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Static VAR Compensator using Fixed Structure Static
Output Feedback Robust Loop Shaping Control

Somyot Kaitwanidvilai, Chamnan Koisap, and Issarachai Ngamroo

Abstract— This paper proposes a new technique for
designing a fixed-structure static output feedback robust loop
shaping controller for a power system with VAR compensator.
The proposed technique uses Particle Swarm Optimization
(PSO) to evaluate the final solution. Infinity norm from
disturbances to states is formulated as the cost function in our
optimization. The performance of the designed system is
investigated in comparison with the conventional H infinity
loop shaping controller, the robust controller designed by LMI
method and the reduced order robust controller by Hankel
norm model reduction method. As results indicated, stability
margin of our proposed controller is better than that of the
others. In addition, the order of the proposed controller ismuch
lower than that of the conventional robust loop shaping
controller.

Index Terms— Fixed-structure robust loop shaping control,
Particle Swarm Optimization, H infinity loop shaping control.

I.INTRODUCTION

Presently, stability analysis is one of the most important
issues for designing of power system stabilizer. Normally, in
a power system, uncertainties can be occurred by various
sources such as disturbances, switching, load changing,
faults, etc. The analysis of dability and dynamic
performance in a power system is not easy; however, it can
be carried out by control system theory. To design an
effective controller, many techniques such as fuzzy logic
control in [1], hybrid method in [2], Real-Coded Genetic
Algorithm in [3] and static Var compensator power swing
damping controller in [4], etc. have been proposed and
designed. In [1], a fuzzy logic was adopted to design a
controller for static VAR compensator to improve the
transient stability of the power system. As shown in their
results, fuzzy logic can efficiently control the system at any
load changing conditions. However, the uncertainty criterion
is not considered in their design. Zhijun, et. a. [2] proposed
a new hybrid method to simulate the power system with
static VAR compensator dynamic phasor model. Their
proposed simulator can show the voltage and current
waveforms when a three phases fault is occurred. Panda, et.
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al. proposed a new design technique for power system
stabilizer and a static VAR compensator controller. The
optimal controller parameters were searched by real-coded
Genetic Algorithm. Chang and Xu [4] proposed a static
VAR compensator with power swing damping controller for
different operating conditions. Their proposed controller can
improve the damping of power system oscillation.

All techniques mentioned above do not include the
system uncertainty or robust criterion into their designs.
Robust control is a well-known technique to design a high
performance controller for a system under uncertainty and
disturbance conditions. In this technique, uncertainty can be
modeled by many kinds of models such as, multiplicative
uncertainty model (in mixed-sensitivity approach), co-prime
factors uncertainty model (in H infinity loop shaping
approach [5]), etc. Many robust control techniques have
been investigated in power system control such as LMI
based H infinity loop shaping in [6], loop shaping control in
[7], inverse additive perturbation in [8], etc. As shown in
previous research works, robust H infinity control is one of
the most popular techniques for designing an effective
controller under uncertainty and disturbance conditions. One
of the most popular techniques of H infinity control is H
infinity loop shaping which is a sensible and simple method.
In addition, classical loop shaping which is an intuitive
scheme is incorporated in the design. However, the resulting
controller obtained from this approach has high order,
making it difficult to implement in practical works. To
overcome this problem, this paper focuses on the design of
structure-specified controller which can guarantee the robust
performance by maximizing the stability margin of the
controlled system. In the proposed technique, infinity norm
from disturbances to states is formulated as the objective
function, and PSO is adopted to find the optimal controller.
As shown in the results, our proposed technique gains better
stability margin compared to the static H infinity loop
shaping controller [6] and the reduced order controller. In
addition, order of the proposed controller is much lower than
that of full order robust loop shaping controller.

The remainder of this paper is shown as follows. Section
2 illustrates the conventional robust loop shaping. Sections 3
and 4 describe the proposed technique. Simulations and
results are shown in Section 5. Finally, Section 6 concludes
the paper.

I11.CONVENTIONAL H,, LOOP SHAPING CONTROL

H infinity loop shaping control was first introduced by
McFarlane [9]. In this design, desired open loop shape in
frequency domain is specified by shaping the open loop of
the system, G, with the weighting functions, pre-
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compensator (W,;) and post-compensator (W,). The shaped
plant can be written as:
G, =WGW, (1)
GA = (Ns +ANS)(MS "'AMsyl ()]
whereAnsand Awsare the uncertainty transfer functions in
the nominator and denominator factors, respectively. G,is

the shaped plant with uncertainty. |Ans A, <& , Where g is
the stability margin. The design steps of H infinity loop
shaping can be briefly described as follows:

Sep 1 Specify pre- and post-compensator weights for
achieving the desired open loop shape.
Step 2 Find the optimal stability margin (&yp) by solving
the following equation.
|
| -G.K)Y'M*
[Ha-cww

Vo = € = inf

stabK

©)

If (éon) is too low, then go to Step 1 to select the new
weights.

Sep 3 Select the stability margin (¢ <€w)and then
synthesize the controller, K, by solving the following
inequality.
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Sep 4 Fina controller (K) is
K =WKW, (5)

I11.FIXED-STRUCTURE OUTPUT FEEDBACK ROBUST LOOP
SHAPING CONTROL

Although robust loop shaping technique is an efficient
technique to design a robust controller for MIMO system;
however, the final controller designed by this approach is
usually high order and complicated controller. To overcome
this problem, many techniques such as Hankel norm model
reduction [5], LMI based static output feedback robust loop
shaping control [6], etc. have been proposed to reduce the
order of controller. However, in many cases, stability margin
obtained from above mentioned techniques is not good
enough. Thus, to enhance the design, we propose a PSO
based fixed-structure output feedback robust loop shaping
control to design a fixed-structure robust controller. The
proposed technique can be summarized as follows:

Sep 1 Specify the structures of weight and controller. In
the proposed technique, structure of weights and controller
must be the same structure. Select the post-compensator
weight as|.

Sep 2 The structure of the final controller isK(P), thus,
based on (5),

K., =W(x)"K(p) (6)

By substituting (6) into (4), the infinity norm of transfer
function from disturbances to states, subjected to be
minimized, can be written as:
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(7)

Consequently, it is reasonable to set the fitness function of
PSO as.

0

-1

fitness( fs) = {m}(' ~GWO)K(P)[I G

0.0001

0

®
Sep 3 Use PSO to find the optimal parameter, p* and X .
The following section describes the steps of PSO adopted in
the proposed design.

IV.PARTICLE SWARM OPTIMIZATION ALGORITHM

PSO was first proposed in [12]. In our work, this
technique is used for solving the fixed structure robust loop
shaping control problem. The particle in this problemis a set
of parameters x and p of weight W(x) and final controller

K(p), respectively. Following steps are the PSO procedure.

Sep 1 Randomly initialize the several sets of x and p as
particles in the 1% iteration of PSO. Define the PSO
parameters such as population size, maximum and minimum
velocities. Congtrains in this problem are set as the
frequency domain specifications as follows:

Crossover frequency > CF

o(Gs(w< Do freg ) > LG

E(Gs(a)> Grighireg)) < HG 9)
where CF is the crossover frequency of the desired loop
shape of the shaped plant, LG is the specified gain,
(G (@ < Douren)) is the lower singular values shape in low
frequency range (@ < Boyieq) of the desired loop shape, HG
iss the specified gain, 7(Gs(®> Gugier)) is the upper singular

values shape in high frequency range(® > @ngie) of the
desired loop shape.

Step 2 Find the fitness of each particle using (8).

Sep 3 Update the inertia weight (Q), position and velocity
of each particle using the following eguations.

Q=Qn —[—Qma*i e ]i (10)
Vi+1:QVi+a1|:71i(FL_pi):|+a2|:7/2i(ub_pi):| (11)
Pi=R +Via (12)

where &y, &, are acceleration coefficients.

Y1, V2 areany random number in (0-1) range.

Sep 4 While the current iteration is less than the maximum
iteration, go to step 2. If the current iteration is the maximum
iteration, then stop. The particle which has maximum fitness
isthe answer of the optimization.

V.SIMULATIONSAND RESULTS

A power system with VAR compensator control was
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studied in this research work. The voltage source inverter
causes lagging or leading reactive power. In the controlled
system, there are a DC voltage loop and a reactive current
loop to control the output reactive power. Thus, this system
isa MIMO system, which has 2 inputs, AM — Modulation
ratio of the inverter and Ag@ — phase angle of the inverter
voltage, and 2 outputs, Aid - reactive current, and AVc - DC
voltage. In this paper, the nomina plant has a transfer
function [6, 11] as:

1
G(s) = x
(s+0.2124)(s? +0.24925+12.55)
0.2307s(s+ 33.56) -3.2226(S" + 0.0934s + 7.944)
-27.556(s+0.2308)  3.5807(s + 1.723)(s - 1.261)
13
Pre-compensation (W) can be designed by PI pre-
compensator as.
. (a(s+0.2) b(s+ O.2)j
W = dia )
g ( S S (14)

where a and b are parameters that can be adjusted to achieve
the desired open loop shape. In this paper, these parameters
are determined by PSO, and the post-compensator (W) is
selected as .

In [6], there are three cases of weight parameters selected
by trial and error method. The detail of each case can be
seen in Table 1. The design of the proposed controller is
done by assigning the controller structure as:

PSS+ P, PSS+ P,
K(pp=| ° S
PsS+Ps PSSt P (15)
S S

Ranges of the weight parameters are chosen as a-b e [0, 5].
The controller parameters ranges are chosen as pyg € [-1,
1].Parameters of PSO are selected as follows: population
size = 200; minimum and maximum velocities are 0 and 2
respectively; acceleration coefficients = 2.1; minimum and
maximum inertia weights are 0.6 and 0.9, respectively;
maximum iteration = 25. The frequency domain constrains
are selected as folloOWS: @lowfreq = 107 rad/Sec, @hignfreq = 10°
rad/sec, LG = 50 dB, HG = -40 dB and CF = 0.1 rad/sec.
When running the PSO for 25 iterations, the optimal solution
is obtained as (16) and (17). The stability margin obtained
from the proposed controller is 0.5237.

. (01181(s+0.2) 0.3505(s+0.2
W(X) =d|ag[ X ), ( )] (16)
S S
_0.0197s-0.0174  0.0521s+0.0453
S S
K =
(P=| 042075400517 -02478s-00026| (17

s s

As seen in Fig.1, the stability margin obtained by the
evolved weight in (16) and the optimal controller in (17) is
0.5237. Table 1 shows the stability margin obtained from the
static output feedback robust loop shaping controller in [6].
The reduced order controller by Hankel norm model
reduction is also shown in this Table. Clearly, the stability
margin of the proposed controller is better than that of the
controllers designed by LMI approach [6] and model
reduction technique. In addition, these results point out that
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the proposed technique is effectively used to design the
robust controller and gives a better performance than the
other techniques.
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Table 1. Results of stability margin obtained from the
controller in [6], reduced order controller. (The stability
margin of the proposed controller is 0.5237)

Parameters — Stability margin (&)
involved in pre loop sII:apl‘% g Reduced order Full order
th
compensator (2" order] [10™ order]
Casel (a=0.1, 0.4242 0.1556 [4™ order] 0.6487
b=0.2)
Casell (a=0.1, 0.4474 0.2547 [5™ order] 0.6201
b=0.3)
Caselll (a=0.3, 0.4260 4.9x10°[5" order] 0.5587
b=0.5)
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Fig.2 Output response of the system when the unit step and
disturbance (0.3u(t)) are entered to reactive current
command, (a) channel 1, (b) channel 2 of the system.
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Fig.3 Output response of the system when unit step and
disturbance (0.3u(t)) are entered to DC voltage command,
(8) channel 1 (b) channel 2 of the system.

Fig. 2 shows the responses of the output of the systemin 2
channels (DC voltage and Reactive Current) when the unit
step command and disturbance are fed into the reactive
current command. As seen in this figure, the proposed
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controller can perform well and its response is close to the
full order robust loop shaping controller, with lower
overshoot than the controller in [6]. In addition, the
responses from the proposed controller have better setting
time than that of the reduced order controller. Fig. 3 shows
the responses of the system when unit step and disturbance
are fed into DC Voltage command. The figure shows that the
proposed controller is better able to maintain the output
level when disturbance is entered than the other reduced
order controllers.

V1.CONCLUSIONS

This paper proposes a new technique to design a fixed-
structure robust controller for VAR compensator connected
electric power system. The proposed technique uses Particle
Swarm Optimization to find the final optimal controller. As
seen in the results, our proposed controller gains better
robust performance (measured by an index, stability margin)
compared to the conventional static H infinity loop shaping
[6], reduced order controller. In addition, the order of the
proposed controller is much lower than that of the
conventional H infinity loop shaping controller. The
effectiveness of the proposed controller is also verified by
the time domain responses under the conditions of input
disturbances.

ACKNOWLEDGMENTS

This work was funded by the King Mongkut's Institute of
Technology Ladkrabang Research Fund and DSTAR,
KMITL and NECTEC, NSTDA.

REFERENCES

[1] N.Karpagam and D.Devaraj, Fuzzy Logic Control of Static Var
Compensator for Power System Damping, International Journal of
Electrical Power and Energy Systems Engineering, 2, 2009.

[2] E Zhijun, D.Z. Fang, K.W. Chan and S.Q. Yuan, Hybrid simulation
of power systems with SVC dynamic phasor model, Electrical
Power and Energy Systems, 31, 2009, pp. 175-180.

[3] S. Panda, N. P. Patidar and R. Singh, Simultaneous Tuning of
Static Var Compensator and Power System Stabilizer Employing
Real Coded Genetic Algorithm, International Journal of Electrical
Power and Energy Systems Engineering, 1, 2008.

[4] Yong Chang and Zheng Xu, A novel SV C supplementary controller
based on wide area signals, Electric Power Systems Research, 77,
2007, pp.1569-1574.

[5] S. Skogestad & Postlethwaite, Multivariable Feedback Control
Analysis and Design, 2nd ed., New York: John Wiley & Sons,
1996.

[6] S Patra, S. Sen, G. Ray, Design of static H, loop shaping
controller in four-block framework using LMI approach, Science
Direct, Automatica, 44, 2008, pp.2214-2220.

[71 R. Majumder, B. Chaudhuri, H. El-Zobaidi, B.C. Pal and I.M.

Jaimoukha, LMI approach to normalised He l00p-shaping design
of power system damping controllers, Journa of IET, Vol.152,
Issue 6, November 2005.

[8] Cuk Supriyadi A.N., |. Ngamroo, A. Kunakorn, S.
Dechanupaprittha, M. Watanabe, Y. Mitani, T. Hashiguchi and T.
Goda (2008). Inverse additive perturbation-based optimization of
robust PSS in an interconnected power system with wind farms.
Proceedings of SICE Annual Conference 2008, International
Conference on Instrumentation, Control and Information
Technology, 20-22 August, Tokyo, Japan, pp.237-240.

IMECS 2010



Proceedings of the International MultiConference of Engineers and Computer Scientists 2010 Vol II,

IMECS 2010, March 17 - 19, 2010, Hong Kong

[9] Duncan McFarlane, Keith Glover, A loop shaping design procedure
using He synthesis, IEEE Transactions on automatic control, Vol.
37, No. 6, June 1992.

[10] E. Prempain, |. Postlethwaite, Static He l00p shaping control of a
fly by wire helicopter, Automaica 41(2005), pp. 1517-1528.

[11] Masao Yano, Fellow and Hidetoshi Lkeda (1994), He Controller
for the static VAR compensator, IEEE power eectronics
specialists, pp. 1088-1094.

[12] Kennedy J, Eberhart R. Paticle swarm optimization. In:
Proceedings of the IEEE international conference on neura
networks, 1995, p. 1942-8.

ISBN: 978-988-18210-4-1
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

IMECS 2010





