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Abstract: This paper deals with automatic 
generation control of an interconnected thermal 
non-reheat power system in continuous mode by 
employing a Thyristor Controlled Series 
Capacitor (TCSC) in series with the line. 
Damping of the system frequency and tie-line 
power oscillations by controlling the reactance 
of the TCSC is presented. Gain values of the 
integral controllers are optimised using the 
integral squared error method by providing a 
step load disturbance in each of the areas by 
minimising a quadratic performance index. It is 
reported that TCSC can dampen the tie-line and 
power oscillations commendably under sudden 
load disturbances in any of the areas.       
Keywords— Automatic Generation Control 
(AGC), Inter Area Tie-line Power, TCSC 
Controller, Area Control Error, Integral Squared 
Error (ISE) technique.                               
 
1.  Introduction: 
A power system is considered to be a perfectly 
balanced one when the generation meets the load 
requirements. Under this criterion, the system 
parameters like the frequency, voltage and the 
power flow are at their nominal values. For large 
scale power systems comprising of a number of 
interconnected networks, the challenge is to keep 
the system frequency as well as the inter area tie 
power close to the nominal values as possible. For 
the same reason, Automatic Generation 
Control/Load Frequency Control (AGC/LFC) is 
important wherein the input mechanical power to 
the generators of each area is                                              
varied according to the load perturbations, resulting 
in a corresponding change in its speed and hence 
controlling the frequency of the output electrical 
power thereby maintaining the power exchange 
between the areas as scheduled.[1]. In the 
literature, considerable work has been devoted to 
AGC or LFC, of interconnected power systems. [2-
7]. Elgerd and Fosha [2] have presented an analysis 
of AGC problem of a two-area non-reheat thermal  

 
system. Concordia and Kirchmayer [3] and 
Kirchmayer [4] have studied the AGC of a 
hydrothermal system considering non-reheat 
turbine and mechanical governor in hydro system, 
neglecting generation constraints. Jaleeli et al [5] 
have presented a detailed description of the 
functions and limitations of the Automatic 
Generation Control. Kothari et al [6] have 
developed a variable structure control strategy to 
automatic generation control of interconnected 
reheat thermal system. Chan et al [7] have reported 
a strategy for AGC of interconnected power 
systems using variable structure controllers. 
Literature survey for AGC shows that much of the 
attention has been given to designing various AGC 
controllers, whereas very less attention has been 
given to attenuating the oscillations in system 
frequency and tie-line power exchange. Though, 
attenuating the oscillations is not among the AGC 
objectives, it is necessary to control these 
oscillations arising from the load disturbances from 
any of the areas [8]. Thereby, these oscillations are 
minimised and are not allowed to interact with 
AGC at any cost [9]. High Voltage AC 
transmission systems incorporate power electronic 
based and other static controllers to enhance the 
controllability and the power transfer capability. 
These devices are termed as Flexible AC 
Transmission System (FACTS) Devices [11]. 
FACTS devices provide more flexibility in power 
system operation and control [10]. FACTS devices 
have fast controllability compared to the 
conventional devices. These devices are termed 
static due to absence of any moving parts like 
mechanical switches to perform the dynamic 
controllability. There are two different types of 
configurations available for the FACTS devices 
namely, Series Devices and Shunt devices 
respectively. 
One of the major FACTS Series devices is 
Thyristor Controlled Series Capacitor (TCSC). 
TCSC is a capacitive reactance compensator which 
consists of a series capacitor shunted by the 
Thyristor Controlled Reactor (TCR). TCSC is 
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primarily used for damping of the inter-area 
oscillations and thereby improving stability. It 
increases the damping when large electrical 
systems are interconnected and in addition, it can 
overcome the problem of SSR (Sub-Synchronous 
Oscillations). The control algorithm functions on 
the thyristor circuit in parallel to the main capacitor 
bank such that controlled charges are added to the 
main capacitor, making it a variable capacitor at 
fundamental frequency [12]. 
Literature survey shows that numerous amount of 
research has been done to study the dynamic 
behaviour of TCSC. Research on control strategies 
for TCSC can be traced back to 1966 when 
Kimbark[13] analysed the improvement in transient 
stability of power systems by using switched series 
capacitors. A lot of work has also been devoted to 
learn applications of TCSC for the improvement of 
dynamic and transient stabilities of power systems 
[13-18]. Rajaraman et al [14] have presented a 
method to compute the damping of sub-
synchronous resonance modes with a TCSC. On 
the other hand, very less attention has been given to 
attenuating the oscillations in system frequency and 
tie-line power between the control areas after 
sudden load disturbances, by incorporating TCSC 
in series with the tie-line. The proposed control 
strategy will be very constructive in managing the 
frequency oscillations and tie-line oscillations 
within nominal values. Hence the prime incentive 
is to suppress the oscillations in system frequency 
and tie-line power exchange. 
In this report, the authors propose to work with an 
interconnected non-reheat thermal power system 
with Generation Rate Constraints (GRCs) and 
studying the impact of utilising a FACTS controller 
like TCSC in damping each area’s frequency 
oscillations and tie-line oscillations. Investigations 
are carried out to examine the capability of the 
TCSC damping controller in two-area 
interconnected power system. In view of the above, 
the main objectives of the present work are: 

1. To implement a linearised model of a two-
area interconnected non-reheat thermal 
system considering a TCSC in series with 
the tie-line. 

2. To suppress the oscillations in the system 
frequency and tie-line power with the help 
of a TCSC connected in series with the 
tie-line of a two-area interconnected non-
reheat thermal system. 

3. To optimise the gain settings of the 
integral controllers without TCSC and 
after considering TCSC. 

4. To judge the dynamic response with and 
without considering the TCSC. 

 
2. Formulation of the problem by considering 
TCSC:  
Flexible AC Transmission System (FACTS) 
devices are deployed in power systems to wield 
continuous control over the power flow patterns 
across the tie-line and frequency oscillations in 
both the areas. Thyristor Controlled Series 
Capacitor (TCSC) is a series FACTS device which 
allows rapid and continuous changes in the 
transmission line impedance. This is in order to 
provide smooth variation in the tie-line reactance. 
Since the reactance to the resistance ratio is quite 
high (X/R>= 10) the effect of the resistance in the 
dynamic performance investigation is neglected. 
Without TCSC, the incremental tie-line power flow 
from area1 to area2 can be expressed as (1) 
δPo

tie12 = 2πTo
12(δf1-δf2)   (1) 

where T0
12 is the synchronising coefficient and δf1 

and δf2 are the frequency deviations in the areas 1 
and 2 respectively. When a TCSC is placed in 
series with the tie-line as shown in the fig.1, the tie-
line flow through the line becomes ܲ଴௧௜௘ଵଶ ൌ |Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻ௑భమି௑బ೎             (2) 

where X0
c is the impedance of the TCSC connected 

in series to the line. α1,α2 are the load angles of area 
1 and area 2 respectively and X12 is the tie-line 
impedance. 

Figure 1: A simple diagram of a two area thermal system with 
TCSC. 
 
Substituting  ko

c = X0
c/X12 in equation (2), we get 

 

 P0
tie12 = 

|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻ௑భమሺଵି௞బ೎ሻ       (3) 

 
On perturbing ko

c to ݇௖ i.e from its nominal value, 
we get 
 

Ptie12 = 
|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻ௑భమሺଵି௞೎ሻ         (4) 
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Therefore the change in tie-line power flow as a 
result of perturbation is found out to be 

δPtie12 = 
|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻ௑భమሺଵି௞೎ሻ _   

|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻ௑భమሺଵି௞బ೎ሻ       

                                                                        (5)                     
 

δPtie12  =     
|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻሺሺδkcሻ௑భమሺଵି௞೎ା௞೎బ௞೎ି௞೎బሻ   (6) 

where δkc is the change in percentage 
compensation of impedance of the TCSC. The 
nominal value of kc is 0.5 i.e ko

c= 0.5. Without loss 
of generality kc.ko

c can be assumed to be negligible, 
as both being less than 1 and hence substituting the 
value of ko

c in equation (6), we can further simplify 
the given equation to:  
 

δPtie12  =  
ଶ|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻሺஔ୩ౙሻ௑భమሺ଴.ହିఋ௞೎ሻ      (7) 

 
Since, δkc must lie between -0.4 and 0.3. [9] 
i.e  –0.4൑ δkc ൑ 0.3;     
Thus the mean value of (0.5-δkc) is calculated to be    ଴.ଽା଴.ଶଶ  = 0.55 = 0.5(approx.) 

So the change in the tie-line power is reported to be 
 

δPtie12  =   
ସ|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻሺஔ୩ౙሻ௑భమ       (8)  

 
3.Providing a control strategy to TCSC 
controller: 
As per (8), the tie line power oscillations can be 
damped by governing the change in percentage 
compensation of impedance of the TCSC. We 
present a signal named δError(s) as the control 
signal to the TCSC damping controller.  

δkc(s)=  ఋா௥௥௢௥ሺ௦ሻሺଵ ା௦்೅಴ೄ಴ሻ 
where TTCSC  is the time constant of the TCSC 
block and δError(s) is the control signal which 
controls δkc.. δError(s) can be any signal such as 
frequency deviation δf1, area control error (ACE) 
etc. Here we present the error signal to be ACE1(s) 
i.e. δError(s) = ACE1(s). 

δkc(s)=  ఋ஺஼ாଵሺ௦ሻሺଵ ା௦்೅಴ೄ಴ሻ         (9)     

Hence the tie-line power disturbance becomes 
 

δPtie12=  
ସ|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻሺఋ஺஼ாଵሺ௦ሻሻ௑భమሺଵ ା௦்೅಴ೄ಴ሻ    (10) 

 
Substituting 1ܧܥܣߜሺݏሻ = ߜ ௧ܲ௜௘ଵଶሺsሻ ൅ Bଵδfଵሺsሻ in 
(10) we get, 
 

δPtie12=
ସ|Vభ||Vమ|ୱ୧୬ሺ஑భି஑మሻሺఋ௉೟೔೐భమሺୱሻାBభஔ୤భሺୱሻሻ௑భమሺଵ ା௦்೅಴ೄ಴ሻ                                 

                                                 (11)       
 
4.  System Investigated:  
A large power system consists of a number of 
control areas interconnected by tie-lines. There are 
different complicated non-linear models for large 
scale power systems. However for the design of 
AGC, a simplified and linear model is generally 
used[19]. The system considered for study is a two-
area system, with two non-reheat power system 
units in each area, connected by a single tie-line. 
The TCSC (Thyristor controlled series capacitor) is 
connected in series with the tie-line. GRCs have 
also been considered with 15% for raising and 
lowering generations for area 1 and 5% for raising 
and lowering generations for area 2 respectively. 
GRCs have been considered to incorporate the 
rapid power increase, which could draw out steam 
from the boiler system only to cause steam 
condensation due to adiabatic expansion. Hence 
when generation power reaches this marginal upper 
bound, GRC restricts the further increase in the 
power of the turbine. 
The detailed transfer function models of speed 
governors and turbines present are developed in the 
IEEE Committee Report on Dynamic Models for 
Steam and Hydro turbines in Power System Studies 
[23].  
 A load perturbation of 1% p.u has been provided 
in both the areas respectively. A block diagram 
model, with detailed transfer function, for a two 
area non-reheat power system with two generating 
units each, is shown in Figure 2.  
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Figure 2 : A SIMULINK block diagram representation of a two area non reheat thermal power system. 
 
5. State Space Representation: 
The power system model considered is a linear 
continuous time dynamic system. Hence it can be 
represented by the standard state space model as 
X’ = AX+BU+µp ; where X, U and p are the state, 
control and the disturbance vectors, respectively, 
and A, B and µ are state matrices associated with 
them. 
For the system considered,  
X’ = AX+BU+µp 

T
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6. Optimisation of integral gain settings: 
The optimisation of the integral controllers of the 
PID controllers is performed by using the ISE  

 
 
technique, since trial and error method of the gains 
by indirect methods does not seem to be 
appropriate. The performance index chosen for 
minimisation of the gains in the PID controller is 
KJ = ∫0T (w1f1

2+w2f2
2+w3f3

2) dt 
It is minimised for 0.01p.u of step-load disturbance 
in either of the areas in the presence of GRCs. The  
Gain value corresponding to the minimum 
performance index (KJ) is taken as the optimised 
value.  
Without loss of generality, the weight constants 
(w1,w2,w3) are each considered to be equal to be 
one. The controller settings of either thermal 
systems are optimised by considering the other area 
as uncontrolled as presented. Optimum values of 
the gain settings before and after installing the 
TCSC has been tabulated in Table 1. 

Table I 
Percentage of 
load sharing by 
each area 

Step load 
disturbance 

Optimum gain 
integral settings for 
thermal area 1 
without TCSC 

Optimum gain 
integral settings 
for thermal area 
1 with TCSC 

Optimum gain 
integral 
settings for 
thermal area 2 
without TCSC 

Optimum gain 
integral 
settings for 
thermal area 2 
with TCSC 

Area 1 = 50% 
Area  2 =50% 

0.01 p.u Ki1 = 0.0630 Ki1 = 0.0380 Ki2 =  0.0360 Ki2 = 0.0120 
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Figure 3: Plot between KJ and Ki1 (with TCSC) 
 

 
Figure 4: Plot between KJ and Ki2 (with TCSC) 
 
7. Simulation results and Discussions: 
The responses of the two area non-reheat thermal 
power system have been studied in detail. Fig 5-7 
shows the dynamic responses for frequency and tie-
line power deviations and Fig.8-11 shows the 
generation responses of all the four generating units 
for 1% step load disturbance in area 1 considering 
apf1=apf2=apf3=apf4=0.5. The responses have 
been simulated for both conditions i.e. without 
considering TCSC units and with TCSC units 
respectively. From Figs.5-11, it is evident that the 
dynamic responses have improved significantly 
with the use of TCSC units. As the load disturbance 
has occurred in area 1, at steady state, the power 
generated by the generating units in area 1 are in 
proportion to the ACE participation factors.   
 

 
Figure 5: Plots depicting the frequency damping in Area 1 for 
both conditions i) without TCSC ii) with TCSC. 

 
Figure 6: Plots depicting the frequency damping in Area 2 for i) 
without TCSC ii) with TCSC. 

 
Figure 7: Plots depicting the damping of oscillations of tie-line 
power for  i) without TCSC ii) with TCSC. 
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Figure 8: Plots depicting the generation res
unit 1 in Area 1 for  i) without TCSC ii) with

Figure 9: Plots depicting the generation res
unit 2 in Area 1 for both conditions i) with
TCSC. 

Figure 10: Plots depicting the generation res
unit 1 in Area 2 for  i) without TCSC ii) with
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Figure 11: Plots depicting the gener
unit 2 in Area 2 for  i) without TCSC
 
8. Conclusion:  
In this paper, a new tie lin
technique by TCSC has bee
area interconnected non-re
system. Gain settings of the 
both conditions i.e., withou
series with the tie-line, are o
method, also taking into con
The motivation of using thi
of the complexity of the 
multivariable operating cond
control strategy has been pr
TCSC reactance, which in tu
area tie-line power flow. As 
TCSC, when present in se
influences the tie-line impe
which in turn will suppress 
area frequencies and tie-po
load disturbances. It may 
TCSC can be successfully i
the tie-line for controlling th
for all load changes. 
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