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Abstract- This paper presents a novel strategy for output 
feedback damping controller design of the static 
synchronous compensator (STATCOM) using chaotic 
optimization algorithm (COA). The design of output 
feedback controller is formulated as an optimization 
problem according to the eigenvalue based multiobjective 
function which is solved by a COA based on Lozi map. 
Since chaotic mapping enjoys certainty, ergodicity and 
the stochastic property, the proposed optimization 
introduces chaos mapping using Lozi map chaotic 
sequences which increases its convergence rate and 
resulting precision. The effectiveness of the output 
feedback control is demonstrated through eigenvalue 
analysis, nonlinear time-domain simulation and some 
performance indices studies in comparison with the phase 
compensation method based designed lead-lag controller 
for different operating conditions. The simulation results 
show that the output feedback damping controller can 
effectively suppress the low frequency oscillations. 
 
Keywords: COA, STATCOM, Output Feedback 
Damping Controller, Low Frequency Oscillations. 
 

I. INTRODUCTION                                                                         
With the interconnection of large electric power 

systems, low frequency oscillations have become a 
serious problem in power systems. These oscillations 
restrict the power transfer capacitance and affect on 
dynamic stability and security. Power system 
stabilization plays an important role in maintaining 
synchronism during major disturbances resulting from 
sudden or sustained load changes, either the loss of 
generating or transmission facilities. To enhance system 
damping and increase dynamic stability, Power system 
stabilizers have been used as an effective means to this 
problem [1]. With the rapid development of power 
electronics, Flexible AC Transmission Systems (FACTS) 
devices have been proposed and implemented in power 
systems. The main aim of the FACTS devices are 
normally steady-state control of a power system but, due 
to their fast response, FACTS can also be used for the 

power system stability enhancement through improved 
damping of the power swings [2]. 

The STATCOM is based on the principle that a 
voltage-source inverter generates a controllable AC 
voltage source behind a transformer-leakage reactance in 
which the voltage difference across the reactance 
produces active and reactive power exchange between the 
STATCOM and the transmission network [3-4]. It is 
reported that the STATCOM can offer a number of 
performance advantages for reactive power control 
applications over the conventional approaches, such as 
SVC, because of its greater reactive current output 
capability at depressed voltage, faster response, better 
control stability, lower harmonics and smaller size, etc. 
[3]. Wang [4] presents the establishment of the linearized 
Phillips-Heffron model of a power system installed with a 
STATCOM. He has not presented a systematic approach 
for designing the damping controllers. Further, no effort 
seems to have been made to identify the most suitable 
STATCOM control parameter, in order to arrive at a 
robust damping controller. Fuzzy-logic-based controllers 
have been used for controlling a STATCOM in Ref [5]. 
The performance of such controllers can further be 
improved by adaptively updating their parameters. Also, 
although using the robust control methods [6-7], the 
uncertainties are directly introduced to the synthesis, but 
due to the large model order of power systems the order 
resulting controller will be very large in general, which is 
not feasible because of the computational economical 
difficulties in implementation. 

In general, for the simplicity of practical 
implementation of the controllers, output feedback 
control with feedback signals available at the location of 
the each controlled device is most favorable [8, 9]. In this 
paper, COA is used for the optimal tuning of the output 
feedback gains for the STATCOM based damping 
controllers in order to enhance the damping of the power 
systems low frequency oscillations. Chaos is a kind of 
characteristic of nonlinear systems which is a bounded 
unstable dynamic behavior, which exhibits sensitive 
dependence on the initial conditions and include infinite 
unstable periodic motions. The COA is based on 
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ergodicity, stochastic properties and regularity of the 
chaos. It is not like some stochastic optimization 
algorithms that escape from the local minima by 
accepting some bad solutions according to a certain 
probability, but COA searches on the regularity of the 
chaotic motion to escape from the local minima [10- 14].  
In this study, the problem of output feedback damping 
controller design is formulated as an optimization 
problem and the COA technique is used to solve it. The 
effectiveness of the proposed controllers is demonstrated 
through the eigenvalue analysis, nonlinear time-domain 
simulation studies and some performance indices to damp 
the low frequency oscillations under different operating 
conditions. Results evaluation show that the proposed 
controller achieves good performance for a wide range of 
the operating conditions and it is superior to the phase 
compensation method [15] based damping controller. 
 

II. CHAOTIC OPTIMIZATION ALGORITHM 
The chaos, apparently disordered behavior that is 

nonetheless deterministic, exists in the nonlinear systems. 
An essential feature of the chaotic systems is that small 
the changes in the parameters or the starting values for 
the data lead to vastly different future behaviors, such as 
stable fixed points, periodic oscillations, bifurcations, and 
ergodicity [10-13]. This sensitive dependence on the 
initial conditions is generally exhibited by systems 
containing multiple elements with nonlinear interactions, 
particularly when the system is forced and dissipative. 
Sensitive dependence on the initial conditions is not only 
observed in the complex systems, but even in the simplest 
logistic equation [10]. The application of the chaotic 
sequences can be an interesting alternative to provide the 
search diversity in an optimization procedure. Due to the 
non-repetition of the chaos, it can carry out overall 
searches at higher speeds than stochastic ergodic searches 
that depend on the probabilities. The basic process of the 
chaos optimization algorithm generally includes two 
major steps. Firstly, define a chaotic sequences generator 
based on the Lozi map. Generate a sequence of the 
chaotic points and map it to a sequence of design points 
in the original design space. Then, calculate the objective 
function with respect to the generated design points, and 
choose the point with the minimum objective function as 
the current optimum. Secondly, the current optimum is 
assumed to be close to the global optimum after certain 
iterations, and it is viewed as the center with a little 
chaotic perturbation, and the global optimum is obtained 
through fine search. Repeat the above two steps until 
some specified convergence criterion is satisfied and then 
the global optimum is obtained [12]. This chaotic map 
involves also non-differentiable functions which difficult 
the modeling of the associate time series. The Lozi map is 
given by [10]: 

1 1( ) 1 ( 1) ( 1)y k a y k y k= − × − + −  (1) 

1( ) ( 1)y k b y k= × −   (2) 
( )( ) y kz k α
β α

−
=

−
  (3)  

where, k is the iteration number. The values of y are 
normalized in the range [0, 1] to each decision variable in 
the n-dimensional space of the optimization problem. 
Therefore, y1 ε [-0.6418, 0.6716] and [α, β] = (-0.6418, 
0.6716). The parameters used in this study area = 1.7 and 
b = 0.5 [11]. The chaotic search procedure based on the 
Lozi map can be illustrated as follows [10]: 
Step 1: Initialization of variables and the initial 
conditions: Set k = 1, y1(0), y(0), a = 1.7 and b = 0.5 of 
Lozi map. Set the initial best objective function f . 
Step 2: Algorithm of chaotic global search: 
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Step 3: Algorithm of chaotic local search: 
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where, f is the objective function, and X is the decision 
solution vector consisting of n variables, xi, bounded by 
lower (Li) and upper limits (Ui). The Mg and ML are 
maximum number of iterations of chaotic global and 
chaotic local search, respectively. In this study, λ is step 
size in chaotic local search and linearly decreases from 
0.1 to 0.01. Also, f and X  are best objective function 
and best solution from current run of chaotic search, 
respectively. 
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III. MODELING OF POWER SYSTEM AND 
STATCOM 

Figure 1 is a single machine infinite bus power system 
installed with a STATCOM. The synchronous generator 
is delivering power to the infinite-bus through a double 
circuit transmission line and a STATCOM. The system 
data is given in the Appendix. The system consists of a 
step down transformer with a leakage reactance XSDT, a 
three phase GTO-based voltage source converter, and a 
DC capacitor [4]. 
 

 
 

Figure 1. SMIB power system equipped with STATCOM 
 

The VSC generates a controllable AC voltage source 
0 0( ) sin( )v t V wt φ= −  behind the leakage reactance. The 

voltage difference between the STATCOM bus AC 
voltage, vL(t) and v0(t) produces the active and reactive 
power exchange between the STATCOM and the power 
system, which can be controlled by adjusting the 
magnitude V0 and the phase φ. The dynamic relation 
between the capacitor voltage and current in the 
STATCOM circuit are expressed as [4, 6]: 

Lo Lod LoqI I jI= +  (4) 

(cos sin )o dc dcV cV j cVφ φ φ= + = ∠  (5) 

( cos sin )dc
dc Lod Loq

dc dc

I cV I I
C C

φ φ= = +  (6) 

where, for the PWM inverter c = mk and k is the ratio 
between AC and DC voltage depending on the inverter 
structure, m and c are the modulation ratio and phase 
defined by the PWM. The Cdc is the DC capacitor value 
and Idc is the capacitor current while iLod and iLoq are the 
d-and q-components of the STATCOM current, 
respectively. 

The dynamics of the generator and the excitation 
system are expressed through a fourth order model given 
as [4, 16]: 

0 ( 1)δ ω ω= −   (7) 
.

( ) /m eP P D Mω Δω= − −   (8) 
.

( ) /q q fd doE E E T′ ′= − +   (9) 
.

( ( )) /fd fd a ref t aE E K V V T= − + −   (10) 
The expressions for the d-q axes currents in the 

transmission line and STATCOM, respectively, are: 

(1 ) sin cos

(1 )

LB LB
q dc b

SDT SDT
tld

tL LB
tL LB d

LB SDT

X Xe mV V
X X

I
X XX X x
X X

φ φ′+ − −
=

′+ + + +
 (11) 

 
cos sin

(1 )

LB
dc b

SDT
tlq

tL LB
tL LB q

LB SDT

X mV V
X

I
X XX X x
X X

φ φ+
=

+ + + +
  (12) 

( ) sinq d tL tLq dc
Lod

SDT

e x X I mV
I

X
φ′ ′− + −

=  (13) 

cos ( )dc d tL tLq
Loq

SDT

mV x X I
I

X
φ ′− +

=  (14) 

The XT, x'
d and xq are the transmission line reactance, 

d-axis transient reactance and q-axis reactance, 
respectively. A linear dynamic model is obtained by 
linearizing the nonlinear model round an operating 
condition. The linearized model of the power system as 
shown in Fig.1 is given as following: 

0Δδ ω Δω=  (15) 
( ) /eP D MΔω Δ Δω= − −  (16) 

/ /( ) /q q fd doE E E TΔ Δ Δ= − +   (17) 

( ( ) ) /E K v v E TA Afd ref fdΔ = Δ − Δ − Δ   (18) 

ϕδ ϕΔ+Δ+Δ−Δ+Δ=Δ ddcdcqdc KcKvKEKKv 9
/

87
      (19) 

/
1 2e q pdc dc

pc p

P K K E K v

K c K φ

Δ Δδ Δ Δ

Δ Δφ

= + +

+ +
                (20) 

ϕδ ϕΔ+Δ+Δ+Δ+Δ=Δ qqcdcqdcqq KcKvKEKKE /
34

/   (21) 
/

5 6t q vdc dc

vc v

V K K E K v

K c K φ

Δ Δδ Δ Δ

Δ Δφ

= + +

+ +
                (22) 

where, K1, K2…K9, Kpu ,Kqu and Kvu are the linearization 
constants. The block diagram of the linearized dynamic 
model of the SMIB power system with STATCOM is 
shown in Figure 2. 
 

 
Figure 2. Modified Heffron–Phillips transfer function model 

 
A. Output Feedback Damping Controller 

A power system can be described by a linear time 
invariant (LTI) state space model as follows [7]: 

Vt

Vdc

Vb

cf

VSC

VEt VmL1

L2

L3

L4
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x Ax Bu= +                    (23) 
y Cx=             (24) 

where x, y and u denote the system linearized state, 
output and input variable vectors, respectively. A, B and 
C are constant matrixes with appropriate dimensions 
which are dependent on the operating points of the 
system. The eigenvalues of the state matrix A that are 
called the system modes define the stability of the system 
when it is affected by a small interruption. As long as all 
eigenvalues have negative real parts, the power system is 
stable when it is subjected to a small disturbance. An 
output feedback controller has the following structures: 

,Gyu −=                     (25) 
Substituting (25) into (23) the resulting state equation is: 

Cx A x=  (26) 
Where, Ac is the closed-loop state matrix and is given by: 

CA A BGC= −                (27) 
Only the local and available state variables Δω, ΔPe 

and ΔVt are taken as the input signals of each controller, 
so the implementation of the designed stabilizers 
becomes more feasible. By properly choosing the 
feedback gain G, the eigenvalues of closed-loop matrix 
Ac are moved to the left-hand side of the complex plane 
and the desired performance of controller can be 
achieved. 
 
B. COA Based Output Feedback Damping 
Controllers of STATCOM 

In the proposed method, we must tune the STATCOM 
controller parameters optimally to improve the overall 
system dynamic stability in a robust way under different 
operating conditions and disturbance. To obtain the 
optimal gains, this paper employs chaotic optimization 
[10] to improve optimization synthesis and find the 
global optimum value of fitness function. For our 
optimization problem, an eigenvalue based multiobjective 
function reflecting the combination of damping factor and 
damping ratio is considered as follows [17]: 

2 2
0 0

1 10 0

. ( ) ( )
NP NP

i i
j ji i

J a
ζ ζ σ σ

ζ ζ σ σ
= ≤ = ≥

= − + −∑ ∑ ∑ ∑  (28) 

where, σi,j and ζi,j are the real part and the damping ratio 
of the ith eigenvalue of the jth operating point. The value 
of α is chosen at 10. NP is the total number of operating 
points for which the optimization is carried out. The 
value of σ0 determines the relative stability in terms of 
damping factor margin provided for constraining the 
placement of eigenvalues during the process of 
optimization.  

When optimized with J, the eigenvalues are restricted 
within a D-shaped area as shown shaded in Figure 3. It is 
necessary to mention here that only the unstable or lightly 
damped electromechanical modes of oscillations are 
relocated. The design problem can be formulated as the 
following constrained optimization problem, where the 
constraints are the controller parameters bounds: 

 
 
 

Minimize J Subject to: 
min max
1 1 1
min max
2 2 2
min max
3 3 3

G G G

G G G

G G G

≤ ≤

≤ ≤

≤ ≤

                            (29) 

Typical ranges of the optimized parameters are [100-
200] for G1 and [0.01-10] for G2 and G3. The 
optimization of the controller parameters is carried out by 
evaluating the objective function as given in equation 
(28), which considers a multiple of the operating 
conditions. The operating conditions are considered as: 
• Nominal loading: P = 0.80pu, Q = 0.2 pu. 
• Lightly loading: P = 0.2 pu, Q = 0.01 pu.               
• Heavily loading: Case 2: P = 1.20 pu, Q = 0.4 pu. 

In order to acquire better performance, maximum 
number of iterations of chaotic global and chaotic local 
search is chosen as 250 and 250, respectively. Also, λ is 
the step size in the chaotic local search and linearly 
decreases from 0.1 to 0.01. It should be noted that the 
COA is run several times and then optimal combination 
of the controller parameters is selected. The final values 
of the optimized parameters are given in Table 1. 
 

 
 

Figure 3. Region of eigenvalue location for objective function 
 

Table 1. Optimal parameters of the output feedback damping controllers 
 

 G1 G2 G3 

C based controller 198.24 3.59 2.58 

φ based controller 127.55 1.53 1.03 

 
IV. SIMULATION RESULTS 

 
A. Eigenvalue Analysis 

The electromechanical modes and the damping ratios 
obtained for all operating conditions both with and 
without proposed controllers in the system are given in 
Table 2. When controller is not installed, it can be seen 
that some of the modes are unstable (highlighted in Table 
2). It is also clear that the system damping and dynamic 
stability with the proposed method based tuned output 
feedback damping controller are significantly improved. 
Moreover, it can be seen that electromechanical mode 
controllability via φ is higher than that C input control 
signal. 
 
B. Nonlinear Time-Domain Simulation 

In this section, the performance of the proposed 
controller under transient conditions is verified by 
applying a 6-cycle three-phase fault at t = 1 sec, at the 

σ 

jω 

σ0 

٠ζ  

σi ≤ σ0 
ζi ≥ ζ0 
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middle of the L3 transmission line. The fault is cleared by 
a permanent tripping of the faulted line. The system 
response to this fault is shown in Figs. 4 and 5. It can be 
seen that the COA based designed output feedback 
controllers achieves good robust performance, provides 
superior damping in comparison with the phase 
compensation method [15]. 
 

Table 2. Eigenvalues and damping ratios of electromechanical modes  
 

Objective 
functions Nominal Heavy Light 

Without 
controller 

0.168 ± i3.91,   
-0.042  

-3.22, -97.44 

0.24 ± i3.91,   
-0.061 

-3.41,  -97.42 

0.007 ± i3.61,  
-0.002  

-3.17,  -97.19 

C based 
controller 

-1.01 ±i2.49, 0.37 
-85.1±i4.84, 0.998 
-3.1525, -0.30955 

-0.006 

-1.78±i2.65, 0.55 
-89.7± i12.5, 0.99 
-3.3973, -0.37362 

-0.0063 

-1.88 ± i3.28,0.49
-0.1821 , -0.0054 

-73.38, -2.3 
-92.744 

φ based 
controller 

-1.771±i2.03, 0.65 
-21.32, -554.88 
-0.0007, -2.38   

-97.033 

-1.79 ± i2.4, 0.56 
-2.583, -800.4 

-20.41, -0.0007 
-97.082 

-1.45±i2.79,  0.46
-0.00071, -420.44

-3.00, -25.03 
-96.579   

 
 

Figure 4. Dynamic responses for Δω at (a) light (b) nominal and (c) heavy 
loading; Solid (COA based φ controller), Dashed (Phase compensation 

method [3] based φ controller) and Dotted (without controller) 

 
Figure 5. Dynamic responses for Δω at (a) light (b) nominal and (c) heavy 

loading; Solid (COA based c controller), Dashed (Phase compensation 
method [3] based c controller) and Dotted (without controller) 

 
To demonstrate performance robustness of proposed 

method, two performance indices: ITAE and FD based on 
the system performance characteristics are defined as: 

0
2 2 2

100 .

( 500) ( 2000)

tsim

s

ITAE tdt

FD OS US T

Δω=

= × + × +

∫  (30) 

where, speed deviation (Δω), Overshoot (OS), 
Undershoot (US) and settling time of the speed deviation 
of the machine is considered for the evaluation of the 
ITAE and FD indices. It is worth mentioning that the 
lower the value of these indices is, the better the system 
response in terms of the time-domain characteristics. 
Numerical results of the performance robustness for all 
system loading cases are given in Tables 3 and 4. It can 
be seen that the values of these system performance 
characteristics using the COA based tuned controllers are 
much smaller compared to phase compensation [15] 
based tuned stabilizers. 
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Table 3. Values of performance index ITAE 
 

Type of 
algorithm 

Nominal Light Heavy 
C  φ C φ C φ 

COA 4.0589 2.819 1.6389 1.5368 1.4133 1.844 
Phase 

compensation 5.148 10.163 2.8504 6.804 1.5882 6.1555 

 
Table 4. Values of performance index FD 

 

Type of 
algorithm 

Nominal Light Heavy 
C  φ C φ C φ 

COA 138.41 54.371 36.377 39.809 58.285 38.276 
Phase 

compensation 335.7 611.24 231.67 518.19 81.321 412.17 

 
V. CONCLUSIONS 

In this paper, COA based output feedback damping 
controller is proposed to control STATCOM for 
improving power system transient stability system 
damping. The design problem of the output feedback 
damping controller is converted into an optimization 
problem which is solved by a COA technique with the 
eigenvalues based multiobjective function. The proposed 
controller is applied a single machine power system 
subjected to the different operating conditions. The 
simulation results show the effectiveness of the proposed 
controllers and their ability to provide good damping of 
the low frequency oscillations. The system performance 
characteristics in terms of ‘ITAE’ and ‘FD’ indices reveal 
that using the proposed COA based controllers the 
overshoot, undershoot, settling time and speed deviations 
of the machine are greatly reduced at various operating 
conditions. 
 

APPENDIX 
System data: The nominal parameters of the system 

are listed in Table 5. 
 

Table 5. System parameters 
 

Generator 
MJ/MVA8=M  044.5=′doT s 1pudX =  

p.u6.0=qX  pu3.0=′dX  0=D  

Excitation System 50=aK  0.05saT =  

Transformers 0.1
T

X pu=  puX SDT 1.0=

Transmission Line pu4.0=qX   

DC link Parameter puVDC 1=  1DCC pu=  

STATCOM Parameter 25.0=C  52ϕ =  
Ks = 1 Ts = 0.05 

 
NOMENCLATURE 

COA Chaotic Optimization Algorithm 
DC Direct current 
E'q Internal voltage behind transient reactance
Efd Equivalent excitation voltage 
FACTS Flexible alternating current transmission 

systems 
FD Figure of demerit 
GA Genetic algorithm 
GTO Gate turn off thyristor 
ITAE Integral of time multiplied absolute value 

of the error 

K Proportional gain of the controller 
KA Regulator gain 
M Machine inertia coefficient 
OS Overshoot of speed deviation  
Pe Electrical output power 
PI Proportional integral 
Pm Mechanical input power 
SDT Step down transformer 
SMIB Single machine infinite bus 
STATCOM Static synchronous compensator 
SVC Static var compensator 
TA Regulator time constant 
T'do Time constant of excitation circuit 
Te Electric torque 
Ts Settling time of speed deviation  
Vdc Dc capacitor voltage 
US Undershoot of speed deviation  
V Terminal voltage 
vref Reference voltage 
VSC Voltage source converter 
ω Rotor speed 
δ Rotor angle 
φ Excitation phase angle 
ΔPe Electrical power deviation 
ΔVdc DC voltage deviation 
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