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Abstract

Objective: This paper presents a qualitative comparison of different recently proposed network protection schemes that
are based on the distance function. From this comparison, possible opportunities are identified to develop strategies orien-
ted towards protecting active distribution systems.

Methodology: This research is carried out in two parts: the first is to identify the fundamental theoretical aspects of dis-
tance protection, its main problems, and a description of the most important aspects of the relevant strategies proposed in
recent years. The second part consists of selecting aspects and elaborating a qualitative comparison of the different pro-
tection schemes analyzed. This comparison makes it possible to establish the advantages and disadvantages of each of the
relevant proposals used in conventional electrical networks or active distribution networks.

Results: As a result of this research, the most important aspects to consider in the protection design are identified, which
therefore strongly affect its performance. These are summarized in a comparative table, which supports future research
related to distance protection in active distribution networks.

Conclusions: From this research, it can be stated that the solutions analyzed, despite being relevant within the scope of
distance protection applied to active distribution networks, have problems to solve. None of these strategies protects the
network for all types of failures in a selective, sensitive, reliable, and cost-effective way while guaranteeing minimum
supply interruption to consumers.
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Resumen

Objetivo: Este articulo presenta una comparacién cualitativa de diferentes esquemas de proteccion de redes, propuestos
recientemente y basados en la funcién de distancia. A partir de esta comparacion se identifican las posibles oportunidades
para desarrollar estrategias esencialmente orientadas a la proteccién de sistemas de distribucién activos.

Metodologia: Esta investigacion se realiza en dos partes: la primera se orienta a la identificacién de los aspectos tedricos
fundamentales sobre la proteccién de distancia, sus principales problemas y una descripcién de los aspectos mds impor-
tantes de estrategias relevantes propuestas en los tltimos afios. La segunda parte consiste en la seleccién de aspectos y la
elaboracién de una comparacion cualitativa de los diferentes esquemas de proteccién analizados. Esta comparacién per-
mite establecer las ventajas e inconvenientes de cada una de las propuestas relevantes que se utilizan en redes eléctricas
convencionales o en redes de distribucién activas.

Resultados: Como resultado de esta investigacion se identificaron los aspectos mas importantes a considerar en el disefio
de la proteccién y que, por lo tanto, afectan fuertemente su desempefio. Estos se resumen en una tabla comparativa, que
sirve de apoyo a futuras investigaciones relacionadas a la aplicacién de la proteccién de distancia en redes de distribucién
activas.

Conclusiones: A partir de esta investigacion se puede afirmar que las soluciones analizadas, pese a ser relevantes dentro
del dmbito de la proteccién de distancia aplicada a las redes de distribucién activas, tienen problemas por resolver. Nin-
guna de estas estrategias permite proteger la red para todos los tipos de fallas de una manera selectiva, sensible, fiable y
rentable que garantice la minima interrupcién del suministro a los consumidores.

Financiamiento: Este articulo es el resultado del proyecto 6-20-6 por la Universidad Tecnolégica de Pereira y el contrato
774-2020 (Integra 2023) por Minciencias, Colombia.

Palabras clave: red de distribucién activa, proteccion adaptiva, relé de distancia, fallas

Table of Contents

Page

Introduction 148
Motivation . . . . . . . . L 148
State of the art 149
Paper contributions 150
Distance protection 150
Fundamental concepts . . . . . . .. .. ... L 150
Main issues with distance protectionfor ADN . . .. .. ... ... .. ... ....... 151
Description of some recent distance protection approaches for ADN 152
A. Approach presented by (Sinclair et al., 2014): . . . . ... Lo oo oo 152

B. Approach proposed in Tsimtsios and (Nikolaidis et al., 2018): . . .. ... ... ... ... 154

C. Approach presented by (Ma et al., 2015): . . .. .. ... . L 154

Tecnura ® p-ISSN: 0123-921X e e-ISSN: 2248-7638 ® Volumen 25 Niimero 70 ® Octubre - Diciembre de 2021 e pp. 146-165
[147]



A Qualitative Comparison of Distance-Based Protection Approaches for Active Distribution Networks
Velasco-Gémez., S.M. Pérez-Londofio., S.M. y Mora-Flérez ., ..

D. Approach introduced by (Liang ef al., 2020) . . . . ... ... o o oo L 155
E. Approach proposed by (Yinefal,2021) . . . .. .. ... oo 157
F. Approach presented by (Chenetal,2018) . . .. .. ... ... . o o L 158
G. Approach introduced by (Tsimtsios ef al.,, 2019): . . .. .. ... ... o o L 159
H. Approach presented by (Tsimtsios ef al., 2019a, Tsimtsios et al., 2019b) . . . .. ... ... 160
Methodology 160
Conclusions 160
Funding 162
References 162
INTRODUCTION
Motivation

In recent years, conventional distribution systems have dealt with different challenges related to
energy efficiency, fast growth in demand, environmental pollution, global warming, dependence on
the geographical conditions of the region, among others, which significantly affect the quality and
reliability of service to the end user (Giral ef al., 2017). These have prompted new forms of generation
at the distribution level by integrating renewable energy sources such as natural gas, biogas, wind
energy, and photovoltaic plans. This type of generation is also known as distributed generation (DG),
and the energy sources involved are called distributed energy resources (DER) (Rafique ef al., 2020),
which are used to increase reliability and safety in the short, medium, and long term (Carvajal &
Marin-Jiménez, 2013). However, the high penetration and integration of DER have a negative impact
on distribution networks. Their impact depends on their location, sizing, and mode of operation
(Buitrago-Arroyave & Lopez-Lezama, 2013). This has resulted in increasingly complex systems with
several operational problems. The main issues appear with traditional protection schemes, where
challenges are noticed such as relay coordination problems due to changes in the grid structure, fault
levels, and false tripping, among others (Sarangi ef al., 2021, Usama et al., 2021).

To solve these problems, several authors have proposed protection strategies, which adapt con-
ventional relays (overcurrent, distance, differential, undervoltage, among others) to improve their
performance in these active distribution networks (ADNs) (Alam, 2019, Barra ef al., 2020, Li et al.,
2021). The proposed protection schemes focus individually on the relay function, given that each
one presents specific problems when applied to ADNs, which is why this review paper presents a

comparative analysis of protection schemes implemented specifically using the distance relay.
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Consequently, all the analyzed factors are those that can originate malfunction in distance protec-
tion, thus affecting the safe operation of an ADN. Thus, studying the countermeasures required to

eliminate or reduce these factors” impact through different protection strategy proposals is essential.

STATE OF THE ART

Distance relays are commonly used in transmission networks. However, they are also considered
an essential alternative for ADNs due to their significant advantages compared to other conventio-
nal relays (Sinclair ef al., 2014). As an example, relay settings depend on the measured impedance,
so they are not affected by changes in network topology. Distance relays also have higher sensitivity,
selectivity, and accuracy, and their operation is faster than overcurrent relays (Borlase, 2017). Howe-
ver, the main problems with distance protection when operating in ADNs are the infeed effect, fault
resistance, directional feature, among others, thus underreaching or overreaching the real impedance
and resulting in an erroneous fault detection (Nikolaidis ef al., 2018). Another factor to consider is un-
balanced faults, which can negatively affect the reliability and speed of distance protection (Sinclair
et al., 2014, Jia et al., 2019).

Therefore, several proposals involving adaptive protection schemes based on distance relays ha-
ve been published in the last years to solve these problems. These approaches aim to reduce the
effects of fault resistance or infeed currents (Sinclair ef al., 2014). Others implement a compensation
factor for zero-sequence (Tsimtsios & Nikolaidis, 2018). In addition, several strategies use different
methodologies to define their approach: some are based on voltage drop (Ma ¢f al., 2015) or voltage
amplitude comparisons (Liang ef al., 2020). Other schemes deal with more specific problems such as
determining the fault direction (Chen ef al., 2018) or the protection challenges associated with the
point of interconnection, as in El-Arroudi & Jods, 2018 and Yin ef al., 2021. The latter also considers
the change produced by the connection of the power transformer at that point, which affects the
impedance calculation seen by relay 21.

Another important aspect of distance relays is the adjustment of protection zones. Lavand & So-
man, 2016 propose predictive analysis to supervise zone 1 of a distance relay using synchrophasors.
Ghorbani ef al., 2021 provide an accurate non-pilot scheme for an accelerated trip of distance relay
zone-2 faults. Regulski ef al., 2021 establish the adaptive reach of the 3rd zone of a distance relay with
synchronized measurements.

Tsimtsios ef al., 2019 use a communication system to improve the performance characteristics of
relay 21, such as improving the speed of digital distance protection. As examples, Jin ef al., 2018
employ communication systems based on the IEC 61850 standards; Liu ¢f al., 2019 implement a
communication system on an field programmable gate array (FPGA) board, and it is tested using
a PSCAD/EMTDC simulator and COMTRADE 99 communication protocols. Despite this, a commu-

nication system implies an increase in the operating costs of the network, which is why Tsimtsios ef
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al., 2019a, Tsimtsios ef al., 2019b introduce complete guidelines for designing economically feasible
distance protection schemes for radial distribution systems with distributed generation (DG).

In addition, some strategies facilitate the estimation of voltage and current signals measured by
the relay. Generally, the fast Fourier transform is the most used. Nevertheless, Zamora-Méndez ef al.,
2016 and Vazquez et al., 2020 implement the second-order Taylor-Kalman- Fourier filter for signal

processing analysis, which is faster and with a smaller signal estimation error.

PAPER CONTRIBUTIONS

This paper compares the odds and drawbacks of different protection strategies based on the dis-
tance relay applied to ADNSs that have been proposed in recent years. It aims to identify and highlight
these protection capabilities, which are useful to propose an approach to eliminate the identified gaps

in future works.

DISTANCE PROTECTION

Fundamental concepts

Protection devices have a fundamental role in electric networks. An essential device is distance
protection, also known as relay 21, which contributes to ensure the continuity and quality of the ser-
vice for end users (Bansal, 2019). A relay 21 is based on the positive sequence impedance, estimated
between the faulted node and the relay location. Therefore, these relays use the measured current
and voltage to determine the impedance in the presence of fault conditions (Borlase, 2017).

According to Ma & Wang, 2018, the measured impedance at the relay location (Z,,) is presented
in Equation (1).

Variables U,, and I,,, are the voltage and the current phasors measured by the distance relay.
When the network is in normal operating condition, U, is, approximately, the rated voltage, I,,, is
the load current, and Z,, is the load impedance. However, when a fault occurs, U,, decreases, I,
increases, and Z,,, becomes the impedance between the fault and the relay location. In this way, the
distance relay is designed to recognize fault conditions and generate a trip order when 7, is lower

than the zone setting impedance (Zs), as presented in Equation (2).

If Z,, < Zset, then send trip signal to 52 (2)
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The tripping region of the 21 function can be plotted on the R-X plane, as shown in Figure 1,
where the protection zone is delimited by Z,.;, which is the diameter of the circle in the case of mho-
type distance protection. Nevertheless, Mohajeri ef al., 2015 presents the tripping range as delimited
by straight lines, considering other factors such as variations of setting distance, fault resistance,
power factor, and measurement errors, thus forming a quadrilateral tripping area, as shown in Figure
2.

Main issues with distance protection for ADN

Distance relays are generally used in transmission networks. Nevertheless, these have also been
considered to be an essential alternative for ADNSs, due to their significant advantages in comparison
with other conventional relays. As an example, the relay settings depend on the measured impe-
dance, and these are not affected by changes in grid topology (Usama ef al., 2021). They also have
higher sensitivity, selectivity, and accuracy, and their operation is faster compared to overcurrent
relays (Borlase, 2017).

The main issues that cause a malfunction of distance relays when applied in ADNs are presented
here. Short lines originate overreach errors in impedance estimation due to the low X/R ratio, since
this affects the magnitude of the fault current (Hooshyar & Iravani, 2017). In the case of intermedia-
te sources, the infeed effect is a major influencing factor for distance protection, which affects the

measured impedance. This problem results in underreach phenomena because the relay 21 does not

No operation

Figure 1. Mho-type operational characteristics of distance protection

Source: Sinclair ef al., 2014, Mohajeri et al., 2015.
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No operation

Tripping zone

>
Rget Ry

Figure 2. Quadrilateral operational characteristics of distance protection

Source: Sinclair ef al., 2014, Mohajeri ef al., 2015.

measure the total fault current. Similarly, the fault resistance also results in an additional impedance
measured by the relay. However, this effect may cause not only underreach but also overreach phe-
nomena. The latter causes the relay not to detect the fault since the impedance seen is outside the
protection zone (Nikolaidis ef al., 2018).

Other additional problems are related to the directional function, which, in the case of using the
positive or negative sequence components, is affected by the harmonic distortion caused by inverter-
based DERs (Hooshyar & Iravani, 2017). Moreover, the intensity and nature of the aforementioned

effects vary mainly due to the DG penetration level.

DESCRIPTION OF SOME RECENT DISTANCE PROTECTION APPROACHES FOR

ADN

Several authors have focused on the advantages and issues of distance protection. Therefore,
several strategies have been proposed in the last few years to improve this, especially in the case of

ADN application.

A. Approach presented by (Sinclair ef al., 2014):

The paper by Sinclair ef al., 2014 describes the advantages of using distance relays for distribution
protection to solve some DG integration problems. To adequately implement distance protection, it is

necessary to model the operating characteristics. The paper argues that distance elements derive their
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Figure 3. Distance relay in a faulted system

Source: Authors.

operating and polarizing signals from measured voltages and currents. These signals are applied
either to the magnitude or angle comparator, from which a trip decision is derived.

As explained above, during normal operating conditions, Z,, equals Z;,.4. In the case of a fault,
the measured impedance changes to an impedance with larger inductive and lower resistive com-
ponents, which is primarily determined by the feeder impedance, from the relay node to the faulted
point, as shown in Equation (3) and presented in Figure 3. This last operating condition considers
fault 1 (F).

Zm = ZaB + ZBrF1 3)

where, Z4p and Zpr are the positive-sequence impedance from the substation to the next suc-
cessive bus, as well from this node to the fault point.

However, as previously presented, it is necessary to consider the factors that affect the measured
impedance. This is shown in Equation (4), where the infeed effect is included. This effect is due to the
presence of DG in node B.

Zminfeed = ZAB + MZBFI 4)
G1

where, Z,, infeeq is the measured impedance considering the infeed effect, I, is the fault current
contribution from the utility source and measured by the relay, and Ip is the fault current contribu-
tion from the DG on node B. If only the fault resistance (Rr) is considered, the impedance seen by
the relay 21 is obtained as expressed by Equation (5).

Zm,Rp = 4AB + ZBr1 + Rp )
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B. Approach proposed in Tsimtsios and (Nikolaidis ef al., 2018):

The case of the zero-sequence compensation factor (Ky) for the correct operation of distance pro-
tection during single-line-to-ground faults (SLG) is considered by Tsimtsios & Nikolaidis, 2018. In
this case, the impedance calculated by the ground distance element is different from the positive-
sequence impedance up to the fault position due to the zero-sequence current effect. Thus, to achieve
its correct operation, the zero-sequence current is compensated by the K factor presented in Equa-
tion (6), which is included in the relay settings.

(20 — 21)

Ko= 20— 2)
0 e (6)

where 2y and z; are the per-unit zero and positive-sequence line impedances from the relay loca-
tion up to the fault position, respectively, and K can be equal to 1 or 3, depending on the relay design.
Therefore, the impedance calculated by the relay (Z,,), considering K in case of a phase-a SLG fault

is obtained as shown in Equation (7)

Zmnc
Loy = ————— 7
(1+K0) @

where, Z,, . represents the non-compensated fault impedance, namely the impedance measured

up to the fault point without the consideration of K.

C. Approach presented by (Ma ¢f al., 2015):

Ma et al., 2015 presents an alternative approach that considers the voltage drop under high-
resistance faults to propose an adaptive scheme for a quadrilateral-type relay. First, this strategy
establishes a voltage drop equation from the relay location to the fault point. Equation (8) shows the

voltage drop in a double-source system considering a fault 2 (¥3) as in Figure 3.

Up = InZ + Uy (8)

where Z is the real fault impedance and U,,, is the voltage at the fault point, which is determined
by the multiplication of the fault current (/;) and resistance (Rr).

For the case of a fault 2 (), the voltage and current phasors are shown in Figure 4. Due to the
contribution of the opposite side current, Ip¢, there is an angular difference, 1), between I,, and
I - In addition, ¢y, is the impedance angle of the protected line, and ¢,; is the angular difference
between U,,, and I,,,. Therefore, performing a phasor analysis of Figure 4 from Equation (8), the fault

impedance is obtained using Z,,, as shown in Equation (9).

COS Yline + J SIN Pline
COS Yy + JPui

Sin(SOui) +
Sin((pline) + 1/}

©)

ZAr2 = I
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Figure 4. Phasor diagram of V and I vectors

Source: Ma et al., 2015, Liang et al., 2020.

The adaptive protection criterion is established from Equation (8). To this effect, it is important to
define an adaptive adjustment coefficient (k;), which is responsible for readjusting the quadrilateral
characteristics (Rge; and X,.;) of the distance protection shown in Figure 2. The &, factor is defined

in Equation (10).

_ Sin(@line) +
| sin(@u + )

(10)

D. Approach introduced by (Liang ¢f al., 2020)

The approach by Liang ¢f al., 2020 proposes a protection scheme based on voltage amplitude com-
parison. The main objective is to reduce fault resistance problems by using the fault-point voltage,

measured current, and setting impedance to establish a virtual measured voltage. The approach is
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divided into two schemes: the first one identifies in-zone and out-of-zone faults from all types of
faults by comparing the amplitudes of the original (U,,) presented in Equation (8) and the virtual
(U!) measured voltages in Equation (11).

U = ImZser + Us (11)
According to Figure 4, a phasor analysis is performed to represent the original and virtual volta-

ges. Consequently, a new distance protection criterion is proposed, as shown in Equation (12).

{ \Ufn\ > ’Um’7 in zone fault 12

U | < |Un|,  outof zone fault

The second scheme is aimed to identify in-zone and out-of-zone faults under all fault types, ba-

sed on the improved original and virtual measured voltages. It is considered essential to improve

the sensitivity of distance protection because the measured fault voltage varies according to the fault

resistance, which can lead to measurement and calculation errors; an in-zone fault may be misiden-
tified as an out-of-zone fault, thus causing a distance protection malfunction.

Consequently, the sensitivity of the proposed protection scheme is then improved by introducing

a special voltage phasor (Uys.t), which is expressed in Equation (13).

Ufset = Uset < (Uf) (13)

where U, is the setting voltage. Therefore, the voltages in Equations (8) and (11) are modified
by replacing the fault voltage (U;) with the special voltage phasor (Uy), obtaining the improved
original (Uy,_imp) and improved virtual (U, _imp) VOltages as a result. Thus, the proposed protection

criterion shown in Equation (12) is conserved, but the compared magnitudes change with these im-

proved measures. Equations (14) and (15) show the possible values of the Uy, i, and U/, imp MAgNI-
tudes determined from Figure 4.
If [Uf| < Uset
Um zmp’ |Um’7 | m zmp’ = ’U;n’
Uy = \/ O 22 “”W) I Zset]? + 2\ U Zset] $in oz cot o5 (14)
sinpfz
If |Uf‘ > Uset
Un_iml = U + (0] = Usa? = 200y = U)oty — o)
U, zmp| = \/ User + ‘ijset|2 + 2Uset|ijset’ COSPfz (15)

where ¢, is the angular difference between IwZ and U t,and ¢y, is the angular difference bet-

ween I,,Z and U,,, as presented in Figure 4
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E. Approach proposed by (Yin ¢f al., 2021)

A particular case unfolds when DG units are connected at the utility side of the transformer. It
is therefore interesting to analyze the problems and challenges associated with the point of intercon-
nection (POI). In Yin ef al., 2021, a new distance protection method is presented, whose objective is
to introduce an enhanced measured impedance calculation using residual voltage compensation to
correctly and timely detect all fault types, particularly SLG faults at the POI. The protection scheme
considers a previous analysis of the apparent impedance for SLG faults, aimed to find the root cause
of the incorrect apparent impedance seen by the distance relay on the DG side. In this case, the distan-
ce relay on the DG integration side sees an SLG fault in the interconnection line as a phase-to-phase
fault due to the commonly used delta-wye transformer configuration.

The proposal is based on a residual-voltage-compensated method for reliable POI protection. To
this effect, a broken-delta high-voltage transformer (VT) is used to feed the proposed relays 21 on
the DG integration side in order to provide residual voltage (V;) for calculating the compensated im-
pedance. This adjustment enables the measurement of the correct apparent impedance for all faults,
including SLG faults by the relay. The following considerations must be made: (i) ;) on the utility
side should be converted to the DG side, and (ii) the angle of 1 needs to be shifted based on the in-
terconnection transformer winding connection. After considering the impedance compensations for
the transformer winding connection used (YD11), the measured impedance for the phase-to-ground

(Zm,ag) can be obtained as shown in Equation (16).

Vo=V Voed®
I,— 1, 2Lipc

where I p¢ is the positive sequence fault current contributions from the DG side. Considering the

(16)

Zm7a/g =

above, the proposed five-module distance relay is presented in Figure 5. The modules are as follows:

1. Phasor calculation module: it calculates the phasor values from the CTs and VTs using sampling
techniques.

2. Impedance compensation module: it estimates the compensation factor using the residual voltage

at the utility side and the positive-sequence current at the DG side.

3. Angle shift module: it shifts the angle of V|, based on the interconnection transformer winding

configuration.

4. Impedance calculation module: it calculates the measured impedance based on transformer con-

nection.

5. Fault detection module: it detects the fault using typical distance relay operation characteristics.
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Figure 5. Block diagram of distance relay with residual voltage compensation

Source: Yin et al., 2021.

F. Approach presented by (Chen ¢f /., 2018)

The detection of the active power flow direction in case of a fault is critical for the correct opera-
tion of 21 protection. Chen ef al., 2018 propose a distance relay in the time domain based on the R-L

differential equation algorithm, which is suitable for wind power integration systems and also solves

the direction identification problem mainly when zero-voltage faults occur.

The proposal considers a directional element based on the time domain and the differentiated
characteristics of the memory voltage drop and the actual voltage drop, on equivalent impedance
from relay location to power sources under forward and reverse fault conditions. This proposal also
includes the correlation criterion to detect the fault direction. In this approach, a model of double-fed
induction generator (DFIG) based wind farm with characteristics of the transient electromotive force

(EMF) is established. To determine the directional feature, the memory voltages drop (U, Us), and

the actual voltages (Uy, Uy) are used as follows:

1. If U, and U, have the same variation trend after the fault, it is a forward fault.
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2. If Us and U, have the same variation trend after the fault, it is a reverse fault.

These voltages are obtained as shown in Equation (17).

L : d, :
Ul = Um,m + (RGDIm,m + LDG m,m) - Um,f

dt
. : di,,
Uz = RpGlm,s + Loc— "
t
. . . Al m -
U3 = Um,m + (RGI + Rl)lm,m - (LGl + Ll) dlg — Um,f
) . Al s
U4 = —(RGI + Rl)ImJ — (LGI + LZ)T (17)

where, Umm and I'm7m are the memory voltage and memory current; and Um ¢ and I'm7 ¢ are the
measured voltage and measured current after a fault, respectively. Next, if U,, after the fault is hig-
her than U, a distance (/) from the relay location to the fault point is calculated based on the R-L
differential-equation algorithm, as given by Equation (18). If the estimated distance [ is larger than
the setting value l,, it is an external fault. If 0 < I < [, it is an internal fault. If the estimated dis-
tance, [, is negative, it is an external fault. If the Um after the fault is lower than U, the previously
described method is used to detect the fault direction.

; dImO

d(Iy, — I, .
W =Ln0) | g i fo) + Lig i

dt

Up =Us + | L + Riolmol (18)

G. Approach introduced by (Tsimtsios ef al., 2019):

Several protection proposals use communication systems to adapt and improve the operational
performance of distance protection. As an example, a pilot-based distance protection scheme for
meshed distribution systems with DG is proposed by Tsimtsios ef al., 2019. The main contribution
of this approach is proposing an efficient protection strategy for meshed grids since most of the
networks that integrate DGs are radial, and this scheme provides protection with a considerable
fault resistance and under the infeed conditions.

The meshed distribution system used in the test contains forward and reverse distance protec-
tion, which is essential to detecting the fault direction in its corresponding zones. The proposed logic
depends on these elements, as well as the correct operation of the communication system. The ap-
proach proposes that, after the fault impedance estimation, the algorithm checks if it lies inside the
forward distance zone. In that case (and after the time required for the relay to respond expires), a
permission signal is sent to forward distance elements (FDE). If a permission signal is received from
FDE at the same time, the circuit breaker (CB) is tripped. If the CB fails to open, a breaker-failure

function is designed for the adjacent CBs.
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H. Approach presented by (Tsimtsios ef al., 2019a, Tsimtsios ¢f al., 2019b)

A generalized distance-based protection design for DG integrated MV radial distribution net-
works is proposed in two parts. The former, presented in Tsimtsios ef al., 2019a, proposes a complete
guideline for designing directly applicable and economically feasible distance protection schemes for
medium-voltage (MV) radial distribution systems with distributed generation. In the second part,
these guidelines are applied to a real MV radial overhead distribution line with a high DG penetra-
tion level. The proposed guidelines intend to take account of distributed generation, dealing with the
issues already mentioned in the previous sections and the coordination of relays 21. The procedure
is systematic and independent of specific DG conditions, while it must be performed only once for
a particular distribution system. Moreover, the designed protection scheme is intended to guarantee
simplicity; to this effect, it installs the minimum number of distance relays, given that the proposed
guidelines are implementable using existing distance relay technology and without using communi-
cation means. This guideline is divided into the following sections: 1) basic protection scheme design,
2) distance zone time setting criteria used to determine the time delay settings and the number of re-
lays 21, 3) distance zones reach setting criteria used to determine the zones reactive/resistive covera-
ge to ensure dependability, 4) unintentional lateral coverage setting criteria to address overreaching

of laterals by lower-step distance zones; and 5) the additional setting adjustments.

METHODOLOGY

The approaches analyzed above present several alternatives that contribute to mitigating the pro-
blems associated with distance protection applied to ADNs. However, to identify future opportuni-
ties to develop research proposals related with that protection, a comparative analysis of the propo-
sals above is considered in this paper, which is presented in Table 1. This qualitative analysis allows
identifying research gaps and associated challenges related to applying distance protection relays. As
can be seen, no proposal covers all the ADN protection requirements. This represents a challenging
task, and it suggests the importance of proposing and developing new strategies for adequate ADN

protection.

CONCLUSIONS

This paper provides a comprehensive review of some recent adaptive protection strategies based
on the implementation of distance relays in ADNs. The analysis compares the advantages, difficul-
ties, and limitations of these approaches based on their operational characteristics. In addition, the
proposals are classified according to the different issues covered in their models, thus affecting the

protective device’s correct performance. Therefore, it is concluded that, despite all the efforts made
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Table 1. Comparison of protection approaches based on distance relays

Reference

Issues

>
)
e
j=rs
"]
o
-
5]

Infeed Effect

Fault Resist.

Direction

Communic.

K factor
Transmission
Distribution
ADN

Observations

Sinclair et al., 2014

This considers a perfect performance of

the directional relay feature.

Tsimtsios & Nikolaidis, 2018

The effect of the fault resistance is not
considered. The setting criteria for
coverage and time delay in case of faults in

remote relay areas is not analyzed.

Ma et al., 2015

The proposed scheme is not affected by
transition fault resistance or load current in

transmission lines, or even in ADN.

Liang et al., 2020

The mitigation of CT saturation and VT
errors is considered to improve 21

performance.

Yin et al., 2021

This proposal provides an economical
solution as it can be implemented in the
existing distance relay platform.
Nonetheless, its application is limited to

relays at the POL

Chen et al., 2018

The direction method is easy to implement
within a short data window under zero-
voltage faults. This is analyzed only for

transmission lines that integrate DG.

Tsimtsios et al., 2019

This approach depends on a
communication system to function
properly, which affects the reliability

of the protection scheme.

Tsimtsios et al., 2019a

Tsimtsios et al., 2019b

These protection schemes are
economically feasible since the distance

relays depend only on local measurements.

Source: Authors.
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to propose solutions to mitigate ADN protection issues, there is no efficient strategy for all types
of faults in a selective, sensitive, reliable, and cost-effective way, ensuring minimum supply disrup-
tion to consumers. Finally, this paper provides directions for developing more complete strategies to
adequately improve the AND protection.
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