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ABSTRACT 

This paper discusses the distance relay mal-operation in the 
case of installation of Thyristor Controlled Series 
Compensator (TCSC) which is categorized as a series 
connected Flexible Alternating Current Transmission 
System (FACTS) device, on second circuit of a double circuit 
transmission line. This is done by presenting the measured 
impedance at the relaying point in the case of TCSC 
presence at the near end of the second circuit. Distance relay 
tripping characteristic is greatly influenced in the presence 
of TCSC on the transmission line or even in the case of 
installing TCSC on the near end of the second circuit. 
Distance relay tripping characteristic depends on many 
factors including the power system structural conditions and 
the pre-fault loading, the ground fault resistance, and TCSC 
compensation degree. 
 

I. INTRODUCTION 
The measured impedance at the relaying point is the basis 
of the distance protection operation. There are several 
factors affecting the measured impedance. Some of these 
factors are related to the power system parameters prior to 
the fault instance, which can be categorized into two 
groups [1-4]. First group is the structural conditions, 
represented by the short circuit levels at the line ends, 
whereas the second group is the operational conditions, 
represented by the line load angle and the voltage 
magnitude ratio at the line ends. In addition to the power 
system parameters, the fault resistance, in the single-phase 
to ground faults, could greatly influence the measured 
impedance, in such a way that for zero fault resistance, the 
power system parameters do not affect the measured 
impedance. In other words, power system parameters 
affect the measured impedance only in the presence of the 
fault resistance, and as the fault resistance increases, the 
impact of power system parameters becomes more severe. 
 
In today’s power systems, there are some difficulties for 
constructing new transmission lines, because of the limits 
in the rights for their paths. This leads to interdiction of 
double-circuit lines and compensated lines by FACTS 
devices in to the power systems. In the case of the double-
circuit lines, because of the low distance of the conductors 
of two circuits, two circuits affect each other mutually. 

On the other hand, recently FACTS devices are 
introduced to the power systems to increase the 
transmitting capacity of the lines and provide the optimum 
utilization of the system capability. This is done by 
pushing the power systems to their thermal limits. It is 
well documented in the literature that the introduction of 
FACTS devices in power systems has a great influence on 
their dynamics. As power system dynamics changes, 
many sub-systems are affected, including the protective 
systems. Therefore, it is essential to study effects of 
FACTS devices on the protective systems, especially the 
distance protection, which is the main protective device at 
EHV and HV levels. 
 
Unlike power system parameters, the structural and 
controlling parameters of FACTS devices could affect the 
measured impedance even in the absence of the fault 
resistance. In the presence of FACTS devices, the 
conventional distance characteristic such as Mho and 
Quadrilateral are greatly subjected to mal-operation in the 
form of over-reaching or under-reaching the fault point. 
 
It is well-known that in the presence of series capacitors 
on transmission lines, they would lead to the over-
reaching of distance relays located on the adjacent lines. 
This is true for both fixed and controllable series 
capacitors. The probability of over-reaching due to 
presence of TCSC at the near end of the next line is 
mentioned in [5-6]. In [5-6] only the probability of over-
reaching is discussed by means of the simulations and no 
equations are presented. In the case of double circuit lines, 
the presence of TCSC on one of the circuits would cause 
the same problems. Here the measured impedance in the 
presence of TCSC at the near end of the second circuit of 
a double circuit line is presented assuming that the 
protective system operates before TCSC control system. 
 
This paper presents the measured impedance at the 
relaying point in the presence of TCSC at the near end of 
the second circuit of a double circuit line. In addition to 
TCSC compensation degree, the measured impedance 
depends on the structural and the operational conditions of 
power system and especially the fault resistance. 
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II. TCSC MODEL 
Thyristor Controlled Series Compensator (TCSC) is 
placed in the group of thyristor based series connected 
FACTS devices. As shown in Fig. 1, TCSC consists of a 
fixed capacitor in parallel with a thyristor controlled 
reactor [7]. TCSC can be controlled by adjusting the 
conducting duration of the reactor. TCSC can be modelled 
as a variable reactance, capacitive or inductive regarding 
the conducting duration of the reactor, reactance of the 
reactor, and capacitance of the capacitor. The reactance of 
TCSC is usually defined on the base of the positive 
sequence reactance of the line which is given as 
compensation degree, KC, as below: 

L1CTCSC XKjZ −=  (1) 
Coefficients C1S and C0S are defined as: 

L1TCSCS1 Z/ZC =  (2) 
)ZZ/(ZC M0L0TCSCS0 −=  (3) 

 
III. MEASURED IMPEDANCE 

Distance relay operates based on the measured impedance 
at the relaying point. In the case of faults in the first zone 
and in the absence of the fault resistance, the measured 
impedance by a distance relay is the actual impedance of 
the line section between the fault and the relaying points. 
According to Fig. 2, this impedance is equal to pZ1L, 
where p is per unit length of the line section between the 
fault and the relaying points, and Z1L is the line positive 
sequence impedance in ohms. 
 
In the case of a non-zero fault resistance, the measured 
impedance at the relaying point is not equal to the 
mentioned value. In this case, the structural and 
operational conditions of the power system affect the 
measured impedance at the relaying point. The 
operational conditions prior to the fault instance can be 
represented by the load angle of the line, δ, and the ratio 
of the magnitude of the line end voltages, h, or totally    
EB / EA = he –jδ. The structural conditions are evaluated by 
the short circuit levels at the line ends, SSA and SSB. The 
measured impedance at the relaying point can be 
expressed by the following equation: 
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The above equation shows that in the case of zero fault 
resistance, the measured impedance at the relaying point 
is equal to its exact value and otherwise it deviates from 
its actual value depending on the fault resistance and the 
system conditions. As the fault resistance increases, the 
measured impedance deviates more. 
 
 
 
 
 

Fig. 1 TCSC circuit arrangement 

 
 
 
 
 
 
 
 

Fig. 2.  Equivalent circuit for single-phase to earth fault 
 
As mentioned, the above equation presents the measured 
impedance for the faults in the first zone, faults on the 
first circuit. But in the reverse direction, the second circuit 
of the double circuit line also should be considered, since 
in this case the second circuit is involved. Fig. 2 can also 
be utilized in this case by assuming that the faulted circuit 
is the second circuit and the non-faulted circuit is the first 
one. 
 
With respect to Fig. 2 and Fig. 3, the measured impedance 
at the relaying point for the faults on the second circuit 
can be expressed by the following equations. More 
detailed calculations can be found in [2], [7-9]. 
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Fig. 3.  Equivalent circuit of phase A to earth fault 
 
It can be seen that for zero fault resistance, unlike the case 
of the first zone, the measured impedance at the relaying 
point is not equal to the impedance of the line section 
located between the relaying and the fault points. Here, 
the power system conditions even affect the measured 
impedance in the absence of the fault resistance. 
 
Once TCSC is installed at the near end of the second 
circuit of the double circuit transmission line, some of the 
above equations would be changed. This variation also 
depends on TCSC compensation degree. In the following 
sub-section, TCSC is represented by its compensation 
degree or coefficients C1T and C0T. 

L1
S1

S1
SA1A1 Z

C2
CpZZ

+
+

+=  (21) 

L1
S1

SB1B1 Z
C2
p1ZZ

+
−

+=  (22) 

L1
S1

S1

B1A1

B1A1
1 Z

C2
)Cp)(p1(

ZZ
ZZZ

+
+−

+
+

=  (23) 

S0

M0S0S0L0S0
SA0A0 C2

Z]C)C1(p[Z)Cp(
ZZ

+
−+++

+=  (24) 

S0

M0S0S0

L0S0

SA0A0 C2
Z]C)C1(p[

Z)Cp(

ZZ
+

−++
+

+=  (25) 

)ZZ(
C2

)Cp)(p1(
ZZ

ZZZ M0L0
S0

S0

B0A0

B0A0
0 −

+
+−

+
+

=  (26) 

)ZZ)(C2(
p)Z(2)Z+p)(Z(1C

B1A1S1

1SB1L1SA
1 ++

−+−
=  (27) 

)ZZ)(C2(
p)Z(2)Z+Z+p)(Z(1C

B0A0S0

0SB0M0L0SA
0 ++

−+−
=  (28) 

δΣ )K3R(Z
C2
C1C f

S1

S1
ld +

+
+

=  (29) 

δΣ∆
)K3R(Z

C2
CC f

S1

S1
ld +

+
−

=  (30) 










+−

+−+
+=

)3K)(1C(2C

)C2(2CC
)ZCp(C

0L0A0

1A1ld
1L1SP

∆  (31) 

L1L001S0SZ Z)K31()CCC(C
S

+−=  (32) 

)K31)(CC()CC(2C
R3CC

Z)Cp(Z

L00A01A1ld

fZP

L1S1A

S

+−+−+

++
+

+=

 (33) 

 
IV. IMPACT OF TCSC ON DISTANCE RELAY 

TRIPPING CHARACTERISTIC 
The impacts of the presence of TCSC on the near end of 
the second circuit, which might lead to mal-operation, 
have been tested for a test system. A 400 kV transmission 
line with the length of 200 km has been utilized. Various 
sequence impedances of the line are: 
R1L = 2.680 Ω 
X1L = 62.28 Ω 
R0L = 30.20 Ω 
X0L = 233.1 Ω 
R0M = 9.160 Ω 
X0M = 50.08 Ω 
The structural conditions of the system are: 
R1SA = 8.561 Ω 
X1SA = 20.241 Ω 
R0SA = 23.459 Ω 
X0SA = 108.31 Ω 
R1SB = 8.360 Ω 
X1SB = 15.570 Ω 
R0SB = 17.530 Ω 
X0SB = 70.759 Ω 
 
In the absence of TCSC, Fig. 4 shows the measured 
impedance at the relaying point for the fault resistances 
between 0 and 200 ohms and the fault point variation 
from the near end of the second circuit up to its far end. 
The characteristic impedance of first circuit is shown in 
Fig. 4 to make it possible to observe the impedance 
deviation, especially in the absence of the fault resistance. 
The quadrilateral characteristic is also plotted in Fig. 4 to 
show that in the absence of TCSC, in spite of measured 
impedance great deviation, distance relay would not mal-
operate. In this figure, the ratio of the voltage magnitudes 
is 0.96, and the load angel is equal to 16°. The 
quadrilateral characteristic is set to 80% of the line 
impedance. In Fig. 4, the dotted region is the tripping 
characteristic. The measured impedance in the case of 
zero fault resistance has a quasi-oval shape. 
 
Fig. 5 is the close look of Fig. 4. It can be seen that in the 
absence of TCSC, there is no over-lapping between the 
first line quadrilateral characteristic and the tripping 
characteristic for the faults on the second circuit. 
Therefore, in these conditions the distance relay would 
not mal-operate. 
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Fig. 4.  Tripping characteristic for second circuit, without TCSC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  Tripping characteristic for second circuit, without TCSC,      
close look 

 
Fig. 6 shows the tripping characteristic for a negative load 
angle. Here, the load angle is equal to –16° and the ratio 
of the voltage magnitudes is 1.04. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.  Tripping characteristic for second circuit, without TCSC,          
negative load angle 

 
It can be seen that, for the negative load angle, the 
tripping characteristic is changed considerably, but it is 
still somehow similar to that of the previous case. It can 
be said that the tripping characteristic turns 180°. 
 
Fig. 7 is the close look of Fig. 6. It can be seen that in the 
absence of TCSC, a little over-lapping, at the left lower 

part of the quadrilateral characteristic, could be observed. 
Therefore, the probability of the mal-operation is very 
low. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.  Tripping characteristic for second circuit, without TCSC,          
negative load angle, close look 

 
Fig. 8 shows the effect of TCSC compensation degree 
variation on the measured impedance at the relaying point 
for positive load angle, with the same parameters as     
Fig. 4. Here the compensation degree takes the values      
–0.1, 0.0, 0.1, 0.2, and 0.3. For better observation, the 
doted lines are omitted and only the outer boundary of the 
tripping characteristic is shown where only the close look 
of the tripping characteristic is presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8.  Tripping characteristic, TCSC at near end of second circuit,       
positive load angle, effects of compensation degree variation, close look 
 
It can be seen that for the inductive mode of TCSC, the 
distance between the lower boundary of the quadrilateral 
and the tripping characteristic of the faults on the second 
circuit is more than that of in the absence of TCSC. On 
the other hand, as the compensation degree increases, in 
the capacitive mode, the tripping characteristic expands 
and the distance between the tripping and the quadrilateral 
characteristics becomes less and the tripping characteristic 
enters the quadrilateral characteristic. As the 
compensation degree increases, the over-lap between the 
tripping and quadrilateral characteristics also increases 
considerably up to the compensation degrees around 0.3, 
and then it decreases slowly. 
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Fig. 9 shows the effect of TCSC compensation degree 
variation on the measured impedance for negative load 
angle, with the same parameters as Fig. 6. Here also the 
compensation degree takes the values –0.1, 0.0, 0.1, 0.2, 
and 0.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9.  Tripping characteristic, TCSC at near end of second circuit,      
negative load angle, effects of compensation degree variation, close look 
 
It can be seen that for the inductive mode of TCSC, the 
distance between the lower boundary of the quadrilateral 
and the tripping characteristics increases. On the other 
hand, as the compensation degree increases, in the 
capacitive mode, the tripping characteristic expands and 
approaches toward the quadrilateral characteristic and 
even enters into it. As the compensation degree increases, 
the over-lap between the tripping and quadrilateral 
characteristics also increases considerably up to the 
compensation degrees around 0.3, and then this area 
decreases slightly. 
 
Comparing the positive and the negative load angles, it 
can be seen that, in the case of positive load angles the 
overlapping region is smaller than that of for the negative 
load angles. 
 

V. CONCLUSION 
This paper evaluates the measured impedance at the 
relaying point in the presence of TCSC at the near end of 
the second circuit of a double circuit line. In the absence 
of TCSC, the measured impedance for the faults on the 
second circuit does not locate in the first zone of the other 
circuit, but in the presence of TCSC, the measured 
impedance might locate in the first zone, leading to 
distance relay mal-operation. The distance relay mal-
operation depends on many parameters including: TCSC 
compensation degree and TCSC operating mode, 
capacitive or inductive, power system conditions and the 
fault resistance magnitude. The distance relay might mal-
operate only in the case of TCSC in the capacitive mode. 
 
 
 
 
 

As mentioned, the presence of a series capacitor is 
necessary for the distance relay mal-operation. But it is 
not the only affecting factor in distance relay mal-
operation. Among the operational conditions, load angle 
has a great role in distance relay mal-operation. 
 
It can be seen that in the presence of TCSC at the near end 
of the second circuit in a double circuit line, the distance 
relay greatly is subjected to mal-operation, and it is 
essential to consider this fact in providing the protective 
system. Since the deviation of the measured impedance is 
not constant, because of the various including parameters, 
adaptive methods should be utilized. 
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