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Abstract—FACTS devices are used to control the power flow, to 

increase the transmission capacity and to optimize the stability of the 
power system. One of the most widely used FACTS devices is 
Unified Power Flow Controller (UPFC). The controller used in the 
control mechanism has a significantly effects on controlling of the 
power flow and enhancing the system stability of UPFC. According 
to this, the capability of UPFC is observed by using different control 
mechanisms based on P, PI, PID and fuzzy logic controllers (FLC) in 
this study. FLC was developed by taking consideration of Takagi-
Sugeno inference system in the decision process and Sugeno’s 
weighted average method in the defuzzification process. Case studies 
with different operating conditions are applied to prove the ability of 
UPFC on controlling the power flow and the effectiveness of 
controllers on the performance of UPFC. PSCAD/EMTDC program 
is used to create the FLC and to simulate UPFC model.  
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I.  INTRODUCTION 

HE growth of the power systems in the future will rely on 
increasing the capability of existing transmission systems 

rather then building the new transmission lines and the power 
stations for an economical and an environmental reasons. The 
requirement of the new power flow controllers, which is 
capable of increasing the transmission capability and 
controlling the power flow through the predefined corridors, 
will certainly increase due to the deregulation of the electricity 
markets. Additionally, these new controllers must be control 
the voltage levels and the flow of the real/reactive power in 
the transmission line to use full capability of the system in 
some cases with no reduction in the system stability and 
security margins [1]. A new technology concept known as 
Flexible Alternating Current Transmission Systems (FACTS) 
technology was presented in the late of 1980s [2]. FACTS 
devices enhance the stability of the power system with its fast 
control characteristics and continuous compensating  
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capability. The controlling of the power flow and increasing 
the transmission capacity of the existing transmission lines are 
the two main objectives of FACTS technology [3]. 

Thus, the utilization of the existing power system comes 
into optimal condition and the controllability of the power 
system is increased with these objectives. Gyugyi proposed 
the Unified Power Flow Controller which is the new type 
generation of FACTS devices in 1991 [4]. Unified Power 
Flow Controller (UPFC) is the member of FACTS device that 
has emerged for the controlling and the optimization of power 
flow in the electrical power transmission systems [5]. This 
device formed of the combination of two other FACTS 
devices namely as Static Synchronous Compensator 
(STATCOM) and the Static Synchronous Series Compensator 
(SSSC). These are connected to each other by a common DC 
link, which is a typical storage capacitor. The all parameters of 
the power transmission line (impedance, voltage and phase 
angle) can be control simultaneously by UPFC [6]. In 
addition, it can perform the control function of the 
transmission line real/reactive power flow, UPFC bus voltage 
and the shunt-reactive-power flow control [7].  

The control mechanism and the controller have an 
important effect on the performance of UPFC. In the literature, 
several control mechanisms are used in UPFC models. A 
novel fuzzy inference system described in matrix form is 
proposed and used to improve the dynamic control of real and 
reactive power [8]. Two fuzzy logic controllers based on 
Mamdani type fuzzy logic are used. One of the controllers is 
proportional fuzzy logic controller (PF-UPFC) and the other is 
Hybrid fuzzy logic UPFC (HF-UPFC) [3]. The selection of 
suitable location for UPFC is studied and composite-criteria-
based fuzzy logic is used to evaluate the network contingency 
ranking [9]. The power-feedback control scheme is used in the 
control mechanism of UPFC [10]. The power fluctuation is 
damped readily and the value of reactive power is minimized 
as possible by using several time constants. However there is 
no value changed in the real power. The control method of 
variable interval-fuzzy-mutual is used in the control 
mechanism of UPFC [11]. In the simulation results, there is a 
high overshoot values occurred both real power and bus 
voltage during the three phase faults applied. However, the 
real power value is increased but there is no value changed in 
the reactive power. The performance of UPFC is observed by 
using three different controllers [12]. In the simulation results, 
the variation of the real power direction can be observed 
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easily. However, the value of reactive power is kept at zero 
because of there is no reactive power flow in the system. The 
performance of Pulse Width Modulation (PWM) based UPFC 
is observed [13]. According to results, the values of real and 
reactive power are changed in large values with UPFC 
because of the low values of bus voltage.  

The capability of UPFC on controlling of the power flow 
and the effectiveness of controllers on performance of UPFC 
in the power transmission line are examined in two case 
studies by using different control mechanisms based on PI and 
fuzzy controllers in this paper. In the modeling of fuzzy 
controller, “Takagi-Sugeno Inference System” is used in the 
decision making process and “Weighted Average” method 
which is the special case of “Mamdani” model is used in the 
defuzzification process. The electromagnetic transient 
simulation program PSCAD/EMTDC is used to create UPFC 
model and to obtain the results of case studies [14].  

 

II.  UPFC SYSTEM 

The UPFC is the combination of two voltage-source 
converters; one converter is connected to the power system 
through a shunt transformer, whereas the other converter is 
inserted into the transmission line through a series transformer 
[1]. The converters are connected by a common DC-link 
where the capacitor is coupled and it allows a bi-directional 
real power flow between the output terminal of shunt 
converter and the input terminals of series converter. The 
UPFC can be decoupled be into two branches according to its 
control and structure perspective. One of these branches is the 
parallel branch formed by the shunt transformer, VSC and DC 
capacitor. It operates as a STATCOM. The other is series 
branch composed of the series transformer, a VSC and DC 
capacitor. It behaves as a SSSC. The basic system 
configuration of UPFC structure is shown in Fig. 1. 
 

 
Fig. 1 Basic scheme of UPFC system 

 

A.  The Control Mechanism of Shunt Converter 

The shunt converter is operated to draw a controlled current 
from the line. One component of this current is automatically 
determined as a requirement real power to meet the losses in 
the converters and to balance the real power of the series 
converter [15]. However, the net real power is used to 
maintain the dc voltage and to provide the reactive 
compensation without an external-electric-energy source to 
the system independently [16]. This component of current is 
calculated by finding the differences between reference value 

(Vdc*) and instant value (Vdc) of DC bus voltage in this study. 
The result is used as an angle σ  in the sinus block of control 
mechanism. The other component is reactive part of current 
and it can be set to any desired reference level (inductive or 
capacitive) within the capability of the converter. This 
component is calculated in the same way with the other 
component by finding the differences between reference 
voltage (Vsendpu*) and instant value of bus voltage (Vsendpu). 
The result is used as a magnitude (IVIpu) to multiply with 
sinus block. The calculation of these two current components 
is shown in Fig. 2 and Fig. 3. Hence, the reference signals are 
calculated to use in the SPWM techniques. PI controller based 
and fuzzy controller based control mechanisms of shunt 
converter are given as separately in the following graphics. 
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Fig. 2 PI controller based control mechanism 
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Fig. 3 Fuzzy controller based control mechanism 

 

B.  The Control Mechanism of Series Converter 

The main function of UPFC is actualized by the series 
converter. It controls the magnitude and the angle of the 
voltage injected in series with the line. This voltage injection 
is always intended to influence the power flow the line [15]. 
The magnitude and the phase angle of series-injected voltage 
Vinj is calculated by control mechanism to provide the desired 
real and reactive power flow in the transmission line. In the 
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process of doing this, the series inverter will exchange real and 
reactive power with the line. The reactive power is 
electronically provided by the series inverter and the real 
power is transmitted to the dc terminals. The control 
mechanism of series converter is shown in Fig. 4. In the 
control mechanism, the receiving-end-generator voltage 
transforms into dq0 (Park) transform [17]. The dq0 components 
of receiving-end-voltage are multiplied with determined 
reference value of active/reactive powers (Pref/Qref). Hence, the 
signals desired by user ∆VrecD,Q,0 are calculated. Then, the 
phase angle (θ ) of transmission line is obtained by using PLL 
(phase looked loop). It is used to calculate the reference 
signals Vreca,b,c_ref. These signals are transformed into dq0 form. 
The desired signals are subtracted from the reference signals 
and the results are transformed into three phase balanced 
system to use in the sinusoidal-pulse-width modulation 
(SPWM). Thus, the firing angles of IGBTs (insulated gate 
bipolar transistors) are produce from the process of SPWM 
technique. 
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Fig. 4 Control mechanism of series converter 

 
 

III.  IMPLEMENTATION OF FLC IN UPFC 

FLC are formed by simple rule based on “If x and y then z”. 
These rules are defined by taking help from person’s 
experience and knowledge about the system behavior. The 
performance of the system is improved by the correct 
combinations of these rules. Each of the rules defines one 
membership which is the function of FLC. More sensitivity is 
provided in the control mechanism of FLC by increasing the 
numbers of membership functions [18]-[19]. In this study, the 
inputs of the fuzzy system are assigned by using 7 
membership functions and the fuzzy system to be formed in 
49 rules. Hence, the sensitivity in the control mechanism is 
increased. The fuzzy control system is divided into three main 
sections. These sections are explained in the following. 

 
A. Error Calculation 
The error signal (errA) is calculated from the difference 

between the source voltage value and the reference value 
obtained from PLL. Beside, the error rate signal (∆errA) is the 
differences between the variation of error at current sampling 
and its previous sampling. These signals of supply voltage for 

each phase are measured and converted into per unit (pu.) 
value. For phase A, the error and error rate are defined as: 

 

sin( ), ,A sendpu pu
err V V

θ
= −                                  (1) 

(( ) 1)
A A A

err err n err n∆ = − −               (2) 

 
where Vsin(θ),pu is a PLL voltage possessed the same phase with 
the sending end voltage, Vsend,pu is the phase of sending end 
voltage and n is the sampling time. 
 

B. FLC 
The section of FLC is divided in three subsections. These 

subsections are given as summarized in the following: 
 
Fuzzification: The numeric input-variable measurements are 
transformed by fuzzification part into the fuzzy linguistic 
variable, which is a clearly defined boundary with a crisp. 
These linguistic variables of error/error rate are shown in Fig. 
5.  
 
Decision Making: The fuzzy models are created by using 
“Sugeno Inference System” [20]. According to this system, the 
Ith rule can be calculated by using in the following equations: 

 

(1)
1 ,1 ....: l l

is
n n

is F and and x F thenL If x                             (3) 

 

0 1 1 2 2 ....l l l l l

n ny c c x c x c x= + + + +                                      (4) 

 

where 1
l

F   denotes fuzzy set, 1
l
c  is the real coefficients, yl is 

the output set and x1….x2  is the inputs.     
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Fig. 5 Error and error rate of fuzzy membership functions 
 

The basic if-then rule is defined as “If (error is very small 
and error rate is very small) then output”. The signals error 
and error rate are described as linguistic variables in the FLC 
such as large negative (LN), medium negative (MN), small 
negative (SN), very small (VS), small positive (SP), medium 
positive (MP) and large positive (LP). These are shown in Fig. 
5. In the same way, the input values of the fuzzy controller are 
connected to the output values by the if-then rules. The 
relationship between the input and the output values can be 
achieved easily by using Takagi-Sugeno type inference 
method. The output values are characterized by memberships 
and named as linguistic variables such as negative big (NB), 
negative medium (NM), negative small (NS), zero (Z), 
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positive small (PS), positive medium (PM) and positive big 
(PB). The membership functions of output variables and the 
decision tables for FLC rules are seen in Table I. 
 
 

TABLE I 
FUZZY DECISION TABLE 

Error rate 
 /Error 

LP MP SP VS SN MN LN 

LP PB 1 PB 2 PB 3 PM 4 PM 5 PS 6 Z 7 

MP PB 8 PB 9 PM 10 PM 11 PS 12 Z 13 NS 14 

SP PB 15 PM 16 PM 17 PS 18 Z 19 NS 20 NM 21 

VS PM 22 PM 23 PS 24 Z 25 NS 26 NM 27 NM 28 

SN PM 29 PS 30 Z 31 NS 32 NM 33 NM 34 NB 35 

MN PS 36 Z 37 NS 38 NM 39 NM 40 NB 41 NB 42 

LN Z 43 NS 44 NM 45 NM 46 NB 47 NB 48 NB 49 

 

Defuzzification: In the defuzzification process, the controller 
outputs represented as linguistic labels by a fuzzy set are 
converted to the real control (analog) signals. In the created 
fuzzy model, “Sugeno’s Weighted Average” method which is 
the special case of “Mamdani Model” is selected for the 
defuzzification process [21]. According to this model, the 
defuzzification is achieved by using following equations: 
 

1

1

M
l l

l

M
l

l

w y

y

w
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=

=

∑

∑
                                                                       (5) 
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where l
w is the overall truth value of the rule (1)

L , ( )
i
xM lF

i

 is 

the membership function described the meaning of the 

linguistic variable 1
l

F . 

 

C. Signal Processing 
The control signals are produced from the output of FLC 

process. They are used in the generation of switching signals 
for converter by comparing with carrier signal. It can be 
shown in Fig. 2 and Fig. 3.  

  
IV.  CASE STUDIES 

PSCAD/EMTDC program is used to simulate the modeling 
of UPFC and the test system. The parameters of simulated 
system are selected low ratings to be enabled the 
implementation of system in the laboratory environment. In 
the simulation case studies, two generators are used and 
named as sending end and receiving end generators, 
respectively. UPFC is constructed at the sending end bus 
before the line impedance. Two case studies were carried out 
to test the performance of UPFC with different control 

mechanisms based on P, PI, PID and fuzzy logic controllers. 
The test system is shown in Fig. 6 and the parameters are 
given in the Appendix.  

 
sV δ

rV

V θ∆

 

Fig. 6 Test system for case study 1 
 

In the first case study, the receiving end generator is 
delayed from the sending end generator according to several 
phase angles. The values of the real/reactive power results in 
the line are taken by consideration of using the different 
controllers in the control mechanism separately and compared 
as with and without UPFC in the line. The results are given in 
Table II. 

 
TABLE II  

POWER FLOW OF THE LINE FOR PHASE VARIATION 

Phase angle of receiving 

end 

generator ( 0 ) 
60 0 40

0
 30

0
 15

0
 

P(KW) 3.44 2.67 2.11 1.11 
without 

UPFC 
Q(KVAR) -1.4 -0.97 -0.72 -0.34 

P(KW) 4.00 2.95 2.29 1.21 P Controller 

with UPFC 
Q(KVAR) -0.62 -0.42 -0.37 -0.036 

P(KW) 4.14 3.09 2.43 1.37 PI Controller 

with UPFC 
Q(KVAR) -0.42 -0.15 -0.09 0.04 

P(KW) 4.15 3.06 2.40 1.35 PID 

Controller 

with UPFC Q(KVAR) -0.39 -0.21 0.14 0.01 

P(KW) 4.33 3.14 3.14 1.41 FUZZY 

Controller 

with UPFC Q(KVAR) -0.07 -0.08 -0.088 0.07 

 

The test system for second case study is given in Fig. 7. In 
this case study, three transmission lines, which have same 
impedance parameters, are used and UPFC is constructed on 
transmission line 3 after the load. The reactive power and the 
bus voltage, the connection point which UPFC is connected to 
the line, are expected to be restored to their nominal values by 
UPFC. In the second case, the three phase fault is applied to 
the transmission line 1. It is started at the 1.4 sec and it is 
continued 0.2 sec. The fault is sensed by control mechanism of 
series converter, the electronic bypass is immediately 
activated to protect the series converter. The electronic bypass 
is removed by the control mechanism automatically after the 
fault. The PI and fuzzy controller’s results values of reactive 
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power and bus voltage of receiving end are compared as 
graphically during the fault to be considered with and without 
UPFC in the line.  

 

Vs δ Vr

 

Fig. 7 Test system for case study 2 
 

The variations on the receiving end reactive power (Qre) and 
the receiving end voltage in pu. (Vpu.re) are illustrated as 
graphically in Fig. 8 and Fig. 9.  
 

time 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

-0.0018 

-0.0015 

-0.0013 

-0.0010 

-0.0008 

-0.0005 

-0.0003 

0.0000 

0.0003 

0.0005 

y
 (
K
V
A
r)

Qre (with UPFC) Qre (without UPFC)

0.00 

0.20 

0.40 

0.60 

0.80 

1.00 

1.20 

y
 (
p
u
)

 Vre (with UPFC) Vre (without UPFC)

 
Fig. 8 PI controller results at fault condition 

 
 
 

V.  CONCLUSION 
In this paper, the performance of UPFC on controlling of 

the real/reactive power flow in the line is examined with 
different control mechanisms based on P, PI, PID and fuzzy 
controllers. For the first case study, the results show that P 
controller does not sufficient on controlling the power flow 
while FLC shows the best performance on controlling the 
power flow. In the second case study, three phase fault is 
applied to the test system. The results are taken to be 
consideration of PI and fuzzy controllers because of the taken 
same results of these controllers in the first case study. The PI 
and fuzzy controllers show nearly same results but there is a 
low overshoot occurred during the fault in the fuzzy 
controllers results. According to results that UPFC improves 
the system performance under the transient and the normal 
conditions. However, it can control the power flow in the 
transmission line, effectively. Beside, the fuzzy controller 
based control mechanism showed better performance than P, 
PI, and PID controllers based control mechanisms. 
PSCAD/EMTDC program is used for modeling UPFC and 
taking the simulation results from the test system. In this study 
extent P, PID and fuzzy controllers are added as a new 
component in main library of PSCAD/EMTDC. 
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Fig. 9 Fuzzy controller results at fault condition 
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APPENDIX 
The technical details of sending end and receiving end 

generators: 
 

Based MVA (3-phase)  : 0.01 [MVA] 
Base voltage (L-L)       : 0.380 [kV] 
Base frequency              : 50.0 [Hz] 
Phase                             : 0.0 [°] 
 

The technical details of shunt converter transformers: 
 

Based MVA (3-phase)         :  0.003 [MVA] 
Winding #1 voltage (L-L)   :  0.380 [kV] 
Winding #2 voltage (L-L) :  0.040 [kV] 
Base operation frequency   :  50.0 [Hz] 
 

The technical details of series converter transformers: 
 

Based MVA (3-phase)          : 0.003 [MVA] 
Winding #1 voltage (L-L)     : 0.110 [kV] 
Winding #2 voltage (L-L)    : 0.110 [kV] 
Base operation frequency     : 50.0 [Hz] 
 

The system parameters: 
 

Vdc      : 0.042 [kV] 
Cdc       : 20 mF 
Rr         : 4 Ω 
Lr         : 10 mH 

 

Vdc voltage controller PI parameters: 
 

Kp        : 4.6 
Ki        : 0.0001 

 

Bus voltage controller PI parameters: 
 

Kp       : 4.05 
Ki        : 0.005 

 

Fixed load parameters: 
 

Rated real power per phase     : 0.002 [MW] 
Rated reactive power per phase   : 0.001 [MVAR] 
Rated load voltage (rms L-G)  : 0.380 [kV] 
Fundamental Frequency  : 50 [Hz] 
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