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ABSTRACT This article extensively investigates the calculations of the compensation factor of the
thyristor-controlled series compensator (TCSC), which are used to accurately evaluate the negative impacts
of the TCSC on the performance of conventional distance relays. To broadly evaluate the distance protection
performance, the TCSC was adapted to the IEEE 9-bus system as one of the interconnected transmission
networks that are increasingly spreading to improve service reliability, reduce reserve capacity, and enhance
system efficiency. In addition, IEEE 39-bus system, as a large interconnected system, is also examined
to generalize the TCSC impact on different interconnected systems. To determine the precise impact,
the impedance of the TCSC was calculated based on its practical design parameters. The impedance of
the TCSC was examined as a function of transmission line impedance and firing angle. Both Mho and
Quadrilateral distance relays were tested using the MATLAB/Simulink environment for different types of
faults, fault locations, fault resistances, and firing angles for capacitive, inductive, and blocking modes of
TCSC operation. In addition, distance relay performance was evaluated during power swing phenomenon
in the presence of the TCSC. Simulation tests indicated the negative impacts of the TCSC on distance relay
operation, which are not limited to over-reach and under-reach in faulty conditions but also to maloperation
in dynamic disturbances that cause power swing phenomena on the protected line.

INDEX TERMS Distance relays, interconnected transmission networks, over-reach and under-reach, power

swing, thyristor-controlled series compensator (TCSC).

I. INTRODUCTION

The philosophy of flexible alternating-current transmission
systems (FACTS) is to control power flow in transmission
lines, enhance power system stability, reduce line losses
and voltage control achievement based on power electron-
ics. FACTS controllers can be mainly categorized as vari-
able impedance controllers and voltage source converter
controllers [1]. The thyristor-controlled series compensator
(TCSC), which belongs to the variable impedance type
of controllers, offers many advantages in power systems,
such as fast and continuous control of the transmission line
series compensation level, suppression of the active power
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oscillations, elimination of sub-synchronous oscillations, and
voltage support [2].

On the other hand, the presence of the TCSC in the fault
loop has a negative impact on the steady-state and tran-
sient voltage and fault current components due to the vari-
able capacitive impedance or inductive impedance in series
with the protected line. It affects the impedance measured
by distance relay and accordingly leads to under-reach or
over-reach problems [3]-[9]. The performance of the dis-
tance relay in the presence of the TCSC has been discussed
in several published studies such as [3]-[5]. Most of the
demonstrated results are based on the impedance estimated
by the distance relay without considering the calculations of
TCSC impedance. The reported results indicate false trips for
the faults behind the TCSC on the protected and adjacent
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transmission lines. The techniques introduced in [4], [5]
mitigate these errors by modifying the communication-aided
schemes. However, the test results have pointed out some
concerns, such as the delayed tripping time for internal faults,
tripping of the adjacent line for internal faults in the case
of channel breakdown, and the lack of monitoring for the
communication channel during unfaulty system operation.
In [6], the distance relay behavior in the presence of TCSC
is investigated. The achieved results ensured that the exis-
tence of TCSC at the near end of the next line greatly
affects the relay to overreaching, considering or neglecting
MOV operation, but the analysis did not consider TCSC
practical parameters that may affect the accuracy of results.
In addition, the evaluation of distance relay due to fault
location and fault types is not investigated in the achieved
results. The error in the distance relay performance due to
the presence of the TCSC is also reviewed in [7], mean-
while the study did not consider TCSC practical modelling
and the results have just been restricted to three phase faults
only.

TCSC impedance calculations, depending on synchro-
nized data transferred from TCSC to relays, are studied
in [8], [9]. The firing angle, updated by synchronized volt-
age control system, is used to calculate TCSC impedance
as demonstrated in [8]. Under the studied TCSC control
mode, a jumping point from maximum capacitive mode to
maximum inductive mode exists during the gradual change
of the conduction angle, however it does not occur practi-
cally as the smooth transition between inductive to capacitive
modes is not allowed. Another study for TCSC effects on the
impedances seen by distance relays is presented in [9] under a
variety of loading conditions based on load flow studies using
Newton-Raphson method.

Considering the investment savings and technical benefits,
the interest in interconnected transmission networks has been
growing worldwide [10]. Nevertheless, the protection of such
systems is not as simple as that of double-ended systems since
the impact of faults occurring in each local subsystem may
extent through the physical interconnections to neighboring
subsystems, disturbing the system performance or even lead-
ing to false tripping, which imposes serious challenges for
protection systems [11]. As known, the removal of a fault or
a sudden load change in any line in an interconnected network
affect the phase angle between the generated voltages. During
such disturbances, the rotor of the generator swings around
the final steady-state value, which results in a change in
the current flowing through the line in the form of power
swings [12]. Provided that the phase angle between the gen-
erated voltages continues changing, the apparent impedance
measured by the relay during power swings may falsely
appear like a fault. Thus, distance relays may face serious
challenges in interconnected transmission networks under
power swing phenomenon and especially in the presence of
the TCSC. Few efforts have been exerted to evaluate dis-
tance relays for faults under power swing phenomenon in
the presence of the TCSC such as the study in [13] that only
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covered capacitive mode of operation within a 30% to 40%
compensation level.

We believe that there is still a need to assess the perfor-
mance of the distance relay for the TCSC compensated lines
in interconnected transmission networks covering all fault
types and all modes of operation. Therefore, the target of
this paper was to derive a simple and accurate expression
of the compensation factor based on the practical design of
TCSC parameters that are used to calculate the impedance of
the TCSC. This expression is simply calculated and helps in
the accurate assessment of the distance relay performance for
interconnected transmission networks possessing the TCSC.
Mho/Quadrilateral distance relays, as impedance-based pro-
tection, are modelled under both normal operating and faulty
operating conditions at different firing angles, fault types,
and fault locations. Also, power swing conditions resulting
from different fault types and under either TCSC modes of
operation have been studied. The simulation studies were car-
ried out on both IEEE 9-bus and IEEE 39-bus interconnected
transmission systems. The results demonstrate that the TCSC
negatively affects the distance relay decision for faults on
the compensated lines. The difficulties in the performance of
distance relays are not only over-reaching or under-reaching,
but in some cases the fault is not even detected by both
Mho/Quadrilateral characteristics.

This rest of this paper is arranged as follows. Section II
shows concisely the TCSC structure and the operating prin-
ciples, while in Section III, the TCSC impedance calculation
principle is presented. Section IV describes how TCSC is
applied for IEEE 9-bus system, and how its reactance changes
with firing angle. The extensive results for evaluating the
impact of the TCSC on Mho and Quadrilateral relays per-
formance in IEEE 9-bus system are offered in Section V
and Section VI respectively. Further performance evaluation
for Mho/Quadrilateral relays is carried out on IEEE 39-bus
system as a large system as presented in Section VII. Lastly,
the conclusions are drawn in Section VIIIL.

Il. STRUCTURE AND OPERATION OF
THYRISTOR-CONTROLLED SERIES

COMPENSATOR (TCSC)

The TCSC practical module, with its protective elements,
is shown in Fig. 1. It comprises a series capacitor, C, in paral-
lel with a thyristor-controlled reactor (TCR), Ls, Ultra-High
Speed Contact (UHSC) across the valves, is used to minimize
the conduction losses when the TCSC valves are fully “on”
for prolonged mode operation. A metal-oxide varistor (MOV)
as a nonlinear resistor is connected across the series capacitor
to avoid high overvoltage. In addition, a circuit breaker (CB)
is installed across the capacitor for controlling its inclusion in
the line as the CB bypasses the capacitor when a severe fault
or equipment malfunction event occurs. A current-limiting
inductor, Ld, is inserted in the circuit to limit both the magni-
tude and the frequency of the capacitor current during bypass
operation [1].
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FIGURE 1. Thyristor-controlled series compensator (TCSC) module.

During faulty conditions, the operational modes of the
TCSC can be categorized as follows [14]-[17]: bypass
mode without MOV, capacitive boost mode with/without
MOV, inductive boost mode with/without MOV, and thyristor
blocked mode.

For low-impedance faults with high currents, both the
MOV and TCR act and the TCSC operates in bypass
mode; thus, the overall impedance calculated by the distance
relay increases beyond the real value, which causes relay
under-reaching.

For high-impedance faults, the capacitor voltage is less
than the protective voltage level of the MOV; the capaci-
tive boost mode without MOV is operated. Accordingly, for
these faults, the MOV is not activated and the fault current
passes through the capacitor. For that state, the distance relay
estimates an impedance value that is smaller than the real
impedance, which results in relay overreaching.

During the capacitive boost mode with the MOV, the MOV
conducts partially for faults, resulting in moderate values
of the fault current. For that case, the overall impedance is
the equivalent parallel combination of the capacitor and the
MOV, at which the relay also overreaches but differs from the
prior case.

Due to the overcurrent of the capacitor and thyristors that is
caused by thyristor firing angle fluctuation due to the abrupt
variation in capacitor voltage phase, the firing of the TCR
would stop and TCSC would operate in blocked mode. In this
situation, the circuit works as a static capacitor and the relay
also overreaches, but less than the capacitor boost mode [3].

Consequently, based on the impedance introduced by the
TCSC, three different working regions for the TCSC can
occur: the inductive region, resonance region, and capacitive
region. A smooth transition from the inductive to capacitive
mode is prohibited since there is a resonant region between
them.

IIl. TCSC IMPEDANCE CALCULATION BASED ON
COMPENSATION FACTOR CALCULATION

Considering that the equivalent circuit of the TCSC is mod-
elled as a capacitor connected in parallel with a variable
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inductor, as illustrated in Fig. 2, the TCSC impedance (Zrcsc)
is expressed by the following equation, where Xc is the
capacitive reactance and X; (o) is the branch inductive reac-
tance, which is function of firing angle (¢) and X¢ <
X1 (o) < oo [17]:

Xe XL (@) Xc)
X (@) —Xe) (1 —Xe/Xp (@)
In fact, the thyristor ratings determine the maximum limit
of the TCSC impedance for the inductive operation by
the TCSC compensation factor (¢), while the capacitive
reactance, X¢, of the TCSC is a function of transmission
line impedance, where Xc = Kc.Z, (Kc is the capac-
itive compensation factor and Z,, is the transmission line
impedance) [14].
By varying the firing angle («), the inductor reactance,
Xrs(wo.Ls), changes to Xz (o) by applying the firing angle
factor, R (o), as follows:

ey

Zrcse (@) =

T

Xp (o) = Xps ( ) =X, R(@ (2

(m — 2a — sin2x)

The resonance factor (1) can be estimated from (3), where
w, and wy are the resonance frequency and power frequency,
respectively [18].

w, X
Resonance factor (A) = — = ¢ 3)
(2] Xis

By substituting from (2) and (3) in (1), the TCSC
impedance as a function of transmission line impedance and
the TCSC compensation factor () can be expressed by the
following:

Zrcsc(@) = .2y “)
where i can be defined by the following:
Kc
e 8)
" Rae

Based on the practical requirements and the thermal rating
of X;; and Xc, the selection of the TCSC parameters has
been considered here, as discussed in [18]. The minimum
series compensation, K¢, determines the capacitor reactance
at o« = 90°. The reactor size choice is significantly critical
as Xy, must be smaller than X¢. The ratio between X;; and
X affects TCSC operating area. This ratio has to be less than
one, but if X;;/Xc is less than 0.1, more than one resonance
region will exist that leads to TCSC operating region restric-
tion. Besides, if this ratio is more than 0.3, the TCSC com-
pensation degree decreases, so the benefit from using TCSC
will be limited. Typically, this ratio is between 0.1 and 0.3.

The resonance frequency, w,, must be far enough from
the harmonics of the power frequency, w,. Therefore, in this
research, based on the TCSC requirements and the analytical
study of the simulated system, K¢ was chosen to be 40% of
the line impedance, and the ratio between the reactance of
the inductor, X, and the capacitive reactance, X¢, was set
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FIGURE 2. TCSC equivalent circuit.

by 0.2 which leads A to be 2.23. Actually, these parameters
can provide the best stable operation of the TCSC because of
the wider operation in the capacitive area, the single region of
resonance frequencies, the controllability, and the precision
of the TCSC compensation.
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FIGURE 3. Tested IEEE 9-bus system.

IV. APPLYING TCSC FOR IEEE 9-BUS SYSTEM
In Fig. 3, the single line diagram of the IEEE 9-bus system
is presented. The tested IEEE 9-bus system, as an intercon-
nected system, is a common template for power flow and
dynamic simulation studies for engineers and researchers to
study system stability and to test different suggested algo-
rithms and techniques. This system is composed of 3 loads,
3 transformers, and 3 generators/machines, which are inter-
connected through a network of 9 buses. The total generated
power is 319.6 MW, while the total supplied load is 315 MW
of active power and 115 MVAR of reactive power [19].

The TCSC was connected at the mid-point between buses
9 and 6, as recommended from the transient stability improve-
ment point of view discussed in [20],[21] where the trans-
mission line connecting buses 9 and 6 has a total length
of 100 km.

The modelled TCSC, depending on the implementation
of practical design parameters, can operate in capacitive or
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inductive mode under different firing angles. The resonance
for the TCSC is about a 45° firing angle; therefore, the oper-
ation is forbidden in the range of 40-55°. The capacitive
mode is attained with firing angles of 5-90°, where the TCSC
impedance value is approximately 65.1-35.90 €2 and, accord-
ingly, this range can achieve series compensation around
40-72% to avoid overcompensating, as discussed in [17].
The inductive mode relates to the firing angles between 0°
and 40°, and the lowest impedance is at 0°. In the induc-
tive operational mode, the TCSC impedance ranges between
8.79 and 64.11 Q.

Z Q
8 OTCS C ( )
60 ®

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

-40 ..0000
°

Firing Angle (°)

FIGURE 4. Characteristic curve of the fundamental frequency reactance of
the TCSC.
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FIGURE 5. Power flow and compensation factor for the TCSC
compensated line between buses 9 and 6 due to firing angle variation.

The fundamental frequency reactance of the TCSC is illus-
trated in Fig. 4 as a function of the firing angle. As per the
analytical study, the maximum power transmitted by the line
between buses 9 and 6 without the TCSC is 59.80 MW. If the
TCSC is located in the middle, the transmitted power and the
compensation factor will be as shown in Fig. 5, with varia-
tion in the firing angle. As illustrated, the maximum power
transmitted can be achieved at « = 55°, which corresponds
to 218 MW, while the minimum transmitted power is 34 MW
ata = 35°.

V. MHO RELAY PERFORMANCE EVALUATION IN IEEE
9-BUS TEST SYSTEM

Regarding the distance protection performance on the TCSC
compensated line in IEEE 9-bus system (between buses
9 and); the behavior of distance relay R1 will be investigated
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TABLE 1. Performance Evaluation of R1 Mho relay for the compensated line between buses 9 and 6 in IEEE 9-bus system.

Inductive Mode

Capacitive Mode Blocking Mode

??;1; Fault Location

o=10° 0=20° o=35° 0=55° 0=75° 0=90°
SLG 51% Correct Correct Under Correct Correct Correct
L-L . Under Correct Not Correct Correct Correct
2L-G 11‘11%81‘1561 ! Correct Correct Under Correct Correct Correct
3L-G (d=0.51) Correct Under Under Correct Correct Correct
SLG 70% Under Under Under Correct Correct Correct
L-L 7 1 Under Under Under Correct Correct Correct
2L-G m d%ng Under Under Under Correct Correct Correct
3L-G (d=0.7) Under Under Under Correct Correct Correct
SLG 110% Under Under Under Over Over Over
L-L . Under Under Not Correct Correct Over
2L-G m dz_oln T 2 Under Not Not Over Over Over
3L-G (@=1.1) Under Under Not Over Over Over
SLG 150% Correct Correct Not Correct Correct Over
L-L in7Z 3 Correct Correct Not Correct Correct Over
2L-G 1nd701n§ Not Not Not Correct Correct Over
3L-G (d=15) Not Not Not Over Over Over

in the following subsections. It is worth mentioning that
testing R1 for faults that occur before the TCSC (from bus 9 to
the TCSC location) is not presented since the relay behaves
correctly for all fault types. In addition, the tests only consider
R1 as the performance of R2 on the same protected line is
similar to R1.

Consequently, R1 was extensively tested for different fault
types (SLG, L-L, 2L-G, and 3L-G) and fault locations (51%,
70%, 110%, and 150%, where the location is modeled from
the beginning of the compensated line at bus 9) for the
three modes of operation (inductive, capacitive, and blocking
modes) under different firing angles (10°, 20°, 35°, 55°, 75°,
and 90°).

The settings of the tested Mho distance relay in different
zones were selected as follows: 80% of the line impedance
between buses 9 and 6 for Zone 1; 100% of the line impedance
between buses 9 and 6, in addition to 20% of the line
impedance between buses 6 and 4 for Zone 2; and finally,
100% of the line impedance between buses 9 and 6, in addi-
tion to 100% of the line impedance between buses 6 and 4 for
Zone 3.

The results are summarized in Table 1, where “Correct”
and “Not” denote ‘“‘correct tripping” and “fail to trip”
respectively, while “Under” and “Over” denote “‘under-
reach” and “over-reach’ respectively.

A. EFFECT OF FIRING ANGLE

As shown in Table 1, the distance relay, R1, under-reaches in
most cases in inductive mode and over-reaches in capacitive
mode. In addition, in some cases of inductive mode, espe-
cially at a high firing angle of 35° when the minimum power
is transmitted via the protected line, the distance relay fails to
detect and trip for faults in different zones.

B. EFFECT OF FAULT LOCATION
In fact, the apparent impedance estimated by the distance
relay without the TCSC is a function of the fault position on
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the line per unit of protected transmission line length (d) and
line impedance and can be determined by the following:

Zapp = d.Z, (©6)

From (4) and (6), the apparent impedance upon insertion
of the TCSC impedance (Zpp_7csc) as a function of trans-
mission line impedance can be expressed by the following:

Zapp_tcsc = (Y +d).Zpy N
Thus, the following is obtained:

Zappresc — f +1 8)
Zapp d

The analytical study in Fig. 6 demonstrates the TCSC
impedance behavior under different locations of single line-
to-ground (SLG) faults. Theoretically, in capacitive mode,
the faults in Zone 1 are correctly detected under all com-
pensation degrees, but all cases in Zone 2 and Zone 3 are
incorrectly overreached. For the inductive mode of operation,
the under-reach problem is indicated in Zone 1 as the com-
pensation degree increases. The simulation studies illustrated
in Table 1 demonstrate that the distance relay faces serious
problems in inductive mode compared to other modes of
operation. As shown, in most cases the relay under-reaches
or fails to detect and trip faults as well, especially in Zone 2
and Zone 3, as illustrated for faults at 110% and 150%,

respectively.

C. EFFECT OF FAULT TYPES

As discussed before, different reported studies have checked
the performance of distance relays for three phase faults,
as in [6], [7]. On the contrary, all fault types were tested here
for extensive evaluation under different firing angles and fault
locations, as shown in Table 1. The achieved results indicate
that the distance relay is more sensitive for the three-phase
fault types compared to the other types of faults.
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FIGURE 6. Apparent impedance with the TCSC for different compensation
factors (v) and different locations (d) of SLG faults.

D. EFFECT OF FAULT RESISTANCE

Actually, the tabulated results in Table 1 show the perfor-
mance of the distance relay for solid faults only. To achieve
a comprehensive distance relay evaluation, tests were carried
out for a wide range of fault resistances. As mentioned before,
Zone 1 was considered to be 80% of the line impedance
between buses 9 and 6; thus, the performance was investi-
gated near the end of Zone 1. Accordingly, SLG faults are
created at 60 km from bus 9 (d = 0.6), with fault resistance
ranges from 10 €2 to 30 2 at different firing angles.

150
N
\ &
N o
Y . T
~
100 + N
o !
. -
Bira:
N 3 <Y \\
@ ¢ ~
E -2
50 r s
fa., e
0Or e et ¥

-60 -40 -20 0 20 40 60 80
Real Z

FIGURE 7. Apparent impedance of Mho relay for SLG fault at d = 0.6 with
10 ohm fault resistance.

The apparent impedance for the relay under a fault resis-
tance of 10  is demonstrated in Fig. 7. As indicated, the
distance relay correctly detected the fault in Zone 1 for all
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FIGURE 8. Apparent impedance of Mho relay for SLG fault at d = 0.6 with
20 ohm fault resistance.

firing angles. However, for a fault resistance of 20 €2, as
revealed in Fig. 8, the behavior changed. Under all cases of
inductive mode, the distance relay under-reaches and detects
the fault in Zone 2 for (@ = 10° and 20°) and Zone 3 for
the minimum transmitted power (as « = 35°), while the fault
was correctly detected in Zone 1 in all capacitive mode cases
(o = 55°,75°, and 90°).

160

140

120

100

80

Imag Z

60

40

20

60 -40 -20 0 20 40 60 80
Real Z

FIGURE 9. Apparent impedance of Mho relay for SLG fault at d = 0.6 with
30 ohm fault resistance.

In Fig. 9, for a fault resistance of 30 €2, the tested fault
cases were under-reached. This means that the fault resis-
tance added in the faulted path was not compensated by the
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impedance reduction introduced by the TCSC in capacitive
mode, except for the only case of capacitive mode at = 90°,
as the impedance is correctly seen in Zone 1.

If the fault resistance increases to 40 €2, the distance relay
fails to detect such faults for all modes of operation and under
different firing angle values.

E. EFFECT OF POWER SWING
The evaluation of the distance relay was extended to cover its
behavior during power swing phenomenon with the TCSC
in both capacitive/inductive operation modes under differ-
ent firing angles. As discussed in [22], the power swing
phenomenon is modelled in the IEEE 9-bus test system by
applying a solid three-phase fault or a SLG fault between
buses 4 and 5 after 20 km from bus 4, and the faults take
20 cycles to be cleared from the fault initiation instant at 2 s,
which causes power swing phenomenon.

Fig. 10 illustrates the voltages and current signals mea-
sured at R1 on bus 9 upon a three-fault occurrence between
buses 4 and 5 at 2 s.

Voltage (PU)

o 0.5 1 1.5 2 25 3 3.5 4 45 5
Time (S)

Current (PU)

o 0.5 1 15 2 25 3 35 4 a5 5
Time(S)

FIGURE 10. Voltages and current phasors at R1 on bus 9 upon three-fault
occurrences between buses 4 and 5 at 2 s.

1) IN CASE OF TCSC CAPACITIVE MODE

The trajectory impedance under power swing for capacitive
mode due to a SLG fault on the line between buses 4 and
5 after 20 km from bus 4 is illustrated in Fig. 11. As revealed,
the distance relay sees the power swing incorrectly as a fault
for firing angles of 55°, 65°, and 75°, while for the cases with-
out the TCSC and under a 90° firing angle, the impedance
estimated by the relay is very far from the protected zone,
which is not shown due to scale matters. Therefore, the relay
is secure and does not trip correctly as no fault is detected in
these cases.

On the other hand, due to a three-phase fault at the same
location, the apparent impedance estimated by relay R1 is
indicated in Fig. 12. It should be mentioned that the con-
ventional distance relay, even in the case without the TCSC,
falsely discriminates such a swing event as a fault in Zone 3,
which needs a power swing blocking (PSB) function to
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FIGURE 11. Apparent impedance of Mho relay under capacitive mode for
power swing due to the SLG fault.
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FIGURE 12. Apparent impedance of Mho relay under capacitive mode for
power swing due to the three-phase fault.

be implemented to prevent such relay malfunction. For the
TCSC compensated line, the distance relay behaves worse
than the case without the TCSC as Fig. 12 ensures that the
relay does not discriminate the swing case correctly and
falsely trip for all firing angles. As shown, a nuisance tripping
was issued at Zone 1 for @ = 75° and Zone 2 for both @ = 55°
and 65° (approximately around the maximum transmitted
power case), which increases the difficulties for dealing with
power swing phenomenon.

2) IN CASE OF TCSC INDUCTIVE MODE

In Fig. 13 and 14, the apparent impedance of R1 for power
swing due the SLG fault and the three-phase fault due to
TCSC inductive mode are demonstrated. As shown, the relay
behaves correctly and does not indicate any false trip action
under the swing that occurs due to the SLG fault condition
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FIGURE 13. Apparent impedance of Mho relay under capacitive mode for
power swing due to the SLG fault.

160
140 | et |
120
100F 0 Lt
> 80}
© S eesssea,,
E N I . S
60 - ’
a0t
----- a=10°
| g
" a=35° et
e
——withoutTCSC[" T
-60 -40 -20 0 20 40 60 80 100 120

Real Z

FIGURE 14. Apparent impedance of Mho relay under inductive mode for
power swing due to the three-phase fault.

(Fig. 13). On the other hand, it indicates a false trip at Zone
3 for the swing that occurred due to three-phase fault cases for
o = 20° and 35° but the case for « = 10°, the distance relay
behaves correctly as it does not falsely trip for this swing.

Although the TCSC can depress the power oscillations
in transmission lines [2], the aforementioned results have
indicated that the power swing has more influence on the
performance of the distance relay, which protects the TCSC
compensated line during capacitive mode rather than induc-
tive mode. In addition, in some cases, the relay falsely dis-
criminates the power swing as a fault in Zone 1 for « = 65°
and 75° for a swing due to the SLG and three-phase fault,
respectively, which means the relay will trip instantaneously
in such cases.

VI. QUADRILATERAL RELAY PERFORMANCE
EVALUATION IN IEEE 9-BUS TEST SYSTEM

Although that the Mho characteristic is simple to design and
set, other distance relay characteristics have been developed
to overcome Mho circle limitations. Quadrilateral relays,
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characterized by a trip region delimited by four lines, have
been in use for several decades. Quadrilateral relays are
desirable for their ability to give a better choice for protecting
compensated lines; as their “reach” in the resistance and
reactance directions can be independently controlled [23].
Accordingly, our study is extended to also evaluate the per-
formance of Quadrilateral characteristic in the presence of
TCSC. Therefore, R1 with a Quadrilateral characteristic (that
protects the line between buses 9 and 6 in Fig. 3) was exten-
sively examined for different fault types and fault locations
for the three modes of operation under different firing angles.
But, due to the limited space of the paper, only some cases
are demonstrated. Such cases are selected to cover all zones
of protection in addition that the Mho relay has faced serious
difficulties to deal with them.

As per the results in Table 1, the worst cases were 3L-G
faults at « = 35° and 75°, in addition to L-G fault under
blocking mode at « = 90°. Such cases are simulated at
d = 0.7, 1.1, and 1.5 to investigate the Quadrilateral relay
performance for all zones of the protected transmission line.

-—-d=15

-50 0 50 100 150 200
Real Z

FIGURE 15. Apparent impedance of Quadrilateral relay for 3L-G fault at
« = 35° for all zones of protection.

Fig. 15, shows the trajectory impedance for the Quadrilat-
eral relay under 3L-G faults for @ = 35°. As shown, the per-
formance was similar to Mho relay, as the Quadrilateral relay
had also under-reached the fault in Zone 1 at d = 0.7, and
did not act as a backup protection to detect Zone 2 and Zone
3 faults. However, the Quadrilateral relay behavior is slightly
better than Mho relay for faults at « = 75° and 90°, as the
relay correctly detects the faults at Zone 1, but over-reaches
for the faults occurring at Zone 2 and Zone 3 as displayed
in Fig. 16 and Fig. 17 respectively.

VII. FURTHER PERFORMANCE EVALUATION FOR

MHO/QUADRILATERAL RELAYS ON IEEE 39-BUS SYSTEM
To validate TCSC modelling and ensure its negative impact
on distance relays regardless the network configuration,
further performance evaluation for Mho/Quadrilateral char-
acteristics is carried out on IEEE-39 bus system as a
larger interconnected system. IEEE-39 bus system, as shown
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FIGURE 16. Apparent impedance of Quadrilateral relay for 3L-G fault at
« = 75° for all zones of protection.
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FIGURE 17. Apparent impedance of Quadrilateral relay for L-G fault at
« = 90° for all zones of protection.

in Fig. 18, has 345, 230 and 22 kV buses, with 34 lines,
10 generators and 12 transformers [24].

The evaluation is carried out for the distance relay R1 that
protects the line between buses 28 and 29 where the TCSC
is placed at the mid-point of that line according to [25], [26].
Extensive tests are applied under different firing angles, fault
types, fault locations and also power swing phenomenon.
For six selective cases covering several firing angles under
different conditions, Fig. 19 depicts the impedance trajec-
tories monitored by R1 by using Quadrilateral or Mho
characteristics.

For Case-1, that presents L-L fault in Zone 2 at d = 0.9
under ¢ = 65°, as illustrated both Mho and Quadrilateral
relays are over-reached and detected the fault in Zone 1.
In addition, both of them have under-reached for Case-2 when
2L-G fault is simulated at d = 0.75 in Zone 1 and under
a = 15°.

For Case 3 (L-G fault atd = 0.9 and under TCSC blocking
mode of @ = 90°), the performance has changed. As demon-
strated in Fig. 19, the Quadrilateral characteristic has cor-
rectly detected Case-3 while Mho relay has over-reached.
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FIGURE 19. Apparent impedance of Mho/Quadrilateral relays for
different tested cases on IEEE-39 bus system.

On the contrary, the response of both relays for Case 4 (3L-G
fault at d = 1.5 under @ = 20°) ensures that the Mho relay
correctly detected the fault in Zone 3 without any response
from the Quadrilateral relay, that did not detect such fault.

The performance of both Quadrilateral and Mho relays
during power swing phenomenon due to 3L-G on the line
between 29-26 buses at d = 0.8 from bus 29 [27], is also
investigated. Among the different carried out tests under dif-
ferent firing angles, the trajectory impedance for Case 5 and
Case 6 under o = 80°, 30° respectively are shown in Fig. 19.
As revealed from both cases, Mho and Quadrilateral relays
have behaved incorrectly and detected such power swing
event as a fault under Zone 3.
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According to the achieved results, it can be deduced that
TCSC affects the apparent impedance seen by both Mho and
Quadrilateral relays and leads to errors in their decisions for
different systems configurations.

VIil. CONCLUSION

A simple and accurate expression of the TCSC compensa-
tion factor () used for TCSC impedance calculations is
presented. Such expression is based on the practical TCSC
design parameters that can be calculated offline.

Based on the TCSC impedance calculations, a comprehen-
sive analysis was carried out to determine the influence of the
TCSC on both Mho/Quadrilateral distance relays. The study
is applied on two interconnected IEEE benchmark systems,
IEEE 9-bus system, and IEEE 39-bus system. The study
was carried out by modelling the tested systems, TCSC, and
distance relay (Mho & Quadrilateral characteristics) using
the MATLAB simulator. For model validation, the distance
relay was tested without the TCSC and ensured correct per-
formance for different fault types and locations.

This study, which was done on such interconnected trans-
mission networks, did not only investigate faulty conditions,
but also examined more scenarios such as interruptions on
other lines that cause power swing. The results indicate that
introducing the TCSC in transmission lines has a notewor-
thy negative impact on the distance relay behavior for both
Mho and Quadrilateral characteristics. The problem is not
limited to under/over reach, but it also causes the distance
relay to mal-operate in some cases and lose its reliability
in other cases. Inductive mode has more serious negative
impacts compared to capacitive mode in faulty cases on both
characteristics of distance relays, especially at the minimum
transmitted power, corresponding to « = 35° for all types
of faults in Zone 2 and Zone 3. Also, inductive mode intro-
duces poor behavior on the distance relay in the case of fault
resistance as the fault impedance is added to its impedance,
which reflects on the measured apparent impedance by the
relay. It was also deduced that as ¥ increases, the distance
relay maloperation occurs. Although the TCSC in transmis-
sion lines introduces the effect of damping power oscillation,
an effective blocking scheme is needed to be applied in the
distance relay to overcome the incorrect behavior of the
relay during power swing events, especially during capac-
itive mode since it may trip instantaneously in zone 1 not
only in the small power systems but also in the large power
systems.

The contributions of this comprehensive analysis can be
summarized as follows:

- The analysis has considered practical TCSC design

parameters.

- The tests have been done for both Mho and Quadrilateral

characteristics.

- The tests have been carried out on different intercon-

nected transmission networks.

- Extensive simulation tests are achieved to cover numer-

ous cases under different fault locations, fault types, fault
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resistance, TCSC firing angles, as well as power swing

phenomenon.
Therefore, the future work is to adapt distance relays to

overcome the abovementioned problems for interconnected
transmission networks based on the accurate calculations that
introduce the TCSC into transmission lines.
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