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ABSTRACT : -- 
Thi s  paper  p r e s e n t s  a  c o n t r i b u t i o n  i n  s o l v i n q  

a r e l a t i v e l y  new power system dynamic problem, nameiy 
Electro-Mechanical EsomncP- (EMR) . Determina t ion  of  
t h e  Electro-mechanical  resonance f requency  mainly 
aims a t  t r y i n g  to avoid t h e  occurance  of  t h e  s e v e r e  
f a i l u r e s  caused by t h e  resonance problem. 

There a r e  many parameters  a E f e c t i n g  t h e  v a l u e  
of t h e  EMR frequency such as  t h e  e l e c t r i c  l o a d ,  
mechanical  i n e r t i a ,  and t h e  parameters  of  au tomat ic  
v o l t a g e  and speed r e g u l a t o r s .  

I n  t h i s  paper ,  a new approach f o r  measuring t h e  
EMR frequency i s  in t roduced .  The approach i s  based 
upon us ing  t h e  most e f f e c t i v e  parameters  from t h e  
above mentioned ones i n  o r d e r  t o  s e p a r a t e  t h e  reson-  
a n t  f requency o f  t h e  e l ec t romechan ica l  osc i l l a t io i : ,  
and t h e  frequency o f  t h e  l i m i t  c y c l e  i n  such a way 
t h a t  t h e  EMR problem w i l l  n e v e r  occu r .  

A multimachine system example i s  in t roduced  i n  
o r d e r  t o  c l a r i f y  t h e  proposed approach and t o  exp- 
l a i n  t h e  e f f e c t  o f  t h e  mechanical  i n e r t i a  and t h e  
Automatic Voltage Regula tor  on t h e  EMR problem, 

I.  In t roduc t ion :  

Large s c a l e  power system s t a b i l i t y  cons ide ra t -  
i ons  have been recognized a s  an e s s e n t i a l  p a r t  o f  
t h e  system p lanning  f o r  a  long t i n e .  The v e r y  e x t -  
e n s i v e  i n t e r c o n n e c t i o n  of power sys tems  w i t h  g r e a t e r  
dependence a n  f i rm power flow over  t i e s  magni f ies  
t h e  undes i r ab i e  consequences o f  i n s t a b i l i t y ,  
Moreover, t h i s  may compl ica tes  t h e  a n a l y t i c a l  



processes through which reasonable system behaviour 
i s  guaranteed. 

The mentioned consequences of  i n s t a b i l i t y  i n  an 
interconnected system were dramatized by t h e  North- 
east power Fa i lu re  [ I  ,2,31 of 1 9 6 5  i n  USA. The 
l o g i c  reason f o r  such a F a i l u r e  i s  t h e  electro-mec- 
a n i c a l  resonance (EMR) i . e .  t h e  resonant  frequency 
of t h e  electromechanical  o s c i l a f i o n  ( u p )  i s  equal  
t o  t h e  frequency of the  l i m i t  cyc le  ( a t ) .  The l i m i t  
cycle might occur s ince  t h e r e  a re  n o n l i n e a r t i e s  i n  
t h e  power system such a s  t h e  s a t u r a t i o n  nonl inear i ty .  
Changes i n  design and opera t ion  s ince  then assures  
t h a t  such f a i l u r e  w i l l  no t  happen again. One of the 
proposed design techniques i s  t o  separa te  the  l a r g e  
s c a l e  system i n t o  subsystems. That i s  because sys-  
tem separa t ion  means t h a t  the  system i n e r t i a  i s  
decreased. Conse uent ly ,  t h e  i e sonen t  frequency 

i s  i n  reased an% t e reson ce w i l l  neve ocqur. 
The cpesglon now i s  wkat- is  a@ect lng  w, an8 w,. 

I t  i s  t h e  purpose of t h i s  paper t o  Answer t h a t  
ques t ion  i . e .  t o  f ind  t h e  most important f a c t o r s  
a f f e c t i n g  t h e  two frequencies w p  and u t  . Then, 
t o  develop new techniques so  a s  t o  overcome t h e  
occurance of the  electromechanical  resonance (EMR).  

The power system used i n  t h i s  paper i s  t h e  one 
t h a t  Pas derived by Yasin and Bishr [ 4 ] .  The adv- 
antages of using such a model are:  t h e  s t i f f n e s s  
of the  model d i f f e r e n t i a l  equation i s  overcome, and 
it has a reduced dimension and p r e c i s e  form. What 
i s  meant by p r e c i s e  form i s  t h a t  t h e  r e s u l t s  obtain- 
ed from t h e  a n a l y s i s  using such a model is  much 
c l o s e r  t o  t h e  r e a l  system ones. 

We begin i n  s e c t i o n  I1 by developing a new 
. aproach f o r  determining t h e  resonant  frequency of 

the  electromechanical  o s c i l l a t i o n  ( u p )  f o r  the  
multimachine e l e c t r i c  power system. Also, t h e  
frequency of the  l i m i t  cyc le  ( a t )  w i l l  be determined. 
I n  s e c t i o n  111, t h e  e f f e c t  of Automatic vo l t age  reg- 
u l a t o r  (AVR)parameters on both frequencies U p  andux 
a r e  introduced.  Sect ion I V ,  i l l u s t r a t e s  t h e  e f f e c t s  
of the  mechanical i n e r t i a  on t h e  resonant  frequency 
w p  and t h e  frequency of t h e  l i m i t  cyc le  frequencywk. 

11. A N e w  Approach f o r  Determining The Resonant 
Frequency of  Electromechanical O s c i l l a t i o n :  

The c l a s s i c a l  method f o r  determining t h e  e l e c t -  
romechanical O s c i l l a t i o n  (EMO) frequency was carried 
out  by using the  2 4  n t h  o rde r  d i f f e r e n t i a l  equat- 
ion  model, where n i s  t h e  number of machines. 
Then, t h e  eigenvalues of t h e  2 4  n x 2 4  n c o e f f i c i e n t  
matr ix  i s  ca lcu la ted  using t h e  d i g i t a l  computer. 



This  approach i s  t o o  d i f f i c u l t  e s p e c i a l l y  f o r  
systems involve l a rge  number of machines. Since t h e  
computer f a c i l i t y  i s  l i m i t t e d ,  t h a t  approach i s ' t o o  
expensive t o  use and t akes  much time t o  so lve  
such a problem. Even i f  t h e  s o l u t i o n  i s  access ib le  
it may not  be accurate.  

Therefore,  it becomes necessary t o  develop a new 
approach involving a simpler  model by which t h e  EM0 ' 

frequency can e a s i l y  be ca lcu la ted  even f o r  l a r g e  
number of machines. Su simple model i s  developed 
i n  [ 5 ]  and it can be r e w r i t t e n  as  fol lows:  

For t h e  n-machine system shown i n  Fig. 1, t h e  
dynarnical equation f o r  each machine is ,  

where, r 

sin 6 
go 



&do 
1 6  

90 = Operating po in t  va lues  of t h e  
s t a t o r  f luxes  i n  d and q axes 
r e spec t ive ly ,  

r = S t a t o r  r e s i s t a n c e ,  
X d ( s )  ,X (s)  , g ( s )  = Operat ional  reactances and cond- 

9 uctance of t h e  s t a t o r  respectively, 

6 & o  
= Power angles a t  t h e  opera t ing  

go point  of t h e  machine terminal  
and t h e  busbar r e spec t ive ly ,  

= Operating po in t  va lues  of the  'VqO'ido'iqo vol tages  and c u r r e n t s  i n  d and q 
axes r e spec t ive ly ,  

w = Synchronous frequency, 
0 

J = Constant of i n e r t i a ,  

X~ = The transformer equivalent  
r e  a c t  ance , 

GVT (s) ,GIT ( s )  , G 6 T L ~ )  = Overal l  t r a n s f e r  funct ion  of 
vol tage ,  cu r ren t  and frequency 
channels of AVR . 

The two equations of a c t i v e  and r e a c t i v e  power 
balance a r e  added t o  t h e  system i n  order  t o  have a 
square c o e f f i c i e n t  matr ix of dimension 9. 

Note t h a t  f o r  n-machine system, the  model dim- 
ension becomes 9n. To reduce t h i s  very  l a r g e  s c a l e  
model, one can use only t h e  model of t h e  des i red  
machine, and take  the  e f f e c t  of t h e  o t h e r  n-1 mach- 
i n e s  i n t o  cons idera t ion  151. Therefore,  t h e  n-machine 
model i s  w r i t t e n  i n  the  fol lowing form: 

Where, .B22 i s  of order  2 and represen t s  the  e f f e c t  
o f  n-I machines i n t o  the  machine under consideration. 
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It is c l e a r  from t h e  above mentioned model t h a t  
t h e  multi-machine e l e c t r i c  power system mo&eFcan-he 
reduced t o  be only  of o r d e r  9 independent of  t h e  
number of machines. 

T h e  n ine  s t a t e  v a r i a b l e s  of t h a t  seduced model 
can  easily be used t o  determine t h e  resonant  frequency 
of t h e  EE/IO. This  c a n  he done by p l o t t i n g  magnitudes 
of t h e  normalized state v a r i a b 1 . e ~  of equa t ion  ( 4 )  
a g a i n s t  t h e  frequency u, and f i n d  t h e  frequency a t  
which such magnitudes a r e  maximum. 

!!!ow, t o  determine t h e  frequency of  t h e  l ia i t  
cycle,  t h e  c l a s s i c a l  technique can e a s i l y  be used [61. 
The w e r a l l  l i n e a r  t r a n s f e r  func t ion  of  t h e  system 
: G  predetermined. Then t h e  Nyquist p l o t  a long  wi th  - - 
-:dW m r v e  of t h e  involved n o n l i n e a r i t y  a r e  constructed. 
I f  tkere i s  an i n t e r s e c ~ i o n ,  t h e  frequency and m p l -  
i t u d e  of  t h e  l i m i t  cycLe aan e a s i l y  be determined.  

Thus, by d e f i n i t i o n ,  t n e  EMR i s  occured whenever 
, > -  -. .sE . To avoid t k e  r e s u l t a n t  d rama t i c  f a i l u r e ,  L .> 

the next  two s e c t i o n s  a r e  devoted t o  s tudy  t h e  main 
. two  f a c t c r s  a f f e c t i n g  both f requencieswp anu 4 2  

- -- 
L 14. E f f e c t  ~ s h e  Automatic Voltage Regulator  AVR 

on d 3  and a?.: ---- 
I n  --x grecedlng s e c t l o n ,  t n e  approach of d e t -  

ermlnlng :i-.e resonant  f requency of  t h e  electromechan- 
~ c a l  osc71-?r :cn f3r +-he l a r g e  s c a l e  power system 
has beer, stud,ed. 

To c a l c u l a t e  t h e  frequency of t h e  l i m i t  c y c l e  
f o r  t h e  one-machine wi th  i n f i n i t e  bus system, one 
can c o n t r u e t  t h e  Nyquist and-1/N p l o t s  a s  shown i n  
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Fig.  3 .  

The i n t e r s e c t i o n  frequency w  and t h e  magnitude 
Q£ t h e  non l inea r i ly  can be e a s j l y  ca lcu la ted  a s  exp- 
la ined i n  [ 6 ] .  Fig.  3-a shows t h e  Nyquist p l o t  f o r  
t h e  system without  AVR wi th  l i m i t  cyc le  frequency 

WE, = 1.9 rad/Sec. 

Fig. 3-b f o r  t h e  one-machine wi th  i n f i n i t e  bus 
system and t h e  machine. is  connected wi th  i t s  AVR 
wi th  yl2 = 1 .6  rad/Sec. 

Comparing both curves, it i s  noticed t h a t  t h e  
presence of the  AVR decreases t h e  l i m i t  cyc le  
frequency. Therefore, both frequencies w a  and wL1 
can be separa ted  using t h e  AVR i n  o rde r  t o  avoid 
t h e  EMR problem (AVR is  of forced e x c i t a t i o n  [ 5 ] ) .  

Fig. 4-a i n d i c a t e s  the  r e l a t i o n s h i p  between 
a b / a V f  and the  frequency w a s  Fig.  2-a, but f o r  
t h r e e  machine subsystem. 

It i s  c l e a r  from Fig.  4-a and Fig.  4-b t h a t  t h e  
maximum magnitudes f o r  t h e  3-machine system wi th  and 
without AVR a r e  occuring a t  9.1  r ad /  Sec and 11 .6 
rad/Sec respec t ive ly .  Then, it i s  concluded t h a t  
t h e  presense of  t h e  AVR i n c r e a s e s  t h e  resonant  
frequency but  wi th  smaller  r a t e .  

The Nyquist p l o t  f o r  t h r e e  machine system with- 
o u t  AVR i s  shown int~Fig. 5-a wi th  l i m i t  cyc le  frequemy 
w . e l  = 6.8 rad/Sec. 

However, i f  t h e  AVR i s  connected t o  each mach- 
i n e  of t h e  t h r e e  machine system t h e  l i m i t  cycle 
frequency i s  decreased t o  5.4 r.ad/ Sec a s  shown i n  
Fig. 5-b. 

I n  t h e  end of t h i s  s e c t i o n ,  one can conclude 
t h a t  t h e  e f f e c t  of connect i n g  AVR' s t o  each machine 
i s  e f f e c t i v e  i n  avoiding t h e  EMR problem. 

However, f o r  the  l a r g e  s c a l e  systems t h e  A V R ' s  
of t h e  dominant machines a r e  more e f f e c t i v e  than  t h e  
ones i n  the  o t h e r  machine. 

Note t h a t  the  magnitude i s  decreas ing a s  t h e  
frequency inc reases  i n  a l l  previous systems. 

I V .  E f fec t  of t h e  Mechanical I n e r t i a  on and : 

It i s  important t o  n o t i c e  t h a t  t h e  mechanical 
i n e r t i a  i s  ve ry  e f f e c t i v e  i n  t h e  resonant  frequency. 
A t h r e e  and four-machine systems a r e  used i n  t h i s  
s e c t i o n  i n  o rde r  t o  study t h i s  e f f e c t .  

Fig. 6-b i s  p l o t t e d  f o r  four-machine .system 
wi th  resonant  frequency of 7 . 9  radl  Sec and amplitude 



0 .-KS--TAe t hr  ec, &i & ? e - - ~ t t t ~ & & n f  (-A&&&+- 
aga ins t  w i s  shown i n  Fig.  6-a. The resonant  
frequency and maximum magnitude i n  t h e  l a t e r  f i g u r e  
a r e  9.1 rad/Sec and 0 . 2 3  r e spec t ive ly .  

The i n t e r p r e t a t i o n  of  t h a t  i s  t h e  resonant  
frequency i s  inc reas ing  a s  t h e  mechanical i n e r t i a  
decreasing.  

S imi la r ly ,  Fig. 7-a and 7-b i n d i c a t e  t h a t  t h e  
l i m i t  cyc le  frequency i s  inc reas ing  as  the  mechan- 
i c a l  i n e r t i a  decreasing but  wi th  very small  r a t e .  

Therefore, i n  o rde r  t o  separa te  t h e  resoneant  
frequency and t h e  l i m i t  cyc le  one, t h e  mechanical 
i n e r t i a  must be decreased. This  can be done by sep- 
a r a t i n g  t h e  l a r g e  s c a l e  system i n t o  subsystems t o  
t h e  ex ten t  t h a t  t h e  EMR problem i s  completely 
excluded. 

CONCLUSIONS: 

The paper p resen t s  a p r a c t i c a l  approach t o  
c a l c u l a t e  t h e  resonant  frequency of  the  electromec- 
han ica l  o s c i l l a t i o n  i n  l a rge - sca le  e l e c t r i c  power 
systems. The electromechanical  resonance problem 
has keen c a r e f u l l y  s tudied .  

The most important two f a c t o r s  a f f e c t i n g  t h e  
resonance frequency have been inves t iga ted .  

F i r s t ,  t h e  presense o f  AVR i s  s o  important  i n  
avoiding EMR problem s ince  t h e  AVR helps  i n  separat-  
i n g  the  resonant  frequency from t h e  l i m i t  cyc le  one. 
Thus t h e  resonance problem can be avoided. Second, 
t h e  Mechanical i n e r t i a  i s  an important f a c t o r  t h a t  
has been shown t h a t  the  l a rge - sca le  system can be 
subdivided i n  order  t o  avoid the  EMR problem. 

There a r e  another f a c t o r s  a f f e c t i n g  t h e  reson- 
ant  and l i m i t  cyc le  frequencies such as t h e  time 
cons tan t ,  t h e  e l e c t r i c  load and automatic speed 
regu la to r s .  These a r e  s u b j e c t s  t h e  authors  a r e  
i n v e s t i g a t i n g .  

F ina l ly ,  t h e  trade-off  between a l l  of  t h e  men- 
t ioned  f a c t o r s  under known power system condi t ion  in 
o rde r  t o  avoid t h e  resonance occurance completely i s  
a l s o  s u b j e c t  of  f u t u r e  work. 
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Fig. ( 2 )  : A normlaized power angle  response of 
one machine w i t h  i n f i n i t e  bus, 
a) without  AVR. b) w i t h  AVR. 

Fig. ( 3 ) :  A Nyquist p l o t  and p l o t  o f  -1/N Inden t i fy ing  
l i m i t  cyc les  f o r  , t h e  system o f  Figure 2. 
a)  without  AVR. ., b) wi th  AVR. 

.-Bb 



Fig. ( 4 )  : A normalized power angle  response f o r  
3-machine subsystem, 
a )  without  AVR , b) w i t h  AVR. 

Fig. ( 5 ) :  A Nyquist p l o t  and p l o t  o f  -1/N inden t i fy -  
i n g  t h e  l i m i t  cyc les  f o r  t h e  system of 
Fig.  4., 
a )  without AVR , b) w i t h  AVR. 
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( 6 )  : A normalized power angle  response o f  
p w e r  system, 
- 1  >-machine b) $-machine. 

Big. 47: : A Nyquist p l o t  and p l o t  of -1/N i d e n t i f y i n g  
t h e  l i m i t ,  cycles f o r  t h e  s stem of Fig. 6 . ,  
ai 3-machme , b) 4-madine. 
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