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Abstract—In this article, Optimal Control for Coordinated 
Control (COC) of Series Vectorial Compensator (SVeC) and Power 
System Stabilizer (PSS) in order to damp Low Frequency 
Oscillations (LFO) is proposed. SVeC is a series Flexible Alternating 
Current Transmission System (FACTS) device. The Optimal Control 
strategy based on state feedback control for coordination of PSS and 
SVeC controllers under different loading conditions has not been 
developed. So, the Optimal State Feedback Controller (OSFC) for 
incorporating of PSS and SVeC controllers in COC manner has been 
developed in this paper. The performance of the proposed controller 
is checked through eigenvalue analysis and nonlinear time domain 
simulation results. The proposed Optimal Controller design for the 
COC of SVeC and PSS results will be analyzed without controller. 
The comparative results show that Optimal Controller for COC of 
SVeC and PSSs improve greatly the system damping LFO than 
without controller.  

 
Keywords—Coordinated control, damping controller, optimal 

state feedback controller, power system stabilizer, series vectorial 
compensator. 

I. INTRODUCTION 

HE Electrical Power Systems (EPS) are forced to operate 
closer to their static and dynamic stability limits and 

damping of Low Frequency Oscillations (0.2-2.5 Hz) is 
becoming a challenging problem to the researcher [1]. In EPS 
two modes of oscillations are present local mode and inter 
area mode. Local mode oscillations frequency range from 0.8 
to 2.0 Hz and inter area mode oscillations frequency range 
from 0.1 to 0.7 Hz [1].  

Usually, PSS is a supplementary signal to the exciter of 
synchronous generator to mitigate LFO and intermittently the 
PSS do not mitigate LFO notably in case of over-loading 
conditions [1]. Recently, FACTS controllers have been 
growing to improve steady-state and dynamic performance. 
Various types of FACTS controllers TCSC, STATCOM, 
SSSC and UPFC are based on thyristor or VSC based 
converters. However, more recently, the authors have been 
discussing the new controllers based on PWM ac-ac vectorial 
converters [2]-[5], demonstrating that the control and its 
performance are similar to VSC converters. SVeC is a series 
FACTS device offers an approach of controllable series 
compensation of transmission line reactance and provides 
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additional damping signal to system critical modes. In a 
simple system the degree of series compensation automatically 
adjusted through duty cycle control is presented in [2]. In [3], 
the authors discuss the comparison of SVeC with TCSC in a 
small radial power system. To adjust the reactance of a line, 
with DC and AC controllers using SSSC is presented in [4]. 
The author of [5] carried out a study of dynamic modelling of 
SVeC and also stability analysis of SVeC with SSSC and 
TCSC. The disadvantages of TCSC under open circuit 
conditions can be defeated with ac controllers [5]. On the 
other hand a synchronous type PWM is required in SSSC; this 
leads to many complexities in control infrastructure. 

Uncoordinated design of the PSSs and the FACTS damping 
controller might cause dynamic interactions present between 
them. But, to counteract aforesaid probable interactions many 
authors [6]-[13] study the impact of FACTS controller in 
addition to PSS, some of these methods are based on 
mathematical programming, eigenvalue approach, fuzzy 
modelling and artificial neural network. In electric networks, 
because of system dimensions the COC design of PSS and 
FACTS damping controllers also rather complex [14]-[16]. 
The COC design of PSS and SVeC for multimachine network 
to damp LFO under different loading conditions using 
mathematical dynamic index is presented in [17].  

The OSFC method has been widely used in EPS because of 
its simplicity and robustness [18]. The main aim of OSFC is to 
minimize the error in the state of input reference model and 
state of controlled plant by adjusting feedback gains. In order 
to boost the damping of LFO modes, the OSFC for COC of 
SVeC and PSS has been proposed under different loading 
conditions in multi machine networks. 

The main contribution of this work can be organized as: 
 An OSFC for COC of SVeC and PSS to damp LFO is 

presented. 
 The gain and time constants of the phase lead/lag 

stabilizers and Optimal Control weighting matrices are 
calculated by trial and error. 

 The proposed control is simulated on a WSCC-3 machine, 
9-bus system. 

 All the simulations are carried out in MATLAB. 

II.  POWER SYSTEM MODEL 

The linear model of EPS is as follows [19] 
 

BuAxX                                                              (1) 
 

),(0 yxg                     (2) 
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where ݔ	߳	ܴ௡	a state vector associated with each machine; 
 ௠ is the output vector, “u” is a set of input vectorܴ߳	ݕ
consider for each machine, and ݃ሺ. ሻ	is the set of algebraic and 
network equations [5]. Eqution (1) is the dimension of 7m and 
(2) is the dimension of 2(m+n) although, EPS is non-linear 
and linearized at a certain operating point. It can be defined in 
state-space as [19]. 
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Dଶଶᇱ  is the load-flow jacobian J୐୊ and J୅୉

ᇱ  is the network 
algebraic jacobian. The system matrix Aୱ୷ୱ from (3) is 
obtained as 

 

∆ ሶܺ ൌ ܺ∆௦௬௦ܣ ൅ .ܧ ∆ܷ                                                          (4) 
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When damping controllers are placed to the system, the 

extra state variable corresponding to these controllers will be 
added to the system matrix.    

III. SERIES VECTORIAL COMPENSATOR 

The SVeC, as series FACTS device is represented for 
damping of LFO. The SVeC exploits the variable reactance 
compensation in power networks. The basic configuration of 
SVeC device inserted in series with a transmission line is 
represented in Fig. 1. SVeC mainly consists of (i) Primarily 
based identical switches Sଵୖ,Sଵଢ଼,Sଵ୞,Sଶୖ,Sଶଢ଼ and Sଶ୞ and (ii) 
the compensation capacitors Cୖ, Cଢ଼, and	C୞. The control and 
performance of SVeC and switching operation is presented in 
[20], [21]. The operation of this device based on the concept 
of series compensation of reactance in transmission lines. The 
appropriate variation of the duty cycle (DS) of this device can 
maintain specified amount of active power flow in a series 
compensated line. 

 Fig. 2 shows the SVeC single line diagram of Fig. 1 and 
the proposed SVeC is placed between bus 1 and 2 as displayed 
in Fig. 2. ܺଵଶ and ௌܺ௏௘஼  are the line and injected SVeC 
reactances of the simple line. In the secondary side, there is 
the SVeC converter and a bank of capacitors with reactance 
Xେ. The equivalent reactance in the network 1 and 2 from Fig. 
2 can be calculated as [5]  

 
X୘୭୲ୟ୪ ൌ Xଵଶ ൅ Xୗ୚ୣେ                                                             (6) 

 
The relation between the reactance of the network and duty 

cycle can be defined as [5] 
 
Xୗ୚ୣେ ൌ െKଶሺ1 െ DୗሻଶXେ                                                   (7)  

 
where Xେ the capacitor reactance, transformer turns ratio is 

K and Dୗ is the term duty ratio is defined as the ratio of the 
on-state to the total switching period. Equation (7) shows that 
the net reactance Xୗ୚ୣେ depends on duty cycle Dୗ. 
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Fig. 1 PWM SVeC inserted in a transmission line 
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Fig. 2 Single line diagram of EPS with SVeC 
 
The limit imposed by SVeC is DS. Thus

maxSVeCSVeCminSVeC XXX  . The net susceptance of the 

transmission line is calculated as  
 

ܤ ൌ ଵଶܤ െ  = ௘௤ܤ
ଵ
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െ	 ଵ

௑భమା௑ೄೇ೐಴
	           (8) 

 
The power flows in the network 1 and 2 can be described as  
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IV. PSS AND SVEC DAMPING CONTROLLER 

A. PSS 

The PSS add the speed deviation with damping force [1]. It 
contains a transfer function having a gain block; wash out 
block and lead-lag compensator. Phase compensator province 
is to control the phase lag between exciter and generator 
electrical torque [1]. Gain block serves the level of damping to 
the input. The wash-out block is omitted in this paper. Fig. 3 
shows the commonly used general block diagram of PSS 
damping controller. The transfer function of PSS structure is 
given by 

 
௏ೄ
∆ఠ೘

ൌ ௉ௌௌܭ ቀ
௦்ೢ

ଵା௦்ೢ
ቁ ቀ

ଵା௦ భ்

ଵା௦ మ்
ቁ                                           (13) 

 
where Tଶ is the lead is time constant and Tଵ is the lag time 
constant. The input signal to the PSS is ∆ω୫ i.e. deviation in 
speed from synchronous speed and the output of PSS is the 
supplementary signal ሺVୗሻ. Vୗ is added to Vୗ୰ୣ୤ and V୲ to the 
exciter, so as to damp the LFO in a network. Therefore the 
system matrix A_PSS for a study network is 
ൣሾA_PSSሿሺ଻୫ାଵሻൈሺ଻୫ାଵሻ൧. So, test system eigen-values will be 
increased by one [22].   

 

A. SVeC Damping Controller 

The block diagram of SVeC based stabilizer is shown in Fig 
4. It is similar to the PSS damping controller. The input signal 
is the speed deviation (∆߱௠ሻ The deviation in the duty ratio 
i.e. ΔDS is taken into account as the output of damping 
controller. The SVeC damped controller consists of a gain 
block ܭௌ௏௘஼, wash out block and phase compensation block. 
The phase compensation block (time constants ଵܶ and ଶܶ) 
provides the appropriate phase - lead characteristics to 
compensate for the phase lag between input and output 
signals. By varying the Damping Ratio (DR) the desired value 
of series compensation is obtained and it is added to the DSref. 
The value of reactance XSVeC is automatically adjusted by 
varying the DR of IGBT switches. From (7), ௌܺ௏௘஼	௠௔௫  
corresponds to ܦ௦௠௔௫ ൌ 1 and, similarly ௌܺ௏௘஼	௠௜௡ 
corresponds to ܦௌ௠௜௡ ൌ 0. SVeC can be modeled as a variable 
reactance. The equation of SVeC reactance can be defined as  
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where as ∆ܦௌ is the deviation in the duty ratio of IGBT 
switches and ∆ ௌܺ௏௘஼ is the reactance of SVeC and ௌܶ௏௘஼	 is the 
time constant of SVeC.  
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Fig. 3 Simplified block diagram for proposed PSS 
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 Fig. 4 Block diagram of SVeC damping controller 
 

In design of COC, the 3 state variables∆Vୗ୧	,∆Dୗ୧, ∆Xୗ୚ୣେ୧ 
will be included to the Aୱ୷ୱ [22]. 

The state variable SiV  corresponding to PSS and siD

and SVeCiX  are the state variables of the SVeC controller. 

The system matrix for COC of SVeC and PSS for multi 
machine network is	ൣሾA_COCሿሺ଼୫ାଶሻൈሺ଼୫ାଶሻ൧. So, the test 
system eigen-values will be increased by three.  

 

V. OPTIMAL STATE FEEDBACK CONTROLLER 

The OSFC from the precedent four decades has been 
broadly investigated [23]. The OSFC design problem is the 
formulation of the cost function and the elite of the state and 
control weighting matrices. The main aim of OSFC is to 
accomplish the network highest damping efficiency and 
improve the system stability. The proposed Optimal Controller 
algorithm for COC of SVeC and PSS solves a succession of 
constrained nonlinear optimization so that, critical eigenvalues 
of the unstable and lower damped modes are transferred to the 
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conic region. The method is based on trial and error and does 
not present a systematic way of choosing Q and R. The block 
diagram representation of OSFC is as given in Fig. 5 

Optimal Control vector is represented in the form of K 
matrix (K is state feedback gain matrix)  

 

)t(x.K)t(u                                                                 (15) 
 
The performance index as [23] 
 

 


0
)( dtRuuQxxJ TT                                                       (16)               

 
where Q is state weighting matrix and R is control weighting 
matrix. Optimal Control matrix K is  
 

PTERK ..1                                                           (17)   
 

Work out the matrix P [23]: 
 

;0... 1   QPERPEPAPA TT
                                    (18)  

 
The major shortfall in OSFC design approaches outlined 

above is the lack of systematic procedure for the design of a 
quadratic cost function that would reflect the physical 
characteristics of the network studied [24]. The performance 
of proposed OSFC for COC of SVeC and PSS was reviewed 
with without controller using MATLAB. 

 

 

Fig. 5 Block diagram representation of OSFC 
 

The following steps are involved in designing the OSFC  
Step1. Read the system data 
Step2. Convert the system data into state space 

 

EuAxX   and DuCxY   

Step3. Assume Q,R to be positive definite matrices 
Step4. Solve Matrix Riccati equation for P and K 

 

01.  QPTEPERAPPTA  
 
Step5. Compute optimal state feedback gain matrix(K)  

 

PTERK ..1  
 
Step6. Plot the required parameters. 

The following limitations in the OSFC were observed. 
1. All states can be measured but measured parameters are 

not accurate. 
2. Non linearity’s of the system is not considered. 

 
TABLE I 

THREE LOADING CONDITIONS FOR THE SYSTEM (IN P.U) 
Case-A (Nominal 

Load in p.u) 
Case-B (Light 
Load in p.u) 

Case-C (Heavy 
Load in p.u) 

 P Q P Q P Q 

Generator 

G1 0.72 0.27 0.36 0.16 2.21 1.09 

G2 1.63 0.07 0.80 -0.11 1.92 0.56 

G3 0.85 -0.11 0.45 -0.20 1.28 0.36 

Load 

A 1.25 0.50 0.65 0.55 2.00 0.80 

B 0.90 0.30 0.45 0.35 1.80 0.60 

C 1.00 0.35 0.50 0.25 1.50 0.60 

VI. SIMULATION RESULTS AND DISCUSSIONS 

WSCC 3-machine, 9-bus system [19] affected with PSS and 
SVeC damping controller, as presented in Fig. 6, is taken into 
account during this work. In this section, the performance of 
proposed OSFC was tested on W.S.C.C 3-machine, 9-bus 
system. The full data of the test system is taken from [19]. A 
collection of three operating conditions of generator and load 
is presented in Table I. The data of PSS and SVeC damping 
controllers can be selected as identical capacity, 0.01 is the 
uniform damping assumed for all 3 machines, 0.5 is the series 
compensation level and ߪ଴ is -0.5. In [22], for each machine a 
speed – input PSS is equipped. The input signal to the 
transmission line is selected as active power. The active power 
flow data are given in Table II. The largest power flow in line 
5-7 is considered as under study. So, the best location to place 
the SVeC is 5-7 installed in series with the line [22].  

 
TABLE II 

BASE CASE (LINE FLOW) ON 100MVA BASE 

From bus To bus Real power (p.u) 

4 6 0.3070 

6 9 0.6082 

4 5 0.4094 

5 7 0.8662 

7 8 0.7638 

8 9 0.2410 

 
The dynamic stability of test system is examined through 

eigenvalue analysis and time response results at different load 
conditions and are reviewed in coming sections. 

A. Eigen- Value Analysis 

The comparative eigenvalue analysis of test system without 
control and with Optimal Control for COC of SVeC and PSS 
are carried out at different loading conditions.  

Case –A 

Table III presents the eigenvalues of test system in open 
mode and these are related to those depicted in [19]. The 
critical swing mode Λ2 as -0.1906 ± j 8.3666 is close to the 
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imaginary axis of the complex plane and has the DR of 
0.0228. This mode can be slightly improved by adding COC 

of SVeC and PSS to the system.  
 

 

 

Fig. 6 Multi machine network with PSS and SVeC

  
The third column of Table III lists the eigenvalues of the 

test system when the proposed OSFC of SVeC and PSS are 
connected to the test system, as shown in Fig. 9. It is observed 
that the critical mode Λ2 has shifted to -0.8959 ± j 8.8013, and 
the DR is 0.1010. Hence the OSFC for COC of SVeC and PSS 
can improve the DR by 0.0782, respectively.  

 
TABLE III 

EIGENVALUES FOR CASE-A LOAD 

Mode System without control OSFC for COC of SVeC and PSS 

Λ1 -0.7195 ± j12.745 -0.8769 ± j 12.847  

Λ2 
-0.1906 ± j 8.3666 

(0.0228) 
-0.8959 ± j 8.8013  

(0.1010) 
Λ3 -5.6804 ± j 7.9656 -5.5513 ± j 7.864  

Λ4 -5.3625 ± j7.9308 -5.2581 ± 7.7512i 

Λ5 -5.2280 ± j 7.8259 -5.2411 ± 7.8508 i 

Λ6 -5.1777,-3.3983 -9.0909,-0.1 

Λ7 -0.4511 ± j 1.2003 -0.4243 ± 1.2305 i 

Λ8 -0.4478 ± j 0.7295 -0.4134 ± 0.7414 i 

Λ9 -0.4362 ± j 0.4871 -0.4062 ± 0.6067 i 

Λ10 0.0000,0.0000 -3.125,-1.0001 

Λ11 -3.1250 
-9.0909,-9.1658,-9.1519,-5.1526,-

3.4073,-79.4686 

Case-B 

Table IV lists the eigenvalues for Case-B. In open loop, the 
critical mode is -0.3944 ± j 8.1815, and 0.0481 is the DR. In 
OSFC for COC of SVeC and PSS the dominant mode shifted 
to (-0.926 ± j 10.438) and has DR of 0.0884. Further, 
additional improvement of damping in the OSFC for COC of 
SVeC and PSS for Case-B is around 0.0403. 

Case-C 

The test system presents eigenvalues for Case-C and is 
indexed in Table V. The critical mode in open mode is - 0.200 

± j 8.4407 and 0.0237 is the DR of corresponding mode. In 
OSFC for COC of SVeC and PSS the dominant mode shifted 
to -0.5442 ± j 9.080 and has DR of 0.0598, respectively. 
Further, additional improvement of damping in the OSFC for 
COC of SVeC and PSSs for Case-C is around 0.0361, 
respectively.  

It is clear from the above analysis that the OSFC for COC 
of SVeC and PSS can simultaneously be improved for 
damping LFO of test system when compared to without 
control. 

 
TABLE IV  

EIGENVALUES FOR CASE-B LOAD 

Mode System without control  OSFC for COC of SVeC and PSS 

Λ1 -1.2142 ± j12.193 -1.466 ± j 12.573 

Λ2 
-0.3944±j 8.182 

(0.0481) 
-0.926 ± j 10.438 (0.0884) 

Λ3 -5.2583 ± j7.9246 -5.438 ± j 7.858 

Λ4 -5.2474 ± j 7.8926 -5.242 ± j 7.854 

Λ5 -5.1611 ± j 7.7885 -5.086 ± j 7.575 

Λ6 -3.9847,-2.6677 -5.153,-3.407 

Λ7 -0.4806 ± j 1.1567 -0.431± j 1.227 

Λ8 -0.4659 ± j 0.4978 -0.415±j 0.742 

Λ9 -0.4653 ± j 0.7328 -0.406 ±j0.606 

Λ10 0.0000, 0.0000 -0.1000, -3.1250 

Λ11 -3.1250 
-9.09,-79.46, -9.0909, -9.1658, -9.08, 

-9.1519  

B. Time Response Analysis 

Time – response analysis plots the deviation in speed of 
generators 2 and 3 with generator 1 for compensation of series 
line is 50% and simulation time of 20 sec whereas ω1, ω2 and 
ω3 are the rotor speed of machine 1, 2 and 3, respectively, and 
t is the time range of simulation. Table VI shows the system 
percentage peak overshoot and settling time of three different 
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loading conditions.  
 

TABLE V  
EIGENVALUES FOR CASE-C LOAD 

Mode System without control OSFC for COC of SVeC and PSS 

Λ1 -0.6683 ± j 12.9599 -1.466 ± j 12.573 

Λ2 
-0.2000 ± j 8.4407 

(0.0237) 
-0.5442 ± j 9.080 

(0.0598) 
Λ3 -6.6539 ± j 7.9750 -5.627 ± j 8.357 

Λ4 -6.7997 ± j 7.989 -6.948± j 8.953 

Λ5 -5.2629 ± j 7.8397 -7.285 ± j 8.624 

Λ6 -5.2103, -3.6163 -4.153,-3.407 

Λ7 -0.4785 ± j 1.2131 -9.831 ± j 5.257 

Λ8 -0.5184 ± j 0.7317 -0.625 ± j 1.943 

Λ9 -0.6022 ± j 0.4754 -0.607 ± j 0.807 

Λ10 0.0000, - 0.0000 -0.1000, -3.1250 

Λ11 -3.1250 
-8.09,-80.57, -10.1818, -10.2676, -

10.48, -10.25 

Response for Nominal Load Condition (Case-A) 

Time domain simulation is performed on nominal load 
condition. Figs. 7 (a) and (b) show the speed deviations of 
generators. These figures illustrate the capability of the 
proposed controller in reducing the settling time and damping 
the low frequency oscillations. For better results the peak 
overshoot should be minimized with settling time. Moreover, 
the peak overshoot in open mode and with optimal control 

31  as 2.53% and 1.0%, respectively and 21  is 3.95% 

and 2.03%. Also, the settling time of these oscillations for 

31  are st = 19.75 s, and 6.21 s, respectively and for 21 , 

st = 19.78 s, and 6.01 s, for without control and with OSFC 

for COC of SVeC and PSS. 

 

 

 (a) Speed deviation response of 21  (rad/sec) 

 

 

 (b) Speed deviation response of 31  (rad/sec) 

Fig. 7 Angular velocity of the system without controller and with OSFC for Case-A 
 

Response for Light Load Condition (Case-B) 

Figs. 8 (a) and (b) show the response at light load condition. 
Moreover, the peak overshoots for 31  are 1.81% and 

1.09%, respectively and for 21  2.91% and 1.49% for 

without control and with OSFC for COC of SVeC and PSS. 
Also, the settling times of these oscillations for 31  are st = 

9.49 s, and 6.46 s, respectively and for 21 , st = 10.22 s, 

and 6.44 s, for without control and with OSFC for COC of 
SVeC and PSS. The results of these studies show that the 
proposed Optimal Controller for COC of SVeC and PSS has 
an excellent capability in damping power system oscillations. 
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Response for Heavy Load Condition (Case-C) 

Figs. 9 (a) and (b) illustrate the response at heavy load 
condition. The figures illustrate that OSFC to COC has 
admirable damping characteristics to damp LFO compared to 
without controller. Moreover, the peak overshoots for 31  

are 2.18% and 1.09%, respectively and for 21 , 3.37% and 

1.49%, for without control and with OSFC for COC of SVeC 
and PSS. Also, the settling times of these oscillations for 

31  are st = 18.82 s, and 6.81 s, respectively and for 21 , 

st = 19.52 s, and 6.92 s, for without control and with OSFC 

for COC of SVeC and PSS. 

 

 

 (a) Speed deviation response of 21  (rad/sec) 

 

 

(b) Speed deviation response of 21  (rad/sec) 

Fig. 8 Angular velocity of the system without controller and with OSFC for Case-B 
 

 

 (a) Speed deviation response of 21  (rad/sec) 
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 (b) Speed deviation response of 31  (rad/sec) 

Fig. 9 Angular velocity of the system without controller and with OSFC for Case-C 
 

The results display that the proposed optimal control 
quickly mitigates the LFO in comparison with without control. 
The comparison of the results shows that Optimal Control has 
less settling time, less overshoot, less Undershoot and short 
time to come back to the pre-disturbance condition.  

 
TABLE VI 

PEAK OVERSHOOT AND SETTLING TIME OF RELATIVE SPEED DEVIATION OF 

TEST SYSTEM WITH DIFFERENT CASES  

Name of the 
controller 

% of peak overshoot 
(Case-A) 

Settling time in 
Seconds (Case-A) 

13   12   13   12 
System without 

control 
2.53% 3.95% 19.75 19.78 

OSFC for COC of 
SVeC and PSS 

1.0% 2.03% 6.21 6.01 

% of peak overshoot (Case-B) 
Settling time in 

Seconds (Case-B) 
System without 

control 
1.81% 

 
2.91% 

 
9.49 10.22 

OSFC for COC of 
SVeC and PSS 

1.09% 1.49% 6.46 6.44 

% of peak overshoot (Case-C) 
Settling time in 

Seconds (Case-C) 
System without 

control 
2.18% 3.37% 18.82 19.52 

OSFC for COC of 
SVeC and PSS 

1.09% 1.49% 6.81 6.92 

VII. CONCLUSION 

This paper proposes the design of Optimal Control for 
simultaneous COC of SVeC and PSS in order to damp low 
frequency oscillations in multi machine power systems. The 
performance of the proposed controller is compared with 
without controller under different loading conditions. The 
proposed approach is verified by means of eigenvalue analysis 
and time-response results. It has been revealed that the optimal 
control for COC of SVeC and PSS is more effective than 
without controller under different cases. The proposed 
Optimal Control can also be implemented for other series 
FACTS damping controllers. Our future research would be 
developing sliding mode controller to the COC of SVeC and 
PSS to damp LFO in multi machine networks under different 

loading conditions.  
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