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ABSTRACT: 
This paper presents the comparative performance of neuro- Fuzzy controlled Voltage Source Converters (VSC) based 
Flexible AC Transmission System (FACTS) devices, such as Static Synchronous Series Compensator (SSSC), Static 
Synchronous Compensator (STATCOM), and Unified Power Flow Controller (UPFC) in terms of improvement in 
transient stability. In neuro-fuzzy control method the simplicity of fuzzy systems and the ability of training in neural 
networks have been combined. The training data set the parameters of membership functions in fuzzy controller. This 
Adaptive Network Fuzzy Inference System (ANFIS) can track the given input-output data in order to conform to the 
desired controller. The maximization of energy function of UPFC is used as an objective function to generate the 
training data. Proposed method is tested on a single machine infinitive bus system to confirm its performance through 
simulation. The results prove the noticeable influence of ANFIS controlled UPFC on increasing Critical Clearing 
Time (CCT) of system. 
 
KEYWORDS: Energy function, ANFIS control method, Static Synchronous Series Compensator, Static Synchronous 
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1.  INTRODUCTION 

Transmission networks of modern power systems 
are becoming increasingly stressed because of growing 
demand and restrictions on building new lines. One of 
the consequences of such a stressed system is the threat 
of losing stability following a disturbance. Flexible ac 
transmission system (FACTS) devices are found to be 
every effective in stressing a transmission network for 
better utilization of its existing facilities without 
sacrificing the desired stability margin [1]-[3]. 

There are various forms of FACTS devices, some of 
which are connected in series with a line and the others 
are connected in shunt or a combination of series and 
shunt. The Static Synchronous Series Compensator 
(SSSC) consists of series connected voltage source 
converter with coupling transformer in series with the 
line. SSSC can inject a voltage with controllable 
magnitude and phase angle at the line frequency [4]. 
The static synchronous compensators (STATCOM) 
consist of shunt connected voltage source converter 
through coupling transformer with the transmission line 

[5]. The universal and most effective device is expected 
to be the Unified Power Flow Controller (UPFC) [6]. 
This device can independently control more 
parameters, thus combining the properties of a static 
compensator (STATCOM), Static Synchronous Series 
Compensator (SSSC) and phase angle regulator. Fig. 1 
shows the schematic diagram of SSSC, STATCOM and 
the total system, i.e., UPFC. 
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Fig. 1. Basic structure of SSSC, STATCOM and UPFC 
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TU , T represents the angle of the injected voltage 

TU , according to the bus voltage iU . 

In [20] the injection model for the SSSC is 
presented. In [12] the active and reactive power 
injected by UPFC is derived as below: 

sin( ) .i T
si T i T

S

U U
P U I

X
                (1) 

sin( )j T
sj ij T

S

U U
P

X
                  (2) 

.
cos( ) .i T

si T i q
S

U U
Q U I

X
                (3) 

.
cos( )j T

sj ij T
S

U U
Q

X
                   (4) 

According to Fig. 2 ij i j    . 

UPFC’s shunt-connected active power injection 
with the series branch active power injection can be 
replaced. This active power is equal to the real part of 
the scalar product of the series-injected voltage TU and 

the conjugated value of the current jI . Considering the 

active power balance constraint as below: 
*. Re .i T T jU I U I                   (5) 

After extracting jI and iU  and a few algebraic 

calculations the active power can be written as: 

. sin( ) sin( )j T i T
i T ij T T

S S

U U U U
U I

X X
                 (6) 

And finally: 

sin( )j T
si ij T sj

S

U U
P P

X
                   (7) 

The above equations describe an analytical way to 
confirm the real power balance of a UPFC ( ij jiP P  ) 

[12].  
For all the above equations and descriptions if qI

sets to zero, the results will be true for SSSC and if TU

sets to zero, they will be true for STATCOM. 
 
3.  ENERGY FUNCTION 

It was proved in [6], [20] that if UPFC injects the 
maximum TU and qI , the maximum transient-stability 

improvement will be achieved. So if we control T in a 

way that is sectional constant, constructed energy 
function can be used. The same method used for SSSC 
and STATCOM. For the construction of energy 
function for a system with a UPFC the SPEF 
construction procedure should be followed that can be 
found in [20]. The same procedure was used in [21] for 
the case of an SSSC. The generators are presented 
classically. A first integral of the system equations in 

the center-of-angle (COA) frame of reference is used. 
In this article the loads are considered to be voltage 
dependent, i.e., modeled as a constant admittance. In 
[12] the entire energy function of system in terms of 
rotor angles, rotor velocities and bus voltage 
magnitudes has been derived. The proposed energy 
function can be divided into two parts: kinetic energy 
and potential energy.  

In [12] the energy-function construction procedure 
from [20] is followed and the UPFC’s energy function 
is constructed. With some algebraic calculations 
assuming that TU and qI are set to a maximum and T
is sectional constant, a strict Lyapunov function of a 
UPFC in the form ( , )UPFC i jV f U U is obtained. The 

potential energy of a UPFC is: ௎ܸ௉ி஼ = ௎೅௑ೄ ൫ ௜ܷ. cosሺ்߮ሻ − ௝ܷ. cos൫ߠ௜௝ + ்߮൯൯ + ௜ܷ.  ௤    (8)ܫ

This energy function is equal to the sum of the 
reactive powers siQ and sjQ according to Fig. 2a and 

represents the total reactive power injected into the 
power system by the UPFC. Consequently it can 
describe the energy function of SSSC and STATCOM, 
too. As a result the total energy function of the system 
with UPFC, SSSC or STATCOM is: 

( , )total kinetic potential UPFC SSSC STATCOMV V V V                 (9) 
In [12] it is proved that the proposed energy 

function is Lyapunov function in a certain 
neighborhood of a post-fault equilibrium point in the 
state space that relates to the same conditions. 
 
4.  CONTROL STRATEGY 
4.1.  ANFIS Control Method 

The neuro-adaptive learning techniques provide a 
method for the fuzzy modeling procedure to learn 
information about a data set, in order to compute the 
membership function parameters that best allow the 
associated fuzzy inference system to track the given 
input-output data. The computation of these 
parameters, or their adjustment, is facilitated by a 
gradient vector, which provides a measure of how well 
the fuzzy inference system is modeling the input-output 
data for a given set of parameters. Once the gradient 
vector is obtained, any of several optimization routines 
could be applied in order to adjust the parameters so as 
to reduce some error measure. 

Fig. 3 shows a neuro-fuzzy network called Adaptive 
Network Fuzzy Inference System (ANFIS) [22]. 
ANFIS uses either back propagation or a combination 
of least squares estimation and back propagation called 
hybrid method for membership function parameter 
estimation. 

Each layer in ANFIS performs a distinct task as 
follows: 
1- Computing matching degree of a variable with 

fuzzy states. 
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peak angle during the first swing. The UPFC also 
provides the maximum damping in subsequent swings. 

Fig. 6b shows the swing curve of the machine for 
the fault clearing time of 245ms that both SSSC and 
STATCOM are incapable in making the system stable.  

 

 
Fig. 5. Phase plan of controlled system 

 

 
(a) 

 

 
(b) 

Fig. 6. Swing curve of the machine for various 
operations of UPFC: (a) Fault clearing time= 235ms; 

(b) Fault clearing time= 245ms 
 

In Fig. 7 T , i.e., the output of ANFIS controller is 

shown. It sets the angle of series branch of UPFC based 
on the training data. Fig. 7 shows that T has its 

maximum values in first swing of machine angle in 
order to improve the transient stability the best. 

In Fig. 8 the membership functions has been 
illustrated once before training and then after training. 
The neural network sets the fuzzy parameters and the 

average training error has been obtained 0.01 
approximately. 

 

 
Fig. 7. Series branch angle of UPFC 

 
This method can be extended to multi machine 

power system using individual machine energy 
functions [23], [24]. 
 
6.  CONCLUSION 

An Adaptive Network Fuzzy Inference System 
based UPFC, SSSC and STATCOM for transient 
stability enhancement has been compared in this paper. 
The proposed controller combines the robustness and 
simplicity designing of fuzzy controller and 
adaptability nature of artificial neural network. The 
purpose of maximizing the transient stability margin 
has been achieved by maximizing the injected energy 
of UPFC by using its energy function. Consequently, 
the ANFIS controller operation is based on energy 
function optimization. By keeping the series (shunt) 
branch inactive, UPFC can operate as a STATCOM 
(SSSC) and the corresponding behavior is also 
evaluated and compared. The superiority of the 
proposed controlled UPFC over a STATCOM or a 
SSSC in improving transient stability of a single 
machine infinitive bus has been demonstrated. The 
concepts can be extended to multi machine power 
system using individual machine energy functions. We 
are presently investigating the applications of the 
concepts to multi machine power system. 

 
7.  APPENDIX 
 

TABLE 2. Parameters of SMIB System 
Parameter Value Unit Parameter Value Unit 

H 3.120 MJ/MVA EK  
-

0.243  

dx  1.014 p.u. ET  0.95 s 

qx  0.6 p.u. FK  0.05  

dx   0.314 p.u. FT  0.35 s 

doT   6.55 s DK  2  

AK  400  Tx  0.07 p.u. 

AT  0.05 s Lx  0.65 p.u. 
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Fig. 8. Membership function of ANFIS inputs before and afret training 
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