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Abstract:- Flexible AC Transmission System (FACTS)
technology comes into effect to overcome the power system
existing problem and allows the industries to better utilize the
existing transmission and generation reserves with relatively
low investment to enhance the power system performance.
Moreover, the current trend of deregulated electricity market
also favours the FACTS controllers in many ways. FACTS
controllers are group of power electronics controllers
expected to modernize the power transmission and
distribution system, enhance power system performance,
improve quality of supply and also provide an optimal
utilization of the existing resources. Thyristor Controlled
Series Compensator (TCSC) is widely recognized as an
effective and economical means to enhance power system
stability. Change in value of reactance of the TCSC also
affects the stability of the system. In this paper Load flow
study has been carried out without compensation and with
compensation that is with TCSC alone and then with TCSC &
fixed capacitor at different loading of system to obtain the
initial conditions of the system. After the initial operating
conditions were computed, the detailed linearised state space
models has been designed for a single machine infinite bus
(SMIB) environment.

INTRODUCTION

In present context of power scenario, series and static shunt
compensation in power transmission system is attracting
more and more attentions on account of several reasons. In
the coming days conductor and line installations costs are
expected to increase and the right of way problem is bound
to be proved a bottleneck in construction of transmission
lines. Squeezing more active power out of existing lines by
means of series compensation can be than a more
immediate and compelling alternative. Series compensation
uses passive capacitor banks as the main component to
provide reactive power and to recapture synchronism
immediately at fault clearing. Adding control means to the
fixed capacitor permits a variation of the inserted capacitor
reactance, physically or virtually, so that the degree of
compensation can be controlled. The compensation provide
fast dynamic reactive power support, increase loading
capability of line, allowing line to carry more active power
and reduce reactive power flows. For the optimization of
transmission corridors the power transfer has become great
importance. Therefore, the FACTS technology is an
attractive and best option for increasing system operation
flexibility.

One important FACTS component is the TCSC which
allows rapid and continuous changes of the transmission
line impedance Z and is increasingly applied by the utilities

in modern power system with long transmission line and is
widely recognized as an effective and economical means to
solve the power system problem. The TCSC operation has
been focused on two aspects: (1) dynamics of TCSC, called
device study and (2) contribution of the TCSC to power
system operation and control, called system study. To
avoid the linkage these two studies are usually undertaken
separately. The effective reactance Xrcsc (o) of TCSC
operates in three region, inductive region, capacitive region
and resonance region. Detailed characteristics of TCSC, in
which parameters such as capacitance, inductance, firing
angle, input current and parameters of Metal Oxidized
Varistor (MOV) are involved.

Figure.1. Equivalent Circuit of Tcsc

Methods:

The first step of controller design is load flow study and it
is very important and powerful tool for power system
analysis in planning stages and to calculate the initial
condition of system. The models are required to be as
simple and should retain all significant steady state
dynamic characteristics. The new and comprehensive idea
in which the state variable is the TCSC's firing angle,
which is combined with the nodal voltage magnitudes and
angles of the entire network in a single frame-of-reference
for a unified iterative solution through the Newton-
Raphson method[1]. And a suitable linear continuous
TCSC model in state space is derived [2]. In this paper a
complete closed loop model is verified in the time and
frequency domain. Modeling of Single Machine Infinite
Bus (SMIB) & Multi Machine Infinite Bus (MMIB) along
with initial condition calculation have been discussed [3, 4,
5].

3. Operating Principle of ‘SMIB’

The system is chosen to analysis the system performance
e.g. load flow calculation, oscillation generation in
generator, electrical power output at different companion of
line reactance by means of fixed capacitor & TCSC. A
single machine connected to an infinite bus through line
reactance is widely used for performance of alternator &
power transfer at different system parameters For the
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calculation of power angle delta, rotor speed &

K5A = Vdqu{Re Ebo S|n 80 +(X'd +Xe)EbOCOS 80}

corresponding electrical power output model based on (3.38)
Phillips & Hefron is used. It has also being used for KsB = Vo X'e{Re EboC0S 80— Epo(Xe+Xq)sin 6o}
designing & tuning the power system stabilizers. Although (3.39)
the model is the liner model yet it is sufficient for study of Ks= Ksa+Ksp (3.40)
S . AV,
low frequency oscillations & stability of power system. <
W = A= - - (3.41)
Tao L
A13 =0 , A14 == (3.42)
Tao L
A= 0, An=0, Asu=-—
. A
Infinite Bus B11=0:B2x=0:By=0
Figure.2. Single Line Diagram Of Smib (3_47)
By = X4
3.1 Modelling of SMIB =T,
Th i f lerati foll

¢ equations o aceereration are as Toflows 4. FIXED SERIES COMPENSATED SINGLE MACHINE
pA o= (TaTe-K DA o) (3.1) INFINITE BUS SYSTEM
pd = wpAwr (3.2) Series capacitors is a powerful and economic tool for many
Where  op = 27rtfo (3.3) power transmission system applications and has many
Xe = Xl +Xt (3.4) important characteristics.
pE (= %[' Erg+ Eq +(Xd- Xd') (3.5) (1)Incr_eas_e the power transf_er capability o_f existi_ng

x éi,,osma transmission systems. (2)Provide fast dynamic reactive
= ‘;T (3.6) power support and voltage control. (3)Reduce financial

x ;Eb 5055+x2x5q\ costs and environmental impact by possible deferral of new
Vo= R 3.7) transmission lines. (4)Increase the loading capability of
i = Vg (3.8) lines to their thermal capabilities, including short term and
L : seasonal demands.
gt (3.9)

a [ 5. THYRISTOR CONTROLLED SERIES CAPACITOR
PEf = —ﬁﬁﬁ,(vref -Vy) (3.10) The series capacitor is a good method to increase
Pe= Eq'ig+ (Xq -X¢') idiq (3.11) Fransmission Ii_ne_ capability and reducgs the net_ ser_ies
3.2 Load flow study & Calculation of initial conditions impedance but it is a slow method due to its slow switching

=y + time and large discrete segments of mechanical switching
Xe = Xg + Xt (3.12) X ! ;
E=Vie'+ (Ra+]xg) It (3.13) devices,  therefore, ~ Thyristor ~ Controlled  Series
I =(V-Ep)/Ze (3.14) Compensator (TCSC) and Thyristor Switched Series
(io+iao) = I € 165 — 2 (3.15) Compensator (TSSC) are used with rapid and continuous

ot a0r = T2 i ' control of line and continuous range of flexible results.
(Vo + Vo) = Ve *e 1Gp— =) (3.16) TCSC is expected to be applied in transmission line to
3.3 Formulation of State Matrix achieve a number of benefits. The main benefits of TCSCs
Efdo= E'qot+ (Xd - X'a) (3.24) are increased energy transfer, dampening of power
Vier = Vi + Efdo (3.25) oscille_lt_ions and control of Iipe power flpw. In this _sy_stem
.. Ka . capacitive reactance of the circuit is varied by providing a
Pm=E 30'q0+ (Xq - Xq) laolqo. (3.26) reactor across the capacitor unit, which is controlled by
A=Re (xeA+xq) (xe +xd) 3.27) power thyristor valves. The load carrying capacity of line is
Ks= A o) controlled and varied by changing the line reactance
a through thyristor-controlled reactor (TCR).
Ebo (Xd — Xg) (Xe + Xq) sin 80 - Recos 80 I =
Ky= 1-,0 X4 -Xd X Zq sin cos (329) I\
Kaa= g0 A - iqo ( X'd - Xg)(Xq + Xe ) (3.30) o g
Kag = - Re (X'd - Xq) Ig0 + Re E'qo (3.31) LY T L
K, = “2AT5B (3.32) L
Kia= iqo Euwo (X'd - Xq) (Xq + Xe) sindg — Re cosdp - ‘Ij:xh
(3.33) Figure. 3. Basic Tcsc Module
Kis = Evo{ioo(X'd - X) - E'qo}H{(X'a +Xe) cos 8o + Re sin 8o} The main circuit of TCSC consist of four components, i.e.,
—RyatKip) (3:34) capacitor banks C, bypass inductor L, bidirectional
KI:% (3.35) thyristors SCR’s and a MOV. The firing angles of the
Ke= - {V0 Xq Re— Vo X'g (Xq + X&)} + Vo (3.36) thyristors are _controlled to adjust the T_CSC reactance in
AV L accordance with a system control algorithm, normally in
An=—— (3.37) response to the system voltage.
3%do
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TCSC provides variable-series compensation is simply to
increase the fundamental-frequency voltage across a fixed
capacitor in a series compensated line through appropriate
variation of firing angle a. This enhanced voltage changes
the effective value of the series capacitive-reactance. The
equivalent impedance is,

Zeq = (+/oC) || G oL) =-j/ (@C — 1/ L)

If wC - iL >0 or wlL > ic the reactance of fixed capacitor

() ()
is less than that of the parallel connected variable reactor
and this combination provides a variable capacitive
reactance.

For the smooth operation of system the TCSC can operate
in a three different modes

Figure.4. By Passed Thyristor Mode

Figure.5. Blocked Thyristor Mode

c
|{
I\

TZ
Figure.6. Partially Thyristor Conducting Mode

Description of TCSC Controller

. Sk 5T | 147

T s, T T [

Tnput Cutput
GainBlok  Washout Block Two-atage LagLead Bluck

Figure. 7. Structure Of The Tcsc Controller

The commonly used lead-lag structure as in above
FIGUREure is used as TCSC controller. It consists of a

gain block with Gain KT , & signal wash out block and two

stage phase compensation block. The phase compensation
block provides the appropriate phase-lead characteristic for
the compensation of phase lag between input & output
signal. The washout block serves as a high pass filter

TCSC controller is speed deviation A@ & output signal is

the deviation in the conduction angle Ao . For a optimum
control by TCSC for enhancing the power transfer & to
avoid system instability during fault, the TCSC controller

designed by taking suitable values of K1, T, T;, Ty, T5,

T, . The value of washout time constant T,, may be in the
range of 1-20 sec. The effective TCSC reactance is
Xresc(o)= ?: -Xe

+ x2 2B+sinzf 4x? Oszﬁ(k tan k[zi - tan /3)
Xc- Xp T (Xc—Xp) n(k4-1)
where
O
o= ——

and o=0, + Ao

o) is the value of initial conduction angle and Ao is the

output of TCSC controller and hence during the fault the
change in rotor angle changes the output i.e. deviation in

conduction angle Ao and this value of Ao changes the
value of X («) as desired by the system.
TCSC

6. TCSC & FIXED SERIES COMPENSATED SINGLE
MACHINE INFINITE BUS SYSTEM

L

¥

Infinite Busz

Figure.8. Tcsc & Fixed Series Compensated Single Machine Infinite Bus
System

A single machine connected to an infinite bus in series with
TCSC & fixed series capacitor is chosen to analysis the
system performance with TCSC & fixed capacitor e.g. load
flow calculation, oscillation generation in generator,
electrical power output at different companion of line
reactance by means of TCSC. Fixed series capacitor
reduces the value of capacitor in TCSC or reduces the
overall size of TCSC resulted in the saving of cost.

Load Flow Study & Initial Value Calculation

Xe = Xu + Xt + XrCsc - Xfe (7.13)
S=P+Q (7.14)
Ze=\r12+x2 (7.15)
Angle V= 0 = Epas/(1- S* Z¢) (7.16)
E =Viel+ (Ry +j Xq) It (7.17)
ZE=380, It = (V: - En)l Ze (7.18)
I = & (3o — (iao +ico) (7.19)
or (igo+igo) = It* 4G — =) (7.20)
igo = real part iq = imaginary part

(Vo +Vqo) = Ve * e 1§y — 12> (7.21)

enough to allow signals associated with oscillations in Vdoi real part Vo = imaginary part
input signal to pass without change. The input signal to the Eba = Epo sin 8o (7.22)
| JERTV6I S040293 www.ijert.org 564

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 6 Issue 04, April-2017

Ebq= Eo cos 8o (7.23)
Evo= V ( Enosin 8o )? +( Enocos 8o)? (7.24)

7. SIMULATION STUDIES AND RESULTS
Load flow study has been carried out without
compensation and with compensation that is with TCSC
alone and then with TCSC & fixed capacitor at 90%,
100%, 110% & 120% loading of system to obtain the
initial conditions of the system. Load flow results at
different loadings along with Eigen value analysis have
been presented. Eigen value analysis has been carried out
to ensure the stability of the system.

Table.1.

Load flow results of SMIB system at 90%, 110% loading
without any compensation.

At 90 % loading

Vi £0 1. £8 3o

1.,30.09 0.67.£20.23 50.37

Eigen Value Damping Freq. (rad./s)

-1.28e+001 + 2.28e+001i 4.88e-001 2.62e+001

1.05e-001 + 6.08e+000i -1.74e-002 6.08e+000
At 110 % loading

Vi £6 I, £0 3o

1£35.31 0.784£22.04 57.65

Eigen Value Damping Freq. (rad./s)

-1.28e+001 + | 4.93e-001 2.60e+001

2.26e+001i -2.40e-002 6.09e+000

1.46e-001+

6.09e+000i

) tval

vel=xorehan@eTtay e txe) G005

.
ar
-
1/Tda Gataa From: Bl

Figure.10. Simulation Model Of Smib With Fault

Figure.11.smib with TCSC with fault

Table 2.
Eigen value analysis of SMIB system with TCSC at 90 %
loading

Eigen Value Damping Freq. (rad./s)

-1.28e+001 + | 3.70e-001 3.45e+001

3.20+001i -1.11e-002 6.96e+000

7.73e-002+

6.96e+000i
Vi £0 i £6 3o
1,23.15 0.75£18.37 46.43

Figure.9. Simulation Model Of Smib Without Fault
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8. SIMULATIONS & RESULTS

Pe w/o fault & 90% loading

1.1 SMIB with TCSC & FC |7
1 |
K @ __ o9 B
Seapel %
i TeFies
- 0.7 -
e 0.6 g
ToFie? 3]
0.5 - L - -
3 o 3 4 5 6 7
g ) [
Pe with fault & 9026 1 i
e 13 o load
s
— il
Gl .l
=i bnsza e i) 2l
s 1 =
—» >7r
o 0.6~
Ba [ ook
Froml? Fomt —b m
_H (e
“url3 o eviation in delta w/o fau % loadin
_l_' . D t delt: /o fault & 90% loading
ez “pirl §MIB w{o cmvtr‘,vc-nsatmn
p o A7 Yuig) zm:: x::: : ::i & FC
g 0.5~ A
AT E
g o
. . ) ﬁaﬂz_t ) )
Figure.12. Simulink Model Of Smib With Tcsc & Fc With Fault -0.55 " - - 2
Time(sec)
Table.3.
Eigen value analysis of SMIB system with TCSC and FC Deviation in delta with fault & 90% loading
at 90% loading 50 ; T T ——— T
— SMIB w/o compensation
Vt Z0 It Z0 ) 0 w0k SMIB with TCSC
1,21.31 0.77£18.04 45.40 ‘ SVIB with TCSC & FC
30 i b
Eigen Value | Damping | Freq. (rad./s) g L
-1.29e+001 + [ 5.35-001 2.40+001 £ |
2.03+001i -2.30-002 7.15e+000 = 10 ‘
1.64-001+ 7.15e+000i j%
s
3 o
Table .4.
Cumulative Comparison of results 90 % Loading 10k I | ‘ i
Items SMIB without any | SMIB with | SMIB with 1l
compensation TCSC TCSC & FC 200 “ |
V, £0 1.£30.09 1,23.15 1,21.31 : : : PR | :
I /0 0.67.£20.23 0.75,18.37 0.77£18.04 0 1 2 3T 4 5 6 7
5o 50.37 46.43 45.40 ime(sec)
-1.28e+001 + | -1.28e+001 + | -1.29e+001 =+
Eigen value 2.28e+001i 3.20e+001i 2.03e+001i
g 1.05¢-001 + | 7.73¢-002¢ 1.64e-001+
6.08e+000i 6.96e+000i 7.15e+000i
Dampin 4.88e-001 3.70e-001 5.35e-001
ping -1.74e-002 -1.11e-002 -2.306-002
Freq. (rad/s) 2.62e+001 3.45e+001 2.40e+001
g 6.08e+000 6.96e+000 7.15e+000
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CONCLUSION
After the initial operating conditions were computed, the
detailed linearised state space models of a single machine
infinite bus (SMIB) system incorporating a TCSC alone
and then with TCSC & fixed capacitor has been developed
to design the TCSC damping controller in a single machine
infinite bus (SMIB) environment.
Eigen value analysis has been carried out to ensure the
stability of the system.
For this purpose, a five cycle, self-clearing fault has been
considered at the generator terminal and the performance of
the controller was found to be satisfactory for damping the
low frequency oscillations.
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