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Abstract– After a disturbance occurrence, fast damping of power oscillations is essential to reduce 
the risk of instability and thus increase the power transfer capacity of transmission systems. 
Recently, the Static Series Synchronous Compensator (SSSC) has justified its ability to improve 
power oscillation damping. Due to substantial interactions among the SSSC damping control loops 
and the power system variables, the use of conventional Single-Input Single-Output (SISO) control 
approaches results in a poor damping performance. In this paper, these interactions are taken into 
consideration, and a power system equipped with an SSSC is modeled as a multivariable system. 
The impact of the SSSC’s dc voltage dynamic is also considered in the modeling. The power 
system equipped with an SSSC is multivariable with effective interactions among its variables. 
Traditional SISO control design techniques do not take into consideration these interactions and 
therefore cannot provide adequate damping over a wide range of operating conditions. Based on 
this developed multivariable modeling, a multivariable controller is proposed to improve power 
oscillation damping while keeping the dc-link voltage regulated. Simulation results verify the 
validity of the proposed modeling and control and show that the proposed approach can 
successfully damp out power system oscillations. Further simulation results show that the 
proposed controller provides a superior performance and a better robustness when compared to 
conventional SISO controllers.            

 
Keywords– Power oscillation damping, SSSC, multivariable control, FACTS controllers  
 

1. INTRODUCTION 
 

Power oscillations are a common dynamic phenomenon which can affect a power system, partially or 
totally, after it has been subjected to a disturbance. Power oscillations, particularly in weak or long 
transmission lines, push the power system toward instability. To establish a reliable and secure power 
system, a large amount of the power transmission capacity is left unused as a power system stability 
margin. In other words, power system stability is achieved at the cost of excessive, but unused power 
transmission capability. An alternative to such a costly solution is to rapidly diminish the power 
oscillations by increasing the power system damping [1], [3]. Damping improvement is usually achieved 
by use of the Power System Stabilizer (PSS) [1], [2]. A traditional PSS, however, is a local compensating 
device and cannot damp out all oscillation modes. Nowadays, series FACTS controllers demonstrate 
superior and competitive features to improve Power Oscillation Damping (POD) [4]-[6]. Among these 
advanced solid-state series controllers are Thyristor Controlled Series Compensator (TCSC) [7]-[8] and 
Static Synchronous Series Compensator (SSSC) [9]-[11]. 

The SSSC, first initiated by Gyugyi et al. [12], injects a nearly sinusoidal and controllable voltage in 
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series with the transmission line. The main part of the SSSC is a Voltage Source Inverter (VSI) supplied 
by a dc-link capacitor. The injected voltage is perpendicular to the line current, and therefore emulates an 
inductive or a capacitive reactance in series with the transmission line, and influences the electric power 
flow in the line. The SSSC can improve POD by intelligent modulating of series reactive power 
compensation, and by absorbing the real power from or injecting it to the transmission line by means of its 
dc-link capacitor [13]. To achieve complete and acceptable damping performances, the series injected 
output voltage of the SSSC must be controlled quickly and accurately. In addition, the SSSC’s dc-link 
voltage should be adjusted to allow VSI to work properly.  

Control issues of the SSSC have been addressed by a number of individual researchers. In [14], two 
traditionally designed Single-Input Single-Output (SISO) PI controllers were employed to control the real 
and the reactive power flowing through a transmission line. In [9] the damping function of the SSSC, 
based on the linearized Phillips-Heffron model and SISO control structures, has been presented. In [10], 
an inverter-based series compensator was presented to damp power oscillation in a Single-Machine 
Infinite-Bus (SMIB) transmission system. In [10] a real-time simulation is used to adjust the coefficients 
of conventional PI controllers based on the linear model proposed in [11]. In the above mentioned 
research works, SISO controllers were traditionally designed using the classical control theory such as 
eigenvalue/eigenvector analysis, and root locus. In the SISO controller structures, the dynamic interactions 
among control loops are neglected. Thus, SISO controllers have not provided adequate damping over a 
wide range of operating condition variations [15], [16]. In addition, in most of these articles the dc link 
voltage dynamic is ignored. This could turn into a serious problem, especially when the compensator 
exchanges active power with the transmission system. In [15] a Multi-Input Multi-Output (MIMO) 
controller is designed to control the flow of power in a transmission line equipped by an SSSC.  

In this paper, a multi-functional SSSC is employed to improve the power oscillation damping in a 
SMIB power system. Considerable interactions among the SSSC control variables and power system 
variables are taken into consideration, and the dc-link voltage dynamic is not ignored. For the sake of 
clarity and for better understanding of the proposed control approach, and without limiting the generality, 
the power system is referred by a simple SMIB model. Accordingly, a multivariable model for the SMIB 
power system equipped with an SSSC is developed, and a multivariable controller is designed. The 
proposed multivariable controller design is based on the diagonal dominance approach, also called the 
Parameterized Pre-Compensator technique. A change in the power demand usually causes 
electromechanical and power oscillations. Thus, in this paper, the disturbance is modeled by a step change 
in the mechanical input torque of the generator. Simulations are carried out in PSCAD/EMTDC. 
Simulation results verify the validity of the proposed MIMO controller and its excellent performance in 
improving power oscillation damping, as well as adjusting the dc-link voltage. To show the superiority of 
the proposed MIMO controller over the conventional SISO controllers, simulation results from both 
techniques are compared. Also, it is shown that the proposed MIMO controller considerably increases the 
system robustness when compared to its SISO counterpart controllers. 
 

2. SSSC MODELING 
 
Figure 1 shows a single line diagram of an SMIB power system equipped with a Static Series 
Synchronous Compensator (SSSC). The SSSC injects a series controlled voltage, pqV , into the 
transmission line. The magnitude and the phase angle of this voltage can be controlled to achieve better 
system capacity and performance. As shown in Fig. 1, the SSSC consists of a Voltage Source Inverter 
(VSI), a dc-link capacitor, and a series transformer.  

The SSSC is modeled by a loss-less VSI, an ideal transformer, a dc-link capacitor, and a shunt 
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resistor, pr , representing all power losses including inverter switches and conduction losses, and the 
electrical and magnetic losses of the transformer. The transmission line is modeled by a lumped 
inductance in series with a resistance representing the line losses, and the generator is modeled by means 
of a simplified second order dynamic equation [1]. 

 

 
Fig. 1. An SSSC installed in a SMIB three-phase transmission system 

 
By means of the time varying p-q transformation given in (1) 
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‘abc’ quantities are transferred to a ‘pq0’ frame.  The p-axis is always coincident with the instantaneous 
generator internal phase voltage, and the q-axis in quadrature with it. Figure 2 shows the voltage and 
current vectors when transferred to the p-q reference frame. Voltage harmonics are neglected in this 
diagram. The output voltage of the SSSC is shown in Fig. 2 for both capacitive and inductive modes. 
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Fig. 2. The phasor diagram of the output voltage of the SSSC for both capacitive and inductive modes 

 
Dynamic equations governing the behavior of the system in a per unit system are obtained and given 

by (2) 
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where variables and parameters are defined as follows (all in p.u., except where indicated): 

 
L

i : Line current.  

pi : Component of the line current coincident with the p-axis.  

qi : Component of the line current coincident with the q-axis. 

dcV : SSSC’s dc-link voltage.  
δ : Power angle in rad . 
ω : Rotor angular speed. 

sω : Synchronous angular frequency in srad / . 
1ω : ωω ×s .   

r : Line equivalent resistance.  
ex : Total inductance of the transmission system.  
cx : DC-link reactance.  
pr : Fictitious resistance representing the inverter losses.  

E′ : Generator phase e.m.f behind the transient reactance. 
sV : Generator terminal voltage. 

rqrp vv ,

: 
Components of the infinite-bus voltage in coincident with the p-axis and q-axis respectively. 

pqV : SSSC injected series voltage.  

qp vv , : Components of pqV  in coincident with the p-axis and q-axis respectively. 

mT : Input mechanical torque. 
eT : Electromagnetic torque. 

M : Generator’s moment of inertia. 
D : Rotational damping. 
k : Ratio of the fundamental output voltage peak to the dc  voltage of the SSSC. 
α : Angle deviation of the VSI output voltage measured from its ideal form that is perpendicular 

to the line current. 
Ideally, the injected voltage, pqV , is perpendicular to the line current. However, to compensate for the 

inverter losses and to keep the dc voltage constant, the injected voltage is slightly shifted from its ideal 
quadrature form. By using Fig. 2, components of the injected voltage, pv  and qv , are obtained in the 
capacitive and the inductive modes separately. They are given in the capacitive mode by (3):  
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and in the inductive mode by (4):  
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where k  is the ratio of the fundamental output voltage peak to the dc voltage of the SSSC, and is 
proportional to the modulation index of the PWM inverter. α  is the angle deviation of the inverter’s 
output voltage measured from its ideal form that is perpendicular to the line current, and )(tan 1

p

q

i
i−−=β  is 

the phase angle of the line current.  
The infinite-bus voltage coincident with the p-axis, rpv , and the q-axis, rqv , are obtained easily as: 
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To analyze the impact of the dc-link voltage on the SSSC performances, the dynamic of the dc-link 
voltage should also be considered. Since the total loss of the SSSC is represented by pr , the VSI in Fig. 1 
is ideal, and the average power at the dc and ac terminals of such an ideal inverter are equal. That means 

aveacavedc PP __ = . The average active power in the ac side of the inverter in terms of the ‘pq0’ variables is 
given by (6) 
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By substitution of (3) or (4) in (6) and some mathematical calculations, aveacP _  is obtained as:  
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Since aveacavedc PP __ = , by using dcdcavedc iVP =_  and (7) the following expression is achieved as: 

 

αsin
2
3 22 kiii qpdc +=

 
(8)

 
Also, the dc side voltage dynamic in per unit base is given by 
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Substituting dci  from (8) into (9) gives the dynamic equation of the dc-link voltage as: 
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Equations (2) and (10) give the mathematical model of an SMIB power system equipped with an 

SSSC. This model is represented by a standard multivariable nonlinear dynamic system equation given by 
(11) 
 

),( pwmuxfx =&  (11)

where T
dcqp

T Viixxxxxx ],,,,[],,,,[ 54321 δω== ,  and T
pwm ku ],[ α= . 

 
To design a controller for power oscillation damping improvement and the dc-link voltage 

adjustment, the output of the system is defined as: 
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ω=4x  is the rotor angular speed (in p.u.), in which deviation from its nominal value (1 p.u.) alerts the 

existence of low frequency power oscillations [1], and dcVx =3  is the dc-link voltage. The dc-link can 
exchange active power with the power transmission line, and therefore can improve power oscillation 
damping. 

To obtain a linear multivariable model, the nonlinear model specified in (11) is linearized at a stable 
operating point. The parameters of the power system, as well as the operating point, 1oX , used in this 
paper, are given in the appendix. The linearized multivariable system is calculated and obtained as: 
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It can easily be shown that the controllability matrix, ][ 432 BABABAABB , is a full rank matrix and the 
pair (A, B) is controllable [17]. Thus, there exist control signals, k  and α , which can steer the system 
from any initial state to any desired final state in a finite time interval. 
 

3. MULTIVARIABLE CONTROLLER DESIGN 
 
In this section, a multivariable PI controller based on a diagonal dominance approach, called 
Parameterized Pre- Compensator [18], is proposed. It will be demonstrated that a unified MIMO controller 
can successfully be designed for the SSSC to improve power oscillation damping in addition to regulating 
the dc-link voltage. The block diagram of the multivariable controller for the SSSC installed in the power 
system is shown in Fig. 3. 
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               Fig. 3. MIMO control system block diagram 

 
The multivariable PI control law is presented by 
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Parameters of the multivariable PI controller can be set by means of standard design methods for 
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multivariable control systems. In this research a method based on the parameterized pre-compensation 
approach is applied. 

The parameterized pre-compensation is a MIMI controller design method that minimizes the 
interactions between input-output pairs of multivariable systems [18]. The column dominance measure is a 
means to specify interactions in a multivariable system, and is defined for the thj  column of a system 
transfer function as: 
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where nmCjQ ×∈)( ω  is the open loop transfer function of the system. 

Consider a typical feedback control system shown in Fig. 4. By means of a parameterized pre-
compensation approach, the controller, K(s) , should be designed in such a way that the column 
dominance measure of the compensated system, G(s)K(s)  Q(s) = , is minimized. The stability of the 
compensated system is guaranteed by dominance theorems [18]. In addition, satisfactory performance of 
the system can be achieved by selecting a proper structure for K(s) . In this research work, K(s)  is a 
MIMO PI controller with a control law defined by (14). The matrix transfer function of the power system 
equipped with the SSSC is derived from (13) and given by (16). 
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where RG  and IG  are the real and the imaginary parts of )( ωjG , respectively. The real and the imaginary 
part of the modified system, )( ωjG , are defined in (18): 
 

42)](1,)([)( ×∈= CjGjGjG IRR ω
ω

ωω , and 42)](1,)([)( ×∈−= CjGjGjG RII ω
ω
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and the modified controller is 24],[ ×∈= RKKK T

Ip . 

By means of Eqs. (17) and (18), the problem of finding 22CK(s) ×∈  for the system )(sG  is cut down 
to finding 24×∈ RK  for the modified system )(sG . The thj column dominance measure of the 
compensated system, (s)K(s)G  Q(s) = , is defined by 
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where ig  is the row vector of G  and jk  is the column vector of K . 

Equation (19) shows that the thj  column dominance measure of Q(s)  depends only on the thj  
column of K . Therefore, the minimization measures of finding K  are reduced to some simpler 
minimization steps. In such simplified procedures, each step only involves finding one column of K . The 
minimization measure of finding a column vector jk  is given by 
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The set S  represents the various constraints on K . Particularly, in the MIMO controller given in (15), all 
components of PK  and IK  should be positive. The min-max problem, jP , can be solved using well-
known methods such as linearly constrained min-max optimization [19]. In this paper, an indirect method 
based on the feasible set [18] is used to solve the optimization problem, jP . By solving the optimization 
problem given by (20) for 2,1, =jPj , K  is calculated and then PK  and IK  are obtained 
 

⎥
⎦

⎤
⎢
⎣

⎡
=

5.280.0
2.1718.0

PK , and ⎥
⎦

⎤
⎢
⎣

⎡
=

01.000.0
0.5016005.0

IK  (21)

 
4. SISO CONTROLLER DESIGN 

 
To compare the performance and robustness of the proposed MIMO controller with those of the 
conventional SISO control structures, in this section two separate standard Single-Input Single-Output 
(SISO) PI controllers are designed. The block diagram of the SISO controllers is shown in Fig. 5. Two PI 
controllers, one for damping the power oscillation and the other for regulation of the dc voltage, are used.  

The controllers’ dynamics are given by 
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PI Controllers are adjusted by means of a PI standard tuning method [20]. Parameters of PI controllers are 
calculated at the operating point, 1oX , given in the appendix. The calculated controllers’ gains are 

15.0=ωpK , 002.0=ωiK , 0.15=pdcK , and 4.0=idcK .  
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     Fig. 5. SISO control system block diagram 

 
5. SIMULATION RESULTS 

 
Real time simulations are carried out in a PSCAD/EMTDC environment. A 600 MVA synchronous 
generator is connected to a 230 kV three-phase ac transmission line via a ∆/Y  transformer. The SSSC is 
built by a 60 MVA power converter. The power converter is connected in series at the sending end of a 

www.SID.ir



Arc
hi

ve
 o

f S
ID

An advanced robust MIMO SSSC control… 
 

December 2006                                                                         Iranian Journal of Science & Technology, Volume 30, Number B6 

675

transmission line by a Y/∆  transformer. The dc-link voltage is set to be 40 kV at steady state operation. 
The proposed parameterized pre-compensator MIMO PI controller is used to simultaneously damp power 
oscillation and adjust the dc-link voltage after a disturbance has arisen. Their alternatives, SISO PI 
controllers that were designed in the previous section, are also simulated to show the superiority of the 
MIMO controller performance. Disturbance is realized by applying a step change in the generator 
mechanical input torque. Simulation results performed in PSCAD for both MIMO and SISO controllers 
are depicted in Figs. 6-12.  
 

      
a) Active power when the MIMO controller is used                b) Active power when the SISO controller is used 

 
Fig. 6. The active power transmitted through the line 

 

           
a) Rotor angular speed when the MIMO controller is used                   b) Rotor angular speed when the SISO controller is used 

 
Fig. 7. The rotor angular speed  

 

             
a) Power angle when the MIMO controller is used            b) Power angle when the SISO controller is used 

 
Fig. 8. The power angle in degrees 

 

        
a) DC link voltage when the MIMO controller is used                    b) DC link voltage when the SISO controller is used 

 
Fig. 9. The dc-link voltage of the SSSC 
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a) The ratio of the ac output peak voltage to the dc voltage of the SSSC       b) The angle deviation of the VSI output voltage 

 
Fig. 10. Control signals k  and α  when the proposed MIMO controller is used 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In all figures, the horizontal axes depicts time (in seconds), and the vertical axes show per unit values, 
per-unitized based on the phase nominal variables, except those that are indicated.  
 
a) Step change in the generator input torque 
 

The proposed MIMO controller and its counterpart SISO controller, which are designed in previous 
sections for the operating point, 1oX  given in the appendix, are separately employed to control the SSSC 
and to improve power oscillation damping. At sec3=t , a step change is applied to the generator input 
torque and consequential simulation results are obtained for both controllers.  

Figure 6 shows the step responses of the active power transmitted through the line for both 
controllers. It can be seen that the proposed MIMO controller significantly improves the power oscillation 
damping in comparison with the SISO controller. The MIMO controller diminished the overshoot from 
50% in the SISO controller response, to 25%. The smaller overshoot in the power transmitted response 

              
 

a) The active power transmitted from the line  
achieved by MIMO controller 

b) The rotor angular speed achieved by MIMO controller 
 

 

          
  

c) The power angle in degrees achieved by MIMO controller 
 

d) The dc-link voltage of the SSSC achieved  
by MIMO controller 

 Fig. 11. Simulation results achieved by means of proposed MIMO controller when 
 the operating point is changed 
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justifies the use of a smaller stability margin. Therefore, the transmission capacity can be increased 
securely.  

 

    
 

a) The active power transmitted from the line 
 obtained by SISO controller 

b) The rotor angular speed obtained 
 by SISO controller 

 

     
c) The power angle in degrees obtained by SISO controller       d) The dc-link voltage of the SSSC obtained by SISO controller  

Fig. 12. Simulation results obtained by means of SISO controllers when the operating point is changed 
 

Figure 7 demonstrates the generator angular speed for both the MIMO and SISO controllers. However 
both controllers can keep the generator angular speed at ..1 up=ω , and after a deviation, the proposed 
MIMO controller illustrates faster and better performance, as well as smaller deviation from its nominal 
value.  

The power angle is shown in Fig. 8. It can be seen that the MIMO controller effectively damps the 
power angle oscillations and reduces the overshoot to 7.0%. The overshoot is about 36.3% when the SISO 
controllers are used. Actually, the power angle represents the rotor angular position of the generator. 
Effective and fast damping performance achieved by the proposed MIMO controller decreases the risk of 
the generator instability.   

Figure 9 shows the dc-link voltage in two cases. Both MIMO and SISO controllers regulate the dc-
link voltage, however the SISO controller creates a steady state error to reach .).(22500.0_ upV refdc =  
shown in Fig. 9b. The SISO PI controller is designed to achieve the zero steady state error when no 
interaction among the control loops is assumed. This incorrect assumption causes a deviation in the 
simulated results. In the proposed multivariable controller design, however, these interactions are taken 
into consideration, and thus the dc-link voltage error is zero, and the dc side voltage is regulated at steady 
state. Also, the maximum error occurred by the MIMO controller is smaller than those of the SISO 
controller. 

Figure 10 demonstrates the control signals k  and α  when the MIMO controller is used. It is clear 
that the proposed MIMO controller satisfies practical constraints such as 10 ≤< k , and oo 9090 ≤≤− α .  
 
b) Robustness performance 
 

To investigate robustness of the MIMO controller and to show its superiority over the conventional 
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SISO controllers, both are employed to control the SSSC when the operating point of the power system is 
changed from 1oX , used to design the controllers, to the new operating point, 2oX  given in appendix. 
Simulation results are obtained for both the MIMO and SISO controllers separately and depicted in Figs. 
11 and 12 respectively. It is clearly seen that the proposed MIMO controller remains stable and shows 
excellent robustness and performance in the new operation condition, while the SISO controllers become 
unstable and fail to control the SSSC when the operating point is changed. 

Actually, the SSSC is a multifunctional FACTS controller with effective interactions among its 
control loops, which have very important roles in the SSSC performance and robustness. These 
interactions are taken into account when the multivariable model is achieved and the MIMO controller is 
designed. On the other hand, in conventional SISO, controller interactions among control loops are 
ignored. 

 
6. CONCLUSION 

 
Static Synchronous Series Compensator (SSSC) is progressively being used to enhance power oscillation 
damping in power systems. In this paper, a multivariable model for a power system equipped with an 
SSSC is developed. This multivariable model describes the dynamic behavior of the power system 
equipped with the SSSC more precisely. A multivariable controller is designed based on this model, and 
based on the principles of the parameterized pre-compensation approach.  The proposed multivariable 
controller can successfully damp power oscillations as well as regulate the dc link voltage. In the 
controller design procedure, couplings among control loops are also minimized. 

Simulation results, carried out in a PSCAD/EMTDC environment, show the viability of the developed 
system model and the proposed controller. Simulation results also justify the superiority of MIMO 
techniques over the SISO approaches in enhancing power oscillation damping as well as the dc-link 
voltage regulation. In addition, the proposed MIMO controller performs more robustly when the operating 
conditions are changed. Fast diminishing power oscillation allows the secure use of more line capacity and 
therefore increases the power transfer capacity of the transmission system. 
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APPENDIX 
 
The parameters of the synchronous machine, the transmission system and the SSSC are (all in p.u., except where 
indicated): 
 

046.0=′dX , 410243.4 −×=aR , πω 100=s , 22.3=H , 10.0=tX , 15.0=LX , sec0.80 =′dT , 0=D , 04.0=cx , 
21010.1 −×=LR , 10=pr , 0.1=sV , and 225.0=dcV . 

 
The operating point, 1oX , used for the simulations is: 

 
[ ]TX 8273.000.1225.07985.11151.301 −= .  

The second operating point, 2oX , which is used for robustness investigation in section V.B and Figs. 11-12, is: 
 

[ ]ToX 0.740000.1225.00.9908- 357.22 = . 
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