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Abstract. Th is paper establishes the non-linear dynamic mathematical model of the vector-

current controlled unified power flow controller (UPFC) and the linearized  model of the UPFC 

is derived in detail afterwards for the analysis of dynamic performance stability. Then, the 

paper carries out deep investigations on the comparison and analysis for the above two  control 

strategies applied to the UPFC in the aspects of dynamic interaction and auxiliary damping  

effect. The relative gain array (RGA) method is used to assess the dynamic interactions among 

the mult iple control functions of the UPFC, and damping torque analysis (DTA) method is 

used to compare the damping performance of the UPFC auxiliary damping controller. The 

results of quantitative comparison by RGA and DTA analysis show that the vector-current 

controlled UPFC exhib its better decoupling characteristic among mult iple control lo ops, while 

the power-angle controlled UPFC exhibits better auxiliary damping performance. Conclusions 

are further validated by the non-linear simulation results via a two-area four-machine system. 

1 Introduction  
Vector-current control and power-angle control are the two typical control strategies of voltage source 
converter (VSC) that have been mostly investigated. The UPFC, consisting of two VSCs, is a 
multiple-functional FACTS controller which has the primary duty to control the power flow while has 
secondary functions of voltage regulation and oscillation damping etc. [1-2]. For small signal stability 
analysis, such as electromechanical oscillation and dynamic interaction, published researches have 
mainly focused on power-angle controlled UPFC [3-5]. Vector-current control strategy is adopted in 
the UPFC in China [6] and there is a potential risk of dynamic interactions among the UPFC, which 
may bring negative effects to the UPFC control and operation.  

This paper establishes the non-linear dynamic mathematical model of the vector-current controlled 
UPFC and the linearized model of the UPFC is derived afterwards. Then, the paper carries out 
comprehensive comparisons between the above two control strategies adopted to the UPFC. Based on 
the derived model, dynamic interactions among the multiple control functions of the UPFC are 
investigated by use of the method of the relative gain array (RGA) [7-9]. Besides, damping torque 
analysis (DTA) method [10-12] is used to compare the auxiliary damping performance of the UPFC. 
Conclusions of the comparison and analysis are further validated by the non-linear simulation.  
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2 Dynamic mathematical model and control strategy 

2.1 Non-linear model and linearized model of the vector-current controlled UPFC 
Without loss of generality, a UPFC is assumed to be installed in a multi-machine power system 
between node 1 and node 2. The UPFC consists of an excitation transformer (ET), a boosting 
transformer (BT), two VSCs and a DC link capacitor, which are shown in Figure 1. 
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Figure1. The multi-machine power system with UPFC installed 

The non-linear dynamic equations of the vector-current controlled UPFC can be derived as follows: 
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 (1) 

By taking the direction of 
1V in Figure 2 as the d axis reference direction of the d-q coordinate system 

of the UPFC, the transformation equation of the vector F  between d-q coordinate system and x-y 
coordinate system can be can be expressed in the equation (2). 
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Substituting the linearized form of equation (2) into equation (1), the following equation can be 
obtained. 
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2.2 Principle of vector-current control strategy 
The series part of the UPFC can control the active and reactive power flow on the transmission line 
while the shunt part of the UPFC can regulate the voltage of the connecting node. Thus, the principle 
of the vector-current control strategy of the UPFC is shown in Figure 3. 
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Figure3. Control strategy of vector-controlled UPFC 

3 Two Quantitative comparison methods 

3.1 Dynamic interaction analysis of UPFC controllers based on RGA method  

A relative gain ij  for an input–output control pair i jy u  is defined as the ratio between the un-

controlled gain and controlled gain [7]. If there exists an element ij  in RGA is close to 1, it can be 

concluded that the interactions are relatively weak; otherwise the interactions are relatively strong.  
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The linearized differential equations of the multi-machine power system with a UPFC installed can 
be written as: 

    

    

X A X B U

Y C X D U
                                                                 (5) 

where X is the vector of state variables, including generators and UPFC;U  is the vector of control 
variables; Y  is the vector of eliminate algebra variable. 

By transforming equation (5) into frequency domain, transfer functions equation (6) can be gained. 

1( ) ( ) / ( ) [ ( ) ]s s s s    G Y U C I A B D                                                      (6) 

RGA can be calculated by using equation (7) in a square array 
1

RGA ( (0)) (0) ( (0) )T R G G G                                                     (7) 

where symbol is product of corresponding elements in two arrays under steady state, (0)G is the 

steady state value of the corresponding transfer function array ( )sG . 

The simplified introduction of the power-angle controlled UPFC is shown in [3-5], The RGA 
matrixes are shown as follows 
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3.2 Auxiliary damping analysis of UPFC stabilizers based on DTA method 
Auxiliary damping controllers are superposed upon the main control loops so as to damp low 
frequency oscillation. Without loss of generality, A UPFC with one auxiliary damping controller is 
shown in Figure 4. 
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Figure4. Block diagram of auxiliary damping controller equipped on UPFC 

When PI controllers of the UPFC are put into service and auxiliary damping signals are imported, 
the linearized equations of the system can be written as:  

   X A X E S                                                                         (9) 

where X  is the vector of state variables including generators and the UPFC, S is the additional 
input signal of the UPFC. 
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According to DTA theory [10-12], for the thi  oscillation mode
i , the damping torque provided by 

the damping controller (s)G to the electromechanical oscillation loop of thj  generator is:  

Δ Re[ ( ) ( ) ( )]Δ =Re[ ( )]Δ Δ , =1, 2, , Nij j i j i i j ij ij i j ij jT F G H G D j                          (10) 

where
ijD is the damping torque coefficient; 

j is the angular velocity of the thj  generator;
jF  is the 

forward channel transfer function from S  to the electromechanical oscillation loop of the thj  

generator.  
Define the DTA index as: 

N
i

j=1i

Δλ
DTA = =

ΔG(λ )
ij ij ijS H                                                     (11) 

where
ijS is the sensitivity coefficient[12]. 

The index is the sensitivity of oscillation mode
i to the additional damping controller (s)G and it 

can be used for assessing the auxiliary damping effect of UPFC stabilizers under two control strategies. 

4 Simulation results 
In order to effectively distinguish the dynamic interactions and auxiliary damping effects between the 
two kinds of control strategies, a two-area four-machine system is used in the paper, shown in Figure 5, 
and the system parameters are listed in [13]. The UPFC is installed in the transmission line between 

bus12 and bus13, and its initial per-unit values are: 2.0tP  , 0.2tQ  ,
1 1dcV V  . 
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Figure 5. Four-machine power system with a UPFC 

4.1 Dynamic interaction comparison and analysis 
The calculation results of RGA array are shown in Table 1.As shown in Table 1, secondary diagonal 

elements 12  and 21  of RGA with different control strategy are close to 1. By the interaction analysis 

on SVG [9], if secondary diagonal elements of RGA are close to 1, it can be concluded that multiple 
control functions are well performed. Thus, interaction between the shunt controllers of the UPFC 
which can be regarded as a SVG is weak. Meanwhile, from Table 1 it can also be noted that diagonal 

elements 33 and 44 of RGA with vector-current control strategy are close to 1, but the ones with 

power-angle control strategy are greater negative. Thus, it can be concluded that dynamic interaction 
between the series controllers of the UPFC under vector-current control is weak, while the ones under 
power-angle control is strong.  

Table 1. RGA array corresponding to different control strategy 

Control strategy Vector-current control Power-angle control 
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Figure 6 shows the results of step response of the multiple controllers equipped in the UPFC. In the 

simulation, the reference value of parallel bus voltage increases by 2% at 1.0s. The simulation curve of 
the vector-current controlled UPFC recovers to the steady state in a shorter time than the power-angle 
controlled UPFC, which means that the structure of inner-current loop is helpful to system dynamic 
stability. However, the amplitudes of UPFC series control loops under power-angle control oscillate 
heavily. So it can be concluded that the vector-current controlled UPFC exhibits better decoupling 
performance among multiple control loops than the power-angle controlled UPFC, which validates the 
analysis of RGA shown in Table 1. 
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Figure 6. Step response of the UPFC 

4.2 Auxiliary damping effects comparison and analysis 

The four-machine system has an inter-area oscillation with weak damping mode 0.06 2.92j   , 

which is chosen for DTA analysis. The calculation results of DTA index are shown in Table 2. 

Table 2. DTA index corresponding to different control strategy 

Control strategy Auxiliary controller channel DTA index 

Power-angle control 

em V  7.421 

dce V   6.427 

bm Q  3.805 

b P   0.152 

Vector-current control bdV Q  3.125 
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bqV P  2.953 

eqV V  2.437 

ed dcV V  1.474 

From Table 2 it can be seen that the DTA magnitude of auxiliary controller channel under power-

angle control is more than that under vector-current control except for 
b P  channel. 

Figure 7 shows the non-linear simulations of the auxiliary damping effects of UPFC with two control 
strategies respectively. Without auxiliary damping controllers, the swing amplitude curve of generator 
angle difference shown in Fig.7(a) is less than that shown in Fig.7(b), it can be understood that the 
structure of inner-current loop of vector-current controlled UPFC improves system stability. However, 
it can be also seen that the power-angle controlled UPFC has much more auxiliary damping effects on 
the oscillation mode than the vector-current controlled UPFC, which verifies the correctness of the 
DTA analysis.  
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7(a) vector-current control strategy                                   7(b) power-angle control strategy 

Figure 7. Generator angle difference 

5 Conclusion 
This paper establishes the non-linear dynamic model of the vector-current controlled UPFC and the 
linearized model of the UPFC is derived afterwards. Based on the derived linearized model, the 
comprehensive comparisons, dynamic interaction and auxiliary damping effect, between the vector-
current control strategy and power-angle control strategy are carried out by the RGA and the DTA 
method respectively. Conclusions are listed as follows: 
(1) For the dynamic interaction, the vector-current controlled UPFC exhibits better decoupling 
characteristic among multiple controllers than the power-angle controlled UPFC.  
(2) For the auxiliary damping effect, the power-angle controlled UPFC exhibits better auxiliary 
damping performance on the damping of electromechanical oscillation modes than the vector-current 
controlled UPFC. 
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