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Abstract— The C-UPFC is an elegant FACTS device and 

consists of three voltage source inverters (VSI) with common 
DC link. One of the converters is connected in parallel at the 
midpoint of line and the other two converters are connected in 
series. This paper deals with design and evaluation of a novel 
nonlinear control scheme based on input output feedback 
linearization technique for improving power transmission line 
dynamics. The simulation results indicate that with proposed 
nonlinear control, the C-UPFC is capable of independently 
controlling the active and reactive power flows at the both ends 
of line and the magnitude of AC voltage at line mid point. 
Simultaneously keep the DC link voltage at constant value.  
 

Index Terms— FACTS, Nonlinear Control, C-UPFC, 
Feedback Linearization   
 

I. INTRODUCTION 

The increasing demand for electric power requires to 
increase the transmission capabilities. Under de-regulation, 
however, electric utilities are reluctant to build new 
transmission line for economic and environmental 
consideration. The system is operated in ways, which lead to 
maximum use of existing transmission facilities, and this is 
not achievable unless new devices are installed on the   
transmission line to ensure proper performance of power 
system [1-3]. In recent years, the advances in power 
electronics have led to the development of the Flexible AC 
transmission system (FACTS). FACTS is designed to 
enhance power system capability and its dynamic by using 
reliable and high speed electronic devices. In these devices, 
with the help of high power GTO devices, the cumbersome 
rotating synchronous condenser can be replaced by the 
solid-state synchronous voltage source (SVS) in power 
transmission applications. The SVS is similar to an ideal 
synchronous machine in which a balanced three-phase 
sinusoidal voltage, with controllable magnitude and phase 
angle, is generated at the desired fundamental frequency. 
When connected in shunt or in series with a transmission 
line, the SVS can internally generate inductive and 
capacitive reactive power. It can also generate or absorb real 
power if a real power source is connected at the dc-link.[4]-
[5]. 
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The UPFC is the most elegant device of FACTS 
controllers. Two back-to-back connected SVS systems with 
one SVS connected in shunt and the other in series with the 
transmission line produces what is known as a  
unified power flow controller (UPFC).The power circuit of a 
UPFC, (see Fig.1), is composed of an excitation transformer 
(ET), a boosting transformer (BT), Two three phase GTO 
based voltage source converters (VSC), and a DC link 
capacitor. It is clear that , , ,E B E Bm m δ δ  (the amplitude 
modulation ratios and phase angles of corresponding 
sources) act as the input control signals for UPFC [6]-[10]. 

In this topology, by using mentioned four control 
variables, it is possible to control the line active power flow, 
sending or receiving end reactive power and shunt converter 
AC bus voltage. Because of the limited number of control 
variables, the ordinary UPFC is not capable of controlling 
more than four variables in power transmission system, 
simultaneously. To overcome this problem, a new topology 
of UPFC has been developed in [11] and [12]. This new 
FACTS device is named center node UPFC (C-UPFC) 
installed at the midpoint of transmission line as shown in 
Fig. 2. 

Since C-UPFC is a new developed configuration of 
UPFC, the researches and control schemes designed for it 
are limited. It was first introduced in [11], with tow separate 
DC links, (one for shunt VSC and one for tow series VSCs), 
after that, [12] improve its configuration with using one DC 
link for all three VSCs. But just linear PI controllers are 
investigated and its scope is limited to steady state analysis. 
The last published paper about C-UPFC performance is [13] 
which investigate C-UPFC's transient model in transmission 
line and like previous papers linear control is applied in it. 
In this paper after state space modeling of C-UPFC in 
transmission line, nonlinear controller based on input-output 
feedback linearization, will be designed to ensure that under 
all operating conditions the performance of our controller is 
guaranteed. Indeed the superior capabilities of this device 
will be discussed. It will be shown that this device can 
control the active and reactive powers of sending and 
receiving ends and simultaneously can regulate the midpoint 
voltage magnitude and DC link voltage. 

 
 
 
 
 
 

Fig. 1: General configuration of UPFC 
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Fig. 2. General configuration of C-UPFC 

 
 At the first the dynamic equations of transmission system 

including the C-UPFC will be derived and state space 
modeling will be presented. Section two consists of some 
manipulations on state space equations. Then outputs of 
interest described in terms of state variables. At the next 
section the input-output feedback linearization technique 
will be briefly described and then applied on the proposed 
system. This section is followed by the proof of exponential 
convergence of outputs to their reference values. And finally 
in the last section, results of simulations will be compared 
with existing published researches and advantages of 
presented nonlinear MIMO controller over so far used 
controllers for C-UPFC will be clarified.                           

II. SYSTEM DYNAMIC 
 Fig.3 shows the transient model of C-UPFC in 

transmission line [13]. In which, the shL , _sr sL , _sr rL  and 

shR , _sr sR , _sr rR  represent leakage inductances of 
transformers and losses of inverters and transformers. By 
writing Kirchhoff's Voltage Law for three converters and 
transformation of resulting equations into d-q frame, three 
pair of differential equations are obtained which can be used 
as part of state space  modeling as below; 
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In which _ _, ,sr s sr r shN N N  represent the transformer ratio 
of three VSCs. The output voltages of three VSCs are 
appeared in the above relations. Based on [14] with some 
modification, It is possible to describe the output voltage of 
every VSC in terms of its control input as below; 
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Now the dynamic of DC link voltage must be calculated.  
According to [14], its dynamic is obtained with some 
modification to include the third series converter. Anyway 

after transforming into d-q frame, the DC link voltage 
dynamic is obtained as below [14]; 
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As stated earlier, in the C-UPFC control scheme, ac-bus 
voltage  control is one of our final objectives.  mV

 

 
Fig.3. Transient model of C-UPFC 

 
It is noticeable that in the presented control strategy it is 

assumed that   is aligned with the d-axes of mentioned d-
q frame. In addition the variation of load current is supposed 
to be negligible and voltage sources have constant values.  
With this assumptions, the dynamic equation for  is 
obtained as follows with reference to Fig.3. 

mV

mV
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III. STATE SPACE MODELING 
 After rearrangement of equations (1), (3), and (5) and 

taking  the ac currents of VCSs, DC link voltage, and ac bus 
voltage as state variables, the complete state space model is 
expressed as follows; 

 

ˆ( ) ( , )x F x B x u= +   (6) 
In which; 
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And; 

By taking i
i
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N
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the six objectives of proposed control scheme are specified. 
They include sending and receiving active and reactive  

It is obvious that the state space model is non-affine. 
Because it is much more comfortable to deal with an affine 
model, with some modification on inputs the system can be 
presented in an affine model as follows; 

power, midpoint ac voltage and DC link voltage. Thus 
output vector is established as follows; 
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In the following by writing outputs in terms of state 
variables, the state space modeling is completed. 
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Thus by using above transformation, the resulting affine 

model is as below; 
 

( ) ( )x F x B x u= +   (8)  (11)  
 

In which ( )B x  is a 8  matrix whose nonzero elements 
are listed below; 
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And hereby the complete state space model is ready to apply 
the proposed nonlinear control on it in the next section. 

 

IV.  NONLINEAR CONTROL DESIGN 
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  A.  A brief review of feedback linearization Scheme  
A brief review of nonlinear control using feedback 

linearization is presented here. Without loss of generality, 
the following MIMO (multi input and multi output) system 
is considered. 
 

( ) ( )

( )

x f x b x u

y h x

= +

=
  (12) 

84 7
_

( )
(1 )_ _ _

L Ns sr s
B x x

L K N Lsr s sr s sr s s

ω
=

+
 (9)  

 
Where x  is a n dimensional state vector,  

represents the Control inputs, y stands for dimensional 
output vector,

( )lu ∈

l
f and are smooth vector fields, and  is a 

smooth scalar function. The input–output linearization of the 
above MIMO system is achieved by differentiating y of the 

b h 
In this step by using the important advantage of C-UPFC 

which is the ability of controlling more than four outputs,  
 

Proceedings of the International MultiConference of Engineers and Computer Scientists 2009 Vol II
IMECS 2009, March 18 - 20, 2009, Hong Kong

ISBN: 978-988-17012-7-5 IMECS 2009



  
 

l

system until the inputs appear explicitly. Thus, by 
differentiating Eq. (11), 
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Where ( )M x  and ( )L x  are expressed by 
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( )M x  is called as the decoupling matrix for the MIMO 

system. If ( )M x is nonsingular, then the control can be 
obtained as: 
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Where [ is the new set of inputs defined by 
the designer. The resultant dynamics of the system with new 
control is easily obtained by substitution of Eq. (18) into 
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Eq. (15) and is given by 
 

1( )
1 1

( )l

r

r
ll

y v

vy

=

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦

  (19) 

 
It is readily noticed that the input–output relation in 

Eq.(19) is decoupled and linear. Thus linear control scheme 
can be used to control the literalized system. 

B.   C-UPFC Nonlinear Control Design 
For applying input output feedback linearization scheme 

on the resultant system in the section III, it is needed to 
differentiate from outputs as described above. 
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And the nonzero elements of ( )M x  are:  
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In which  6 ( )M x  represents the sixth row of ( )M x . 
It is readily specified from Eq.(20) that the relative degree of 
all outputs is one. Now it is just remained to obtain 
nonlinear control through input output feedback 
linearization as below; 
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1 ( )( ( ))u M x v L x−= −   (23) 
 

By applying Eq.(23) in Eq.(20) the resultant linear 
relation between input and output vector is generated as 
follows; 
 

y v=   (24) 
 

In which v , is the new input vector and is determined such 
that exponentially convergence of error signals to zero is 
guaranteed. To achieve this goal,  is defined as v
 

( )ref refv y y e y= − = +   (25) 

refe y y= −   (26) 
 

Substituting Eq.(25) and Eq.(25) in Eq.(24)  lead to  
 

0e e+ =   (27) 
 

   It is clear that the error signal, , is exponentially 
convergent to zero. Even it is possible to increase the 
convergence rate of error by some modification applied on 

as bellow; 

e

v
  

( )ref refv y y Ke y= − = +   (28) 
 

That leads to 
 

0e Ke+ =   (29) 
 

In which K  is a proportional matrix gain and is 
determined by assigning desired poles on the left-half s-
plane. Thus, asymptotic tracking control to the reference 
with the desired convergence rate can be achieved. 

At the next section the simulation results are compared 
with just linear controller and the superior advantages of 
nonlinear control like as fast and exponentially convergence 
of outputs even in affront of fast changing reference values, 
are clarified. 

 

V. SIMULATION RESULTS 
The proposed nonlinear control scheme for C-UPFC is 

evaluated by computer simulation in 
MATLAB/SIMULINK. The values of parameters used in 
simulations are listed below, in the tables. In Table.1 the 
machine parameters including nominal voltage and power, 
impedance and phase are illustrated. 
 
Table1. Machines Parameters Value   

 
It is noticeable that in table.1, the line impedance is included 
in machine impedance in per unit. 
In table.2, each VSC’s parameters consisting of leakage 
inductance, resistor and turn ratio of corresponding 
transformer are illustrated. Also the capacitance, C ,is set to 
1250 Fμ  in simulations.  
 
                                                 

* Sum of line and machine impedances 

 
Table 2. Three VSC’s Parameters Value 

Parameters 
Machine  

N  
 (Trans. Ratio) 

R 
(pu) 

Lw 
(pu) 

Series_s  Converter 1000 0.015 0.15 

Shunt Converter 0.001 0.04 0.12 

Series_r Converter 1000 0.015 0.15 
 
By simulating in SIMULINK the below results were 
achieved; 
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Fig. 4. Reference and actual values of sending machine active and 
reactive power 
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Fig. 5. Line midpoint ac voltage regulation 

Parameter   
Machine  

V 
(KV) MVA R+jLw 

*(pu) 
Phase 
(deg) 

Machine 1 
(Sending Side) 240 800 .0066+ 

j0.04 0 

Machine 2 
(Receiving Side) 240 800 .0066+ 

j0.04 -10 
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Fig. 6. . Reference and actual values of receiving machine active 
and reactive power 
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Fig.4-7 illustrate superior performance of feedback 

linearization scheme in asymptotically tracking of reference 
Signals. As is obvious in mentioned figures, each of outputs 
only needs a very short time(less than 0.2 second) to cope 
with the sudden change of their reference signal and settle 
on the references values. In Fig 5. it is illustrated that even 
in worst case in which three phase ground fault is occurred, 
the proposed nonlinear control, have the powerful ability to 
compensate it almost as soon as the faulty condition 
vanishes. In other word, in the post fault condition the 
proposed nonlinear control scheme exhibits a superior 

compensating function. At the last it is worth to say such a 
fast, and exponential convergent performance that in 
addition has a good transient response could never be 
achieved with any linear control. Meanwhile the 
independent operating point performance of the proposed 
nonlinear control is clearly illustrated in Fig. 5 in which a 
large disturbance terribly changes the operating condition of 
system.   

VI. CONCLUSION 
In this paper the state space modeling and nonlinear 

control design of C-UPFC as an elegant FACTS device are 
presented. It was shown that with proposed nonlinear 
control scheme, independent of operating point, C-UPFC 
can easily regulate and compensate line active and reactive 
power flows and DC link and magnitude of load bus ac 
voltage especially in transient modes in which linear control 
have many problems. Meanwhile the superior capability of 
C-UPFC for control more than four variables in power line 
system as an advantage in compare with UPFC was 
clarified. It was shown in the simulations results that the 
proposed nonlinear MIMO controller with the help of state 
space modeling, considerably improve the dynamic of 
response and exhibit almost full tracking, even for step 
changing in the active and reactive power, in compare with 
past published researches on power transmission system 
including C-UPFC.   
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