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ABSTRACT: In this paper, an attempt has been made to study the application of static synchronous series
compensator (SSSC) equipped with a Hybrid Fuzzy Logic Damping Controller (HFLDC) to improve the small signal
stability of Single Machine Infinite Bus (SMIB) power system. Small signal stability problems due to low frequency
electromechanical oscillations are inherent phenomena of interconnected power systems which reduce the available
transfer and total transfer capability. Power system stabilizers (PSS) used for damping these oscillations may not
mitigate these oscillations under certain operating conditions, so Flexible AC Transmission System (FACTS) devices
deployed in transmission networks can be used by adding a supplementary controller. Such supplementary controllers
are often known as Power Oscillation Damping Controllers (PODs). In this paper different methods have been
described to design the POD controller for SSSC.

This research is carried on a modified Heffron-Phillips model of a single machine infinite bus (SMIB) system
integrated with SSSC. In the following a HFLDC for SSSC is well-designed to enhance the transient stability of the
power system. In order to evaluate the performance of the proposed HFLDC in damping low frequency oscillations
(LFO), the SMIB power system is subjected to a disturbance such as changes in electromechanical power. Digital
simulations are performed in the MATLAB/Simulink environment to provide comprehensive understanding of the
issue. Simulation studies validate the effective performance of the developed HFLDC in damping electromechanical
oscillations in comparison with Fuzzy Logic and the conventional proportional-integral (PI) controller.

Keywords- Small signal Stability, Heffron-Phillips model, Low frequency oscillations (LFO), Power system stabilizers
(PSS), PI Controller, Fuzzy logic controller, Hybrid fuzzy logic damping controller(HFLDC), Single machine infinite
bus (SMIB) power system, Static synchronous series compensator (SSSC).

. INTRODUCTION

Todays, large interconnected power systems are operating to their stability limits for reliable and economical operation.
However, low frequency oscillations (LFO) with the frequencies in the range of 0.1 to 2 Hz are one of the direct results
of the large interconnected power systems. If these oscillations are not damped they make the interconnected system
vulnerable to the risk of instability. These oscillations may come up to the overall rated capacity of a transmission line
due to their superimposed effect on steady state line flow. Hence, the oscillations would limit the total and available
transfer capability (TTC and ATC) by requiring higher safety margins. Thus, in order to maintain the stability of the
entire system, it is urgent to damp the electromechanical oscillations as soon as possible [1].

Traditionally, Power System Stabilizers (PSS) have been employed as the first choice to mitigate these problems.
However, performance of PSS gets affected by network configurations, load variations etc. Hence installations of
FACTS devices have been suggested in this paper to achieve appreciable damping of system oscillations. This has
initiated a new and more versatile approach to control the power system in a desired way [4]. FACTS controllers
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provide a set of interesting improvements including power flow control, reactive power compensation, voltage
regulation, damping of oscillations [5]-[12].

The static synchronous series compensator (SSSC) is one of the series FACTS devices based on a solid-state voltage
source inverter (VSC) which generates a controllable ac voltage in quadrature with the line current [13]. By this way,
the SSSC emulates as an inductive or capacitive reactance and hence controls the power flow in the transmission lines.
In [14], authors have developed the damping function for the SSSC. It is a well-known fact that by properly designing
POD controller, the SSSC would be capable of suppressing the fluctuations as an extra duty [14].

SSSC damping controller can be designed using various methods, for example, in [14] authors have used the phase
compensation method. The main problem associated with these methods is that the control process is based on the
linearized machine model. The other mostly used method is the proportional-integral (PI) controller. Even though the
PI controllers offer simplicity and ease of design, its performance deteriorate when the system conditions vary widely
or large disturbances occur [15]-[16].

In this research, some new stabilizing control solutions for power system have been presented. Recently, fuzzy logic
controllers (FLCs) have emerged as an efficient tool to avoid these drawbacks. Most of fuzzy logic systems encode
human reasoning into a program in order to arrive at decisions or to control a system [17]-[18]. Fuzzy logic comprises
fuzzy sets, which is a way of representing non-statistical uncertainty along with approximate reasoning and in fact
includes the operations used to make inferences [19]. In [20], Limyingcharone et al. have used a fuzzy supplementary
controller with the aim of achieving low frequency oscillations damping

The main contribution of this paper is to addresses the design of a hybrid fuzzy damping controller to attenuate LFO by
SSSC. The investigation is carried out for a single machine infinite bus (SMIB) power system installed with a SSSC. In
the sequel, the linearized Heffron-Phillips model [16] of the examined plant is evolved. A hybrid fuzzy damping
controller is utilized to modulate the amplitude modulation index during the transients to enhance the stability of the
power system. Subsequently, aiming to provide a fruitful investigation, a comparative study is developed where the
hybrid fuzzy damping controller is compared with a conventional fuzzy logic controller and PI controller. Simulation
results using MATLAB/Simulink exhibits the superior damping of LFO obtained with hybrid fuzzy damping controller
than conventional fuzzy logic controller and conventional Pl controller.

Il. SYSTEM MODEL

A single machine infinite bus installed with SSSC is as shown in Figl. Here X is transformer reactance and X i
corresponds to the reactance of the transmission line. Also V, and V, represents generator terminal voltage and infinite
bus voltage respectively. For the SSSC, Xsct is the transformer leakage reactance; V yy is the series injected voltage;
Coc is the DC link capacitor; Vpc is the voltage at DC link; m is the amplitude modulation index and v is the phase
angle of the series injected voltage.

l])cl < Vi

Fig. 1 A Single Machine Infinite Bus power system with a SSSC
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A. NONLINEAR DYNAMIC MODEL OF THE POWER SYSTEM WITH SSSC:

Initially a nonlinear dynamic model for the examined system is derived by neglecting the resistance of all the
components including generator, transformer, transmission line, and series converter transformer. The equations
specifying the dynamic performance of the SSSC can be written as follows [14].

I=l+jl,=12¢
Vi = mMkVpc (cos ¥ + jsin W) = mkV, LY

Y=0+90
dV—DC:m—k(Idcos‘PJrIqsin\P) 1)
dt e

Where ‘K’ is the fixed ratio between the converter AC and DC voltages and is dependent on the inverter structure. For a
simple three-phase voltage source converter k is equal with 3/4 [4]. Most of the times, SSSC performs as a pure
capacitor or inductor; hence, the only main controllable parameter for SSSC is the amplitude modulation index m.

In the analysis a IEEE Type-ST1A excitation system is considered. Fig. 2 displays the block diagram of the excitation

system where the terminal voltage V; and the reference voltage V. are the input signals. K4 and Ta are the gain and
time constant of the excitation system respectively.

E fid meax
“"lrei o 5

Fig. 2 IEEE Type-ST1A Excitation System
The dynamic model of the power system in fig. 1 would be as follows [22]

0
6 =w,(w-1) @
v P -P-P
= m e D (3)
M
v —-E,+E
E, = S i U @)
Tao
0 E,+K,(V.,—V,
Efd — fd A( ref t) (5)
TA
p 3m .
Ve = (Iycos ¥ + 1, sin ') (6)
DC
Where
0 : Rotor angle of synchronous generator in radians
) : Rotor speed in Radians per second
P, : Mechanical power input to the generator
P, : Electrical power of the generator
P, =D(w-1) : Damping coefficient
E(; : Generator internal voltage
Eq : Generator field voltage

Copyright to JAREEIE WWW.ijareeie.com 7092



ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

(14" -

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An I1SO 3297: 2007 Certified Organization)
Vol. 3, Issue 2, February 2014

Iy : d-axis current

I : g-axis current

B. LINEAR DYNAMIC MODEL OF THE POWER SYSTEM WITH SSSC:

The linear Heffron-Philips model of an SMIB system including SSSC can be extracted by linearizing the nonlinear
model around a nominal operating point [14].

0
A = wAw @
° AP, —AP,—DAw
Aw=
M (8)
A Eu; _ —AE, fAEfd
T
do (9)
A Efd _ AEy + Ky (AVy —AV,)
Ta (10
Where
u '
AV e = K;AS + KGAE, + KAV, + K\ Am (11)
APe = K,AS + K AE, + K AV + K Am (12)
AE, = K,AS + K,AE, + K AV, + K Am (13)
AV = KAS + KAE, + K 5 AV + K, Am (14)

Fig. 3 exhibits the transfer function model for the modified Heffron-Phillips model of the SMIB system with SSSC.
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Fig. 3 Heffron-Phillips model of SMIB system integrated with SSSC
C. STATE SPACE REPRESENTATION OF LINEAR MODEL

The modified Heffron-Phillips model can be represented as:

0

X = AX +BU (15)
X=[A5 Ao AE, AE, AV ]| (16)
U =[Am] (17)

With respect to (7)-(15), the corresponding system matrix namely A, and the control matrix namely B, are obtained for
the investigated power system.

0 @ 0 0 0
K D K 5 Ke
M M M M

ad K0 KL K (18)
TdO TdO TdO TdO
KK o KK 1 KK
TA TA TA TA
LK 0 K 0 Ko
:

B=[0 —K,, Ky —Ku—Kpe ] (19)

D. CALCULATION OF THE HEFFRON-PHILLIPS MODEL CONSTANTS

The nominal operating point for the power system is set to the given values.
Pe =0.8 pu, Qe =0.144 pu, V, = 1pu
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The Heffron-Phillips model constants are calculated based on the given values for the nominal operating point

11l. DAMPING CONTROLLERS DESIGN AND ITS PERFORMANCE

In this investigation three types of damping controllers are designed and compared. Controllers will develop amplitude
modulation index for the SSSC for damping oscillations. For the sake of analysis a step change is considered as the
contingency in mechanical power (A Pm = 0.01) which occurs at t=10 sec and lasts for 0.1 sec. At the beginning, the
SSSC has no damping controller. The angular velocity deviation and also the load angle deviation responses are
displayed in Figure 4 (a) and (b) respectively. This figure reveals that when the system has no damping controller, there
is a very poor damping in LFO; hence an auxiliary damping controller is essentially required to improve the small
signal stability of the system.

x10° x10°

2 — Without Controller 6t = Without Controller
4t )
1 I
il I
Aw 0 A 0
| I
-1 b
_2 - _6 B
. . . . . I | 1
5 10 15 20 25 30 5 10 15 20 25 30
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Figure 4 (a) and (b).LFO of Power System without damping controller

A. CONVENTIONAL PROPORTIONAL-INTEGRAL (Pl) CONTROLLER

The damping controllers are designed so as to provide an extra electrical torque in phase with the speed deviation in
order to enhance the damping of oscillations. Fig. 5 shows the conventional PI controller structure. With respect to this
figure, it can be observed that the first block compares the generator rotor speed with the reference speed. In the sequel,
the error is fed to a PI controller to generate the proper amplitude modulation index for the SSSC converter. There are
different methods to design P1 controllers such as trial and error method, pole-placement, Ziegler-Nichols and so forth.
In this work, trial and error method is used to set suitable values for P controller gains.

1))

.
e +

Pl m»m

Fig. 5 Conventional Pl damping Controller

Figure 6 demonstrates that by considering the PI controller, the oscillations are more effectively damped. The operation
of this controller mainly depends on the operating point. For the changing operating conditions, this classic controller
will not be as effective as for its initial operating point.
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Fig. 6 Comparison of Performance of LFO Damping with & without PI Controller
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B. FUZZY LOGIC DAMPING CONTROLLER

As explained in the preceding sections, although the classic controllers offer simplicity with an easy design, their
performance depreciates when vide variations occur in the system conditions or large disturbances happen.
Consequently, to ensure the effective performance of damping controller over wide range of system operations and also
to increase the transient stability of the system, a supplementary fuzzy logic controller (FLC) based on the Mamdani's
fuzzy inference method is designed for the SSSC input. FLC generates the required small change for amplitude
modulation index to control the magnitude of the injected voltage. The centroid defuzzification technique was used in
this fuzzy controller

Input
ernmor

Fuzzy

R Biase

Fuzzy

Fuzzifier —®| Inference
engine

Auxiliary
Fuzzitier E Damping
Signal{fAm)

Fig. 7 Structure of Fuzzy Logic damping Controller

Fig. 7 demonstrates the FLC structure. In this case, a two—input, one—output FLC is considered. The input signals are
angular velocity deviation (A® ) and load angle deviation (Ad ) and the resultant output signal is the amplitude
modulation index (Am) for SSSC converter. K1 and K2 are the input scaling factors to scale the input signals in the
range of [-1,1]; and Ko is the output scaling factor to scale the output to the real values. The presented FLC has a very
simple structure. The membership functions of the input and output signals are shown in Figure 8 (a), (b) and (c)
respectively. There are two linguistic variable for each input variable, including, “Positive” (P), and “Negative” (N).
On the other hand, for the output variable there are three linguistic variables, namely, “Positive” (P), “Zero” (Z), and
“Negative” (N). The rules used for the FLC are chosen as follows:

1. IfAwis P and Ad is P, then is P.

2. IfAwisPand AdisN, then is Z.

3. IfAwis N and Adis P, then is Z.

4, If AwisNand ASdis N, thenis N.
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Fig. 8 (a), (b). Inputs membership function, (c).output membership function

Fig. 9 demonstrates the output of fuzzy controller versus its inputs. As it can be seen in Fig. 9, the rules surface is
smooth which a desirable method fuzzy controller is.
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Fig. 9 The Rule surface for the m - controller
In this case, simulations are performed with the same contingency in mechanical power but the SSSC has been
equipped with a damping controller. Simulation results are shown in Fig. 9 (a) & (b). With respect to this figure, it is
deduced that the fuzzy logic controller exhibits better damping than the conventional PI controller. Likewise, the power
system transient stability is increased when the SSSC is equipped with the fuzzy logic damping controller. Simulation
results validate the efficiency of the proposed fuzzy logic damping controller and its better performance is emphasized.
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Fig. 9 (a) & (b) Comparison of Performance of LFO Damping with Pl & Fuzzy Logic Controller

C. HYBRID FUZZY LOGIC DAMPING CONTROLLER

It is a combination of conventional fuzzy logic damping controller (FLDC) and conventional PI controller. The internal
structure of the hybrid fuzzy damping controller is shown in the Fig. 10. The same structure used in above Fig 7 is used
in the fuzzy logic controller. Performance of HFLDC in low frequency oscillations is shown in Figure 11 where the
best damping performance is deduced for this controller among the previously examined. HFLDC provides more
reliability and covers a wide range of operating points.

Emror »
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Derivative Fuzzy Logic
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Fig. 10 Structure of Hybrid Fuzzy Logic Controller
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Fig. 11 (a) & (b) Comparison of Performance of LFO Damping with PI, Fuzzy Logic Damping Controller

& Hybrid Fuzzy Logic Damping Controller
IVV. CONCLUSION

This paper serves an exact investigation to obtain a complete linearized Heffron-Phillips model SMIB power system
equipped with an SSSC to study LFO damping with an FLDC. It was shown that a contingency in power system will
cause to initiate power oscillations. In the sequel, three types of controllers, namely, the PI, FLDC and HFLDC were
designed to damp the system oscillations. A comparative study between these controllers shows that the proposed
HFLDC has superior performance and influence in transient stability enhancement and oscillations damping.
Simulation results show the efficiency of the proposed HFLDC and its better performance in damping the low
frequency oscillations among the studied controllers.
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