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Abstract: A two-fold adaptive dynamic quadrilateral relay is developed in this research for pro-
tecting Thyristor-Controlled Series Compensator (TCSC)-compensated transmission lines (TLs). By
investigating a new tilt angle and modifying the Takagi method to recognize the fault zone identifier,
the proposed relay adapts its reactive reach and resistive reach separately and independently. The
investigated tilt angle and identified fault zone use the TCSC reactance to compensate its effect
on the TL parameters and system homogeneity. Excessive tests are simulated by MATLAB on the
non-homogenous network, IEEE-9 bus system and further tests are carried out on IEEE-39 bus
system in order to generalize and validate the efficiency of the proposed approach. The designed
trip boundaries are able to detect wide range of resistive faults under all TCSC modes of operations.
The proposed approach is easy to implement as there no need for data synchronization or a high
level of computation and filtration. Moreover, the proposed adaptive dynamic relay can be applied
for non-homogeneity systems and short as well as long TLs which are either TCSC-compensated or
-uncompensated TLs.

Keywords: distance relay; fault resistance; quadrilateral characteristic; resistance and reactance
elements; Thyristor Controlled Series Compensator (TCSC)

1. Introduction

The value of fault resistance inserted by short circuits has a significant impact on the
performance of distance relaying devices protecting transmission lines (TLs). Therefore, it
becomes a challenge to choose the appropriate characteristic to cover all protection require-
ment issues. The reactance relays are not affected by the line resistance, but, unfortunately,
the reactance relay is non-directional relay, and it is impossible to add a directional element
to it, as in such case the relay will operate under normal operating conditions if the system
operates at or around a unity power factor. For this purpose, the reactance relay with
directional features is modified into the Mho or admittance characteristic [1]. Although the
Mho relay is preferable in the protection of TLs, as it has inherently directional features,
its characteristics are still restricted under high fault resistance conditions. On the other
hand, the key advantages of the quadrilateral relay are the trip coverage area for grounded
resistive faults and the “reach” of the resistance and reactance elements which can be
independently controlled; however, it is affected by the system non-homogeneity [2].

FACTS (Flexible Alternating Current Transmission System) devices are one of the
magic solutions installed in the electrical grid to enhance controllability of the network.
FACTS controllers can be categorized into series-connected controllers, shunt-connected
controllers, series—series connected controllers, and series—shunt connected controllers [3].
Series compensation (SC) is the most common technique used in TLs, as it not only im-
proves system transient stability, controls voltage and power flow, but also increases power
transferring capacity, and decreases losses [4]. A Thyristor-Controlled Series Compensator
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(TCSC) provides better control over fixed SC for a TL power flow. However, unfortunately
the integration of TCSC in TL affects its protection ability significantly due to the abrupt
line parameters changes. This will lead to defects in the apparent impedance measured by
the distance relays that cause overreaching/underreaching of the relays.

The research studies of [5,6] have considered the effect of FACTS as well as TCSC on
the quadrilateral relay. In [5], the impedance measured by the relay is evaluated considering
TCSC at the near end of the TL. Nonetheless, the homogeneity of the system, fault types,
fault location, and TCSC modelling are not considered in this evaluation. The impact of
series-distributed FACTS on the tilt angle setting of the quadrilateral characteristic and how
it may affect the coverage of fault resistance by overreaching/underreaching are discussed
in [5].

Other published efforts in [7-9] have presented the factors that should be considered in
designing the setting of the quadrilateral relay to eliminate the errors due to fault conditions.
In [7], the influence of the fault resistance and tilt angle on the quadrilateral characteristic
equations is presented. The considerations of the phase and ground elements for the
phase comparator quadrilateral relay are proposed in [8]. The influence of phase angle
errors on the polarizing signal of zone-1 quadrilateral distance elements is introduced
in [9]. The study demonstrated the reactive reach setting limit for a given maximum
expected polarization phase angle which, beyond the resistive reach, may lose security for
resistive faults.

In [10-12], the resistive reach is adapted based on the measured impedance by the
relay and circuit theory approach. By using the impedance measurements from two-line
ends, the fault resistance is calculated from a second order equation in [10]. The validation
results for this scheme are obtained for zone-1 only so, the results for back-up protection
zones and under communication failure are unclear. A standalone adaptive distance
protection is also proposed in [10], where the fault resistance is calculated by the slope
tracker method considering constant X/R ratio not only for the primary protected line
but also for the adjacent line, which may be an inappropriate method for interconnected
TLs. Furthermore, the results show the limitation of fault resistance coverage up to 50 (
in zone-1 and up to 20 () for back-up zones of protection. The four boundary lines of a
numerical quadrilateral characteristic are obtained in [12] by computer simulation under
different changes in system configuration. However, that study does not describe the
methodology followed to adapt the reaches of the characteristics; moreover, the simplicity
of the radial system used in the simulation may reduce the accuracy of results, especially
as the results are limited to the primary zone of protection. Despite of the simplicity of this
technique, the unfaithful model of the FACTS device or the approximate data infeed to
the relay, affected by the TL parameters, may introduce error into the apparent impedance
calculations.

The third zone setting of a quadrilateral relay is adapted in [13] by using the variation
mode decomposition approach to decompose the local end current signal into different
modes. The apparent impedance and energy index that are calculated from the signal
extracted from the third mode are used to detect the third zone’s symmetrical and asym-
metrical faults. Generally, the multi-filtering techniques are performed with high sampling
rates and the extra calculation burden on the relay is significant.

Furthermore, the construction of tripping boundaries of the adaptive quadrilateral
relay by the optimization technique is developed in [14-17]. By considering the probabilistic
behaviour of the random variables that affect the apparent impedance seen by the relays,
optimal settings of quadrilateral relay zones are developed in [14]. Unfortunately, this
approach will be affected by the selected weight used for the constraints that may increase
the reach of protection zones or loss of selectivity. Constructing the boundary of the first
distance protection zone for SC-TL with an optimization-based algorithm is introduced
in [15]. The reach of the protection zone can be maximized by solving a number of scaled
optimization problems in order to construct a tripping boundary. For that algorithm, the
selective weights of the fault resistance bounds are obtained from the historical data and the
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reactance of SC is assumed to be available all time. Additionally, the scaled optimization
problems rely on some assumptions such as recognizing the grid parameters that affect
the algorithm robustness significantly. In [16], a multi-objective optimization problem,
solved by the sine—cosine algorithm to obtain the reach setting of the quadrilateral relay, is
proposed. The lack of the details used to set the parameters of the methodology according
to the application limits of distance protection relays to TLs is a key disadvantage of
this approach.

A genetic algorithm for determining the reach settings of the quadrilateral distance
protection element of mutually coupled TLs is also illustrated in [17]. The algorithm uses
different faulty system conditions affecting the measured impedance as the variable input.
However, there is no information about fault resistance estimation and the method is only
simulated for the primary protected zone. There is no doubt that the higher computational
times for the number of iterations and the accuracy of the results that rely on the data
required from the system make the choice of optimization techniques challenging.

Generally, the application of different nature-inspired metaheuristics is prevalent
in different design optimization missions. However, all of the optimization algorithms
are dependent on parameters that are significantly affected by the question of the best
values or settings and how to tune these parameters to achieve the best performance; in
particular, there is no unified mathematical definition of robustness. Moreover, the selection
of the appropriate nature-inspired metaheuristic and the benchmarking are also an open
challenging problem, due to the “no free lunch” theorem of mathematical optimization [18].

The communication-based scheme is another philosophy used in protective relaying
to meet the TLs’ requirements, as proposed in [19-21]. An adaptive relay setting algorithm
for a series-compensated line with a capacitor protected by Metal Oxide Varistors (MOV)
is proposed in [19]. It computes the seen impedance by considering the local and remote
end relays’ active power, voltage and current. The series compensation model and the
restriction of the fault resistance coverage area to only 10 () may weaken the scheme
performance. Another solution for setting the adaptive quadrilateral relay, protecting TL-
possessing series capacitor protected by MOV, is demonstrated in [20]. The seen impedance
is computed from the local information available at the relay. The unknown fault resistance
value can be compensated by using the superposition principle on the obtained active
power from both ends of TL at the fault instant. However, the study has approximated the
SC with the MOV model of linear impedance, which may affect the accuracy of the results.
A modified transfer trip scheme is developed in [21] to eliminate the overreach problem
facing the distance relay under SC without any guarantee of the scheme’s effectiveness
in the case of fault resistance and communication failure. There is no doubt that the cost,
speed and reliability of the communication systems are vital factors that must be considered
before implementing communication-based schemes. Moreover, synchronized data-based
schemes overburden the relays, and communication failure may lead to complete failure
of relays.

Another category of adaptive relays uses the concept of reducing the zone-1 setting
and delaying zone-2 as per the fault conditions [22-25]. Switching off zone-1 and increasing
the zone-2 time to alleviate SC effect of TLs is presented in [22]. An adaptive relay for
SC-TL is also suggested in [23], where the reach of an instantaneous zone-1 is reduced to
67% of TL length and another delayed zone-1 is reconstructed after two cycles from the
fault inception approach. For TCSC-compensated TL, the idea of reducing the zone-1 reach
setting and delaying zone-2, to improve the conventional relay, is introduced in [24,25].
The validation results in the last two schemes ignore the fault resistance effect. Above all,
the intrinsic demerits of this concept are the delayed fault clearance time, the high-speed
TL parameters’ estimation requirement, alongside the need for efficient modelling of the
compensated device.

Generally, the chronological trend of research studies obviously shows the increas-
ing concern of research for more and more improved protection schemes for TCSC-
compensated TLs. For this reason, in this paper, an adaptive dynamic quadrilateral relay
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compatible with the compensated TCSC interconnected with TLs is proposed. The main
objective of this scheme is to adapt the reactive and resistive reach of the setting based
on the circuit theory and the impedance measured by the relay. The quadrilateral charac-
teristic dynamically moves upward/downward reliant on the TCSC mode of operation
and the tilt angle, moving the right side depending on the existence of fault resistance.
The proposed approach is extensively evaluated by using the Matlab simulator program
for TCSC-compensated interconnected TL systems under high fault resistance in both the
inductive and capacitive TCSC modes of operation. For the purpose of generalizing the
methodology, the tests are applied on non-homogeneous TL systems, which are long TLs of
the IEEE-9 bus system and repeated on short TLs of the IEEE-39 bus network. Additionally,
the results are compared with respect to the latest research studies.
Therefore, the contribution of this paper can be summarized as follows:

= Anadaptive dynamic quadrilateral distance relay is proposed to accurately detect the
high resistive faults under TCSC-compensated TLs.

= Anew tilt angle estimation is investigated which uses TCSC reactance to compensate
for the non-homogeneity effect due to the presence of TCSC in the faulted loop.

s The proposed method applies the modified Takagi method to propose the fault zone
identified, which is used to adapt the resistive reach.

= The adaptation of the relay setting reaches for TCSC-compensated TLs is based on the
local data estimated at the relay terminal and two values of RMS current and firing
angle transmitted from the TCSC substation, upon a fault-starting recognition signal
occurring.

= Finally, the proposed approach is easily implemented as it can be applied by modify-
ing the conventional relay algorithm without any high level of filtrations or excessive
computational tools.

The remainder of the paper is arranged as follows: in Section 2, the TCSC effect on
the distance relay, and the practical modelling of its impedance are briefly presented. The
proposed methodology is fully described in Section 3. The scheme validation and achieved
results on both IEEE-tested systems are illustrated in detail in Section 4. The discussion of
the advantages of the proposed adaptive relay compared with other relays and conclusions
are summarized in Sections 5 and 6, respectively.

2. Thyristor-Controlled Series Compensator (TCSC)

As is known, TCSC provides better control over TL power flow than fixed SC, so the
paper will focus on identifying and mitigating the effect of TCSC on TL distance protection.

The TCSC characteristic and its operational mode are very well explained in [26,27].
For faulty conditions, TCSC controller system reacts rapidly to take preventive measures
and TCSC operates under different modes depending on the fault type. For different fault
scenarios, Table 1 summarizes the protection performance under different TCSC operation
modes [28].

Table 1. Distance relays performance for TCSC-compensated TLs under faulty conditions.
TCSC Mode Fault Conditions Distance Relay Behaviour
Bypass mode Excessive high fault current Underreach
Circuit breaker bypass The fault is not cleared in the instantaneous tripping zone  Slight underreach in some cases
Capacitive mode without MOV High impedance fault Overreach
Capacitive mode with MOV High fault current Slight overreach
Blocking mode Transient fault Overreach

When a fault occurs close to TCSC, the high fault current is enough to conduct the
MOV. Therefore, the equivalent capacitive reactance of TCSC decreases due to MOV. As a
result, the possibility of experiencing voltage and current inversion is quite low during the
fault. In addition, TCSC could be changed from the capacitive mode into the bypass mode
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if the very high fault current flows through TCSC to prevent damage of the MOV and series
capacitor. In this mode, the TCSC impedance is a pure inductance. Therefore, the inversion
phenomenon never occurs, and the distance relay experiences slight under-reaching [25].

Figure 1 introduces the errors due to presence of TCSC in the fault loop for different
modes of operations by simulating an L-G fault at the 2 s timepoint and changing the firing
angle («) in order to apply different TCSC operating modes.

400 \ W WoN T .
\ W ‘\‘ = = =@75% of the line & a=0°(Bypass)
L ) Wl - = =@75% of the line & a=25° (Inductive)
350 voown . "
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Figure 1. The apparent impedance under L-G faults at 2 s for different TCSC operation modes.

- For a simulated fault in zone-2 (at 85% of the protected line) and due to the TCSC
impedance, the relay overreaches and detects the fault in zone-1 in both blocking
mode (o« = 90°) and capacitive mode (o« = 75°).

- On the other hand, for a simulated fault in zone-1 (at 75% of the protected line) and
due to the TCSC impedance, the relay underreaches and detects the fault in zone-2 in
both inductive mode (« = 25°) and bypass mode (ox = 0°).

In this study, TCSC impedance (Xrcsc) modelling is applied here according to
the practical design values, and the equivalent impedance will be the function of line
impedance (Z} ) and the compensation factor (¢), as described in [28]:

Xrescw) = ¥-ZL 1)

3. Proposed Dynamic Quadrilateral Distance Relay

The main purpose of this article is to apply an accurate and simple solution for the
problems facing distance quadrilateral relays for TCSC-compensated TLs under high
resistance faults. This target can be achieved by introducing a new setting approach for
both resistive and reactive reaches of quadrilateral distance relays independently. The
dynamic updating of both settings will be separately controlled based on the fault resistance
occurrence and including TCSC impedance in the faulted path. The proposed dynamic
quadrilateral trip boundary will be described in the following subsections.

3.1. Preliminary Basic Considerations

The quadrilateral distance characteristic is not a straightforward characteristic such as
the Mho distance elements, as the combination of distance elements can create different
shapes and polygonal characteristics. The quadrilateral characteristic is constructed, as
shown in Figure 2, from the following elements [8]:

e A directional element;
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° A reactance element;
e  Aright blinder resistance element;
e A left blinder resistance element.

A

Restrain

Figure 2. Quadrilateral characteristic trip boundaries.

The impedance reach of the protected line (Zgst) is determined by the reactance
element with the tilt angle (I') declining to consider the power flow conditions during
resistive faults. Moreover, the resistive fault coverage is designed by the right resistance
element. The element which limits the reverse flowing load coverage is the left resistance
element and a directional element keeps the faults detected in the forward direction only.

3.2. Adaptive Reactive Reach

Prevalent reactive setting design is achieved by considering the appropriate setting of
line reactance relevant to the protected zone. To obtain the desired reactive setting (Xg,)
for reactance elements, the reactance line setting reach (Xgs¢) shall be compensated for by

TCSC impedance (Xtcgc(s)) as follows:

Xset = XRrset £ X7C5¢(a)

@

Non-homogeneity systems affect the sensitivity of the reactance element, which will
move downwards or upwards based on the power flow conditions during the asymmet-
rical phase or grounded resistive faults. To enhance the reactance performance for such
conditions, the reactance element has to be polarized by the fault current (I¢). However,
because the fault loop current is not measurable, the current at the relay (I)s) can be used
instead of I;. As the zero and negative sequences occur due to faults, so they are good
polarizing choices. The negative sequence relay current (Ip) is used here to polarize the
reactance element after adjusting the measured angle of the fault current, which is known

as tilt angle (T') [8].

For TCSC-compensated TLs, the polarized negative sequence current is altered to in-
clude the Xtcsc value. Therefore, the negative sequence network of the TCSC-compensated

TL at the mid-point is illustrated in Figure 3.

Bus M Bus N

IM,
I i 4 F

Zymi R (0.5) Z, (r-0.5) 211y, (I-r) Zu Z
Xrcsciq | I
) -
IN,

Figure 3. Two-source negative sequence network.
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Considering a line-to-ground (L-G) bolted fault at the reach of zone-1 (r) of a TL with
Z1, positive sequence line impedance, and where Zy; and Zy are the positive sequence
source impedances at both TL terminals (M and N), the negative sequence of the fault
voltage is thus described as follows:

Vo =1In2 (Zn1+ (1 —1)Z11) ®)

Vi = Im2 (ZMl +rxZp+ XTCSCl(a)) 4

where “1” denotes a positive sequence while “2” denotes a negative sequence.
Knowing that Iy = Iym2 + IN2 and according to Equations (3) and (4), the tilt angle
(T') can be expressed by:

I Zan +Zn £ X 4z
= arg<f2) - M1 T 211 = ATCSCl(a) Nl) -

Inm Zni+ (1 =r)Zn

Note that the negative sequence impedance of the source, line and TCSC are similar
to the corresponding positive sequence impedance values.

3.3. Adaptive Resistive Reach

The responsibility of the right resistance element in a quadrilateral distance relay is
the fault resistance coverage. This component of the quadrilateral distance relay will be
dynamically accommodated in the proposed scheme to detect fault resistance as much as
possible, on the condition that:

s [t is inherently immune in terms of selectivity, in order to operate for faults in an
appropriate desirable zone;

= It is inherently immune in terms of security, in order to avoid mal-operation for
external faults or load encroachment scenarios.

To perform adaptively resistive reach setting for each selective protected zone for TLs
possessing TCSC compensation, a set of equations is applied based on apparent impedance
calculated by the relay and circuit theory approach. An adaptive resistive blinder for
ground elements is obtained by defining the fault resistance border (R ) and the shifting
resistive line setting reach (Rgst) with an Ry, value set by the positive sequence line
impedance angle (61).

To perform the fault zone identifier subroutine, the modified Takagi principle will ac-
commodate for TCSC-compensated TLs. The modified method that uses the zero-sequence
relay current (Ipjo), instead of the superposition current used in the Takagi method to
discriminate between ground and phase faults and to consider system loading during
grounded faults [29], is developed to include the TCSC impedance effect. In addition, for
non-homogeneous system correction, the investigated tilt angle will be considered for fault
zone identifier (az), where V) is the voltage at terminal M that is equivalent to the relay
voltage as:

. Imag (Vi x (3 Ino) ™ x e7/T)
7 =
Imag ((ZL1 + XTCSCW)) x Ing % (3 Ingo)* x eT)

where a7 < 0.8 for faults in zone-1, az < 1.2 for faults in zone-2, and finally az < 2.0 for
faults in zone-3.

The adaptive ground element reach setting (Rg,;) can be designated by the following
equation, and is based on Ry, that is calculated after the faulted zone is identified, where
Zapp is the impedance seen by the distance relay,

(6)

Rget = RRset + Rfset @)

Riget = Real (Zapp) — RRset 8)
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rA ———————

daptive Resistive Reach for Ground Elements

It is important to notice that the adaptive setting reach for phase elements can be
achieved by shifting the resistive line reach setting (Rrset) from zero to the 8} angle (positive
sequence line impedance angle), as the three phase elements are not accountable for any
fault resistance coverage.

The flowchart, displayed in Figure 4, shows the equation flow of the resistive reach
setting adaptation for the ground distance elements.

Apparent Impedance Analysis Subroutine

Fault Starting Recognition
H Using Zone-4 :

?Fuult Zone Identification (az)E
Using Equation (6) H

No __—~ ~—
_ If (ap > Threshold =

Faults in Zone-3 = e Faults in Zone-2 Faultsin Zone-1:

e (Zsetd)

:,/’/l/j: Real (Zapp) < Real ~~-.Yes

) e
If Real (Zapp) "
_ <Real (Zset 1) -

" If Real (Zapp) ~~~Yes
o <Real (Zset2)

3 Y

Rfset_3 = Real (Zapp) — Real
(Zset_3)

eep Conventional
esistive Reach of
Trip Boundary

Keep Conventionai ]
Resistive Reach o,
Trip Boundary

Fault Resistance Limit

i iRset 1=0

i iRset 2=10

Rset_3 = Real (Zset_3) + Rfset_3

i |Updating Resistive Reach of Trip:
Boundary for Last Zone of Protection to;

‘iUpdating  Resistive Reach of
:iBoundary for ALL Zones of Protection to
:{ Fault Resistance Limit
‘iRset I = Real (Zset_1) + Rfset_1
‘iRset 2 = Real (Zset_2) + Rfset 2
“iRset 3 = Real (Zset_3) + Rfset 3

:iUpdating ~ Resistive Reach of Trip;
Boundary for Following Zones of:
: Protection to Fault Resistance Limit
“iRset 1=10
*iRset 2= Real (Zset_2) + Rfset_2

Rset_3 = Real (Zset_3) + Rfset_3

Figure 4. Proposed approach for adaptive resistive reaches for ground elements, Numbers 1, 2, or 3 denote zones-1,-2, or -3,

respectively.

3.4. General Procedures of the Proposed Scheme

To reduce the burden issues on the distance relay, the proposed dynamic quadrilateral
relay adapts its reactive and resistive reaches upon receiving a signal from the fault starting
recognition subroutine.

The fault starting recognition can be identified by developing zone-4, which has
large quadrilateral boundaries. Its resistive reach relies on the minimum load resistance
equivalent to the maximum power transfer capability transmitted via the protected, com-
pensated TL (Py,x) under maximum compensation during the TCSC capacitive mode
(XTCSCmax_cap)'

Vpm X Vn
Zp - XTCSCmux_cup

Pmax =

sin (5 - “max_cap) )
where Vi and ¢ are the receiving end voltage source and load angle, respectively, and
&max_cap 18 the firing angle under maximum compensation for the capacitive mode.

Thus, the reactive reach of zone-4 (X4) can be determined from the maximum expecta-
tion of the reactive reach that can occur during the TCSC inductive mode (Xtcscmax ind), @s

Xy = Imag( ZL) =+ XTCSCmax_ind (10)
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The general procedures of the proposed scheme are briefly summarized in Figure 5,
where:

s Two separate subroutines (based on Sections 3.2 and 3.3) will be in progress to set both
the reactive and resistive reaches of the quadrilateral distance relay independently as
soon as a launching signal is initiated from the fault starting recognition stage.

s TCSC zone identification stage is simply achieved as applied in [30], based on sub-
tracting the TCSC terminal RMS current at the time of fault starting recognition from
the corresponding RMS line current measured at the relay terminal.

;,-—“;léault Starting Recognition
- using Zone-4

Apparent
Impedance
analysis

Updating Resistive Reach 5- Updating Reactive Reach )
by Equation (7) by Equation (2)

<7 Protection Setting For Each Analyzed Zone Ss
Zone-1 L jX
Zone-2 _——
Zone-3

% XTCSC Inductive

Figure 5. General procedures of the proposed scheme.

This proposed quadrilateral characteristic relay approach can be applied for any
non-homogeneous system (as will be shown later in the tested systems), as well as TCSC-
compensated TLs under high fault resistance. The scheme is sequential; thus, after the
fault starting recognition is achieved, two separate subroutines will proceed to update both
the reactive and resistive settings for each zone. Thus, the settings of zone-1 of the relay
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are computed first, followed by the settings of zone-2, and then the settings of zone-3 are
determined.

This approach will be applied independently for both Ground and Phase distance relay
elements; the only difference between them is that the adaptation of the resistive reach
in the phase element can be achieved by shifting the resistive line reach setting (Rgst) by
changing the by the value of positive sequence line impedance angle (61 ).

4. Proposed Scheme Validation
4.1. Tested Systems

The investigated methodology is tested on several faulty cases generated on TCSC-
compensated TLs through the Matlab simulation program by varying the fault locations,
TCSC mode, and fault resistance value on an IEEE-9 bus small power system network that
has long TLs. Furthermore, the tests are repeated on an IEEE 39-bus system, as a large
network system with short TLs, in order to validate and generalize the proposed scheme.

It must be pointed out that, in each of the two simulated networks, the network lines
have different line parameters that significantly affect system homogeneity, in addition to
the fact that the TCSC impedance will affect the protected line parameters, which have
been carefully considered in the adaptive proposed scheme.

4.2. Results of the IEEE-9 Bus System

As described in [30], this 60 Hz test system consists of three machines connected
to a ring system of nine buses operating at 230 kV through step up transformers of
13.8 kV /230 kV. Each line section is 100 km in length. The loads are added at three
locations at different buses. TCSC is connected, as shown in Figure 6, at the mid-point of
the line between buses 9 and 6 while the proposed designed relay is located at bus 9. The
protected zones are sequentially considered at 80% of the protected line for zone-1, while
zone-2 and zone-3 are extended to 100% of the same line and 20% of the adjacent line, and
100% of the same protected line and 100% adjacent line, respectively.
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Figure 6. IEEE-9 bus system equipped with TCSC.
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The evaluation divides the tests into five categories to assess the different fault scenar-
ios and evaluate the dependability of each design setting compared with the conventional
quadrilateral setting.

= Bolted faults without TCSC;

= Adaptive reactive setting while TCSC is included and without fault resistance;
= Adaptive resistive setting for faults before TCSC;

= Adaptive resistive setting for faults after TCSC;

»  Evaluating the proposed scheme at the two ends of TL.

4.2.1. Bolted Faults without TCSC

For selectivity and effectiveness issues, the proposed scheme is evaluated under bolted
ground faults along TL at different fault locations for instantaneous and back-up zones of
protection without TCSC.

The trajectory impedances of the proposed scheme (the solid black characteristic)
and the conventional relay (the dashed red characteristic) are addressed in Figure 7 for
the bolted L-G fault at 2.025 s under different locations on TL to cover all the zones of
protection without TCSC. As shown in the figure, the proposed scheme (black) coincides
with the conventional one (red) as there is no need for any adaptive reaches under plain
fault conditions, which reduces the computational burden of the relay.
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-/' Vol ! /
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100 100 - s 1
—~ 80 —~ 80 i
o )

N N
> 60 o 601 1
© ©
£ £
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2 \s /S e @10% of the line L W74y — @75% of the line
----- @20% of the line =-=-=@85% of the line
or ~V/ S amm @30% of the line or L/ ) |eem= @110% of the line
2 N @40% of the line 20 . A I @150% of the line
-50 50 100 150 -50 0 50 100 150
Real Z(Q) Real Z(Q)
(a) (b)

Figure 7. Impedance trajectory for bolted L-G faults at 2.025 s. (a) Faults before the mid-point of the protected line; (b) faults
after the mid-point of the protected line.

4.2.2. Adaptive Reactive Setting While TCSC Is Included and without Fault Resistance

As discussed, the adaptive reactive setting will be only applied in the case that TCSC
is included in the faulted loop. Thus, for bolted faults before TCSC, the TCSC identification
zone is inactivated, and therefore the adaptive scheme does not proceed. Accordingly, the
settings of all zones are matched with the conventional characteristic settings (dashed red
characteristic) as in case (a) of Figure 7.

To evaluate changing of the reactive setting reach adaptively, many cases of bolted
ground faults are applied after TCSC under different TCSC modes of operation. The worst
cases for the four modes of operation in all zones are addressed here for assessment of
the scheme.

s For capacitive and blocking TCSC operation, the apparent impedance trajectory for
2L-G bolted faults at 85% and 125% of the protected line from the tested relay ®is
presented in Figure 8. As displayed, the conventional distance relay overreaches
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in both modes of operation and detects zone-2 faults (at 85%) and zone-3 faults (at
125%) incorrectly as zone-1 faults. Meanwhile, the proposed adaptive quadrilateral
distance relay (the solid black characteristic) succeeded in detecting such faults in
their corresponding zones of protection by reducing the reactive reach by the TCSC
reactance value.

For the inductive and bypass modes, Figure 9 demonstrates the trajectory impedance
for the bolted 3L-G fault performed at 75% and 110% of the protected line near the end
edges of zone-1 and zone-2, respectively. As shown in the figure, the proposed scheme
correctly detected the faults occurring in zone-1 (at 75%) and zone-2 (at 110%) for
both modes of TCSC operation, while mal-operations occurred with the conventional
settings that experience tricky underreaching in both cases.
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Figure 8. Impedance trajectory for the 2L-G fault at 2.0 s. (a) At 85% of the line under capacitive mode; (b) at 125% of the
line under capacitive mode; (c) at 85% of the line under blocking mode; (d) at 125% of the line under blocking mode.
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Figure 9. Impedance trajectory for the 3L-G fault at 2.025 s. (a) at 75% of the line under inductive mode; (b) at 110% of the
line under inductive mode; (c) at 75% of the line under bypass mode; (d) at 110% of the line under bypass mode.

4.2.3. Adaptive Resistive Setting for Faults before TCSC

For evaluating the effectiveness of updated resistive scheme, a set of different resistive
L-G faults (with 50 (3, 100 €2, 200 €2, and 250 Q2 fault resistance) were implemented every

10% of the protected line before TCSC in either the capacitive or inductive mode.

As illustrated in Figure 10, the conventional relay (the dashed red characteristic) lost
its selectivity for all faults with resistance 50 (2 which occurred at zone-1, and falsely
detected them in zone-3. Furthermore, the conventional relay was unable to detect the
remaining faults under 100 (2, 200 (), and 250 (). On the contrary, the proposed scheme (the
solid black characteristic) superiorly adapted its resistive blinder to sufficient reach based
on the fault location and fault resistance value in all cases. However, TCSC is inserted in
TL but, as these faults are before TCSC, the reactive reach kept its setting the same as the

conventional relay.
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Figure 10. Impedance trajectory for the L-G fault at 2.025 s. (a) At 10% and R r=50€); (b) at 10% and Ry =100 €; (c) at 10%
and Ry =200 (); (d) at 10% and Ry =250 (); (e) at 20% and Ry =50 (); (f) at 20% and Ry =100 (); (g) at 20% and Ry =200 (};
(h) at 20% and Rf =250 0); (i) at 30% and Rf=50 ; (j) at 30% and Ry =100 0; (k) at 30% and Ry =200 0); (1) at 30% and
Ry =250 (); (m) at 40% and Ry =50 (}; (n) at 40% and Ry =100 €; (0) at 40% and Ry =200 €); (p) at 40% and Ry =250 ).

As described before, the fault resistance border (R ;) is determined using Equation (8),
and therefore the new updated resistive setting will be directly identified according to the
fault resistance. As shown in Figure 10, when the fault occurs in zone-1 (as an instantaneous
protected zone), the trip boundaries of three zones of protection will be adaptively changed
by updating their resistive reach.

4.2.4. Adaptive Resistive Setting for Faults after TCSC

The performance of the proposed dynamic quadrilateral relay can be compared to
the conventional relay with fixed characteristic settings by applying a set of resistive
faults after TCSC under the four different modes of operation at different critical locations,
where the conventional relay may lose its selectivity-relaying function by underreach-
ing/overreaching significantly due to the existence of TCSC reactance in the faulted loop.

Figures 11-14 illustrate the correctness of the dynamically updated settings (the solid
black characteristic) for L-G faults at 2.025 s with R f= 50 1, 100 ), and 200 (2 at locations
85% and 125% under the blocking mode and capacitive TCSC modes, respectively. In
addition, the same faults are simulated with similar fault conditions but at 75% and
110% of the line under the inductive and bypass TCSC modes of operation, respectively.
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On contrary, the conventional fixed characteristic settings (the dashed red characteristic)

completely failed to detect such faults due to both the effects of fault resistance and the
existence of TCSC in the fault loop.

140 140
ffffffffffffffffffffff 7 R e il
\ \ /
120 7 1200\ 7 120
\ 7 \ /
100 \ / 100f \——— 100
\ 80
a0 80 \s T
N N g N ®
o 60 o o
£ E £°
£ £ 4 =
40 20+
20
20 o
0 0 200
@85 % of the line & Rf =500 200 T @85 % of the line & Rf =1000 40t ... @85 % of the line & Rf =2000
20 under Blocking Mode wl | | under Blocking Mode o | | | under Blocking Mode
50 100 150 200 -50 0 50 100 150 200 250 50 0 50 100 150 200 250 300 350
Real Z RealZ
(b) (c)

Figure 11. Apparent impedance locus for the L-G fault at 2.025 s at 85% of the line under the TCSC blocking mode. (a) With
Ry =50 O; (b) with R = 100 €); (c) with Ry =200 Q0.
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Figure 12. Apparent impedance locus for the L-G fault at 2.025 s at 125% of the line under the TCSC capacitive mode.
(a) With Ry =50 Q); (b) with R =100 €); (c) with R =200 Q.
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Figure 13. Apparent impedance locus for the L-G fault at 2.025 s at 75% of the line under the TCSC inductive mode. (a) With
Ry =50 €); (b) with Ry =100 €}; (c) with Ry =200 Q.

It is also worth clarifying here that the scenario of the resistive faults with TCSC
included in the faulted loop is different from the cases for faults without TCSC. Although
TCSC has only inductance behaviour, but it affects the resistive reach unless its negative
impact is compensated for by tile angle, as discussed in Equation (5) and considered in the
fault zone identifier by modifying the Takagi method in Equation (6) to determine the fault
resistance border. Otherwise, the R £ term will be a complex value and adds an additional
reactance value to the fault. Additionally, if the proposed adaptive dynamic setting scheme
only adapts the resistive reach without adapting the reactive reach, the relay will falsely
detect the resistive fault due to underreach or overreach depending on TCSC operational
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mode. Accordingly, it is concluded that the proposed dynamic setting scheme is essential
for such cases.
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Figure 14. Apparent impedance locus for the L-G fault at 2.025 s at 110% of the line under the TCSC bypass mode. (a) With
Ry =50 O; (b) with R = 100 €); (c) with Ry =200 Q0.

4.2.5. Evaluating the Proposed Scheme at the Two Ends of TL

An L-G fault is simulated under the capacitive TCSC mode at 2.015 s with a large Ry
of 150 (2 at the location of 85% from the first relay R1 (in its zone-2), which also means that
the fault is 15% from the opposite relay R2 (in its zone-1).

Upon implementing the proposed scheme in both relays (R1 and R2), Figure 15
illustrates the effectiveness of their dynamically updated settings (black solid) compared
with the conventional characteristic settings (red dashed) which failed to detect this fault
from both ends.

b b o K K tedind sl ol il i e N S @85%ofthelinel] Lo i @15% of the line
120 L &Rf=150 Q 120 \ . &RF=150Q

60 -

Imag Z(Q)
1 |

Imag Z(Q)
5 o 8 8
T T T T

I

A

=
T

Il | Il |
-50 0 50 100 150 200 250 300 -50 0 50 100 150 200 250 300 350 400
Real Z(Q) Real Z(Q)

(a) (b)

-
=

4|~ Fault Detection ——Fault Detection

05+ = Detection Instant | 05F Detection Instant |

0 0 I I
2.005 201 2015 2.02 2.025 203 2,005 201 2015 2.02 2025 203

Time (sec) Time (sec)

(©) (d)

Figure 15. An L-G fault under the capacitive TCSC mode at 2.015 s with Ry =150 () at the location of 85% from the first
relay R1. (a) Characteristics of the first end relay R1; (b) characteristics of the second end relay R2; (c) fault detection of the
first end relay R1; (d) fault detection of the second end relay R2.

As is clearly shown, the proposed dynamic relay R1 correctly detected the fault in
its zone-2 (detected it at 2.0254 s) by adapting both resistive and reactive reach so its
tripping time was delayed by the zone-2 time delay, while the proposed dynamic relay at
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R2 succeeded in detecting the same fault in its zone-1 (detecting it at 2.025 s) by adapting
only its resistive reach without adapting its reactive reach, as TCSC is not included in its
faulted path and thus it trips instantaneously.

4.3. Further Evaluation on a Larger Test System—IEEE-39 Bus System

In order to validate the proposed scheme on a larger test system, the methodology
was widely examined on the modified 60 Hz IEEE-39 bus New England system, as shown
in Figure 16 [31]. In the modified 39-bus system, TCSC is placed at the mid-point of the
line between buses 28 and 29.

G8

G10
37

30 A
25— 26

_T 27
o T‘_M—U
18
%— 39 ¢ 17 G6

IR [ 1

22
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9 230kV
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Figure 16. Schematic diagram of the IEEE 39-bus New England system compensated for by TCSC.

It is to be noted that the TCSC compensation provided in the 39-bus test system is
exactly the same as that discussed for the IEEE-9 bus power system in the earlier section.
The proposed distance relay R1, placed at bus-29 for protecting lines 28-29, is considered
for performance evaluation. A set of resistive grounded faults are applied on different
locations, after the TCSC location, in both the capacitive and inductive modes of operation,
with different fault resistance, to evaluate the proposed relay performance and dynamically
updating the resistive and reactive reaches under either the capacitive or inductive TCSC
modes of operation.

Figure 17 demonstrates the trajectory impedance for L-G faults at the end of zone-1 of
the tested relay (at 75%) with Ry = 50 (2 and 100 €2, and also at the end of zone-2 (at 110%)
with Ry =50 (2 under the TCSC inductive mode. The figure highlights the performance
of the proposed relay with dynamically updated settings (the solid black characteristic)
versus the conventional relay with the fixed characteristic (the dashed red characteristic).
The achieved results confirmed the success of the proposed scheme in detecting all faults
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with a high degree of selectivity. As is clearly shown, the faults at 75% are detected correctly
in zone-1, either with 50 Q) fault resistance (case-a) or 100 ) fault resistance (case-b); in
addition, the fault at 110% of the line is detected properly in zone-2 (case-c) due to the
zone identification method, while the fixed conventional setting completely failed to detect
such faults.
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Figure 17. Apparent impedance for the L-G fault at 1.0 s under the TCSC inductive mode. (a) At 75% and Ry = 50 (; (b) at
75% and Ry =100y (c) at 110% and Ry =500Q.

Under the TCSC capacitive mode, the impedance trajectory for 2L-G faults in zone-2
and zone-3 is illustrated in Figure 18. For cases a and b, the faults occurred at 85% of the
line with Ry = 50 () and 100 (3, while in case c, the fault was simulated at the beginning of
zone-3 (at 125%) with Ry =50 (). As is obviously revealed, the conventional relay lost its
selectivity in all examined cases. In fact, the conventional relay erroneously underreaches
in case a as the fault is detected in zone-3 and, on the other hand, it incorrectly overreaches
for the fault in zone-3 as illustrated in case c. In addition, it failed to detect the fault in
case b under the high fault resistance value; on the contrary, the proposed relay tripped
correctly (the solid characteristic) in this case.
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Figure 18. Apparent impedance for the 2L-G fault at 1.0 s under the TCSC capacitive mode. (a) At 85% and Ry =50 (); (b) at
85% and Ry =100y (c) at 125% and Ry =50Q.

As a matter of fact, the achieved results ensure the correct operation of the proposed
scheme, in which the relay adapted its trip boundaries itself in the respective zones under
TCSC operation, according to the local information at the relay and the received information
from the TCSC terminal during faulty system conditions that the conventional relay is
incapable of handling.

5. Features Assessment with Reference to Other Techniques

Multi-fold advantages of the proposed scheme compared to some other published
techniques shall be addressed and discussed in the following section. The key advantages
of the proposed scheme are addressed in terms of Fault Detection Time, Fault Resistance
Coverage, and Data Acquisition and Computation Technique.
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5.1. Fault Detection Time

As the proposed scheme is used for fault detection in TCSC-compensated TLs, the
performance speed is critically important. Thus, assessing this approach for the fault
detection time should be evaluated by investigating the detection time for one of the
worst cases in zone-1 on the IEEE-9 bus system. This case occurred when L-G fault was
applied at 75% of the protected line at 2.0075 s, which is implemented at the instant of
zero crossing voltage with Ry = 200 (2 under the TCSC inductive mode. As is revealed
in Figure 19a, due to the high resistance fault, the current increases and the voltage
decreases insignificantly and, therefore, it is expected that the conventional fixed setting
will underreach for this fault. On the other hand, Figure 19b validates the timing of different
stages of the proposed distance relay, starting from the fault inception time to the detection
time. As is demonstrated, while the fault inception occurred at 2.0075 s, the proposed relay
correctly recognised that a fault had started at 2.0166 s, and the identification of TCSC
zone was achieved at 2.018 s, while the fault zone was properly identified at zone-1 at the
2.02105 s timepoint and finally the fault was detected for the correct trip at 2.02355 s, which
means that only 0.01605 s was required (0.963 cycle) from the time of fault inception.
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Figure 19. One of the worst cases in zone-1 where the L-G fault is simulated at 75% of the line

at 2.0075 s. (a) Measured voltage, current at relay terminal and calculated apparent impedance;
(b) timing of different stages of the proposed scheme.
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Besides, the detection time is evaluated for other simulated faults occurring dur-
ing capacitive TCSC cases and under high resistance faults of 200 () (demonstrated in
Figures 11c and 12c). It is found that all these faults are detected within less than one cycle
from fault inception (about 0.75 cycle).

It is worth mentioning that this detection time is estimated for simulated cases but in
real cases it may be longer. In fact, the fault detection time was affected by the Transducer
delay that is used for voltage and current measurements, the Processing time that is required
for converting measured data into phasor information using DFT, and the Communication
delay that depends on the type of commination links as well as, the physical distance
between the TCSC substation and relay. Therefore, for the locality of TCSC in the opposite
end of the relay, the fault detection time may be affected by the communication latency.
However, due the significant and continuous development of communication applications
with high data rates, the 4G wireless broadband becomes 10 times faster than 3G, which
helps in achieving reliable and fast protection schemes as the 4G latency is estimated
as 50 ms [32]. In the near future, 5G will provide a maximal platform for different grid
applications including ultra time-critical applications such as protection schemes [33].

Regarding the comparative study with other published techniques, it is worth men-
tioning that only the scheme introduced in [10] is faster than the proposed scheme but is so
under less fault-resistance coverage. Moreover, the scheme in [10] does not consider the
homogeneity system concerns that may affect the accuracy of its results in such cases.

5.2. Fault Resistance Coverage

According to the obtained results, the large coverage of the trip boundary of the
proposed method due to the fault resistance can be clearly observed. This significant
advantage is due to the development of the modified Takagi method that helps in estimating
the fault zone. Therefore, the fault resistance border can be updated properly. As is
discussed in the results, the fault resistance can be covered up to 250 () in zone-1 and 200
Q) in the back-up zones of protection. Although the optimization method used in [15]
introduces good coverage of the resistive fault up to 200 () in zone-1, the method is only
applicable for the first zone and the fault is detected after a relatively long iteration time, as
is habitual for optimization methods.

5.3. Data Acquisition and Computation Technique

As described, the proposed technique basically relies on the local data estimated at
the relay terminal and only two values are received from the TCSC substation which are:
the TCSC fault RMS current, to simply inform whether TCSC is included in the faulted
loop or not, and the firing angle that is used in estimating the TCSC impedance. However,
some reported schemes, such as those in [10] and [15], are designed based upon the local
terminal data but they have some limitations, as discussed in Sections 5.1 and 5.2. In
addition, in [22] and [23], the local data are utilized to reduce zone-1 setting and delayed
zone-2, but [22] did not consider the fault resistance in the evaluation, rather than [23],
which is just suggested based on a poor modelling of TCSC that negatively affects the
accuracy of its results.

5.4. Comprehensive Comparative in Terms of Main Features

Table 2 summarizes the comparative study undertaken to highlight the performance
of the proposed method compared with some other techniques used for quadrilateral relay
settings. Therefore, the salient features of the proposed dynamic quadrilateral characteristic-
based adaptive distance relay can be summarized as follows:

Controllability: the reactive and resistive reach can be controlled separately and indepen-
dently. The reactive reach is changed considering the TCSC reactance effect and the system
homogeneity effect, while the resistance is changed considering the fault resistance effect.
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Reliability, as the selectivity feature is obtained by compensating the undesirable effect of
TCSC and fault resistance. Furthermore, the security is obtained by avoiding mal-operation
for any external faults.

Economy, as there is no need for multi-filtration devices with high level of sampling time
and no synchronized data or excessive communications are required to transmit the data
from the remote end.

Inclusivity, as the proposed method can be generalized and applied for any interconnected
long or short TL.

Ease of application, as the method can be applied on the conventional distance relays by
modifying the existing algorithm.

Table 2. Comparison between the proposed dynamic relay and some other methods.

Fault Resistance

Reference Fault Detection Time Data Acquisition Computation Technique
Coverage
[10] — Up to 98 Q) in zone-1 Two-terminal data Communication added
scheme
Within 0.67 cycles Up to 50 () in zone-1 . . .

[10] without compensation Up to 20 Q) in zone-2 Local data High level of filtration
[15] Within 1.2 s Up to 200 () in zone-1 Local data Optimization
[16] Within 1.2 cycles Up to 80 (2 in zone-1 Two-terminal data Optimization
[20] — Up to 150 (2 in zone-1 Two-terminal data Synchronized data scheme
[22] Within 1 cycle — Local data Reducing zone-1 setting
[23] Within 3 cycles Up to 95 () zone-1 Local data Reducing zone-1 setting
Proposed Within 0.75 cycles and Up to 250 () in zone-1 Apparent resistance and

P 0.963 cycles for the worst ~ Up to 200 () in zone-2 Local data :Ppba
Scheme circuit theorem approach

case

Up to 100 () in zone-3

The symbol “—" refers to information not mentioned.

6. Conclusions

The paper introduces a dynamic quadrilateral characteristic-based adaptive distance
relay for TCSC-compensated TLs. The proposed relay adapts both the reactive reach and
resistive reach independently. The reactive reach is adjusted by identifying the presence of
TCSC in the faulted loop to compensate for its effect. Additionally, the calculation of the
tilt angle is investigated to consider the homogeneity of the system due to the load flow
and TCSC effect during high resistance faults. The resistive reach is modified adaptively in
TCSC TLs by estimating the faulted zone through the modified Takagi method.

In order to validate and generalize the proposed dynamic distance relay, it is exten-
sively tested on two simulated IEEE benchmark networks using Maltab, which are the
IEEE-9 bus and New England IEEE-39 bus, to consider both a small grid with long TLs
and a large network with short TLs. The proposed relay is tested on different locations
to cover three zones of protection, different fault resistance values, and different TCSC
modes of operation. According to the obtained results, it can be deduced that the proposed
scheme has conventional functions under normal fault conditions without any burden
on the relay; in addition, it is capable of detecting high resistance faults during the TCSC
inductive and capacitive modes. Additionally, it can alleviate the negative impact of TCSC
underreach/overreach by adapting the reactive setting. Finally, Controllability, Reliability,
Economy, Inclusivity, and Ease of application are considered the salient features of the
proposed dynamic quadrilateral characteristic-based adaptive distance relay.

However, if the system is subject to transient instability such as unstable power swing,
the proposed method should be modified to also consider power swing tripping and
blocking issues based on faults conditions. In addition, validation through real world data
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will be valuable to ensure the leverage of the proposed scheme. Therefore, these issues will
be studied in future publications.
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