  w i th  s t a b i l i z i n g  
c o n t r o l   f r o m   t h e   b i l i n e a r   f o r m u l a t i o n .  
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-40 i 

Time  (sec.) 

3. C o n t i n u a t i o n   o f   f i g u r e   2 ,   ( c )   r e s p o n s e   w i t h  
1 l i n e a r   r e g u l a t o r   c o n t r o l   ( d )   w i t h   p r o p o r t i o n a l  
1 f r om  f requency   va r ia t i on  and a c c e l e r a t i o n   o n l y .  

1.51 

F igu re  4. Angular   f requency  var ia t ion  o f   the  doubly  
fed  machine i n   g e n e r a t o r  mode c o r r e s p o n d i n g   t o   F i g .  2, 
(a )   enve lope  fo r   the   uncont ro l led   case  (b )   con t ro l  
f r o m   b i l i n e a r   f o r m u l a t i o n   ( c )   o o t i m a l   c o n t r o l   f r o m  
l i n e a r   f o r m u l a t i o n  
f requency   va r ia t i on  

A comparison o f   t h e  
t h e   b i l i n e a r   s y s t e r r  

d) p r o p o r t i o n a l   c o n t r o l   f r o m  
and acce le ra t i on .  

. .  1 

responses  recorded show t h a t   w h i l e  
can be s t a b i l i z e d   w i t h  a c o n t r o l  

s t r a t e g y   d e r i v e d  from b i l i n e a r   r e g u l a t o r   p r o b l e m ,   t h e  
c o n t r o l   d e r i v e d   f r o m   l i n e a r   p a r t   i s  more e f f e c t i v e   i n  
s t a b i l i z a t i o n ,   T h i s   i s  because  the  disturbance con- 
s i d e r e d   i s   r e l a t i v e l y   s m a l l  and so the   sw ing   o f   t he  
machine i s  also l ess .  For l a r g e r   d i s t u r b a n c e s   t h e  
l i n e a r   r e g u l a t o r   c o n t r o l   i s   i n e f f e c t i v e .  The 
p r o p o r t i o n a l   c o n t r o l   f r o m  minimum time fo rmu la t i on  
appears t o  be  most e f f e c t i v e .   A l s o   t h i s   s t r a t e g y  may 
be a p p l i e d   t o   t h e   o r i g i n a l   n o n l i n e a r   s e t   o f   e q u a t i o n s  
( 1 ) .  

Conclusions 

S t a b i l i z a t i o n   o f  a doubly  fed  synchronous- 
induct ion  machine  in   the  generator  mode has  been 
inves t i ga ted .  I t  has  been  demonstrated  that  the 
b i l i n e a r   s y s t e m   c a n   b e   s t a b i l i z e d   q u i t e   e a s i l y ,   w i t h o u t  
resor t ing   to   compl ica ted   computa t ion   techn iques ,   f rom 
l i n e a r   r e g u l a t o r   t h e o r y .  A p r o p o r t i o n a l   c o n t r o l  
der ived   f rom minimum t ime   fo rmu la t i on  seems t o   p r o v i d e  
t h e   b e s t   r e s p o n s e .   T h i s   c o n t r o l   i s   a l s o   e a s i l y  
r e a l i z a b l e  and  has t h e   p o t e n t i a l   o f   a p p l i c a t i o n   t o   t h e  
non l i nea r  model as w e l l .   L a r g e   p e r t u r b a t i o n   s t u d i e s  
a r e   i n   p r o g r e s s  and will be r e p o r t e d   l a t e r .  
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