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Abstract  

In t his p aper, ba sed o n I mmersion a nd I nvariance ( I&I) methodology, a no nlinear e xcitation a nd S tatic 
Synchronous Compensator (STATCOM) controller is proposed for the transient stability enhancement of an electrical power 
system. In particular, the simplified nonlinear model of power system elements and I&I design method are used to achieve 
not only power angle stability but  also frequency and voltage regulations during a large (disturbance) perturbation (a 
symmetrical t hree-phase short circuit fault) on the transmission l ines. The s imulation results show that the pr oposed 
controller can not only keep the system transiently stable under severe disturbances but also simultaneously achieve power 
angle stability as well as frequency and voltage regulation.    
 
Keywords: Transient stability, generator excitation, STATCOM, Immersion and Invariance methodology.  
 

บทคดัย่อ 

บทความน้ีนาํเสนอตวัควบคุมการกระตุน้ของเคร่ืองกาํเนิดไฟฟ้าซิงโครนสัและตวัชดเชยซิงโครนสัแบบสถิตท่ีไม่เป็นเส้นดว้ยวิธีการฝังในและ

ความยืนยงเพ่ือเพ่ิมเสถียรภาพชัว่ครู่ของระบบไฟฟ้ากาํลงั  เพ่ือออกแบบตวัควบคุม แบบจาํลองท่ีไม่ซบัซอ้นของระบบไฟฟ้าและวิธีการฝังในและความยนืยง

ถูกนาํมาใชเ้พ่ือบรรลุเสถียรภาพของมุมกาํลงัและการควบคุมความถ่ีและแรงดนัขณะท่ีมีสัญญาณรบกวนขนาดใหญ่บนสายส่งไฟฟ้า เช่นการเกดิกระแส

ลดัวงจรสามเฟสแบบสมมาตร จากผลการจาํลองดว้ยคอมพิวเตอร์ ตวัควบคุมนาํเสนอสามารถทาํใหร้ะบบมีเสถียรภาพแบบชัว่ครู่ภายใตสั้ญญาณรบกวนท่ี

รุนแรง และยงับรรลุเสถียรภาพของมุมกาํลงัพร้อมทั้งการควบคุมความถ่ีและแรงดนัของระบบไฟฟ้ากาํลงั  

 

คําสําคัญ: Transient stability, generator excitation, STATCOM, Immersion and Invariance methodology.  

 

 
1.  Introduction  

Continuing de velopments i n po wer 
electronic devices have resulted in the development 
of reliable and high speed Flexible AC Transmission 
System ( FACTS) d evices. FAC TS are employed 
mainly to improve the controllability of power flow 
and voltages augmenting the utilization and stability 
and are common equipment in the power industry. In 
addition, they have been used to replace a significant 
number of mechanical control devices (Song & John, 
1999; Hingorani & Gyugyi, 1999). Applications for 
FACTS are often em ployed i n interconnected an d 
long-distance t ransmission sy stems t o improve 
several technical pr oblems, e .g. l oad fl ow c ontrol, 
voltage c ontrol, s ystem o scillations, i nter-area 
oscillation, reactive p ower c ontrol, s teady state 
stability, and dynamic stability.   

As o ne o f t he most p romising FAC TS 
devices, the Static S ynchronous Compensator 
(STATCOM) is of pa rticular interest in this study 

since t his d evice c an i ncrease t he g rid t ransfer 
capability th rough e nhanced v oltage s tability, 
significantly p rovide n ot o nly s mooth a nd rapid 
reactive power compensation for voltage support but 
also improve both damping oscillation and transient 
stability. 

The objective of this paper is to investigate 
the t ransient s tability en hancement v ia the 
incorporation o f a  g enerator e xcitation and 
STATCOM. I t is  w ell-known t hat t he t ransient 
stability is associated with dynamic behavior of the 
trajectories b efore t he f ault is cl eared f rom the 
system. Therefore, the question of interest becomes 
whether, when the fault is cleared from the network, 
will t he system s ettle to  a p ost-fault e quilibrium 
state.  

So far, the excitation and STATCOM have 
separately been u sed t o improve p ower s ystem 
operations. The use of a coordination of excitation 
and STATCOM to improve voltage stability and to 
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regulate a ctive p ower an d improve frequency 
stability, provides an opportunity to improve overall 
small-signal and t ransient s tability of th e p ower 
system. 

Unfortunately, relatively little prior research 
based on t he nonlinear c ontrol t heory ha s b een 
devoted to the combination of excitation and 
STATCOM (Liu, Sun, Shen, & Song, 2003; Gu & 
Wang, 2007).   

More r ecently, Kanchanaharuthai, C han- 
kong, & Loparo (2011a, 2011b, 2012) have shown 
the combination of excitation and STATCOM for 
transient s tability a nd voltage regulation enhance- 
ment via an  I nterconnection an d D amping 
Assignment-Passivity B ased C ontrol ( IDA-PBC) 
methodology for p ower s ystems with d istributed 
renewable energy resources that include excitation, 
STATCOM, and battery energy storage. 

This paper continues this l ine of investi- 
gation and co ncentrate o n how a n excitation and 
STATCOM sy stem c an b e e mployed u sing I &I 
methodology to en hance t he transient s tability o f 
power systems interconnected to the grid. Using I&I 
design, t he c oordinated (E xcitation/ STATCOM) 
controller, proposed in t his p aper, can  
simultaneously ac hieve an gle s tability as well as  
frequency and voltage regulation. In particular, it can 
provide ad ditional b enefits b eyond t he e xcitation 
alone and a conventional PSS/AVR controller. 

The pa per i s o rganized as f ollows. T he 
problem f ormulation is  p rovided in  S ection 2 . 
Simplified dynamic models of SG and STATCOM 
are briefly described and an analysis of transmitted 
power including STATCOM is considered in Sec- 
tion 3. I & I controller design is given in Section 4. 
Simulation results a re g iven i n Section 5. 
Conclusions are given in Section 6.              
 
2.  Problem Statement  

In this paper we are interested in studying 
the transient stability of a n onlinear power system 
including excitation and STATCOM. The nonlinear 
system considered can be written in the general form 
as follows: 

           ( ) ( ) ( ) ( )x t f x g x u x= +
               (1) 

where nx∈  is the state variable, ,mu m n∈ <  
is the control action, and ( )g x  is assumed full 

rank. 
The problem of interest in this paper is the 

following:  given a stable equilibrium point ex find a 

controller law ( )u x  so that the closed-loop system 
satisfies the following: 

 
1. The s ystem is as ymptotically a nd t ransiently 

stable at a desired equilibrium point ex . 
2. Power a ngle s tability along with voltage a nd 

frequency regulations is simultaneously 
achieved. 

In the next section, we provide the simpli- 
fied nonlinear models of power system elements and 
use these models to design a state feedback control 
law that meets these requirements. 
 
3. Power System Model and Transmitted with 

STATCOM  
In this section, the dynamic models of the 

power systems elements employed in this paper are 
briefly provided. 

A. Synchronous Generator: SG 
A d ynamic m odel of  a  s ynchronous 

generator (S G) i n a Single Machine Infinite Bus 
(SMIB) system can be obtained by representing the 
SG by a transient voltage source, E , behind a direct 
axis transient reactance, dX ′ as follows:

  
   

( )( )

( )
0 0 0

1

cos

s

m E s

d d fd

d d

P P D
M

X X uXE E V
X T X T T

δ ω ω

ω ω ω

δ
Σ Σ

Σ
∞

Σ Σ

= −

= − − −

′ −
= − + +

′ ′ ′ ′ ′







(2)

                      

  

where δ  is the power an gle of t he generator, ω   
denotes the relative speed of the generator,  0D ≥ is 
a da mping c onstant, mP is t he m echanical i nput 
power, sin /E dP EV Xδ∞ Σ

′= is the electrical power, 
without STATCOM, delivered by the generator to 
the voltage at the infinite bus V∞  is the synchronous 
machine speed,  2 fω π= , H  represents the per 
unit inertial constant, f  is the s ystem frequency 
and 2 / sM H ω= .  

d d T LX X X XΣ
′ ′= + +  is th e 

reactance c onsisting o f t he d irect a xis t ransient 
reactance o f SG, the r eactance o f t he t ransformer, 
and the reactance of the transmission line.  Similarly, 

d d T LX X X XΣ = + + is identical t o dX Σ
′except t hat 

dX denotes the direct axis reactance of SG. 0T ′ is the 
direct axis transient short-circuit time constant. 

fu is 
the field voltage control input to be designed. 
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Figure 1  Network 
 
 

B. STATCOM Model 
STATCOM can be e mployed t o s upport 

electrical power networks that have poor voltage and 
power stability (both small-signal and large-signal 
(transient)), (Song &  J ohn, 1999 ; H ingorani &  
Gyugyi, 1999) and references therein. For simplicity, 
the dynamic behavior of the STATCOM is regarded 
as a  f irst-order d ifferential e quation; t hus, t he 
STATCOM dynamic model is expressed as follows:  

     
1 ( ( ) )q q qe qI I I u
T

= − − +                     (3)  
 

where qI denotes t he i njected or a bsorbed 
STATCOM currents as a controllable current source, 

qeI is an equilibrium point of STATCOM currents, 

qu   is the STATCOM control input to be designed, 
and T is a time constant of STATCOM models. 
 

C. Transmitted Power with STATCOM 
In this subsection, we study the transmitted 

power c haracteristics o f conventional p ower 
generators, e specially SG,  when ST ATCOM i s 
included. W e a ssume t hat an y l osses i n t he 
STATCOM are negligible, a nd w e mo del th e 
STATCOM system as a  sh unt current source. We 
focus on the transmitted power in the SMIB system 
as a s hunt cu rrent s ource. We  f ocus o n t he 
transmitted power in the SMIB.   

Consider the network shown in Figure 1  
where 

1X  (or 
d TX X′ + ) denotes   the reactance  

which takes i nto a ccount t he d irect ax is t ransient 
reactance 

dX ′  of t he S G a nd t he transformer 

reactance
TX . 

2X  (or
LX  denotes the transmission 

line reactance between the bus terminal voltage  tV  

and the infinite bus voltage V∞
.  

qI  denotes the 

STATCOM current that is always quadrature with its 
bus terminal voltage. E is the transient voltage of the 
SG. Using s ome l ength b ut s traightforward, 
calculation (Song & John, 1999; Kanchanaharuthai 
et al, 2011a) we have the power,

EP , transmitted from 
SG to the infinite bus is: 
 

         
1 2

1 2 1 2

sin sin
( ) ( )

   
)

  =
(

 
,

E e s

q

P P P
I X XEV EV

X X X X E
δ δ

δ
∞ ∞

= +

= +
+ + ∆

 
  (4)  

            

where 

2 2
2 1 1 2( , ) ( ) ( ) 2 cosE EX V X X X EVδ δ∞ ∞∆ = + +  

4. Immersion and Invariance 
The I&I method has been first proposed in 

Astolfi & Oreta (2003), and Astolfi, Karagiannis, & 
Oreta (2 007), a nd e mployed i n i ts w ide r ange of 
applications, such as observed design, stabilization, 
and a daptive c ontrol f or nonlinear s ystems. T he 
theories, discovered in those papers, have been used 
to d esign t his p roposed no nlinear c oordinated 
controller for power systems including STATCOM. 

 
Theorem 1: Consider the nonlinear system1 (Astolfi 
& Oreta, 2003; Astolfi et al., 2007)  

  ( ) ( ) ( ) ( )x t f x g x u x= +
     (5)              

                                                        

1 It is assumed that all functions and mappings are 
∞


 throughout this paper 
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with state nx∈  and control input mu∈ , and an 
assignable equilibrium point n

ex ∈  to be stabilized. 
Let s n< , a nd a ssume t hat t here e xist s mooth 
mappings 

    
( )

: , : , : ,
: , : ,

s s s n n m

n n s n n s m

cα π

φ ϕ− × −

→ → →

→ →

     

   

 

such that the following hold. 
 

(H1) (Target system) The system    
                                  ( )ξ α ξ=                             (6)  

          with state sξ ∈ , has an asymptotically stable 
equilibrium at s

eξ ∈ and ( )e ex π ξ=  
(H2)  (Immersion condition)  For all sξ ∈  

         ( )( ( )) ( ( )) ( ( )) ( )f g c π ξπ ξ π ξ π ξ α ξ
ξ

∂
+ =

∂
   (7) 

(H3)  (Implicit manifold) The following set 
identity holds. 

       s: { | ( )  for some   } nx x π ξ ξ= ∈ = ∈    
{ | ( ) 0}nx xφ= ∈ =

                          (8) 
(H4) (Manifold attractivity and trajectory 

boundedness)  
  
All trajectories of the system  

                   
( ) [ ( ) ( ) ( , )],

( ) ( ) ( , )  

xz f x g x x z
x

x f x g x x z

φ ϕ

ϕ

∂
= +

∂
= +





     (9)      

 
are bounded and satisfy  lim ( ) 0

t
z t

→+∞
= . 

Then, ex  is a g lobally as ymptotically s table 
equilibrium of the closed loop system 
 
               ( ) ( ) ( , ( ))x f x g x x xϕ φ= +                 (10)  

 
As looking back to the dynamic equations of 

power system including SG and STATCOM in (2)-
(4) a nd de fining t he s tate v ariables 1 , x δ=

2 3 4 , , s qx x E x Iω ω= − = = those dynamic models 
can be expressed as the general forms in (1) or (5), 

i.e.,

2

3 1 4 1 2

1 2 1 3

3 1

4 4

sin1 1
( , )( ) ,

cos
1 ( )

m

e

x

x V x x X XP
M X X x xf x

ax b x

x x
T

∞

 
 

   − +    + ∆  =  
 − +
 
 − −
  

 

              

0

0 0
0 0

 ( ) ,  ( )
1 0
0 1

f

q

u
Tg x u x
u
T

′

   
   
   = =
   
   

  

 

         (11)

             

 

where 
1 2 0( )

sXa
X X T ′=

+
and 

1 2 0( )
mX Vb

X X T
∞

′=
+

.  

 
The open loop operating equilibrium is 

denoted by [ ]1 ,0, ,0 T
e ex x E= and the region of 

operation is defined in the set as follows: 

             
1{ | 0 }

2
x x π

= ∈ × × × < <    . 

4.1 I&I Controller Design 
4.1.1 Target system 

In o rder to  d esign a s tabilizing 
controller and v erify th e c ondition ac cording to  
Theorem 1 , w e s tart w ith s electing t he t arget 
dynamics a s the m echanical s ubsystems ( e.g., a  
simple damped pendulum system) 

             
1 2

1
2 2

1

,
( ) ( )V R

ξ ξ
ξξ ξ ξ
ξ

=
∂

= − −
∂





                      (12) 

where 1( )V ξ  and ( )R ξ  represent the p otential 
energy a nd a  da mping f unction o f t he pe ndulum 
systems, respectively, both of which are to selected. 
The pe ndulum s ystem, considered w ith a  s table 
equilibrium point 1( ,0)T

e eξ ξ=  ,  has the potential 
energy 1( )V ξ  satisfying the following two assump- 

tions: ( i) 1( ) 0eV ξ
ξ

∂
=

∂
  (ii) 

2
1

2

( ) 0eV ξ
ξ

∂
>

∂
 and t he 

damping function verifying ( ) 0eR ξ ≥ . It is easy to 
choose the potential energy 1( )V ξ  along conditions 

as  1 1 1 1 1( ) cos , ,    0eV ξ β ξ ξ ξ ξ β= − = − ∃ >  . 
 

4.1.2 Immersion condition 
           As the desired target system has been 
already selected,    a   mapping  

:π × → × × ×      is determined as follows. 
 ( )1 2 1 2 3 4( , ) : , , ( ), ( ) ,Tπ ξ ξ ξ ξ π ξ π ξ=     (13) 

where both 3( )π ξ and 4 ( )π ξ  are selected. Besides, 
the condition of Th eorem 1  g ives th e constraints, 
namely 1 1 2 2 3 3 4 4, , ,e e e e e e e ex x x xξ ξ ξ ξ= = = = . We can 
choose 3( )π ξ and 4 ( )π ξ  to satisfy the condition (7), 
especially the second row as shown below. 
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2

3 1 4 1 2
2

1 2 1 3

3 1

4 4

1 3 3

1 22

4 4

1 2

( ) sin ( )1 · 1
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( ) cos
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 − +
 
 − −
  

 
         ∂ ∂ + =    ∂ ∂    ∂ ∂   ∂ ∂ 

2

1
2

1

2
3 3

1 2 1 2

4 4

1 2

( ) ( )

1 0
0 1

, 0
sin dd

V R

D
M

ξ
ξ ξ ξ
ξ

ξ
π π

γγξ ξ β ξ ξ
π π
ξ ξ

 
 ∂  − − ∂  



 
 
    ∂ ∂  = ≥+   ∂ ∂ − −    ∂ ∂
 ∂ ∂ 

  

 
From t he e xpression above, i n o rder t o 

simplify o ur d erivations, 3 ( )π ξ  is c hosen as a 
constant, that is, 3 3( ) exπ ξ = . Consequently, we can 
compute 4 ( )π ξ as follows: 

3 1
4 1 2

1 2

1 31 2

3 1 1 2

sin( ) sin

( , )            · ·
sin

m d
VP M

X X
X X
V X X

π ξπ ξ β ξ γ ξ

ξ π
π ξ

∞

∞

 
= + + − + 

∆+



(14) 

 
As t he m apping ( )π ξ has be en c hosen, by u sing 
some lengthy, but straightforward, calculation from 
the third and forth rows, respectively, we have the 
control input below that renders the manifold 
invariant. 

( )1 2
0

, ( ( )), ( ( ))
T

Tf qu u
c c

T T
π ξ π ξ′

 
= 

   
 

4.1.3 Implicit Manifold 
From the results above, the mapping ( )π ξ  

has been defined and the condition in (8) is verified. 
It is obvious that the mapping ( )xφ can be defined as 
follows: 

 

           3 3 1 2

4 4 1 2

( , )
( )

( , )
x x x

x
x x x

π
φ

π
− 

=  − 
                    (15) 

4.1.4   Manifold attractivity and trajectory 
boundedness: 
In this subsection, a control law ( ),u x zϕ=

is d esigned t o e nsure t hat al l trajectories o f t he 
closed-loop system are bounded and converge to the 
manifold . Le t ( ):z xφ=  be t he of f-the-line 

manifold coordinate, substituting 3x and 4x  into the 
expression below we have 

1
1 3 3 1

0

2 4 4 1 2

4 4 2
1 2

1

4

2

4

( , )cos ,

( , )
( ) ( , )   e

x zz x ax b x
T

z x x x
x x x z x x

T x x

ϕ

π
ϕ π π

′= = − + +

= −
− − + ∂ ∂

= − −
∂ ∂



 

 

, 

In order to ensure that the trajectories of the 
off-the-manifold c oordinate z  are bou nded a nd 
lim ( ) 0
t

z t
→+∞

= according t o c ondition ( 10), we  t ake 

, 0, 1, 2i i i iz z iγ γ= − > =
and then we get 

1
3 1 1 1

0

4 42 4 4
1 2 2 2

1 2

( , ) cos( )

( )( ,

,

) e

x z ax b x z
T

x xx z x x z
T T x x

ϕ γ

ϕ π π γ

′ = − −

− ∂ ∂
= + + −

∂ ∂
 

 

4.1.5 The control law: We can compute the control 
laws as follows: 

 
1

0 0

3 1 1 3 3

2

4 4 4 4
1 2 2 4 4 1 2

1 2

( , ( ))

    cos( ) ( ),

( , ( ))

( )    ( ( , ))

f

e

q

e

u x x
T T

ax b x x x
u x x
T T

x x x x x x x
T x x

ϕ φ

γ

ϕ φ

π π γ π

′ ′=
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=

− ∂ ∂
= + + − −

∂ ∂
 

 (16) 

where 4

1x
π∂
∂  

and 4

2x
π∂
∂

are s traightforwardly com- 

puted a nd p rovided below, w hile 1x and 2x  are 
determined from (11). 
  

1 2 1 34

1 1 2 3 1

1 1 2 1 3
3 1 2 2

1 2 3 1

1 2 1 34

2 3 1 2 1

( ) ( , )
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cos ( ) ( , )          ( ) ,
sin
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e
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∞

∞

∞
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∂
+ ∆
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∂
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3 1
1 1

1 2

3 1
2 1 1

1 2

coscos( ) , 

sinsin( )

e
e

e
m d e

V x xM x x
X X

V x xP x M x x
X X

β

γ β

∞

∞

= − +
+

= + + − +
+





(17) 

According to the condition (H4), it is also necessary 
to p rove boundedness of t he t rajectories o f t he 
closed-loop s ystem w ith the c ontrol law  

( , ( )), 1, 2i x x iϕ φ =  and the off-the-manifold 
coordinate z as given below: 
 

        

1 2

3 1 4 1 2
2

1 2 1 3

3 3 1
0

4 4 4

1 1 1 2 2 2

,

,   

sin1 1 ,
( , )

cos ,

1 ( ) ,
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m

f

q
e

x x
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M X X x x

u
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T
u

x x x
T T

z z z zγ γ

∞

′

=

  
= − +   + ∆  

= − + +

= − − +

= − = −









 

  

(18) 
 
We begin with the fact that clearly 1x ∈ is 

bounded and 1z and 2z are exponentially decaying 
functions, that is, ( ) (0) , 1, 2it

i iz t z e iγ−= =  and also 
bounded. It follows that 3 3 3 3 3( ) ex z z xπ ξ= + = +  is 
bounded. Also, there exists 0>  such that, for all
x∈ , we h ave 1 3| ( , ) |x x∆ ≥  . S ubstituting 

3 1 3ex z x= + and 4 2 4 1 2( , )x z x xπ= +  into the second 
equation of (18) as well as using the energy function  

 2
2 / 2W x= 2 2

1 1 2( ) ( ) / 2V x z z+ + + , we have that 

2 2 22 2 1 3 1
2 1 1 2 2

1 3

2 3 2 22 1 2
2

2 2
1 1 2 2

1
2 23
2 1 14

3
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| || |
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M
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γ

γ γ

γ γ

γ

−

+ +
= − − − −

∆
+

≤ − − −

− −

 + +
≤ − − + 

 
 − + ≤ 
 



 






 

 
where ( )1 2 1 2/k X X X X= + and the first inequality 

follows from Y oung's i nequality, i. e. 22ab ca≤
 2 / cb+ to e ventually o btain the final inequality. 

From th e la st in equality a bove, 1 2 3, , ,ex kγ γ are 
positive and 0, 0dD γ≥ ≥ ; th us resulting in  
boundedness of 1 2( , )x x . This also implies bounded- 
ness of 4 1 2( , )x xπ . Finally, boundedness of 3x  and 

4x follows from th e f act th at 3 1 3ex z x= +  and 
4 2 4 1 2( , )x z x xπ= + . 

Hence, boundedness of the trajectories of (18) 
and lim ( ) 0

t
z t

→+∞
=  have been shown. We can establish 

the m ain result s ummarizing t he proposed I&I 
controller design in the following proposition. 

Proposition 1: The closed-loop system (18) with the 
control laws (16) is locally asymptotically stable in ex  
Proof: The pr oof of p roposition 1  i s ba sed on  the 
arguments as given above in (12)-(15). 
 
5.  Simulation Results  

In this section, simulation results of coordi- 
nation of g enerator e xcitation and STATCOM in 
SMIB model considered in pr evious sections are 
shown using power angle stability as well as voltage 
and frequency regulations to point out the transient 
stability enhancement and dynamic properties. 

Consider the single line diagram as shown 
in F igure 2 with S G co nnected t hrough p arallel 
transmission line to  a n infinite-bus.  Such g ener- 
ators deliver 1.0 per unit, power while the terminal 
voltage tV  is 0.9897 pu., and an infinite-bus voltage 
is 1.0 per unit. However, when there is a three-phase 
fault (a large perturbation) occurring at the point P , 
the midpoint of one of the transmission lines, this 
leads to  r otor acceleration, voltage s ag, and l arge 
transient induced electromechanical oscillations. 

We a re, t herefore, i nterested i n the 
following question. After the fault i s cleared from 
the n etwork, will the s ystem settle to  a p ost-fault 
equilibrium state? 

In this p aper, the fault o f in terest is  t he 
following two fault sequences, n amely temporary 
and permanent faults. Usually, there are four basic 
stages as sociated w ith t ransient s tability s tudies 
(temporary and permanent faults) of a power system: 
 
Stage 1: The system is in a pre-fault steady state. 
Stage 2: A fault occurs at  0t . 
Stage 3: The faults is isolated by opening the brea-  

kers at ct . 
Stage 4: The transmission line is recovered without 

the f ault at rt t= sec. E ventually, t he 
system is in a post-fault state at ft t= sec.  
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Figure 2  A single line diagram of SMIB 
 

Temporary fault 
The system is in a pre-fault steady state, a 

fault occurs at 0 0.5t =  sec., the fault is isolated by 
opening the breaker of the faulted line at 1ct =  sec., 
the transmission line is recovered without the fault at 

2rt = sec. Afterward the system is in a post-fault state. 
 

Permanent fault 
The system is in a pre-fault steady state, a 

fault occurs at 0 0.5t = sec., the fault is isolated by 
permanently opening the breaker of the faulted line 
at 1ct =  sec. The system is eventually in a post-fault 
state. 

In t his s ection, the ef fectiveness o f t he 
combination of the coordinated (Excitation /STAT- 
COM)  c ontroller to imp rove tr ansient s tability 
applied of a power s ystem t hrough p ower a ngle 
stability, as well as voltage, frequency, and power 
regulations, i s investigated and compared with the 
excitation c ontroller alo ne fu  (Dib, K enne, &  
Lamnabhi-Lagarrigue, 2009 ) and a  c onventional 
PSS/AVR controller (Kundur, 1994)  (The PSS/AVR  
parameters are specified, i.e.,  

150, 4.5, 100, 0.1PSS A eK K T T= = = =  and 
2 0.025T =  

r

2

0
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The p hysical p arameters (pu.) a nd in itial 
conditions ( , , , )e s e qeE Iδ ω  for this proposed power 
system model are given as follows: 

The tuning parameters of the coordinated 
controller selected to test in this paper are as follows: 

1 2 100γ γ β= = = , a nd 1dγ = . From our  
simulation results, the following can be seen. 

   The transient stability of a power system 
with both generator excitation and STATCOM can 
be effectively enhanced by using t he n onlinear 
coordinated controller proposed as shown in Figures 
3 a nd 4 . Although t here i s a  l arge s udden f ault 
(temporary or permanent) on the network, the system 
is able to keep transiently stable.    

  Time histories of a p ower angle δ , SG 
relative speed (frequency) sω ω− , transient voltage 
E  of the coordinated controller, excitation controller 
alone and P SS/AVR, respectively, a re s hown i n 
Figures 3(a) and 4(a).  After the fault is cleared from 
the network, from two fault cases above the power 
angles δ  return to the pre-fault value 

eδ and the SG 
relative s peeds, 0sω ω− → , s ettle to  t he p re-fault 
steady state as expected. Note also that, due to the 
presence o f t he p ermanent f ault o n t he ne twork, 
transient voltages E  of the coordinated controller 
and PSS/AVR can go to the pre-fault state except for 
those of th e e xcitation c ontroller alone. In  
comparison with excitation alone and conventional 
controllers, time histories of the coordinated 
(excitation/STATCOM) c ontroller, p articularly 
power a ngles and relative speeds, h ave obviously 
smaller ove rshoot a long w ith f aster reduction of  
oscillation. Regarding power and voltage regulation 
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as shown in Figure 3(b) and 4(b), the coordinated 
controller provides clearly better transient responses 
over excitation controller alone and PSS/AVR and 
quickly settles to their pre-fault steady state of active 
power. I n pa rticular, t he v oltage s ag o f the 
excitation/ STATCOM controller is q uickly 
stabilized in comparison with excitation alone and 
PSS/AVR in terms of settling time and rise time but 
there a re o nly hi gher o vershoots. T heir v oltage 
responses also return to the desired reference voltage 

ref 0.9897V = pu., e xcept for the p ermanent fault 

case, there is  a change on network s tructure 2X . 
Figure 3(c) illustrates time histories of STATCOM 
current s ettling to t he p re-fault s teady s tate 
( )0qI →  along with the off-the-manifold 

coordinates 1z  and 2z , showing the manifold   

implicitly described by ( ) 0xφ = . Figure 3(d) shows 
that af ter t he f ault is  is olated, qI and sP from 
STATCOM becomes zero ( 0)sP → .    This causes  

E ee mP P P→ =  to settle to the pre-fault state of active 
power of generator excitation and indicates that the 
combination o f e xcitation a nd S TATCOM c an 
obviously improve further transient s tability a long 
with dynamic properties as compared with excitation 
alone a nd PSS/AVR.  In other w ords, in  the 
permanent fault, Figures 4(c)-(d) illustrate both sI  

and sP cannot return to t he pre-fault s tate   

( )0, 0qe seI P= = , because b oth ar e u sed t o k eep 

their p ower an gles (
eδ δ→ ), t ransient v oltages 

( )eE E→ , an d a ctive p owers ( )e s EeP P P+ →  

constant excluding terminal voltages ( reftV V ).  
 
 

 
Figure 3  Temporary fault case: Time histories of  (a)  Power angle (δ ),   relative speed  ( sω ω− )  and transient voltage  
( E ), (b) Active power (  & E e sP P P+ ) and terminal voltage ( tV ), (c) STATCOM current ( qI ), and the off-the-line 
manifold coordinates 1z and 2z , (d) Active power of coordinated (Excitation/STATCOM) controller (Solid: Coordinated 
controller, Dash: Excitation controller alone, Dashdot: PSS/AVR) 



RJAS Vol. 2 No. 2 Jul.-Dec. 2012, pp. 151-160 

159 

Also, the off-the-manifold coordinates 1z and 2z   
converge t o z ero, as expected. In dependent of the 
steady-state operating point of the system and fault 
sequences a bove, t he nonlinear c oordinated 
controller can achieve the expected requirements and 
accomplish b etter d ynamic p roperties as  seen i n 
faster transient responses (dynamic properties) of the 
closed-loop systems under a large sudden fault.   

From the simulation results above, it can be 
concluded t hat not o nly tr ansient s tability is  
enhanced but also power angle stability as well as 
frequency, power, and voltage regulations are 
simultaneously achieved according to the expected 
requirements for the proposed controller. 

 
 

6. Conclusions 
In t his paper, a  nonlinear e xcitation a nd 

STATCOM controller, used to enhance the transient 
stability of a power system, has been proposed using 
I&I methodology. Simulation r esults h ave 
demonstrated that power angle stability along with 
voltage and frequency r egulations are fulfilled the 
large (transient) disturbances on the network via I&I 
nonlinear model-based control design methodology. 
In pa rticular, in s pite o f t he o ccurrence o f s evere 
disturbances on the transmission line, the proposed 
coordinated co ntroller p roposed can not on ly 
maintain the transient stability but also accomplish 
better d ynamic p roperties o f t he s ystem w hile 
comparing to the operations with excitation alone 
and a conventional controller PSS/AVR. 
 

 
 

Figure 4  Permanent fault case: Time histories of (a) Power angle (δ ), relative speed ( sω ω− ) and transient voltage (E ), 
(b) Active power (  & E e sP P P+ ) and terminal voltage ( tV ), (c) STATCOM current ( qI ), and the off-the-line manifold 

coordinates 1z and 2z ,(d) Active power of coordinated (Excitation/ STATCOM) controller (Solid: Coordinated controller, 
Dash: Excitation controller alone, Dashdot: PSS/AVR) 
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