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Abstract: - In this article is proposed a Centralized Sliding Mode Control (CSMC) applied to a UPFC device 
for controlling power flow and enhancing power system stability. First, we establish a state-space dynamic 
model of UPFC based on Kirchhoff’s equations and (d-q) transformation. This model includes the two voltage 
source inverters and the DC bus voltage link. Furthermore, in order to cancel the effect of uncertainties which 
can affect this plant, we develop a centralized version of sliding mode control based on this state model. In the 
case where the proposed control scheme is used, we simulate the operation of UPFC equipping a High Voltage 
(HV) electrical line interconnecting two stable nodes. The simulation results show that it is possible and 
achievable to control the power flow with satisfactory performances regardless of the parameter uncertainties 
affecting the model plant. 
 
Key-Words: - FACTS, UPFC, Electrical Power System, Real Power, Reactive Power, Sliding Mode Control, 
Lyapunov Function. 
 
1 Introduction 
It is well established that some technical and 
optimization problems in the system AC grid can be 
solved by FACTS devices (Flexible AC 
Transmission Systems). Among them, UPFC 
(Unified Power Flow Controller) is the device 
which can realize the FACTS concept more 
efficiently [1, 2]. It can be used to steady-state 
power flow control [3, 4], improve power system 
stability [5-7] and damp out the power swings 
during transient period [8-10]. Currently, American 
Electric Power (AEP) has installed a 160-MVA 
UPFC at the Inez substation in eastern Kentucky, 
which is the first practical implementation in the 
world. 

Beside, the UPFC operates mainly in the case of 
load flow control during dynamic and transient 
conditions that needs for fast response time bellow 
100 ms [1, 2, 11-28]. This fast response can be 
achieved since power electronic equipments are 
used and supported by sophisticated control laws [1, 
2]. This explains the significant interest of the 
researchers to the concept of UPFC initially 
introduced by Hingorani [2]. Many papers were 
devoted to linear control of UPFC such as PI-based 
control [11-18], SVD control [19, 20] and optimal 
control [21]. However, in the majority of these 
articles, the synthesis of controller results from an 
approximate model of the UPFC where some 
significant interactions were simply ignored (effect 

of the coupling between the STATCOM and the 
SSSC…).  

Moreover, the provided results of PI-based 
control of UPFC are not very realistic, because 
generally they are obtained in the absence of 
parametric variations affecting the system 
unavoidably. 

Little literature was reserved for the nonlinear 
control of UPFC such as control based on Lyapunov 
stability theorem [22], adaptive control [23], 
predictive control [24], feedback linearization 
control [25-27] and back-stepping control [28]. 
Moreover, these nonlinear controls were tested by 
using an incomplete model of UPFC. Indeed, the 
PWM voltages provided by the STATCOM and the 
SSSC were represented by sinusoidal voltage 
sources and the interaction between the two 
converters was quite simply ignored. 

In order to improve the points brought up above, 
in this paper a more realistic state-space model of 
the UPFC taking into account the interactions 
between the various elements of the UPFC is 
developed. Moreover, a sliding mode control which 
exhibits a good robustness with respect to internal 
and external disturbances, as it is well known, is 
synthesized. 

In this paper, we foremost derive, in (d-q) 
reference frame, a state-space model of the UPFC. 
This model incorporates the interaction between the 
STATCOM and SSSC converters. Besides, we 
propose a new controller of UPFC using adaptive 
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sliding mode technique and based on its (d-q) state 
model. The developed control law must conducts to 
a decoupled control of the power flow and must 
remain robustness against the effect of uncertainties 
in system parameters. 

In order to achieve this work, the remaining 
sections of this paper are organized as follows: 
Section 2 describes shunt and series branches model 
of UPFC in the state-space. In Section 3, adaptive 
sliding mode based controller is developed and 
simulation results in a typical two bus system are 
carried out in Section 4. Eventually, Section 5 
provides some concluding results.  
 
 
2 Modeling of UPFC 
The UPFC is the most sophisticated FACTS system, 
proposed by Laszlo GYUGYI [1, 2, 20, 28].  It 
consists, as shown in Figure 1, of two back-to-back 
Gate Turn-Off Thyristor (GTO) based voltage 
source inverters (VSIs) sharing a common DC 
storage capacitorC . One VSI called STATCOM is 
connected, through a shunt transformer shT , to the 
transmission line at which, the other VSI (SSSC) is 
yet connected by using a series transformer seT . The 
SSSC is utilized to inject a controlled voltage in 
series with the line and thereby to force the power 
flow (real and reactive powers) to a desired value. 
The control of the STATCOM allows supplying, in 
one hand real power at its DC terminal in order to 
regulate the DC bus voltage CV  to its reference 

CrefV and the other hand, the reactive power at its AC 
terminal to regulate the AC bus voltage tV to its 
reference trefV , too. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 Basic power system with UPFC 
 

The single-phase scheme representation of three 
phase transmission system with UPFC is shown in 

Fig.2. On this scheme, the series and shunt 
converters are modeled by the voltage sources sejV  
and shjV , respectively. Here the subscript j stands for 
the three-phase quantities (phase a, b and c). The 
other elements of the scheme are:  

- sjV and rjV , the sending and receiving end source 
voltage;  

- shL  and shR , leakage inductance and resistance of 
shunt transformer;  

- seL  and seR , leakage inductance and resistance of 
the series transformer;  

- sL and sR , inductance and resistance of the 
upstream transmission line.  
 
 
2.1 Series and shunt converters modeling 
The mathematical model of shunt and series 
converters is derived, from the circuit of Fig.2, by 
applying Kirchhoff's voltage equation. So, currents 

shi  and sei  through the shunt and series paths verify 
the equations bellow [27]: 
 

( ) ( )sej shj
s se s s se sej

s shj sj sej rj

di di
L L L R R i

dt dt
R i V V V

+ − = − + +

+ − −
              (1) 

sej shj
se sh se sej sh shj shj sej rj

di di
L L R i R i V V V

dt dt
+ = − − + − −     (2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Single phase equivalent circuit of UPFC 
 
Equations (1) and (2) can be rewritten under the 

following matrix form:  

sV  

  

 

 

shT  

seV  

seI  
shI  

seT  

sI  

shV  
rV  

STATCOM SSSC 

),( ss LR  

C  

tV  QP,  

tV
 

sV
 

shV
 

rV
 

seV  

seR
 

seL
 

shL
 

shR
 

sR
 

sL
 

si
 

sei
 

shi
  

shsh QP ,  

DC link 

,P Q  

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Amar Hamache, Hachemi Chekireb

E-ISSN: 2224-2856 465 Volume 9, 2014

http://www.thefreedictionary.com/eventually�


( )
. .

( )

sej sej sej

shj shj shj

sj rj

sj rj

i i Va bdg
i i Vc ddt

V V
V V

− α +β β        
= +        −β β+ γ        

α − α +β 
+  −γ −β 

  (3) 

where: 

( )s sh se sh se sa R L R L R L= − + + , s sh sh sb R L R L= − , 

s se se sc R L R L= − , ( )sh s s se sh sed R L R L R L= − + + , 

s sh se sh se sg L L L L L L= + + , shLα = , sLβ = , seLγ = . 
 
In order to cut down the complexity of the model, 

the three phase differential equations of the system 
(1) and (2) are changed into the two-phase 
equivalent system in the (d-q) reference frame. This 
rotating (d-q) reference frame is imposed as that the 
axis (d) is attached to voltage vector sV . Therefore, 
the obtained equations, in the (d-q) reference frame, 
can be put under the following form [18, 20-22]:  

X=AX+BU+W                                               (4) 

Where X , U and W are the state vector, control 
vector and residual terms vector, respectively. 
Vectors X , U and W matrices A and B stand for: 

 

X

sed

seq

shd

shq

i
i
i
i

 
 
 =
 
 
  

, U

sed

seq

shd

shq

V
V
V
V

 
 
 =
 
 
  

,  

 
( )
( )1W

sd rd

sq rq

sd rd

sq rq

V V
V V

V Vg
V V

α − α +β 
 α − α +β =
 −γ −β
 

−γ −β  

,   

 
0

01
0

0

A

a g b
g a b
c d gg

c g d

ω 
 − ω =
 ω
 

− ω 

, 

 
( ) 0 0

0 ( ) 01
0 0

0 0

B
g

− α +β β 
 − α +β β =
 −β β+ γ
 

−β β+ γ 

. 

 
Here, 2 fω = π  is the pulsation of the AC grid with 
the fundamental frequency 50f = Hz. 
 

 
2.2 DC link modeling 
It is well established that the operation of the UPFC 
is strongly related to the stability of the DC bus 
voltage [12, 22, 24, 26, 28]. In order to build up, in 
the sequel, a DC voltage regulation, an adequate 
model of the DC link must be available. Fig. 3 
shows an approximate equivalent circuit, where the 
resistor R emulates the losses related to the 
electronic power components of the UPFC system. 
This model is based on the balance of the 
instantaneous power between the AC side power 
and the DC side power of the converters.  
 

 

 

 

 
 

Fig. 3 DC voltage circuit of UPFC 

As the stored energy E  in a capacitor is 21
2 CE CU= , 

hence, the energy balance gives right to write:  

2

( )C
sh se

UdE P P
dt R

= − + +                                   (5)  

Where shP and seP are the real powers injected into 
the AC bus respectively by the STATCOM and the 
SSSC. They are given by the following expressions 
[19]: 

sh shd shd shq shq

se sed sed seq seq

P V i V i
P V i V i

= +
 = +

                                  (6)  

Equation (5) can be written as 

2 22C C
sh se

dU U
P P

dt C R
 

= − + + 
 

                           (7) 

The above equation gives the dynamic model of 
the DC bus voltage. 
 
 
 
 

seP  shP  

STATCOM SSSC 

C  R  CU  
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3 UPFC Control System 
 
 
3.1 Control Scheme 
Control scheme applied for the UPFC system 
appears in Fig. 4 where, the regulation of the DC 
and AC bus voltages conducts to the references  
( shrefP , shrefQ ) of active and reactive powers related to 
the STATCOM. Moreover, the reference values 
( refP , refQ ) of real and reactive powers at the 
receiving end are forced by the SSSC and they are 
usually specified by the coordinating system 
controller in such transmission AC grid.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Current reference values calculation for 
UPFC controller 

 
 
In the (d-q) axis, the instantaneous real and 

reactive powers P and Q  are given by [15, 18, 19, 
24]: 

rd d rq q

rq d rd q

P V i V i
Q V i V i
= +

 = −
                                           (8) 

Resolving equation (8) for currents, we obtain the 
expression bellow: 

2 2

2 2

rd rq
d

rd rq

rq rd
q

rd rq

PV QV
i

V V
PV QV

i
V V

+
= +

 − = +

                                       (9) 

 
 
 

2.2 Centralized Sliding Mode Control 
(CSMC) of UPFC 

It is clear that parameters of the plant are 
corrupted by uncertainties and variations and 
especially we are interested to those affecting the 
vector W which includes terms depending of distant 
and delayed measurements. In this case, it would be 
attractive to design a robust controller against the 
parameter uncertainties. Using CSMC technique, we 
intend to design a robust controller for this plant 
which guarantees fast and stable regulation under all 
operating conditions and parameter variations. 

We assume that the nominal value Wn of W is 
well known and that W∆ is its uncertainty which is 
given by [ ]1 2 3 4W Tw w w w∆ = ∆ ∆ ∆ ∆ . 

Consider the following positive definite 
Lyapunov function candidate [29]: 

1
2

V S ST=                                                        (10) 

Where S X-Xref= is a sliding mode surface vector 
corresponding to the current tracking error. 

Differentiating V with respect to time gives 

)V S (X-XT
ref=                                                   (11) 

First, we consider only the nominal value Wn . 
Substituting in (11), X  by its expression (4) 
conducts to 

( )V S AX BU W XT
n ref= + + −                           (12) 

V is made negative definite by imposing: 

(dS K S K S)sign= − −                                        (13) 

where: 

[ ]( )
[ ]( )

[ ]

1 2 3 4

1 2 3 4

1 2 3 4

, 0, 1,..., 4;

, 0, 1,..., 4;

( ) ( ) ( ) ( ) ( )

d

K

K

S

i

d d d d di

T

diag k k k k k i

diag k k k k k i

sign sign s sign s sign s sign s

 = > =
 = > =


=
    

Thus, we can write 

( )AX W BU X K S K Sn ref d sign+ + − = − −           (14) 

Since the matrix B is invertible, the control law 
is deduced from (14), it is given by 

( )1 ( )U B X AX W K S K Sref n d sign−= − − − −        (15) 

and V  is reduced to ( )V K S KS ST
d sign= − − .              

Thus, we can write 

sedrefi  
refP  

refX  
shrefP  

refQ  

 CrefU  
CU  

shrefQ  

 

trefV  
(9) 

(9) 

shdrefi  

shqrefi  

seqrefi  

tV  

- 
 

 i
p

kk
s

+  
+ 

+ 

- 
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4 4

2

1 1
V= di i i i

i i
k s k s

= =

− −∑ ∑                                        (16) 

From (16), we obtain 0V < 0is∀ ≠ , which 
means that is is bounded and converges 
asymptotically toward zero. So, the current vector 
X  tracks the desired trajectory Xref .  

The UPFC control system which is based on the 
control law in (15) is represented in fig.5.   

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 UPFC control system scheme 
 
Now, we have to introduce the uncertainty W∆ , 

so we can write  

W W Wn= + ∆                                                  (17) 

In addition, this uncertainty is assumed to be 
bounded, it means that 0 : 0it w∀ > ∃ ∆ > such as 

 , 1..4i iw w i∆ < ∆ =                                          (18)         

Consider the positive definite Lyapunov function 
candidate in (10) and the expression of W in (17), 
(14) can be written as 

( )AX W W+BU X K S K Sn ref d sign+ + ∆ − = − −   (19) 

Substituting in (19), the control U  by its 
expression (15) conducts to 

( )( )dV S -K S K SΔWT sign= − −                         (20) 

After developing, (20) takes the form 
4 4 4

2

1 1 1
V di i i i i i

i i i
k s k s w s

= = =

= − − − ∆∑ ∑ ∑                      (21) 

This can be bounded as 
4 4 4

2

1 1 1
V di i i i i i

i i i
k s k s w s

= = =

≤ − − + ∆∑ ∑ ∑                   (22) 

The inequality above leads to 

( )
4 4

2

1 1
V di i i i i

i i
k s k w s

= =

≤ − − − ∆∑ ∑                         (23) 

To make V negative definite, a suitable choice 
for ik  is: 

, 1..4i ik w i≥ ∆ =                                                (24) 

In this case,  
4

2

1
V di i

i
k s

=

≤ −∑                                                   (25) 

We know that there exists a centroid coefficient 

0bk > such that
4 4

2 2

1 1
di i b i

i i
k s k s

= =

=∑ ∑ , and (25) can be 

rewritten as: 
4

2

1
V b i

i
k s

=

≤ − ∑                                                    (26) 

So,  

V Vbk≤ −                                                          (27) 

This makes 

0 ( ) (0)V V bk tt e−≤ ≤                                            (28)                                                         

The expression (28) means that all electrical 
sizes are bounded and the tracking error S  
converges exponentially toward zero. 
 
4 Simulation and Interpretation 

In this section, we intend to simulate the 
operation of power AC transmission line equipped 
with UPFC. These simulations are carried out when 
the UPFC is driven by the proposed control law in 
the case of a HV interconnection 400 kV - 50 Hz of 
200 km long with a capacity of 800 MVA. This 
interconnection is assumed to link two stable 
electrical nodes characterized by the same amplitude 
voltages and a transmission phase angle δ of 10°. 
The UPFC impedances in Fig. 2 are given in Table 
1. The voltage and power ratings are 400 kV and 
1000 MVA, respectively. 

The STATCOM and SSSC are multilevel 
converters of five levels and which are controlled 
using a PWM technique with triangular carrier of 1 
kHz frequency.  

Table 1 The UPFC parameters (in p.u) 

ss LjR ω+         shsh LjR ω+       sese LjR ω+        Cω
1

 

0.058 0.630j+  0.025 0.625j+  0.012 0.004j+  0.004  

abcshV  

  

U
PFC

 
System

 

 ,
,

se se

C t

P Q
U V

 

Commands 

refX  
(15) 

STATCOM 

SSSC 

X  

abcseV  

S  U  (9) + - Filter 
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The main objectives of UPFC system are [24]:  
• Controlling real and reactive powers ( P , Q ) 

exchanged between the two nodes; 
• Maintaining the rms value of the shunt 

connection node tV  close to 400 kV;  
• Regulating DC link voltage CU to its 

reference value 40CrefU = kV. 
The simulations are started with initial conditions 
related to the considered interconnection (without 
UPFC) operating at the following steady-state: 

267P = MW, 62Q = − MVAr and 400s rV V= = kV. 

It should be noted that a low pass filter with a 
suitable cutoff frequency 300cf = Hz is necessarily 
placed after the sign function to reduce the 
chattering phenomena. 

For CSMC, the satisfying results are carried out 
with control coefficients imposed as follows: 

[ ]( )410 1 1 1 1K diag= , [ ]( )410 1 1 1 1K d diag=  

From Fig. 6, Fig. 7 and Fig. 8, it is obvious that 
the proposed Controller has allowed realizing the 
tracking references of the real and reactive powers 
with a good precision at the receiving end of the 
interconnection line. The same figures reveal 
similarly that the shunt node voltage tV is stabilized 
around its reference value with a maximum error of 
7%. 

 
Moreover, the injected voltage by the SSSC and 

the injected current by the STATCOM remain in the 
realistic range for the level rating of this considered 
power AC line. Noticing that the CSMC ensures 
good decoupling action between the control of real 
and reactive powers in perturbed case since the 
disturbance is rejected in 50 ms. 

 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.6 System response in ideal case (without parameter uncertainties) 
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Fig.7 System response with 40% parameters uncertainty 
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Fig.8 System response to a voltage sag of 60% at 1.5 s for 200 ms and 20% parameters uncertainty  
 

 
5 Conclusion 
The objective of this work is to synthesize a CSMC 
to drive an UPFC plant in order to control the real 
and reactive powers at the receiving end of the AC 
power line and to regulate the voltage at its 

interconnection node.  In this goal, a detailed model 
of UPFC plant has been developed in state-space 
which has been utilized in order to release a CSMC 
law. The simulations are carried out when the 
proposed control law is applied in the case of a HV 
interconnection 400 kV - 50 Hz of 200 km long 
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with a capacity of 800 MVA. The obtained results 
show that an absolute decoupled and bidirectional 
power flow are attained. In addition, the CSMC 
scheme is seen to be robust against parameters 
uncertainties, high frequencies due to PWM 
techniques and external AC voltage disturbances. 

The proposed approach has simple structure and 
quick performance in comparison with robust 
intelligent methods such as fuzzy sets, neural 
networks or genetic algorithms. Thus, the results 
validate the effectiveness of the scheme for the 
independent control of real and reactive power 
flows.  
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