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Abstract—Controllable series compensation is a useful technique to 
increase the efficiency of operation of  existing  transmission lines 
and improve overall power system stability. Up to date, the TCSC is 
the most adopted solution whenever controllable series compensation 
is required. This paper introduces the Thyristor Controlled Series 
Capacitor (TCSC), a novel FACTS device for series 
compensation.The principle of operation and some prospective 
applications of the equipment are presented. Series Capacitive 
Compensation was introduced decades ago to cancel a portion of the 
reactive line impedances & thereby increase the transmittable 
power.Controllable Series Line Compensation is a cornerstone of 
FACTS technology. It can be applied to  achieve full utilization of 
transmission assets. 

 
Index Terms—Series Compensation,  TCSC, GCSC, FACTS. 

 
 

I. INTRODUCTION 
Nowadays, it is becoming increasingly difficult to build new 
transmission lines, due to restrictions regarding environment and 
financial issues. One important benefit of FACTS (Flexible AC 
Transmission Systems) technology is that it makes it possible to 
improve the use of the existing the existing power transmission  
system and to postpone or avoid the construction of new transmission 
facilities. 

Conventional series compensation, provided by fixed capacitor 
bank, is a useful tool to improve the power transfer capacity by 
neutralizing part of the series reactance of transmission  lines  [1]. 
With the new controlled series compensators, it is possible not only  
to control the power flow through transmission lines, avoiding power 
flow loops, but also to improve power system stability. 

Thyristor Controlled Series Compensators (TCSC) was the first 
generation of series compensation FACTS devices. Actually, TCSC 
may be credited as a cornerstone of FACTS development, as the first 
equipment developed under the FACTS concept. TCSC are made of a 
parallel connection of a capacitor and a thyristor-controlled reactor 
[2]. In fact, theTCSC is simply a static voltage controller (SVC) [3] 
connected in series with a transmission line. The thyristor is its 
switching device. Existing TCSC installation in the world and in 
Brazil already proved the efficiency and robustness of the 
equipment. 

Although the TCSC is capable of continuously adjust its reactance, 
it has the disadvantage of presenting a parallel resonance between the 
capacitor and the thyristor controlled reactor at the fundamental 
frequency, for a given firing angle of the thyristor. Also, the variation 
range of the reactance presented by the TCSC is somewhat narrow. 
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Thyristor Controlled Series Compensation (TCSC) becomes now as a 
key device in the FACTS family, and widely recognized as an 

 
II. THYRISTOR  CONTROLLED  SERIES CAPACITOR 

 
According to IEEE definition, “A TCSC is a capacitive reactance 
compensator which consists of a series capacitor bank shunted by a 
Thyristor Controlled Reactor (TCR) in order to provide a smooth 
variation in series capacitive reactance.” Under those assumptions, 
the TCSC shown in Fig. 1, steady state voltage and current equations 
can be obtained [07] from the analysis of a parallel LC circuit with a 
variable inductance. 

TCSC controllers use TCR in parallel with segments of series 
capacitor bank. The combination of TCR and capacitor allow the 
capacitive reactance to be smoothly controlled over a wide range and 
switched upon command to a condition where the bi-directional 
thyristor pairs conduct continuously and insert appropriate reactance 
into the line. 

 
Figure 1. TCSC Model 

 
Hence the expression for TCSC equivalent reactance, as a function of 
the TCSC firing angle is given by: 

 
…… (1) 

                                                 …… (2) 

                               …… (3) 

whereLand C are variable inductance and capacitance of TCSC. 

A. Principle 
 

The basic structure of the device is shown in Fig. The total 
susceptance of the line is controlled by controlling the firing angle of 
the Thyristor. When the TCR firing angle is 180 degrees, the reactor 
becomes non-conducting and the series capacitor has its normal 
impedance. As the firing angle is advanced from 180 degrees to less 
than 180 degrees, the capacitive impedance increases. 
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On the other end, when the firing angle is 90 degrees, the reactor 
becomes fully conducting and TCR helps in limiting fault current.  
The control over firing angle produces a variable effective 
capacitance, which partly compensates for the transmission line 
inductance and controls the power flow through the line. The TCSC 
uses a thyristor controlled reactor to create a variable-impedance tank 
circuit with the capacitor, as shown on fig. below shows basic TCSC 
circuit & Impedance. 

 
 It offers fast and step-less control of the compensator, 

resulting in fast and step-less control of the transmission 
line impedance. 

 The most important applications of this controllability of  
the TCSC are power system oscillation damping and sub- 
synchronous resonance (SSR) damping. 

 
III. DYNAMICAL PERFORMANCE OF TCSC SCHEMES 

 

A. Introduction: 
 

The Thyristor control may be motivated, as TCSC provides  fast  
speed of response and executes any switching patterns without such 
restrictions that might apply for mechanical breakers[4]. A significant 
improvement of damping often can be achieved even if the rating of 
the controllable reactance is small. 

 
 TCSC offers a unique possibility to apply series 

compensation in networks where the risk for Sub 
Synchronous Resonance (SSR), between the transmission 
system and generators in thermal power stations, is a 
concern. 

 Controlled series compensation also can be used to provide 
additional damping of electromechanical (0.5-2Hz) power 
oscillations. It is likely that installations of controllable 
series compensation will include either fixed or 
mechanically switched modules (MSSC) and thyristor 
controlled modules (TCSC) in a variety of combinations. 

Thereby economical equipment can be designed to meet the specific 
requirements of every certain installation. Therefore, in design of 
TCSC control system, an essential consideration is that it must 
possess the flexibility to be adapted to a wide range of different 
applications. 

 

 
Figure 2 Outline of CSC with MSSC and TCSC 

 

B. Analysis of the Thyristor Action in TCSC: 
 

Thyristor converters have been described using the trigger angle, ,  
as  the  control  variable.  This  angle  indicates the delay in electrical 

angle from the earliest instant when the thyristor obtains forward 
blocking voltage until it is fired [4].The steady-state characteristics of 
the apparent reactance of the TCSC at rated frequency versus the 
trigger angle often are illustrated as in figure b). The angle range 
immediately below 180 is used to provide controllable capacitive 
reactance, i.e. the normally used ‘reactance boosting’ area. 

 

(a) 
 

(b) 
 

Figure 3 Steady-state power frequency characteristics of TCSC, (a) 
Definition of trigger angle, (b)Apparent reactance at power frequency 

 
The steady-state characteristic is strongly non-linear and exhibits an 
asymptotic behaviour for at least one control angle. This asymptote 
corresponds to the triggering angle for which the apparent reactance 
of the thyristor controlled inductive reactance equals the reactance of 
the capacitor. At this point the apparent reactance of the TCSC 
becomes infinite. 

In steady-state the capacitor voltage zero-crossings are equidistant, 
separated by the line current’s half-cycle time. Then the zero- 
crossings must appear at well-defined time instants which are 
determined by the condition that the charge received from the line 
current in the time interval between two consecutive zero-crossings 
must vanish.Thus the “TCSC boost level can be described from a 
control point of view as an integrating system that increases or 
decreases the boost proportionally to the time displacement of the 
zero-crossings of the capacitor voltage from their positions relative to 
the line current[4].” 

 
 

IV. EFFECT OF TCSC STRUCTURE ON 
SUBSYNCHRONOUS  DAMPING 

 
When TCSC is operating in blocking mode without thyristors 
conduction, it can be compared to traditional fixed series capacitor 
bank. In that case sub-synchronous behavior of TCSC is also similar 
with fixed series capacitor with same ratings. Consequently operation 
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of thyristor branch of TCSC is required to change the sub- 
synchronous behavior of TCSC compared to fixed series 
capacitor.Specified sub-synchronous behavior of particular TCSC 
implementation is defined by various structural and control system 
related factors: 

 
 
 By controlling the firing angle α of thyristors effective reactance 

of TCSC can be boosted substantially. Boost factor Kbis defined 
as a quotient of fundamental effective reactance Xeffand 
capacitive reactance XCOof TCSC without thyristors conduction: 

 
 

λ parameter of TCSC determines the relation    between the capacitor 
and reactor of TCSC. When X  is fundamental reactance of reactor,   λ 

L 
is defined as follows: 

 
 

When operation point of TCSC is defined using boost factor Kb 
operation of TCSC with different λ parameters can be compared on 
the ground of fundamental effective reactance created by TCSC. 

Open-loop control approach was chosen to allow analysis of 
structural characteristics of TCSC on sub-synchronous damping 
without the fast acting closed-loop controls affecting the results. 
Additionally, typically closed-loop effective reactance control of 
TCSC is used with relatively slow time constant (> 1 s) therefore 
having no significant effect on sub-synchronous response of TCSC. 

the TCSC, utilizes a smaller capacitor, does not need any reactor and, 
differently from the TCSC, does not have an intrinsic internal 
resonance. 

 
A. Principle of Operation 

 

 
Figure 4 Gate Controlled Series Capacitor (GCSC) 

 
The level of series compensation is given by thefundamental 
component of the capacitor voltage VC. This level may be varied by 
controlling the blocking angle y of thesemiconductor switches. This 
blocking angle y is measured fromthe zero crossing of the line  
current. 

 
V. FACTS TECHNOLOGIES: IN INDIA 

Existing: 
 

– TCSC on Rourkela – Raipur 400 kV (40% fixed, 5- 15% variable) 
– TCSC on Kanpur – Ballabhgarh 400 kV 

Under Implementation: 

– TCSC on Purnea – Muzzafarpur 400 kV (40% fixed, 5-15% 
variable) 
– TCSC on Muzzafarpur - Gorakhpur 400 kV (40% fixed, 5-15% 
variable) 

 
VI. STATE OF THE ART AND FUTURE  PROSPECTS 

 
“GCSC - Gate Controlled Series Capacitor: A New FACTfor Series 
Compensation of Transmission Line”. The GCSC, shown in Fig. 4, 
based on a concept first introducedby Kurudyet al. [8], is  made  
simply of a capacitorand a pair of self-cornmutated semiconductor 
switches in antiparallel, e.g., the GTO (Gate Turn-off Thyristor) or  
the IGCT(Wegrated Gate Commutated Thyristor) [9]. 

For these reasons, the GCSC may be a better solution in most 
situations where controlled series compensation is required. One 
potentially interesting application of the GCSC is in the retrofitting of 
existing fixed series capacitors, making them FACTS devices.It is 
capable of continuously vary its reactance from zero to the maximum 
compensation provided by the capacitor. The GCSC is simpler    than 

 
 
 

Figure 5 Fundamental impedance of the GCSC as a function of the 
blocking angle 

 
Figure 5 aboveshows the fundamental impedance of the GCSC as a 
function of blocking angle y. It is assumed that the transmissionline 
current, i, is sinusoidal. In order to avoid dc voltage components in 
the series capacitor, during normal operation, the blocking angle y 
should be greater than 900and smaller than 1800. 

A blocking angle of 900  means that the capacitor is fully inserted  
in the circuit, that is, the fundamental impedance is 1 p.uand the 
switches are turned off completely. On the other hand, if the blocking 
angle is 1800, the switches are on full conduction, bypassing the 
capacitor, meaning a zero impedance. So, a continuous variation of 
the equivalent series capacitance of the GCSC is achievable in the 
range of 900<γ< 1800. 

 
B. Prospective Applications: 

 
The GCSC could be typically used in applications where a TCSC is 
used today, mainly in the control of power flow and damping  of 
power  oscillations.  The  GCSC  may  operate  with  an   open   Loop 
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configuration, where it would simply control its reactance, or in 
closed loop, controlling power flow or current in the line, or 
maintaining a constant compensation voltage. Power Oscillation 
Damping schemes may also be easily attainable with the GCSC. 

 
C. Duality Between  TCSC & GCSC: 

 
One interesting feature of the GCSC is that its operation is exactly the 
dual of the well-known thyristor Controlled reactor (TCR), used for 
shunt compensation, usually with a fixedcapacitor in parallel. In fact, 
one may easily observe that the voltage waveform of the  GCSC 
shown in Fig. 2 is similar to current waveforms of the TCR. 

VII. WORLDWIDE  INSTALLATIONS 
 

1. Transmission stability improvement by means of TCSC& SC 
(North-South Interconnection) 

 
Since spring of 1999, Eletronorte of Brazil has been operating a 
Thyristor-controlled Series Capacitor (TCSC) and five fixed Series 
Capacitors supplied by ABB Power Systems in Eletronorte´s 500 kV 
interconnector between its northern and southern power systems. All 
in all, about 1.100 Mvar of series capacitors have been installed by 
ABB Power Systems. The TCSC is located at Imperatriz at the 
northern end of the power corridor connecting the two systems which 
were previously not interconnected. 

 

Figure 6 TCSC location at North-South Interconnection at Imperatriz 
 

Both AC and DC alternatives were assessed, and decided in favor of 
the AC option. It consists of a single 500 kV compact circuit (to be 
doubled at a later stage), more than 1.000 km long and series 
compensated in several places along the line. Operation began in 
1998. The power transmission capability of the corridor  is  1.300 
MW. 

 
 

Figure 7 View of the Imperatriz 500 kV TCSC 
 

The technical data for complete series compensated system is given  
in Table I. 

 
Table I: Technical Data 

Total series compensated System 
Maximum system voltage 550 kV 
Rated current 1500 A 
Number of series capacitors: 
Fixed 
TCSC 

 
5 
1 

Totally installed reactive power 100 Mvar 
TCSC: 
Maximum system voltage 550 kV 
Nominal reactive power 107 Mvar 
Rated current 1500 A 
Rated continuous voltage 23,9 kV 
Physical capacitor reactance 13,3 Ω 
Nominal degree of compensation 5% 
Boost level range 1-3 
Nominal boost 1,20 

 
 

2. Thyristor Controlled Series Compensation application on the 
Kanpur-Ballabgarh 400kV line in India by BHEL. 

 
The use of fixed series compensation for increase power transfer 

levels has long been in vogue. But the potential risk of Sub 

Synchronous Resonance (SSR), leading to damages to turbine-

generator shaft failure and electrical instability at oscillation 

frequencies lower than the normal system  frequency. 
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Figure 8 Northern region system of Indian power system 

 
The first FACTS project in Indian power sector  was awarded  

by M/s POWERGRID on M/s BHEL in the year 2000. The 

FACTS system was to be installed on the 400kV, 395km long , 

Kanpur- Ballabgarh line. Kanpur- Ballabgarh and Kanpur-Agra 

400kV lines in Northern grid of UP carry about 800MW power 

from Singrauli and Rihand belt to western UP and  Rajasthan  

as shown in Figure 8. 

The Ballabgarh- Agra line serves as a tie between Kanpur- 

Ballabgarh-Jaipur area and the Kanpur-Agra- Jaipur area. A 

“Thyristor controlled series compensator TCSC” is planned for 

better utilization of this corridor. 

The SSR study carried out for the TCSC installation on 

400kV line at Ballabgarh show that the application of  TCSC 

has positive effect in mitigating SSR consequences. It is seen 

that the damping torque concept is a useful tool to  get  an 

insight into the effects of the network characteristics on 

torsional interactions. 

The FACTS scheme at Ballabgarh was operated as fixed 

compensation of 35% (27% + 8%) for about 18 months, after 

which the 8% was converted into variable compensation. The 

complete scheme has been commissioned in the year 2004 

and is operating satisfactorily. There are five generator buses  

in the vicinity of TCSC, namelyPanki, Dadri, Unchahar, Dadri, 

Faridabad and Rihand. 

 
VIII. FACTS APPLICATION: PERSPECTIVE TO TCSC 

 

FACTS controllers can be used for various applications to enhance 
power system performance. One of the greatest advantages of using 
FACTS controllers is that it can be used in all the two states of the 

 
 

power system, namely: (1) Steady state, (2) Transient. However, 
the conventional devices find little application during system 
transient or contingency condition. 

 
 

1. Steady State Application: 
 

Various steady state applications of FACTS controllers includes 
voltage control (low and high), increase of thermal loading, post- 
contingency voltage control, loop flows control, reduction in short 
circuit level and power flow control [11]. 

 
 Congestion Management. 
 ATC Improvement. 
 Loading Margin Improvement. 
 Power Flow Balancing & Control. 

 
2. Dynamic Application: 

 
Dynamic application of FACTS controllers includes  transient 
stability improvement, oscillation damping (dynamic stability) and 
voltage stability enhancement. One of the most important capabilities 
expected of FACTS applications is to be able to reduce the impact of 
the primary disturbance [12]. 

 
 Transient Stability Enhancement 
 Oscillation Damping 
 Dynamic Voltage Control 
 SSR Elimination 
 Application in Deregulated Environment. 
 Power System Interconnection. 

 
IX. IMPORTANCE OF FACTS IN CONTEXT TO  TCSC 

 
Due to fast and flexible actions of FACTS devices, many relevant 
benefits can be achieved such as the utilization of transmission 
capability, efficient power flow control, transient stability 
improvement, power oscillation damping, sub synchronous 
resonances (SSR) mitigation, and fault current limitation. Now, these 
devices are a reality and changing the way engineers plan and operate 
power systems. 

Thyristor Controlled Series Compensation (TCSC) becomes now  
as a key device in the FACTS family, and widely recognized as an 
effective and economical means to solve following problems 
exhibiting in long transmission systems: 

 
 Transient stability problem!: exhibited by loss of 

synchronism following major disturbances, 
 Dynamic instability characterized by negatively damped 

low frequency oscillation, caused by transferring a high 
level ofpower over a weak transmission link. 

 Steady state stability due to overloading of transmission 
lines, 

 Voltage stability problems exhibit by a slow decline ofthe 
voltage profile with increases in power loading of the 
transmission systems, etc. 
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1. Benefits: 

X. BENEFITS AND COSTS The TCSC serves the need for stability and damping sub- 
synchronous oscillations. To my knowledge it has not been  
effectively used for power flow control, but in time it will be used for 

 Environmental Benefits. 
 Increased Stability. 
 Increased Quality of supply. 
 Flexibility & Uptime. 
 Financial Benefits. 

 
 
 

2. Costs: 
 

As compared to conventional devices, FACTS controllers are very 
expensive. The approximate cost per kVar output of various 
conventional devices and FACTS controllers are shown in Table II 
below [10]: 

 
Table II: Cost of conventional and FACTS controllers 

 
 
 
 
 
 
 
 
 
 

However, the cost per kVar decreases for higher capacity of FACTS 
controllers. The total cost also depends on the size of fixed and 
controlled portion of the FACTS controllers. The FACTS equipment 
cost represent only half of the total FACTS project cost. 

 
XI. CONCLUSION 

Power supply industry is undergoing dramatic change as a result of 
deregulation and political and economic maneuvers. This new market 
environment puts demands for flexibility and power quality into 
focus. Also, trade between companies and countries of electric power 
is gaining momentum, to the benefit of all involved. These calls for 
the right solutions as far as power transmission facilities between 
countries as well as between regions within countries are concerned. 
This paper presented novel equipment for controllable series 
compensation of transmission lines: Thyristor Controlled Series 
Capacitor (TCSC). 

It was always recognized that a power transmission over long lines 
was primarily limited by series reactive impedance of the line. Series 
capacitive Compensation was introduced decades ago to cancel a 
portion of the reactive line impedance & thereby increase the 
transmittable power.Controllable Series Line compensation (or 
TCSC)is a cornerstone of FACTS technology. 

It can be applied to achieve full utilization of transmission assets 
by controlling the power flow of lines, Preventing loop flows in the 
line and with the use of fast controls, minimizing the effects  of 
system disturbances thereby reducing traditional stability margin 
requirements. The TCSC is a powerful and flexible system that 
provides benefits especially for long distance power transmission 
systems. 

power flow control as well. Hopefully turn-off device based GCSC 
will also be used, because it offers more effective control. 
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