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This paper proposes hybrid control schemes for compensation of parametric and non-parametric uncer-
tainties arising in modern power systems. The robust loop shaping design procedure considering non-
parametric uncertainty term is used to design H., TCSC. To further enhance steady state stability, and
consider the effect of parametric uncertainties occurring due to variation in loading conditions, robust

TCSC is supplemented with three types of PSS i.e. PSO-PID PSS, PSO Mamdani FPSS and PSO TS FPSS.

Keywords:

PSO-Particle Swarm Optimization
FACTS-Flexible AC Transmission System
TCSC-Thyristor controlled series capacitor
PSS-Power system stabliser

FPSS-Fuzzy power system stabiliser
T-S-Takagi-Sugeno

PSO is used to optimize the parameters of PID based and Fuzzy type PSS. The proposed hybrid control
schemes are found to compensate uncertainty well by stabilizing the power system over whole paramet-
ric uncertainty range. However, the proposed hybrid controller involving robust TCSC and PSO-Takagi-
Sugeno FPSS shows best performance with enhanced steady state stability among all schemes. Also
the T-S FPSS performs better as compared to Mamdani FPSS.
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Introduction

Low frequency (0.1-1.0 Hz) power oscillations [9] are inherent
in electric power systems. Traditionally, the supplementary damp-
ing in power system is provided by power system stabiliser (PSS)
[4,10,12]. However, with growing transmission line loading, the
power system stabiliser (PSS) may not provide enough damping
for the inter-area power oscillations in a complex power system.
In addition, it may result in large variations in the voltage profile,
leading power factor operation and even loss of power system sta-
bility under large uncertain loading conditions [32,21,15]. In these
days, Power electronic based Flexible AC Transmission Systems
(FACTS) controllers are widely recognized [7,6] by power system
practitioners for controlling the power flow along the transmission
lines and improving power oscillation damping. One of the well
known Series FACTS device, thyristor controlled series compensa-
tor (TCSC) is competent [8,3] to provide damping to the local mode
and inter-area oscillations, control the power flow and improve
dynamic stability.

It is a well-known fact that the conventional damping controller
design synthesis is simple but tends to lack of robustness in a wide
range even after a lot of tuning. Several research studies have been

* Corresponding author.
E-mail addresses: vikysm09@gmail.com (V.K. Tayal), jslather@gmail.com (J.S.
Lather).

http://dx.doi.org/10.1016/j.ijepes.2014.12.033
0142-0615/© 2014 Elsevier Ltd. All rights reserved.

reported in the literature for tuning damping controller parame-
ters. To design the power system stabilisers [2] a variety of design
methods such as frequency response [16], pole placement [20],
eigenvalue sensitivity [22], residue method [24] and other differ-
ent robust control techniques have been proposed. To design the
TCSC and PSS the most common techniques are based on simulated
annealing [1], phase compensation method [33] and genetic algo-
rithm [14]. All of the above methods do not consider the occur-
rence of system parameters and loading uncertainties in the
power system modelling; thus the robustness of TCSC and PSS
against system uncertainties cannot be guaranteed. Therefore,
TCSC and PSS may not be able to make the system stable under
varying conditions in force.

In order to achieve a Robust TCSC and Fuzzy PSS at all operating
conditions the concepts of control theory are contextualize into
power system stability. In the proposed hybrid control scheme a
Robust H,, loop shaping TCSC damping controller and PSO opti-
mized Fuzzy PSS in a Single Machine infinite Bus (SMIB) power sys-
tem is demonstrated. The time domain simulations clearly show
that the proposed hybrid controllers are highly robust to different
power system uncertainties. This paper is organized as follows.
Section ‘Power system modelling’ details system modelling, the
design of the proposed TCSC and FPSS structures are detailed in
Section ‘Robust TCSC and PSO - fuzzy PSS control design’. Next sec-
tion ‘Simulation studies’ presents the simulation studies and the
effectiveness of TCSC and PSS has been validated on Single Machine
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infinite Bus (SMIB) power system in different conditions, the con-
clusion is given in Section ‘Conclusions’. Appendix includes various
parameters of the system and controllers.

Power system modelling

The study system consists of a synchronous machine connected
to an infinite bus through a transmission line. A TCSC and a fuzzy
power system stabiliser are installed with the system (Fig. 1). Fig. 2
shows the block diagram of Single Machine infinite bus (SMIB)
power system. This diagram was developed by Heffron and Phillips
[1952] to represent the dynamics of a single synchronous genera-
tor connected to the grid through a line. This model is a well-
known model for synchronous generators. This model is a linear
model; still it is quite accurate for studying low frequency oscilla-
tions and stability of power systems. It has also been successfully
used for designing classical power system controllers, which are
still active in most power utilities.

The state space representation for the model in Fig. 2 is
expressed as:

AX=A-AX+B-AU

AY=C-AY+D-AU

where the output vector AY=[Aw] and the state vector is
AX = [A6, Aw, AE,, AEg]". AU = [ AUpss, AUrcsc]” denotes the control
signals from Fuzzy PSS and Robust TCSC, whereas angular speed
deviation (Aw) is used as an input signal.

To design the PSO - Fuzzy PSS and Robust TCSC, the PSO tuned
Fuzzy Logic Control and H,, loop shaping approaches are applied
respectively. The coefficients K, K3, K3, Ka, Ks, Ks, ky (K7), Kp (Kg)
and K (Ky) as shown in Fig. 2 are calculated for an example power
system [3], with the real power varying from 0.1 pu to 1.0 pu, at
0.85 power factor (Table 1). The terminal voltage V,, is maintained
constant at 1.0 pu and the transmission line reactance considered
0.4 pu. The simulations were performed considering the reactance
of the TCSC equal to 0.3 pu. The above variation of K constants at
different operating points is considered as parametric uncertainty
for H,, TCSC controller design.

Robust TCSC and PSO - fuzzy PSS control design

Robust TCSC loop shaping control design using Glover-McFarlane
method

The Robust TCSC design is based on the H, robust stabilisation
combined with classical loop-shaping, where loop-shape refers to
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Fig. 1. TCSC and fuzzy PSS installed in a SMIB system.
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Fig. 2. P-H model of SMIB system connected with H.,, TCSC and Fuzzy PSS.

Table 1

K Constants at different operating points.
P(pu) K; K> K3 Ky Ks Ke K7 Kg Koy
0.1 08 06 019 0.70 0.030 0.29 -004 015 04
0.2 1 1 019 1.00 0045 0285 -0.08 025 0.8
0.3 1.2 13 019 120 0050 0280 -0.12 04 1.2
0.4 1.5 15 019 150 0.06 0276 -0.16 0.7 1.6
0.5 1.8 1.7 019 175 0.06 0270 -020 1.0 2.1
0.6 19 18 019 1.90 0.05 0264 -024 13 2.7

0.7 2 20 0.19 2.00 0.048 0258 -028 1.6 3.1
0.8 21 22 019 215 0040 0252 -031 19 3.6
0.9 22 225 019 220 0.03 0246 -035 2.1 4.1
1.0 22 235 019 225 0025 024 -038 23 43

W, —

A 4

Ks

Fig. 3. Shaped plant (Gs) with H,, controller (Ks).

the magnitude of the loop transfer function L= GK as a function
of frequency. The control method for designing Robust TCSC con-
troller uses a combination of loop shaping and robust stabilization
as proposed in [17,18,29]. The first step is to select a pre- and post-
compensator W; and W,, so that the gain of the shaped plant
Gs = W,GW; (Fig. 3) is sufficiently high at frequencies where good
disturbance attenuation is required and is sufficiently low at fre-
quencies where good robust stability is required. The second step
is to compute a Glover-McFarlane H.. normalized co prime factor
loop-shaping controller K = W, x Ks « Wy, where K; = K, is an opti-
mal H,, controller.

The plant Gs is known as shaped plant. It is represented by nor-
malized left co prime factorization Gs= M~'N then the plant per-
turbed model G, is expressed as

Ga = (M + AM) (N + AN)

where AM and AN represent the uncertainty in the power system
nominal model G. The objective of robust stabilisation is to stabilise
a family of perturbed plants defined by:
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Fig. 5. Basic structure of a fuzzy logic power system stabiliser.

Ga = {(M+ AM)"'(N + AN) : ||AN AM|| < 1/7} (1)

By the definition in (1) the problem of H_, stabilization via NCF
approach can be formed by K and a perturbed plants family G, as
shown in Fig. 4. In (1), the term 1/y is defined as the robust stability
margin. In the presence of system uncertainties, the maximum
stability margin (1/ymi) is specified by the lowest possible value
of 9, i.e. Ymin. The value of y,;,, can be calculated by (2),

Ymin = \/(1 + )\max(xz)) (2)

where /. (XZ) represents the greatest eigenvalue of XZ. For a min-
imal state-space realization (A, B, C, D) of Gs, the X and Z values are
the unique positive definite solutions to the algebraic Riccati
equations

(A—BS'D'C)'X + X(A—BS'D'C) —~XBS 'X + C'R'C =0

(A—BS'D'C)Z +Z(A—BS'D'C)' — ZC"R'CZ+BS 'B" =0

where R=1+DD", S=1+DD.

7 gives a good indication of robustness of stability to a wide
class of plant variations. The nominal plant robust stability is
determined by the selection of weighting function such that 7y,
< 4.0 for most typical control system designs [25]. If Y, is not
satisfied, then we have to alter the weighting function. The H_,
Controller can be find out by
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Fig. 6. FIS editor fuzzy PSS.

Table 2
Design parameters of fuzzy PSS.

Speed Dev. Acceleration
NB NM NS ZR PS PM PB

NB NB NB NB NB NM NM NS
NM NB NM NM NM NS NS ZR
NS NB NM NM NM NS NS ZR
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PM ZR PS PS PM PM PM PB
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Fig. 7. Membership functions for fuzzy PSS for input and output variables.

Fig. 8. Surface viewer.
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where F = -5 /(D"C+B"X) and L = (1 — y2)I + XZ.
Now, the TCSC controller K=W; x K.« W, is find out that
satisfies the required condition-

I KT = GKoo) I Glll,, <7

PSO-fuzzy PSS design

To design Fuzzy PSS, Takagi-Sugeno and Mamdani type fuzzy
inference engine were chosen (see Fig. 5).

Fig. 6 shows a FIS Editor with two input variable blocks, one
output variable block and Mamdani FLC [23,26], [31,5,19,30] block.
Fuzzy controller Design process involves 3 steps: fuzzification,
fuzzy rules and defuzzification.
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Fig. 9. Flow chart of particle swarm optimization algorithm.

Table 3
Parameters adopted for PSO.

Particle swarm optimization (PSO) parameters

Population size 40
Initial inertia weight (Wpmax) 0.9
Final inertia weight (Wpn) 04
Maximum iteration number (itqx) 1000

Acceleration constants(C1, C2) 1.4455, 1.4455

Frequency response of the precompensator
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Fig. 10. Frequency response of the pre-compensator.
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Fig. 11. Bode plot of original higher order and reduced order controllers.

Fuzzification

Fuzzification process is used for converting speed and its deriv-
ative to the fuzzy values. Seven membership functions to generate
better results are defined in Table 2. The linguistic labels of mem-
bership functions are marked as in Fig. 7, NB (Negative Big), NM
(Negative-Medium), NS (Negative-Small), ZR (Zero), PS (Positive-
Small), PM (Positive-Medium), PB (Positive-Big) Membership
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Fig. 12. Random mechanical power input (APy,).

functions are used to convert the fuzzy values between 0 and 1
for inputs and output value both.

Fuzzy rules

Fuzzy rules are defined to reduce the error in the system after
analysing the function of controller. For each fuzzy value there
are seven membership functions, so 49 combinations of speed
and acceleration are generated. However, rule base may also be
generated automatically [28]. There is an output for each of the
membership functions and the linguistic label can be determined
by using IF-THEN fuzzy rules in the following form: If speed
deviation is a; and acceleration deviation is b; then fuzzy output
is ¢;. Where a;, b; and c;; are fuzzy subsets defined in Table 2. In a
Takagi-Sugeno FPSS the output ¢ is linear or constant.

Defuzzification

At last Defuzzification is done. In this step the fuzzy values
which are obtained from inference engine converts into the spe-
cific values. For the inference Mamdani’s minimum fuzzy implica-
tion and Max-Min compositional rule are used. For the
defuzzification centroid method is used. At first, we design a
parameters satisfying FLC, according to design rules and with
assumption given in previous section. The dependency of the out-
put variable on the input variable is shown by the surface viewer in
Fig. 8.

Particle swarm optimization

Particle Swarm Optimization was first proposed by Kennedy
and Eberhart in 1995 [11]. The PSO is an evolutionary search algo-
rithm Inspired by the social behaviour of bird flocking and fish
schooling. The system under study is initialized with a population
of particles that “fly” through a multi-dimensional search space
with given velocities. Each particle encodes a single intersection
of all search dimensions. The associated position and velocity of
each particle are randomly generated [13,27]. At each generation,
the velocity of the particle is stochastically adjusted according to
the historical best position for the particle itself and the neighbour-
hood best position. This is accomplished by using some fitness
evaluation function. The movement of each particle evolves to an
optimal or near-optimal solution. The position corresponding to
the best fitness is known as ppes; and the overall best out of all
the particles in the population is called gpes.

Synthesis of fuzzy PSS using particle swarm optimization

Fuzzy PSS and TCSC are installed in the SMIB power system to
minimize the power system oscillations after a sudden disturbance
so as to improve the stability. These oscillations are reflected in the
deviation in the generator rotor speed (Aw). This section studies
the use of PSO for the tunning of Fuzzy PSS scaling factors.

To improve the system response in terms of the settling time
(t;) and overshoot (M,) the objective function is formulated as
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multiplied by the absolute value of error (ITAE) i.e.

J= / - |oo(t)|dt (4)

Fig. 13 (continued)

trol system. Therefore the integral criterion requires minimising J
by adjusting the Fuzzy PSS scaling factors. The solution of this opti-
mization problem using PSO is proposed as below:

Here ¢ is the simulation time. The time-domain simulations of
the SMIB power system are carried out to create the objective func-
tion in Matlab workspace. Smaller the value of | better is the con-
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Fig. 14. (a)-(j) Angular speed deviation (Aw) with/without H,, TCSC and with/
without PSO-PID PSS.

Step 1: Initialize the population of random solutions i.e. the
Fuzzy PSS scaling factors in the multidimensional space.

Step 2: For each solution set, calculate the objective function
value i.e. Integral of time multiplied by the Absolute value of
Error.
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Fig. 14 (continued)

Step 3: Based on the objective function value, the solution pop-
ulation is updated using specific modification equations of the
PSO and the range of space specified for the new solution sets.
Step 4: The step 2 and step 3 are repeated until the stopping cri-
terion is met, i.e. a fixed number of iterations or a minimum
value of objective function is reached.

The computational flow chart of PSO algorithm is shown in Fig. 9.

Simulation studies

To demonstrate the robustness of proposed hybrid control
design, the single machine infinite Bus (SMIB) power system is
simulated in Matlab. In this study, proper fine tuning of fuzzy
PSS and PID PSS parameters is evaluated by PSO experimental
studies examining the effect of each parameter on the final results.
The parameters adopted for PSO are tabulated in Table 3. As a
result, the values of Mamdani fuzzy input scaling parameters oy
and o are taken as 3.5225 and 9.1905 respectively. The output scal-
ing parameter is set as: K=204. The Takagi-Sugeno fuzzy PSS



V.K. Tayal, J.S. Lather/Electrical Power and Energy Systems 68 (2015) 123-131 129

x 1074

With TCSC and PSO -Takagi - Sugeno Fuzzy PSS
1 P=0.1pu r\

oI\ \
. /

Angular Speed
Deviation (pu)

L@
0 5 10 15 20 25
Time (Sec)
) x10™
oz ith TCSC and PSP -Takagi - Sugeno Fuzzy PSS
Sa P=02pu
o= 1
5 \\
5=
35 P
za (b)
-1
0 5 10 15 20 25
Time (Sec)
, x10
T = With TCSC and. PSO -Takagi -Sugeno Fuzzy PSS
22 o5 P=03pu N\
Q.
T .5 0 N \\ \\
iy /
g)'g -0.5
o L4 ©
0 5 10 15 20 25
Time (Sec)
1 X 10
Ee) = With TCSC and PSO -Takagi -Sugeno Fuzzy PSS
% a 0.5 P=0.4pu
5 g o
Ps o
ol
2= 05
D o B
28 )
-1
0 5 10 15 20 25
Time (Sec)
10X 10
o = With TCSC and PSO - Takagi - Sugeno Fuzzy PSS
3 a P=0.5pu
Q
n's \
5=
33 °
& [
<0 5 (e)
0 5 10 15 20 25
Time (Sec)

Fig. 15. (a)-(j) Angular speed deviation (Aw) with H,, TCSC and PSO-Takagi-
Sugeno fuzzy PSS.

input and output scaling parameters obtained using PSO are
o =26.5512, g =17.2718 and K = 79.4163. The PID PSS parameters
obtained by PSO are K}, = 35.4552, K; = 294.1160 and K; = 133.2334.

The Weighting Functions for H,, TCSC controller are selected as
W1 =(5+1)/0.9S and W, =1 so that robust stability condition is
ensured (Ymin < 4.0). The frequency response of the pre-compensa-
tor is shown in Fig. 10. As a result, the shaped plant G; can be estab-
lished and the controller K., can be determined by (3).
Consequently, the sixth order robust TCSC controller K., is
obtained.

K. = (614.78° +1.627 x 10*S* +1.337 x 10°S® + 1.057 x 10°S?
+6.441 x 10°S + 9.84 x 10°)/(S° + 46.53S° + 875.65"
+9748S% + 7.459 x 10*S? + 2.398 x 10°S)

To reduce the computational resources and time for cost-effec-

tive simulation, the Schur balanced truncation model reduction is
applied.

-5
10 x 10
o~ With TCSC and BSO - Takagi - Sugeno Fuzzy PSS
o3 P=0.6pu
oL g
Q
55 \ \\
5=
s2 0
£ ®
< -5
0 5 10 15 20 25
Time (Sec)
-5
x 10
6
4 With TCSC and PSO - Takagi - Sugeno Fuzzy PSS
i P=0.7pu \
o}
2L 2
@ S0 \ \
5=
58
20
e
6 g
0 5 10 15 20 25
Time (Sec)
5
x 10
6
VS 4 With TCSC and PSO - Takagi - Sugeno Fuzzy PSS
a3 P=0.8pu \
2=
n g 2 \
8% 0
S-S /
28 -2
<=, (h)
0 5 10 15 20 25
Time (Sec)
x10°

With TCSC and PSO - Takagi - Sugeno Fuzzy PSS

P=0.9pu \
o \
/
PG Y

0 5 10 15 20 25
Time (Sec)

A M O N B O

Angular Speed
Deviation (pu)

x 107

With TCSC and PSO - Takagi - Sugeno Fuzzy PSS

P=10pu \
N \
/.
1) 4
0 5 10 15 20 25
Time (Sec)

AN O N A O

Angular Speed
Deviation (pu)

Fig. 15 (continued)

This result in a dimensionally reduced TCSC controller as -

373.95% 1+ 492.7S + 7566
S® +8.4355% + 184.45 +3.343 x 107"

Fig. 11 shows the bode plot of the higher order and the reduced
order TCSC controllers. Bode diagrams of both controllers are
almost similar which means that both controllers will have nearly
the same performance.

To ensure the robustness of the hybrid control scheme in a wide
range, the Power system shown in Fig. 1 is studied through the
computer simulation at different operating points i.e. at real power
P=0.1,0.2,0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 pu. The system is
applied a random mechanical power input (AP,;) as shown in
Fig. 12. By changing the mechanical input of the generator, the dis-
turbance is created in the system at t = 5, 10, 15, and 20 s. To illus-
trate the efficiency of the hybrid controllers, five different cases are

KooRedLlCEd Order =
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Table 4
Rotor angular speed deviation (Aw) with different hybrid controllers.

Real power (pu)  Angular speed deviation-peak value(10~* pu)

H.. TCSC and PSO-PID PSS

H.. TCSC and PSO - Mamdani fuzzy PSS

H.. TCSC and PSO-Takagi-Sugeno Fuzzy PSS

t=0s t=5s t=10s t=15s t=20s t=0s t=5s t=10s t=15s t=20s ¢t=0s t=5s t=10s t=15s t=20s

0.1 1.5 2.8 -0.8 -2.8 4.0 0.8 1.8 -0.3 -1.8 2.2 0.59 1.2 -0.24 -1.1 1.7

0.2 1.0 2.25 -0.5 24 3.0 0.5 1.0 -0.2 -1.0 1.8 0.38 0.79 -0.15 -0.78 1.1

0.3 1.0 1.9 -0.4 -19 24 0.4 0.95 -0.18 -09 1.0 0.30 0.63 -0.11 -0.58 0.89
0.4 0.9 1.8 -03 -1.8 2.1 0.3 0.9 -0.15 -0.8 1.0 0.27 0.55 -0.12 -0.51 0.76
0.5 0.9 1.7 -0.25 -1.6 2.0 0.3 0.8 -0.15 -0.7 1.0 0.22 0.49 -0.10 —0.48 0.67
0.6 0.8 1.6 -0.2 -1.5 2.0 0.3 0.75 -0.14 -0.7 0.9 0.22 0.46 -0.099 -045 0.64
0.7 0.7 1.4 -0.19 -14 1.8 0.2 0.70 -0.10 —0.65 0.85 0.20 0.42 -0.092 -0.41 0.58
0.8 0.5 13 -0.15 -1.3 1.7 0.21 0.65 -0.10 —0.65 0.75 0.19 0.39 —-0.090 -0.37 0.54
0.9 04 1.2 -0.15 -1.2 1.7 0.20 0.47 -0.09 -0.6 0.70 0.18 0.37 -0.080 -0.36 0.53
1.0 0.3 1.1 -0.15 1.0 1.6 0.20 0.5 —0.08 -0.5 0.65 0.18 0.35 -0.070 -0.34 0.49

presented; with H,, TCSC and PSO - Mamdani Fuzzy PSS, with H_,
TCSC and without PSO - Fuzzy PSS, without H,, TCSC and PSO-
Fuzzy PSS and with H,, TCSC and PSO-PID PSS and with H_, TCSC
and PSO - T-S Fuzzy PSS. The dynamic time responses of rotor
angular speed deviation (A®) are shown in Figs. 13(a)-(j), 14(a)-
(j) and 15(a)-(j) and quantitatively compared (Table 4) at every
operating point for the different cases.

The simulation results show that H,, TCSC and PSO-Takagi-
Sugeno Fuzzy PSS combination has much lesser Peak overshoot
(Mp) as well as settling time (t;) at every operating point, thus have
far better oscillations damping capabilities as compared to H.
TCSC and PSO-PID PSS, and H,, TCSC and PSO - Mamdani Fuzzy
PSS control schemes. Further, in the absence of PSO - Mamdani/
T-S Fuzzy or [and H,, TCSC Controller in hybrid control scheme
there are substantial oscillations in the system at each operating
point. In contrast, the designed H., TCSC and T-S Fuzzy PSS hybrid
controllers are able to significantly damp these oscillations with
substantial improvement in system response in terms of the set-
tling time (t;) and overshoot (M,) for all cases i.e. for P=0.1
py,0.2 pu...1.0 pu.

Conclusions

The hybrid H., loop shaping TCSC and PSO tuned Mamdani/Tak-
agi-Sugeno fuzzy PSS design for SMIB system in a wide range has
been proposed in this paper. The generator rotor speed deviation
(Aw) and acceleration (A@) have been used as the feedback signal
inputs. The proposed H,, TCSC and PSO - T-S Fuzzy PSS hybrid
controllers have been compared with H,, TCSC and PSO-PID PSS,
and H,, TCSC and PSO-Mamdani Fuzzy PSS. Due to the complex
nature of power system the H,, TCSC and PSO - T-S Fuzzy PSS con-
trol scheme gives much better performance as compared to TCSC
and PSO tuned Mamdani Fuzzy PSS/PID PSS combinations. The pro-
posed controllers combine the advantages of H,, TCSC and PSO
optimized T-S Fuzzy Logic Controller and have an excellent capa-
bility in damping power system oscillations and enhance greatly
the dynamic stability of the power system. The simulation results
show the robustness and superiority of the proposed control. It has
been observed from the Fig. 13(a)-(j) that the system without
fuzzy PSS or/and H,, TCSC is unstable but with hybrid H,, TCSC
controller and PSO - Mamdani/T-S fuzzy PSS the system gains sta-
bility quickly and robust stability of the test power system in the
presence of system uncertainties in a wide range is ensured.

Appendix A

Parameter values
Generator: M=9.26s., D=0, Ty, = 7.76, W, = 377
Exciter: (IEEE Type ST1): K4 =50, T4 =0.05 s.
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