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Abstract : Voltage stability problems have been responsible for several major blackouts that have been experienced in many 
countries. Reactive power limit of power system is one of the major causes of voltage instability. Power system can be adapted to 
improve voltage stability by adding reactive power sources such as shunt capacitors or Flexible AC Transmission System (FACTS) 
devices at the appropriate locations. FACTS devices are very effective solution to prevent voltage instability due to their fast and 
very flexible control. Thyristor Controlled Series Capacitor (TCSC) is one of the most important FACTS devices which are 
connected to power system. TCSC has some important advantages; it can increase the transmission capability and reduce the active 
and reactive power loss. However, the insertion of TCSC in transmission line could affect the performance of the distance relay, by 
affecting the total impedance of a protected transmission line and settings relays. In this paper, the best placement for reactive 
power compensation with TCSC device to improve voltage stability margin is identified with respect to the impact of this device on 
distance relay settings. The simulation results are performed in MATLAB software. The study has been carried out on the IEEE 14-
bus IEEE 30-bus test system. 
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1. INTRODUCTION  

 
The operation of power systems closer to their load 

limits is dictated by the needs of deregulated electricity 
markets. However, as a result, several blackouts have 
occurred due to voltage instability [1]. According to the 
IEEE Power System Engineering Committee, voltage 
stability is being  defined  in  the  following  way:  
“Voltage  stability  is  the  ability  of  a  system  to  
maintain voltage  so  that  when  load  admittance  is  
increased,  load  power  will  increase,  and so that  both 
power and voltage are controllable” [2]. The only way to 
save the system from voltage collapse is to reduce the 
reactive power load or add additional reactive power 
prior to reaching the point of voltage collapse. 
Introducing the sources of reactive power such as shunt 
capacitors and/or Flexible AC Transmission System 
(FACTS) controllers at the suitable location is the most 

 

effective technique for utilities to improve voltage 
stability of the system. FACTS make up a family of high 
power devices that are applied in power systems in shunt 
and/or in series. FACTS solutions are particularly 
justifiable in applications requiring rapid dynamic 
response, ability for frequent variations in output, and/or 
smoothly adjustable output. Under such conditions, 
FACTS is a highly useful option for enabling or 
improving the utilization of power systems [3].  The 
potential benefits offered by these controllers are reduced 
cost of operation, increased reliability of power system 
and improvement of voltage stability. FACTS are also 
applied to improve the performance of the power system 
under transient stability conditions [4], [5].  

One of the most important FACTS devices which 
are connected to system in series is the Thyristor 
Controlled Series Capacitor (TCSC). TCSC has some 
important advantages on the system; it can be used to 
increase power transmission capability and to reduce the 
power system losses and also it can regulate the voltage 
levels by changing the firing angle of thyristors. Many 
works in the literatures has discussed the use of TCSC 
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for voltage stability enhancement. Most of these studies 
are based on the placement of this device in suitable 
placement for more improvement of voltage stability 
margins. So far no work has been reported in open 
literature for the best placement of TCSC taking in 
consideration the impact of this device on distance relay 
setting.  

In the presence of series FACTS devices, the 
conventional distance relay characteristics such as MHO 
(or admittance) and quadrilateral are greatly subjected to 
mal-operation in the form of overreaching or under-
reaching the fault point [6], [7]. Therefore, the 
conventional relay characteristics may not work properly 
in the presence of FACTS device. The effect of 
compensator TCSC on distance protection of 
transmission lines has been reported considering the 
influence of TCSC on the transmission lines protection. 
Reference [8] and [9] show the variation of the tripping 
characteristic of the distance relay for different 
installation points and control parameter of the TCSC. 
Impact of TCSC on impedance measured (Zseen) by 
Distance Relay on 400 kV single transmission line in 
presence of earth fault is investigated in [10]. The Zseen  in 
the presence of inter phase faults with TCSC on a double 
transmission line is being studied in [11] and in [12] .The 
variation of Zseen in the presence inter phase faults in 
presence of TCSC on adjacent transmission line by 
considering Metal Oxide Varistor (MOV) operation is 
also investigated in [12] . Impact of TCSC settings zones 
of distance protection on single transmission line is 
studied in [13]. 

In this paper, the best placement for reactive power 
compensation with TCSC device to improve voltage 
stability margin is identified with respect to the impact of 
this device on distance relay setting. The Fast Voltage 
Stability Index (FVSI) is used to identify the most 
suitable placement for TCSC device. The study has been 
carried out on the IEEE 30-bus test system. 
 

2. VOLTAGE STABILY INDICATOR 
FORMULATION 

 
Voltage stability indices are vital tools for 

estimating the proximity of a given operating point to 
voltage instability. Fast voltage stability indices can be 
successfully applied to online voltage stability 
assessment. The objective of the voltage stability indices 
is to quantify how near a particular operating point is to 
the static voltage stability limit. There are many indices 
currently in use to help in the analysis of static voltage 
stability. Some of them are Line Stability Factor [14], 
Maximum Loading Margin Index (MLM) [15], load 
proximity index [16], [17], impedance index [18], Fast 
Voltage Stability Index (FVSI) [19], Line stability index 
[20]. The results from this study could also identify the 
weak buses or lines in power system network.  

In this work the Fast Voltage Stability Indicator 
proposed by Rahman [19] is used for stability 

assessment. This index is basically used to indicate 
maximum load-ability in a power system as well as to 
identify the weakest buses and/or lines. Identification  of  
weakest  bus or line  is  used  to  identify  the best  
location  for  reactive  power  compensation  for the 
improvement  of  static  voltage  stability  margin. The 
FVSI can be calculated for any of the lines in the 
network and depends, essentially on reactive power.  The 
value of FVSI that is closed to the unity indicates that the 
respective line is closed to its stability limit. Figure 1 
illustrates a single line of interconnected network where 
the FVSI is derived from. 
 

        
 

Fig. 1. Model of simple branch for voltage stability research. 
 

By taking the sending bus (bus i) as the reference, 
the voltage of receiving end Vj can be calculated by [21]:     
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Considering the angle difference δ very small, i.e. 

0≈δ, the index is formulated as: 
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Where: Z is the line impedance, X is the line 

reactance, Vi is the voltage at the sending end and Qj is 
the reactive power at the receiving end.  

 

3. TCSC MODELING AND OPERATION 

 
Thyristor Controlled Series Capacitors (TCSC) is a 

type of series compensator which can provide many 
benefits for a power system such as controlling power 
flow in the line, damping power oscillations, reducing 
losses, and improving voltage stability. 

Figure 2 shows a schematic representation of a 
TCSC. It consists of a capacitance (C) connected in 
parallel with an inductance (L) controlled by a valve 
mounted in anti-parallel thyristors conventional (T1 and 
T2) and controlled by an extinction angle (α) varied 
between 90° and 180°. 
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Fig. 2.  Transmission line with TCSC controller. 
 

The principle of TCSC is to control the 
transmission line impedance by adjusting the TCSC 
reactance (XTCSC). The equivalent reactance of TCSC is a 
function of the firing angle (α). The curve of XTCSC as a 
function of firing angle is divided into three different 
regions which are inductive, capacitive and resonance as 
shows in Figure 3. 

 

 
 

Fig. 3. Characteristic curve XTCSC = f (α). 
 

In the steady-state, relationship between the firing 
angle α and the reactance XTCSC can be described by the 
following equation [22]: 
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Where, α is the firing angle, XL is the reactance of 

the inductor and Xl is the effective reactance of the 
inductor at firing angle. A TCSC used for line reactance 
compensation in the transmission line between buses i 
and j is shown in figure 4. 
 

 
 

Fig. 4. Transmission Line with TCSC. 
 

The effective series transmission impedance is 
given by: 
 

                                     ( )1eff ijX K X= −                             (6) 
 

Where, K is the degree of series compensation.  
 

                  

( )TCSC

ij

X
K
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α

=     Where, (0 < K < 1)               (7) 

 
Practically up to 70% of series compensation is 

chosen for line reactance compensation [23] in order to 
avoid series resonance in transmission line. Choosing K, 
100% compensation should not be provided.  

 

4. DISTANCE PROTECTION RELAY 
PRINCIPAL AND SETTING ZONES 

 
Since the impedance of a transmission line (Zij) is 

proportional to its length, for distance measurement it is 
appropriate to use a relay capable of measuring the 
impedance of a line up to a predetermined point (the 
reach point). Such a relay is described as a distance relay 
and is designed to operate only for faults occurring 
between the relay location and the selected reach point 
thus giving discrimination for faults that may occur in 
different line sections [24-26]. The basic principle of 
distance protection involves the division of the voltage at 
the relaying point by the measured current. Apparent 
impedance so calculated is compared with the reach point 
impedance. If the measured impedance is less than the 
reach point impedance, it is assumed that a fault exists on 
the line between the relay and the reach point as shown 
in Figure 5. 
 

 
 

Fig. 5. Principle operation for distance protection. 
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4.1. Selectivity Protection 

 
Time  selectivity  protection  is  given  by  the  

staggered  trip  time depending  on  the distance  between  
measurement  point  and  the  fault [25, 27]. Following 
the setting philosophy of the distance protection in 
Sonelgaz group, three zones (Z1, Z2 and Z3) are 
considered [28]: The first zone covers about 80% of the 
protected transmission line (Zij) and trips the circuit 
breaker in t1. The second zone extends to 100% of the 
protected line ij and 20% of the adjacent line (Zjk) and 
trips circuit breaker in the t2 while the third zone  extends 
to 100%  of the protected line + 40% of the adjacent line 
and trips  the circuit breaker in the t3 as indicated in 
Figure 6. 
 

 
 

Fig. 6. Selectivity of distance protection. 
 

4.2. Setting Zones 

 
Line impedances are proportional to the line lengths 

(l) and this property is used to calculate the distance from 
the relay location to the fault. The relay, however, is fed 
with the current and voltage measured signals from the 
primary system via current transformers (CT) and 
voltage transformers (VT).  Therefore, the secondary 
measured value by relay is used for the setting and is 
obtained by the following expression: 
 

               
( ) VT

relay ij ij ij
CT

k
Z Z l R jX l

k
  = × = + × ×    

          (8) 

 
Where,     

     

                     sec sec

      and     pri pri
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I V
k k

I V
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The setting zones for protected transmission line 

between bus i and j without TCSC are [27, 28]: 
 
 

 

   
( )1 1 1 80% 0,8ij ij ijZ R jX Z R jX= + = = × +    (10) 

 

( )2 2 2 0, 2ij ij jk jkZ R jX R jX R jX= + = + + × + (11) 

 

( )3 3 3 0, 4ij ij jk jkZ R jX R jX R jX= + = + + × + (12) 

 
Where, Zij and Zik is real total impedance of line ij 

and jk respectively. KVT and KCT is ratio of voltage and 
current respectively. The characteristic curves X (R) for 
MHO distance relay are represented in Figure 7. 
 

 
 

Fig. 7. Characteristic curves of MHO distance relay 
 

The presence of TCSC systems with its reactor 
(XTCSC) has a direct influence on the total impedance of 
the protected line (Zij), especially on the reactance Xij and 
no influence on the resistance Rij. The new setting zones 
for a protected transmission line with TCSC connected at 
midline are: 
 

    
( )1 1 1 0,8 ij ij TCSCZ R jX R jX jX α = + = × + +  (13) 

 
( ) ( )2 0, 2ij ij TCSC jk jkZ R jX jX R jXα = + + + × + 

(14) 
 

( ) ( )3 0, 4ij ij TCSC jk jkZ R jX X R jXα = + + + × +   (15) 

 

5. CASE STUDY, SIMULATION RESULTS 
AND DISCUSSION 

 
The first case study simulation work conducted on 

the IEEE 14-bus test system is shown in figure 8. It 
consist five synchronous machines, three of which are 
synchronous compensators used only for reactive power 
support, 7 loads, 3 winding transformers, 20 lines and 40 
distance relays.  The line parameters and loads are taken 
from [29].  
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Fig. 8. Single line diagram of the IEEE 14-bus system 
 

The second case study simulation work conducted 
on the IEEE 30-bus test system is shown in figure 9. It 
consists of six generators (bus 1 is a slack, buses 2, 5, 8, 
11 and 13 are PV buses), 24 loads, 41 lines, 4 power 
transformers and 82 distance relays.  The line parameters 
and loads are taken from [30]. 

 

 
 

Fig. 9. Single line diagram of the IEEE 30-bus system 
 

For two transmission networks study, the simulation 
results have been obtained by using MATLAB software 
package. 

5.1. Identification of Best Placement for TCSC 
Considering Voltage Stability Improvement 

 
The ideal location for Series compensation is still 

under investigation. However, a commonly used method 

is by  placing  the  series  compensator  one  at  a  time  
in  the  lines between  weakest  buses (weakest line). 

Figures 10 and 11 give the maximum reactive 
power margin at different buses in IEEE 14-bus and 
IEEE 30-bus test systems with respecting of generators 
reactive power limits. Busbars 4, 5 and 14 in IEEE 14-
bus system and busbars 26, 29 and 30 in IEEE 30-bus 
system have the lowest margin of reactive power. This 
indicates that these are the most critical buses in the 
system.  
 

 
 

Fig. 10. Reactive power margin in IEEE 14-bus test system 
 

The margin of reactive power of load buses for 
IEEE 30 bus is given in Figure 11. It shows that buses 
26, 29 and 30 have the lowest margin of reactive power 
and lines 25-26, 27-30, 27-29 have the highest values of 
FVSI. These buses and lines are considered as the best 
placement to provide desired reactive power support. To 
outline the most critical line the reactive power demand 
(Q) in the test system was increased gradually at the 
following observed busses (buses 26, 29 and 30).  

 

 
Fig. 11. Reactive power margin in IEEE 30-bus test system 
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To define the weakest line for placement of TCSC 
device, the Fast Voltage Stability Index (FVSI) of lines 
between most critical buses in the two transmission 
networks is computed, the results are recorded in Figures 
12 and 13.  

Figure 12 gives the idea of most critical line in the 
IEEE 14 bus system with reactive power demand 
increases at bus 4, 5 and 14 separately. The line 
connected between buses 4 and 7 is most critical line 
with respect to bus 4. Bus 4 is ranked the highest with 
maximum loadability Qmax equal to 36.1 MVar indicating 
that this bus sustains the lowest load.  

Figure 13 gives the idea of most critical line in the 
IEEE 30 bus system with reactive power demand 
increases at bus 26, 29 and 30 separately. The line 
connected between buses 25 and 26 is most critical with 
variation in reactive power   loading at bus 26 as its FVSI 
value is close to 1.   
 

 
Fig. 12. FVSI profiles computed with load vary at bus 4, 5 and 14 in 

IEEE 14-bus system 
 

 
 

Fig. 13. FVSI profiles computed with load vary at bus 26, 29 and 30 in 
IEEE 30-bus system 

 
The results for lines ranking are tabulated in Table 

I. It is clear from the Table that the first three suitable 
placements for TCSC to improve voltage stability are 
found to be the lines between buses (4 – 7), (5 – 6) and 
(13 – 14) in the IEEE-14 bus system and lines between 

buses (25 – 26), (27 – 30), (27 – 29) in the IEEE 30-bus 
system with this arrangement.  

 
Table I. The highest ranked lines according to FVSI for two case 

studies 
 

Rank Lines QMax 
(MVar) FVSI 

IEEE 14-Bus 
1 4 - 7 36,1 0,195 
2 5 - 6 40,6 0,317 
3 13 - 14 89,5 0,753 

IEEE 30-Bus 
1 25 - 26 30,7 0,947 
2 27 - 30 34,5 0,945 
3 27 - 29 37,1 0,894 

 

5.2. Identification of Best Placement for TCSC 
Considering Settings Distance Relays 

 
In first case study (IEEE 14 bus), as can be seen 

from the results above that the first three suitable 
placements for TCSC to improve voltage stability are the 
lines between buses (4 – 7), (5 – 6) and (13 – 14) with 
this arrangement. In second case study (IEEE 30 bus), as 
can be seen from the results above that the first three 
suitable placements for TCSC to improve voltage 
stability are the lines between buses (25 – 26), (27 – 30) 
and (27 – 29) with this arrangement.  

The man objective of this sub-section is to identify 
the suitable placements for TCSC with respect to the 
impact of this device on distance relay setting.  For this 
reason, a TCSC with a compensation level of 70% can be 
connected in the weakest lines previously mentioned.   

Figures 14 and 15 shows the impact of the different 
placements of TCSC (at three lines) on IEEE 14 and 
IEEE 30 bus transmission systems respectively, on the 
three settings zones reactance (X1, X2 and X3) of distance 
relays. 
 

 
 (a) 
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 (b) 

 

 
 (c) 

 
Fig. 14. Settings reactance zones for different placement of TCSC for 

14 buses   
a). Line (4-7), b). Line (5-6), c). Line (13-14) 

 

 
 (a) 

 

 
 (b) 

 

 
 (c) 

 
Fig. 15. Settings reactance zones for different placement of TCSC for 

30 buses    
a). Line (25-26), b). Line (27-30), c). Line (27-29) 

 
From Figures 11 and 12, the presence of TCSC with 

its apparent reactance has a direct influence on the 
settings zones for distance relays especially on the setting 
reactance and no influence on the setting resistance.  

The best location of TCSC with respecting the 
number of changed distance relays for two case studies is 
represented in table II.  

 
 

Table II. Impact of TCSC placement on number of changed distance 
protection relays 

 

Rank Lines  Relays Changed  Number of 
Relays  

IEEE 14 bus 
1 4 - 7 8, 14, 28, 29, 35 5 
2 13 - 14 13, 17, 19, 20, 40 5 
3 5 - 6 2, 5, 16, 27, 30, 32, 36 7 

IEEE 30 bus 
1 27 - 29 37, 78, 79, 80 4 
2 25 - 26 33, 34, 35, 74, 75 5 
3 27 - 30 36, 38, 39, 76, 78, 79 6 

 
From the Table II, the best location of TCSC in first 

case for voltage stability limit enhancement with 
considering settings zones of distance relays (number of 
distance relays changed ) are the lines between busses (4 
– 7), (13 – 14) and (5 – 6) with this arrangement. In the second 
case, the best placement of TCSC are the lines between 
busses (27 – 29), (25 – 26) and (27 – 30). 

 

6. CONCLUSION 

 
The basic principle governing the operation of a 

distance relay is the measured  impedance of  the faulty  
line  between  the  relay  placement  and  the  point  of 
fault  occurrence. Then the measured impedance is 
compared to the set impedance. However, this impedance 
may be affected by the insertion of TCSC.  
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In this paper, the suitable placement of series 
FACTS device i.e. TCSC for voltage stability limit 
enhancement considering its impact on setting zones of 
distance relays is studied. Fast Voltage Stability Index 
(FVSI) is used for identifying the best placement for 
TCSC device by identifying the weakest lines in the 
system.  

The result indicated that the placement of TCSC 
cannot be only determined by voltage stability indexes 
but it is important to consider both voltage stability 
improvement and the different effects on distance relays 
specially setting zones (resistance and reactance) for 
reduce the number of changed distance relays.  
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