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Abstract Damping of power system oscillations is highly important. Considering
the response speed of the stabilizer, the design and choice of power system stabilizer
(PSS) are vital. Traditional power systems employ power system stabilizers that
were sluggish. As the grid is becoming smarter, flexible AC transmission system
(FACTS) devices started playing a major role. Series compensation devices like
Thyristor controlled series compensator (TCSC) are fast and have good dynamic
response to damp the oscillations. This paper demonstrates the efficacy of TCSC
for enhancing the power system transient stability in a single machine infinite bus
system (SMIB). The controller parameters of TCSC are fine-tuned based on particle
swarm optimization (PSO) technique. The synergistic operation of PSS and TCSC
approach presented in this paper serves to an efficient technique to enhance the
transient stability compared to conventional stabilizers.
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Fig. 1 A typical power system stabilizer

1 Introduction

The major problem associated with the power system today is inter-area oscilla-
tions ranging from a frequency of 0.2-2 Hz that could be long lasting [1]. This can
further hamper the stability of the system resulting in larger disturbances following
the smaller oscillations. Damping such oscillations within a short span of time is
really critical. Several devices are installed in the power system network to damp
such oscillations. Automatic voltage regulators (AVRs) are one among such devices
installed in the system to regulate the voltage and provide damping. But, the response
of AVR has not been satisfactory. With the introduction of power system stabilizers
(PSSs), additional damping torque could be introduced in the system to damp these
oscillations.

2 Power System Stabilizer

Power system stabilizers have been used for a long time in US and Canada while
PSS have been employed in UK to damp the oscillations in tie lines. In case of weak
tie lines in a long distance transmission system, PSS play a vital role. Although
the application of PSS during steady state is limited, it possesses excellent damping
capability. As the grid is becoming smarter, the role of FACTS devices started playing
a major to provide an enhanced level of oscillation damping in the system. A typical
block diagram of PSS is shown in Fig. 1.

3 Implementation of TCSC

TCSC-based FACTS device has a Thyristor controlled reactor (TCR) in parallel with
a fixed capacitor (FC). The inductance in TCR could be varied by altering the firing
angle from 0 to 90° for achieving a smooth variation of inductance. Along with the
FC, the required rating of net TCSC reactance could be achieved [2-5].
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4 FACTS-Based Stabilizer

A SMIB system is considered for evaluating the efficacy of TCSC. The complexity in
case of SMIB is less. So, for the analysis purpose in reducing the complexity, testing
of the TCSC device on a SMIB system is carried out. A bus, whose frequency and
voltage (in both magnitude and angle) are constant, is considered to be an infinite bus.
The dynamic response of the synchronous generator is a little difficult in analyzing
considering the non-linearity complexities associated with it. It is a well-known
fact that the non-linearity is due to the magnetic saturation. The dynamic generator
system involving the third order classical model is considered along with the non-
linearities. FACTS devices like TCSC possesses excellent capabilities to improve
the small signal stability of the power system. When there is a sudden increase or
decrease in loading, the generator slows down or speeds up correspondingly. As a
result the frequency also decreases and increases, respectively. When subjected to
such a situation, the oscillations occur in the synchronous generator.

Further, with normal capacitive compensation with a simple series capacitor, it can
also lead to a phenomenon of sub synchronous resonance (SSR). With the utilization
of TCSC, small signal oscillations and SSR could be mitigated easily considering
the fact that TCSC has an enhanced capability to damp out the oscillations and also
provide series capacitive compensation. Stabilizers are implemented in the system
to damp the oscillations during a transient condition.

TCSC has primarily been employed to increase the power transfer capacity in a
transmission line. This is done by varying the firing angle of the TCR to provide the
necessary series compensation in capacitive mode.

Apart from providing series compensation, TCSC can play a major in oscilla-
tion damping. During abnormal conditions, a conventional power system stabilizer
(CPSS) considers the generator power output and the speed of the rotor or both as
an input signal to generate a voltage signal. This signal is compared with a refer-
ence voltage signal by the CPSS. Although AVR has been used as a stabilizer, the
response of the AVR is slow. So, an enhanced and quick control action was needed to
overcome the cons associated with the conventional-based stabilizers. TCSC-based
stabilizer on the other hand, generates a reactance-based signal in comparison with
the transmission line reactance that is continuously altered by suitable gating pulses
to the Thyristors [6—8]. In this paper, the efficacious nature of TCSC involving its
synergism with PSS for small signal oscillation damping is studied. The controller
parameters of TCSC are optimized and designed using particle swarm optimization
(PSO) technique [7]. Figure 2 presents the controller block of TCSC-based PSS.

5 Proposed Methodology

Figure 2 presents the block diagram of TCSC-based controller PSS that is designed
and optimized using PSO. Figure 3 presents the excitation system with PSS. Figure 4
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Fig. 3 Control block diagram of excitation system

Fig. 4 Excitation system of
synchronous generator with
PSS

» Efd

presents an AVR that compares the voltage at the output against a reference voltage
to produce an error signal that is fed to the proportional-based controller to maintain
the output voltage as constant. A suitable limiter is used to keep E¢y value within
the limits. If this limit is exceeded, then Eyq is fixed. The per unit torque equation of
generator in d-q reference frame is given as

2H dw = Ty (Waiq — Wqiq) (D)
wgdt 2)
Eq = —sin(d)

Eq = cos(d) €))
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Fig. 5 Single machine system with AVR and PSS

0 = wot +6
dé/dt = w — w, 4

State space equations of TCSC and excitation model are given as

Etg = 1/TA| KA(Viet + Upss — V) — Egq] )

Xtcse = 1/ Ts| Ks(Xtese — Uxtese) — Xtesc (6)

Figure 5 depicts the schematic diagram of SMIB system with TCSC. The variation
in the reactance of TCSC could be achieved by changing the firing angle in order
to achieve the sufficient damping during abnormal conditions. When the rotor speed
varies, it is given as an input in this case. PSS generates a voltage that is added with
the reference voltage.

At the terminals of the generator, a 3-phase fault is created and the clearance is
achieved after 5 cycles for a 50 Hz system. There are three conditions considered
during the fault. One is the lightly loaded condition, normal loaded, and heavily
loaded conditions. A fault is created at 1 s. and cleared at 1.1 s. As a result, the
oscillations in the response of the system are observed with AVR and CPSS in place
to check for their dynamic response in damping the oscillations. The same system is
then tested with TCSC in place in synergism with CPSS and AVR. It could be well
witnessed from the results that the TCSC-based stabilizer improves stability of the
system by damping the oscillations very quickly in comparison with system with
CPSS and without any controller.

Machine parameters are:

R, =0.003, X, = 1.8, X, =03, Ty =5, Ty = 1, Ty = 0.015s,
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Ks=1,Ts =0.05s, X, = 1.7, T, = 0.07, Tc = 1.0s, H = 3,
Ka =200, Ty = 0.02, Xz = 0.23, M = 9.26p.u, V = 1.0s,
X, =0.65, X, =025, Tyor = 0.03, D = 0, X =0.997 p.u.,
Tdo = 7.76, K5 = 200, T = 10s.

Particle swarm optimization (PSO)-based control parameters are:

Ky, = 3.1278, Tstcsc = 0.3457, Ty = 0.02s, T, = 0.05s,
T, =T4 =0.1s, Kpe = 0.0121, T3cpss = 0.2391,

Utcsc max = Urcsc min = 0.1 p.u, Ticpss = 0.1753,
Titcsc = 0.4385, T, = 5s.

6 Simulation Results

The TCSC-based PSS for generator model is simulated by creating a fault. Since
the existence of non-linearities are evident due to the generator model, performing
a linearized analysis of the system around the equilibrium point is highly essential.
The analysis has been carried for different levels of loading during different fault
conditions. Three loading conditions are.

(A) Mechanical input Pm = 0.3 p.u—Lightly loaded conditions
(B) Mechanical input Pm = 0.6 p.u—Normally loaded conditions
(C) Mechanical input Pm = 0.85 p.u—Heavily loaded conditions.

The synergistic operation of CPSS and TCSC-based stabilizer is carried out using
PSO with various time constants and gains of CPSS and TCSC-based stabilizer. A
three-phase fault is created for 5 cycles lasting from = 1 s. to r = 1.1 at an operating
frequency of 50 Hz. The rotor angle, rotor speed, and power output variation are
simulated using Euler’s method for three loading conditions. For heavy loading
conditions, it is carried out for 20 s, for normal loading it is done for 12 and 6 s for
lightly loaded conditions (Figs. 6, 7, 8,9, 10, 11, 12, 13 and 14).
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Fig. 7 Response of rotor
speed (Pm = 0.3)—light
loading

Fig. 8 Power output-light
loading (Pm = 0.3)

Fig. 9 Power output-normal
loading (Pm = 0.6)

Fig. 10 Rotor speed-normal
loading (Pm = 0.6)
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7 Further Insight

Further, in a smart grid environment when more renewable energy resources and plug
in electric vehicles are integrated into a sub transmission and distribution network,
the stability of the system becomes a vital aspect and FACTS devices are playing
a major role in damping such oscillations. With the introduction of smart inverters
into the system as FACTS devices, such damping can be easily performed by them
by means an auxiliary control associated with the smart inverters [9-13].

8 Conclusion

It could be well witnessed from the studies that TCSC-based PSS that has been
employed in a single machine infinite bus power system has a greater edge compared
to the CPSS in improving the dynamic performance of the system under unbalanced
conditions. The system stability, speed of the rotor, torque angle (angle of the rotor),
and power output with TCSC-based PSS presented an improved response with fast
damping compared to the system without the conventional PSS.
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