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Abstract: A method for the design of supplementary damping control system for TCSC in a power system 
is presented in this paper. The problem is formulated as an optimization problem with an eigenvalue based 
multi-objective function. Various optimization techniques have been used in the past but here, a novel 
random walk optimization technique is used to find optimal set of controller parameters by minimizing the 
objective function. The performance and robustness of the proposed approach is validated through small 
signal and nonlinear simulations for different loading conditions of a multimachine power system.
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INTRODUCTION

Modern power systems are large interconnected
networks and are getting more and more stressed due to 
economic and environmental constraints. With the
efforts to transmit bulk power over long distances and 
introduction of high gain, low time constant automatic 
voltage regulators (AVR) in modern power systems, 
low frequency oscillations reappear. These oscillations 
are poorly damped electromechanical oscillations
(0.1~0.6 Hz), called inter-area oscillations. These are 
the major source of instability in modern power
systems.

Power system stabilizers (PSSs) have been used by 
power utilities to add damping to electromechanical
oscillations. Another transmission line based control 
strategy in the form of FACTS (Flexible AC
Transmission  Systems)  devices  is  widely  used  now 
a days [1, 2]. These power electronics devices are
reliable and have high speed to fix the problems. A 
considerable attention has been directed for
investigating the effect of TCSC on power system
stability. TCSC has been demonstrated to offer a
variety of benefits to power systems. It can alter its 
reactance  rapidly  and  smoothly,  which, in turn 
changes the apparent impedance of the corresponding 
transmission line. Therefore, a TCSC can change the 
power flow of the network. FACTS devices act through 
transmission lines satisfying their primary requirements 
as  well  as  enhancing  the  damping  of  certain
electro-mechanical modes if augmented by proper
control  design.  These  supplementary  controllers
make it possible to use existing transmission lines for 

bulk power transfer over long distances without
endangering stability.

Several supplementary damping control strategies 
for  FACTS  devices  have  been employed to enhance 
the power system dynamic performance e.g. damping 
torque analysis [3], optimal control theory [4] and 
linear programming [5]. These design techniques are 
based on a single operating point, selected from a wide 
range of operating conditions. Systems based on these 
techniques may not work properly when the operating 
conditions change. Therefore, techniques that
incorporate wide range of operating conditions in the 
design process are the need of the hour. 

Fixed-structure lead/lag type of controllers is
widely used in power utilities because of its simple 
structure and ease of physical realization. One
limitation of these controllers is that, being tuned for 
one nominal operating condition, these provide
suboptimal performance when there are variations in 
the system operating load or system configuration.

Recently, heuristic search algorithms such as
Genetic Algorithm (GA) [6, 7], Particle Swarm
Optimization (PSO) algorithm [8, 9] and simulated
annealing [10] have been applied to the problem of PSS 
design. The results are promising and confirm the
potential of these algorithms for optimal PSS design. 
Tabu search has been applied to the design of robust 
power system stabilizers in a multimachine power
system by Abido [11]. 

Random walk optimization (RWO) is another
optimization technique that belongs to zero order
methods. Zero order signifies that no derivatives are 
used  and  only  function values are used to establish the
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search vector. The search direction during each iteration 
is a random direction. Random Walk optimization is a 
very simple algorithm and hence there are very few 
parameters to control the optimization process. This 
paper explores the potential of RWO for optimization 
of control parameters of lead/lag controller in a power 
system.

This paper mainly encircles the effective use of one 
of  the  advanced  optimization  techniques, random 
walk optimization (RWO), in designing FACTS
supplementary damping control system design. The
widely used lead/lag control structure is still retained 
but the tuning process incorporates an optimization 
scheme that takes care of different operating conditions.
The problem is formulated as an optimization problem 
with constraints and an eigenvalue based objective
function is proposed. Objective function is defined by 
considering the critical modes, non-critical modes and 
different loading conditions. Then, RWO algorithm is 
employed to solve the optimization problem. 

The paper is organized as follows: Power system 
model is discussed in section II. Section III contains a 
discussion on problem formulation and controller
structure. Section IV gives a brief overview of the 
RWO algorithm. Section V presents the main steps 
involved to tackle the optimization problem. In section 
VI, a case study of two-area four-machine power
system is performed. Time domain simulations and
nonlinear simulations are performed to validate the
proposed approach. Finally, some concluding remarks 
are presented in section VII. 

POWER SYSTEM MODEL

The nonlinear model of power system is described 
as a set of differential equations:

x f(x,u)= (1)

where x is the vector of the state variables and u is the 
vector of input variables.

The power system model is linearized at a
particular operating point to obtain the n-dimensional
linearized time-invariant (LTI) system dynamic model, 
as given in state-space form: 

n n n p
TCSCx A x B u× ×∆ = ∆ + ∆ (2)

q n q p
TCSCv C x B u× ×∆ = ∆ + ∆ (3)

where ∆ denotes the perturbation of the states, inputs 
and  outputs  from their equilibrium values. ∆x is a state 

vector  of ' '
q d q d, , E , E , E , E′′ ′′∆δ ∆ω ∆ ∆ ∆ ∆ and ∆Efd where ∆δ

is power angle deviation, ∆ω is rotor speed deviation, 
∆E′q is a q-axis transient internal voltage deviation, 
∆E″q is a q-axis sub-transient internal voltage deviation, 
∆E′d is a d-axis sub-transient internal voltage deviation,
∆E″d is a field voltage deviation, ∆uTCSC is input vector 
of TCSC damping controller signal, ∆ν is output vector 
of generator speed deviation and n is number of state 
variables. A (evolution) is a real constant system
matrix, B (control) is input real constant matrix, C
(observation) is output real constant matrix and D
(direct transmission) is a feed-forward real constant 
matrix.
The feedback compensator can be described as:

TCSCu K v= ∆ (4)

The damp ing controller LTI model in state-space
form can be described as:

l l l q
k k k k TCSCx A x B u× ×∆ = ∆ + ∆ (5)

s l s p
TCSC k ku C x B v× ×= ∆ + ∆ (6)

Combining Eqs. (2) and (5), a closed-loop is obtained;

cl clx (A BKC) x∆ = + ∆ (7)

where ∆xcl = [∆x ∆xk] is the state vector of the closed-
loop system and Acl = (A+BKC) is the closed-loop
matrix.

PROBLEM FORMULATION

For the choice of control structure, the
conventional lead/lag structure is the most appropriate
candidate due to its easy integration with the existing 
network and its wide use as stabilizer by power utilities. 
Block diagram of control structure is shown in Fig. 1. 
The output of the controller is described as

2
1

TCSC
2

T s 1 Ts
u K | v |

1 T s 1 T s
ω

ω

  +
=     + +  

(8)

where Tω is washout time constant and usually it is kept 
constant during the optimization process. The value of 
Tω was fixed to unity throughout this study. |ν| is the 
input signal to TCSC damping controller, T1, T2 and K 
are the damping controller parameters to be tuned 
optimally to achieve robust performance. 
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Fig. 1: Block diagram of the control scheme

Figure 2 shows the non-critical modes ‘+’ (between 
ω1 and ω2) and critical modes ‘*’ (between ω2 and ω3)
of  oscillations.  These  modes  are coupled because 
when the critical modes are tried to bring inside the 
minimum  required  damping  ratio  line, the damping 
of non-critical modes deteriorates. Thus a control
strategy is desired which improves the damping of
critical  modes  without  deteriorating  the  damping  of 
the non-critical modes. For improving the damping of 
critical modes, the real parts of their eigenvalues are 
reduced to values smaller than their open-loop values. 
The real parts of the eigenvalues for the non-critical
oscillatory  modes  are  kept  in  the  vicinity  of  their 
open-loop values.

To increase the system damping, the following 
eigenvalue based objective function is considered.

( )
l m i i2 j ci i

1 j c
2 3i 1 j 1

J
= =

 σ ≥ σ= σ − σ ∀ 
ω < ω < ω

∑∑ (9)

( )
l n i i2i i j nc

2 j nc
1 2i 1 j 1

J
= =

 σ ≤ σ= σ − σ ∀ 
ω < ω ≤ ω

∑∑ (10)

1 2J J J= + (11)

Where i denotes the operating condition, j denotes the 
index for critical and non-critical oscillatory modes, l is 
the total numb er of operating points considered in the 
design process, m is the total number of critical
eigenvalues and n is the total number of non-critical
oscillatory modes. σi

j denotes the real part of j-th
eigenvalue at i-th operating point. σi

c denotes the real 
part of critical eigenvalue for i-th operating point, while 
the σi

nc denotes the threshold value of real part of non-
critical modes eigenvalues for i-th operating point. The 
conditions σi

j≥σ
i
c and σi

j≤σ
i
nc are imposed to consider 

only the poorly damped modes which mainly belong to 
the electromechanical ones.

* * *
* * *

+ + +
+ + +

Critical modes

Non-critical modes

5%=

1

3

2

Fig. 2 : Critical ‘*’ and non-critical modes ‘+’

The design problem can be formulated as the
following optimization problem

Minimize J
Subject to:

min max
1 1 1T T T≤ ≤
min max
2 2 2T T T≤ ≤
min maxK K K≤ ≤

So, a set of optimum values of T1, T2 and K is to be 
determined such that cost function J has minimum
value. The proposed approach employs RWO algorithm 
to solve this  optimization problem and search for
optimal or near optimal set of controller parameters, T1,
T2 and K.

In the design approach, three operating points are 
simultaneously considered. One operating point
corresponds to the nominal case and others correspond
to extreme loading conditions. The operating points 
represent   different   power  flow  directions  along  the 
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Table 1: Operating Points for different loading conditions (all in pu)
Bus # P Q

OP-1 4 11.76 1.00
14 15.17 1.00

OP-2 4 16.76 1.00
14 10.17 1.00

OP-3 4 9.76 1.00
14 17.17 1.00

transmission line. The direction of power flow for OP-3
is opposite to that for OP-1 and OP-2. The system
model is linearized at each operating point. Thus three 
systems at three operating points are generated. Then,
the closed-loop system eigenvalues at each operating 
point are computed and the objective function is
evaluated. The operating points are given in Table 1.

RANDOM WALK OPTIMIZATION

This technique belongs to the methods called zero-
order methods. The order refers to the order of the 
derivative of the objective function. So, zero order
signifies that no derivatives are used and only function 
values are used to establish the search vector.

Random walk optimization is based on generation 
of improved approximations to the minimum, each
derived from preceding approximation. If x (i) is the 
approximation to the minimum obtained in the (i-1)th
stage, the new or improved approximation in the ith 
step is found from

x(i 1) x(i) s.hstep+ = + (12)

where hstep is the step length, s is the random search 
vector generated in the ith stage. The search direction 
during each iteration is a random direction. Random
Walk optimization is a very simple algorithm and hence 
there are very few parameters to control the
optimization process. The parameters used are as
follows:

Hstep: It is a step for finite difference slope calculation. 
It  controls  the  search  process  around  the current 
point. Its value is usually set in fractions but it can be
set more than unity if the problem under consideration 
demands so.

Tolerance:  It  is  the tolerance for golden section 
method convergence. When the difference (a 2-a1)
reaches the tolerance, the golden section search
algorithm converges and the value of that a1 is returned.

No. of trials: These are the number of scanning steps to 
search for the minimum value.

Generate random
solution

Generate random search
direction vector, s

Find xnext = xcur+hstep*s
Find Slope

If slope<0 Golden Section
Search

Solution=curx

solution

stopping
criteria?

Output
Solution

No

Yes

Yes

No

Fig. 3 : Random walk optimization flowchart

Lower bound: It is the initial value of stepsize. Search 
process in Golden Section for estimating upper bound 
starts here. 

Interval: It is the incremental value for search process. 
Lower bound is  incremented by this value in each trial.
Algorithm for Random Walk Optimization

Step 1: Randomly generate initial solution
Step 2: Generate random search direction vector s
Step 3: Find solution 

x(i 1) x(i) s.hstep+ = +

Step 4: Find slope using 

f(x(i 1)) f(x(i))
slope

hstep
+ −

=

Step 5: If slope<0, then apply Golden Section Search 
method to find solution else solution = x(i) 

Step 6: Check whether minimum error criterion or
maximum number of iterations is satisfied. If 
yes then stop else go to Step 2.
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Fig. 4: Flowchart of design approach

The flow chart of the Random Walk Optimization 
is as shown in Fig. 3.

Advantages: This method works even if the objective 
function is discontinuous and nondifferentiatiable at 
some  points.  It  gives  global minima when the
objective function  possesses  many  relative  minima.
This method is applicable even when objective
functions are sharply varying. Unlike other
evolutionary optimization techniques, RWO is not
population based, so it takes less memory to perform 
the operations.

PROPOSED RWO-TCSC DAMPING 
CONTROL SYSTEM DESIGN

The design approach consists of two parts, in first 
part, the controller parameters, T1, T2 and K are
obtained  by  solving  the constraint optimization 
problem using RWO. Once parameters are obtained 
they are tested for the robustness in the second part by 
performing nonlinear simulations of the multimachine 
power system. The RWO procedure essentially
involves the following steps.

Step 1: The lower and upper bounds of the five
controller parameters are specified and
controller parameters are initialized randomly 
inside these bounds.

Step 2: A random search direction vector s is generated 
and the new random solution, say trial solution, 
based on this random search direction, is
generated. The new solution is checked for the 
lower and upper bounds.

Step 3: Compute cost function value for both the trial 
solutions and find slope.

Step 4: If slope is negative, it means there is minimum 
value of function between these two trial
solutions. So Apply Golden Section search
method that will give minimum solution.

Otherwise go to Step 1.

Step 5: Now select this solution as best so far. If
stopping criterion fulfils then stop else go to 
Step 2. 

The computational flow chart of the RWO search 
approach is shown in the Fig. 4.
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CASE STUDY

Test system:  A 4-generator, 2-area interconnected
power system is taken to demonstrate the effectiveness 
and robustness of the proposed TCSC damping control 
scheme as shown in Fig. 5. For the test system, there 
are four synchronous machines G1, G2, G3 and G4. G1
and G2 are located in one area while G3 and G4 are 
located in second area as shown in Fig. 5. TCSC is 
inserted between bus 101 and bus 102.

Eigenvalue analysis: The open-loop eigenvalues of the 
system at three operating points are shown in Fig. 6. 
The least damped eigenvalue is in the range of 0.6-0.7
Hz which belongs to inter-area mode. The other
eigenvalues in 1Hz range are electromechanical ones in 
each area. The Fig. 7 shows the closed-loop eigenvalues 
of  the  system  at three operating points. It can be noted

that the critical modes have been successfully damped 
by the designed RWO-TCSC controller. The least
damped electromechanical mode has its damping ratio 
increased from 0.0117 to almost 0.05. It can be seen 
that the system damping with the proposed TCSC
damping controller is greatly improved and enhanced. 

SIMULATION RESULTS

The convergence tendency of control parameters 
and objective function are shown in Fig. 8 and 9
respectively. It can be noted that the process reaches the 
optimum solution in about 80 iterations, after which the 
objective function reaches a value that remains steady 
over the remaining search process. Figure 10-12 show 
voltage response to a unit step change in TCSC input 
for the three operating points. It is clear that the
proposed scheme efficiently damps the oscillations. 

TCSC
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Fig. 5: Multimachine test system
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Fig. 7: Closed-loop eigenvalues plot for three operating points
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Fig. 9: Convergence tendency of objective function
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Fig. 10: Voltage response to a unit step change in TCSC reference input for OP-1
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Fig. 11: Voltage response to a unit step change in TCSC reference input for OP-2
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Fig. 12: Voltage response to a unit step change in TCSC reference input for OP-3
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Fig. 13: Machine-1 angle deviation for OP-1
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Fig. 14: Machine-1 angle deviation for OP-2
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Fig. 15: Machine-1 angle deviation for OP-3
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Fig. 16: Machine-1 speed deviation for OP-1
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Fig. 17: Machine-1 speed deviation for OP-2
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Fig. 18: Machine-1 speed deviation for OP-3
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Fig. 19: Fault bus voltage for OP-1
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Fig. 20: Fault bus voltage for OP-2
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Fig. 21: Fault bus voltage for OP-3
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Nonlinear time-domain simulations: To demonstrate 
the effectiveness of the proposed RWO-TCSC
controller  over  a  range  of  operating  conditions,  a
6-cycle 3-φ  fault  is  applied  at  bus 13. Figure 13-15
show  angle  deviation  for  the  systems  operating at 
OP-1, OP-2 and OP-3 respectively. It can be easily 
noted that the designed RWO-TCSC controller has 
excellent performance for three operating conditions. 
Figure   16-18  show  the  machine  speed  deviation
for  the  systems  at  OP-1, OP-2 and OP-3 respectively. 
It is clear that the system response with the RWO-
TCSC controller settles faster and provides superior 
damping. This indicates that the time domain
specifications are simultaneously met. Figure 19-21
show the fault bus voltage for the system at OP-1, OP-2
and OP-3 respectively. It is seen that the fault
disturbance is recovered by the designed RWO-TCSC
controller in reasonable time. Thus the nonlinear
simulations reveal that the designed RWO-TCSC
controller has robust performance under varying
conditions.

CONCLUSIONS

A supplementary damping controller design for
TCSC  based  on  RWO  has  been presented in this 
paper. Conventional lead/lag structure was used for
controller structure. Then RWO algorithm was
successfully applied to find optimal parameters of
controller. It is observed that, unlike other optimization 
techniques RWO is not a population-based technique 
so,  it  requires  less  memory  space. Eigenvalue
analysis and time domain simulations show
effectiveness of the proposed scheme under different 
loading conditions. It has been shown in addition to the 
improvement in the damping of critical modes; the
proposed design technique can minimize the
deterioration of non-critical modes. Finally, nonlinear 
simulations confirm the robustness of the design
approach. In future, research is needed to explore the 
potential  of RWO  for  other optimization applications 
in power systems.
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