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Although the development of electric vehicle (EV) technology ofers opportunities for reducing CO2 emissions through the
electrifcation of transportation, the integration of EVs into distribution systems poses a signifcant challenge to the reliable
operation of existing protection systems. As the penetration level of EVs continues to rise, the fault current characteristic of the
distribution system changes, resulting in load de-energization, equipment damage, and reduced reliability. Tis paper develops
a protection scheme for preserving coordination between main and backup overcurrent relays considering various penetration
levels and locations of integrated EVs. By modifying the EV charger control system, the proposed scheme limits the fault current
contribution of adopted EV charge stations into the fault point. Te developed scheme does not alter the structure of the available
protection system of the distribution network and is compatible with both old and nonprogrammable relays. Furthermore, it does
not require communication links.Te efectiveness of the proposed scheme is validated through several case studies on the Isfahan
distribution network. Te fndings indicate that the operating time of the backup relay in the conventional protection system
exceeds the thermal limit at 100% penetration level of EVs installed upstream of this relay as it reaches 1810ms, while by using the
proposed strategy, this time reduces to 776ms, preserving protection coordination between the main and backup relays.
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1. Introduction

1.1. Research Motivation. Electric vehicles (EVs) are es-
sential for addressing energy resource limitations and
decarbonizing road transport, comprising over 15% of
global energy emissions. It signifcantly increases the in-
vestment in EV technology and charging infrastructure, with
a 54% increase reported in 2022 [1, 2]. Te leading EV
markets are the United States, Europe, and China. Recent
growth suggests potential alignment with the net zero
emissions’ scenario by 2030. Conventionally, the primary
purpose of grid integration of EVs is to charge their batteries.
However, in today’s and future smart grids, EV charging
stations (EVCSs) can serve an additional function by sup-
plying power back to the grid. Tis capability enables EVCSs

to contribute to the balancing of electricity generation from
renewable energy sources in the grid, as well as supporting
grid operations through the charge/discharge capability of
EV batteries, which can include providing ancillary services
such as harmonic mitigation, reactive power supply, and
peak power shaving through vehicle-to-grid (V2G) schemes
[3–6]. Te evolution of EVCSs from simple load points to
bidirectional energy interfaces with the grid represents
a signifcant opportunity for enhancing grid fexibility and
resilience, while also maximizing the benefts of renewable
energy integration.

Te widespread integration of EVs into the distribution
network profoundly afects both the operational modes and
the structural confguration of the system, as well as the
distortion patterns of electrical parameters during faults in
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electrical feeders [7, 8]. With higher levels of EV integration,
conventional protection devices (PDs) such as overcurrent
relays (OCRs) face new challenges, potentially jeopardizing
their efective coordination [9]. Te impact of EV grid in-
tegration during a fault condition difers markedly from
normal operations, potentially leading to the malfunction of
the protection system. Such disruptions can alter the short-
circuit level and direction of fault currents, inadvertently
causing circuit breakers (CBs) to trip [10, 11]. Terefore, the
task of setting protection and maintaining coordination
between diferent protection zones has grown increasingly
complex. Tis complexity underscores the tension among
the four principal demands of relay protection: reliability,
selectivity, speed, and sensitivity. Tis situation calls for
a comprehensive reevaluation of the distribution system’s
protection mechanisms in light of EV integration.

1.2. Literature Review. Te available protection schemes
mainly comprise two main strategies to enhance the per-
formance of the protection system in the presence of active
power sources (APSs). Te frst strategy is related to pre-
serving the available conventional protection, which in-
cludes disconnection of APSs, limiting penetration level, and
using a fault current limiter (FCL) to prevent signifcant
changes in the network current profle [12–14]. Discon-
nection of APSs’ controllers increases the probability of
damage to chargers and the reliance on the protection
validity of detection methods, thus reducing reliability.
Limiting penetration level-based schemes take into account
some factors such as harmonic constraints, voltage con-
straints, and protection adaptability and passively determine
the permissible penetration level of APSs in the distribution
system; however, it deprives the distribution system of
services of APSs in normal operation. Te FCL is costly and
its impedance is difcult to determine. Another conven-
tional practice involves optimizing the capacity and location
of distributed APSs without revising the existing PDs.
Computational algorithms in [15–17] are used to identify the
optimal location and size of distributed APSs to address the
protection miscoordination problem. Tis approach could
be technically and economically efcient compared to
FCL-based techniques due to its high initial cost [18].
Generally, in addition to their complexity, these schemes
limit the possible locations of distributed resources. Fur-
thermore, the performance of these schemes may deteriorate
when the network topology changes.

By modifying the protection system design through
changes in protection hardware [19–21], adaptive protection
schemes [22–30], and fault locating techniques based on
communication technology [31, 32], the second category of
schemes aims to ensure the proper operation of the PDs.Te
use of new and programmable relays, distance relays, dif-
ferential relays, and directional OCRs is proposed in [19–21].
However, this scheme is signifcantly costly for the distri-
bution utility companies, usually resulting in complex
protection settings and requiring the updating of the scheme
in the case of network topology changes. Adaptive pro-
tection approaches work with existing protection setups,

dynamically adjusting settings based on real-time calcula-
tions of network parameters to identify and isolate faults
[22–26]. Te authors in references [27–30] enhance co-
ordination through multiagent systems and communication
networks among PDs, ofering precision and efciency but at
the expense of higher costs and potential reliability issues
due to communication breakdowns. Fault location leverages
data analysis of electrical measurements [31, 32], which
becomes challenging with the dynamic nature of networks
integrating APSs, especially with the rising integration of
EVs, necessitating new adaptable protection schemes
[33, 34].

Tere are few studies conducted on the impact of EVCSs
on the relay protection of power distribution networks. In
[35], the operational mechanism of EVCSs is described in
relation to charging load characteristics and its infuence on
the overcurrent protection of power distribution lines. In
addition, an overcurrent protection scheme based on the
reactive power error component is presented.Te authors in
reference [11] enhance the sensitivity of backup PDs of
distribution networks by utilizing low-voltage overcurrent
protection in the presence of EV charging stations. A fault
detection scheme is developed in [36] where the frequency
and voltage are directly measured, eliminating the need for
a communication signal to protect the microgrid. It is
designed to ensure the proper functioning of relays, par-
ticularly in islanded conditions and communication in-
frastructure outages, by controlling the operation of
integrated EVs to inject high current into the microgrid and
establishing the required fault current threshold. Tis
adaptive protection scheme is efective even in the event of
a cyber-attack that compromises the communication plat-
form. Te authors in references [37, 38] develop protection
schemes for EVCSs where they are disconnected during
a fault condition. Due to the increasing popularity of DC fast
chargers, these protection plans are primarily based on
calculations and fault analysis at the DC bus level.

1.3. Necessity of the Research. To the best of our knowledge,
the impact of EV integration levels and locations on dis-
tribution network protection systems has not been ade-
quately addressed. Addressing the challenge of maintaining
selectivity and sensitivity in protection within EV-enhanced
distribution networks, this paper introduces a scheme that
ensures the coordination of existing protection systems for
various EV integration scenarios. Te scheme, which
modifes the EV charger control system to manage fault
current contributions, identifes specifc EVCSs that sig-
nifcantly infuence the protection system and limits their
output to preserve coordination without recurrent adjust-
ments. Tis strategy does not rely on communication links
and keeps the current protection system confguration in-
tact, even with older, nonprogrammable relays. Table 1
compares the proposed scheme with some existing ones on
EV’s impact on distribution system protection.

1.4. Main Contributions. Specifcally, the main contribu-
tions of this paper are as follows:
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• EV’s impact on fault current and performance of the
protection scheme is evaluated at various penetration
levels and locations within the distribution network.

• Te proposed scheme is independent of the penetra-
tion level and location of EVs.

• Te proposed scheme is ofine and communication-
free.

• Te proposed scheme is compatible with both con-
ventional and programmable relays.

• Additional investment such as protective device re-
placement and installations and online control func-
tion design are not required when using the proposed
scheme.

1.5. Paper Structure. Te paper’s structure is as follows.
Section 2 examines the impact of high EV integration levels
on feeder protection systems. Section 3 identifes scenarios
leading to coordination loss and ofers a solution for its
restoration. Section 4 presents the proposed charger current
limiting (CCL)–based protection scheme. Section 5 presents
simulation case studies to demonstrate the scheme’s efec-
tiveness, followed by a sensitivity analysis in Section 6. Fi-
nally, Section 7 concludes the fndings.

2. Impact of EV Integration on
Protection System

Te growing EV market results in a large number of EVCSs,
which serve as the interfaces for EV grid integration. Po-
tentially, during diferent hours of the day, due to variations
in integration time, geographical distribution, and charging
patterns, there are various penetration levels of EV grid
integration [4, 6]. Te penetration level of EVs in the
charging state in a feeder is defned as

penetration level(%) �
􏽐

m
j�1PEVj

􏽐
l
k�1Pother loadk

× 100, (1)

where PEV and Pother loads are the stored real power of in-
tegrated EVs and the real power of the other loads of the
network, respectively. m and l are the number of integrated
EVs and network loads, respectively. To consider the EVCS
integration into the distribution system, the available ca-
pacity for connecting other loads is reduced.Tis means that

the total capacity of both EVCS and other connected loads
should not exceed the permissible capacity of the distri-
bution transformer at each bus. Terefore, the penetration
level of EVCS is defned based on this limitation to ensure
that the current on the main distribution feeder does not
exceed its thermal limit. In this study, under worst-case
conditions, it is assumed that the maximum rating of EVCS
at a bus is equal to that of other loads. Typically, in dis-
tribution feeder protection settings, relay adjustments are
made based on the relay current during faults, meaning any
variation in this current could either disrupt or enhance
relay performance under specifc scenarios.

In distribution feeders, electricity fows from the up-
stream network to consumers located in downstream
feeders. Te level and location of integrated EVs dictate the
current injected from the upstream network. When a fault
occurs, sources of fault current include both the upstream
network and EV batteries. Te protection relay’s current
magnitude is infuenced by the placement of EVCSs along
the feeder, with the impedance between the upstream grid
and the fault point determining the fault current’s magni-
tude. With EV integration into the distribution system’s
feeders, relay currents in the downstream network near the
EVCSs may signifcantly drop compared to those in the
upstream network, potentially compromising the protection
system’s efectiveness due to reduced sensitivity, leading to
nonoperation. Integrating EVs downstream of the main
protection relay typically does not afect the protection
system’s operation. However, integrating EVs between the
downstream and upstream relays, serving as main and
backup protections, may result in losing coordination be-
tween them. In addition, integrating EVs upstream of the
backup protection alters the current through both main and
backup relays, which can, under certain circumstances,
disrupt protection coordination.

Figure 1 shows a radial distribution system where both
the backup relay OCR1 and the main relay OCR2 are
conventional OCRs. When no EV is integrated into the
distribution system, the main and backup relays coordinate
their operation with an appropriate coordination time in-
terval (CTI) for the short-circuit current Ig, as shown in
Figure 2. To assess the protection coordination, the most
critical cases, that is, the minimum and maximum fault
currents through the main and backup relays, Imin

F and Imax
F ,

respectively, are considered. Tese currents determine the
operating times of the relays. In the conventional protection

Table 1: Comparison of the proposed protection scheme with some existing schemes on EV’s impact on distribution system protection.

[35] [11] [36] [37] [38] Proposed scheme
Independence from penetration levels and location of EVs X X X X X ✓
No need to replace or add a protective device ✓ ✓ X ✓ X ✓
No need for online compatibility X X X ✓ ✓ ✓
High penetration level of EV integration X X X X ✓ ✓
High-impedance fault simulation X X X ✓ ✓ ✓
No need for the communication link ✓ ✓ ✓ ✓ X ✓
Network topology change consideration X X ✓ X ✓ ✓
Sensitivity analysis of protective device X X X X X ✓
No need to use new programmable relays ✓ ✓ ✓ X X ✓

International Transactions on Electrical Energy Systems 3
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system, OCR1 and OCR2 correctly operate in the possible
fault current range [Imin

F Imax
F ], maintaining a suitable CTI

along their operational curves.
When EVs are integrated upstream from both main and

backup relays and a fault occurs at the bus C in Figure 1, the
current through OCR1 and OCR2 decreases compared to
the case of no EV. A higher penetration level of integrated
EVs further diminishes the current through these protection
relays, consequently extending their activation times
according to their respective characteristic curves. Should
the diminished current fall within the range of [Imin

F Imax
F ],

the inclusion of EVs can enhance protection coordination by
ensuring an adequate operational window for the backup
relay’s activation time. Nonetheless, at a specifc threshold of
EV integration, the resultant current through OCR1 and
OCR2 may drop below the minimum acceptable limit Imin

F .
Under such circumstances, OCR1’s response time exceeds
the thermal tolerance of the network’s conductive materials.
Te resultant elevated current during fault conditions can
potentially escalate conductor temperatures, risking damage
to the network infrastructure. Tis scenario is regulated by
the IEC 60909 standard [40], which stipulates the thermal
threshold for conductors as

I
2
t≤K

2
S
2
, (2)

where I is the root mean square (RMS) value of the fault
current in amperes, t is the fault duration (clearing) time in
seconds, and S denotes the cross-sectional area of the
conductor in square millimeters. K is a coefcient de-
termined by the type of conductor material. According to
this standard, the maximum duration for clearing a fault
must not exceed the conductor’s thermal limit. To adhere to
this guideline, the operational curves of the protection
system must lie beneath the thermal limit curve (the I2t

curve) as illustrated in Figure 2. When the current passing
through backup relay OCR1 falls below Imin

F , the co-
ordination among the protection relays depicted in Figure 1
is compromised; OCR1 fails to act as backup protection and
is likely to function within its overload region instead.

If the EVs are integrated between the OCR1 and OCR2,
during a fault, the main relay current decreases while the
backup relay current increases. With an increasing pene-
tration level of integrated EVs, their injected currents into
the fault location increase. Consequently, the current
through the main relay OCR2 decreases further and the
current through the backup relay OCR1 increases more. At
certain levels of EV integration, protection coordination can
be jeopardized if the backup relay’s characteristic curve is
adjusted such that an increase in current beyond Imax

F

shortens the time interval between the two relays. Also,
considering that due to lowered sensitivity, the main relay
may refuse to operate after an EV is integrated, and with an
increment of the current through the backup relay, this relay
operates as sympathetic tripping and the protection system
fails to meet the requirement of selectivity. False tripping can
result in an unnecessary outage of a healthy distribution
feeder.

3. Protection Miscoordination in the
Presence of EVs

We consider the system shown in Figure 1 without the
EVCSs. A fault occurring downstream of the main pro-
tection (at bus C) leads to identical currents fowing through
the OCR1 and OCR2, expressed as

IOCR1 � IOCR2 � Ig �
Vg

ZT

, (3)

where Ig denotes the network’s injected fault current, Vg

represents the upstream network voltage, and ZT is the total
impedance path from the upstream grid to the fault point.
With equal currents through both relays, the backup relay is
designed to act after a predetermined CTI if the main relay
fails to respond.

Te EV charger usually employs an inner loop for
current control and an outer loop for power control based on
feed-forward compensation and proportional-integral (PI)
controller. Tus, the EV charger can be modeled by using
a current source associated with the control command
[41, 42]. Constrained by the physical properties of the
semiconductor switches, when a fault occurs in the distri-
bution system, the permissible current through the con-
verter of an EV charger should be limited to the maximum

OCR1
OCR2

CB1Line1
CB2Line2Upstream

network

EV
charging 
station

AC

DC

3-phase
voltage 
source 
rectifier

Vg

Ig A B
C

IOCR1

IOCR2 = IF

IEV

Fault

Figure 1: Schematic diagram of a radial distribution feeder in the
presence of EVCSs.
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tthermal
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tOCR2
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CTI
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Current (A)
IF = Ig
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IF
min IF

max
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Figure 2: Characteristic curves of the main and backup protection
relays from the paper [39] by Fani, Bisheh, and Sadeghkhani.
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value for protecting the semiconductor switches from
overheating under short-circuit fault conditions. When the
amplitude of the controller output current exceeds the
maximum value, it will be limited to Imax and the EV charger
changes the control mode to the constant power control with
the output of active power as the priority. In this condition,
the charging current of the EV charger IEV and the measured
voltage at the point of connection to the grid are approxi-
mately reversed in phase [24, 25]. Tis study delves into the
dynamics of short-circuit currents contributed by EVs to the
distribution network via the grid-side converter. Te in-
vestigation encompasses both DC fast charging and AC slow
charging systems, noting that the grid-side converter, its
control methodologies, and the resultant short-circuit
current characteristics remain consistent across these
charging modalities. Consequently, the protection scheme
proposed herein is universally applicable to both types of
charging infrastructures.

3.1. Integration of EVs Upstream From the Main and Backup
Relays. If the EV is integrated upstream from the main and
backup relays, the currents through both relays decrease
depending on the penetration level of integrated EVs as

IOCR1 � IOCR2 �
1

ZT

Vg − 􏽘
m

i�1
IEVi

Z1 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, (4)

where IEVi
is the current of i th EV integrated upstream from

two protection relays, Z1 is the impedance between the
farthest integrated EV from the backup relay and the up-
stream network, and Zj is the impedance between two
consecutive integrated EVs. With the integration of EVs, the
operating dynamics of both main and backup OCRs change,
notably a decrease in their currents leading to extended
operating times and longer intervals between the activations
of these two relays. Such a decrease in current levels, if
maintained within the bounds of Imin

F and Imax
F , can enhance

the protective coordination during faults by ensuring a safer
operational window for the backup relay. However, (4)
shows that a higher EV penetration level further diminishes
the currents through both the main and backup relays,
delaying the backup relay’s action beyond the originally
coordinated time, possibly even surpassing the thermal
limits of the network’s conductors.

Figure 2 shows that for the fault current Ig, OCR2 is
expected to act at time tOCR2. In case of its failure, OCR1
would ideally kick in after a CTI, operating at tOCR1 without
breaching the thermal constraints of the conductors. Yet,
with 100% EV penetration upstream of these relays, the
backup relay’s current reduces down to Imin

F . Given this
scenario, if the network encounters Imax

F current, the al-
lowable fault clearance time is capped by tthermal. In other
words, if the network current is Imax

F , the fault clearing time
should be smaller than tthermal. However, with the actual
current at OCR1 being Imin

F , its operational time extends to
tOCR1′ , violating the conductor’s thermal limit. Typically, the
longest permissible operation time for a backup relay in
distribution networks is set at 1000ms, implying that the

operational curves for both main and backup protections
must sit beneath the thermal limit curve, as shown in
Figure 2. Terefore, by considering the highest level of EV
integration as a worst-case scenario and reducing the backup
relay’s IOCR1 to Imin

F , it is imperative to adjust the OCR1
relay’s operation time tOCR1′ back within thermal limits,
tthermal, below the I2t curve. Tis adjustment necessitates
limiting the EVs’ current injection into the fault, thus en-
suring the backup relay’s current reduction is efectively
managed. Consequently, the operating point of the backup
relay, altered by the EVs’ presence, is readjusted, preserving
the protection coordination.

3.2. Integration of EVs Between the Main and Backup Relays.
In the case of EVs integrated between the main and backup
protections and a fault at downstream of OCR2, the currents
through the backup and main relays are expressed as

IOCR1 �
1

ZT

Vg + 􏽘
m

i�1
IEVi

ZF + Z2 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, (5)

IOCR2 �
1

ZT

Vg − 􏽘
m

i�1
IEVi

ZT − ZF + Z2 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦,

(6)

where ZF is the fault resistance plus the impedance between
OCR2 and fault location and Z2 is the impedance between
integrated EV near OCR2 and this relay. By integrating EVs
closer to OCR2, a signifcant dynamic shift occurs in the
distribution system’s protection operation due to changes in
fault currents. Specifcally, equations (5) and (6) show that as
the penetration level of EV increases, the backup relay ex-
periences an increase in current, while the main relay ob-
serves a decrease. Tis shift results in the main protection
delaying its operation beyond its originally set time, po-
tentially exceeding the network conductors’ thermal limit if
the backup protection fails to activate. In such scenarios,
traditional protection settings, which do not account for the
varying current contributions from integrated EVs, may lead
to decreased sensitivity of themain relay, risking its failure to
trigger. On the other hand, increasing the current through
the backup relay leads to a reduction of its operation time
and false tripping, that is, selectivity is not satisfed. Tus, to
avoid failure and guarantee the selectivity of the current
protection, restoration of protection coordination by
adjusting the injected EV charger current can be
implemented.

3.3. Simultaneous Integration of EVs Between and Upstream
From the Main and Backup Relays. Te integrated EVs may
be simultaneously integrated between and upstream from
the main and backup relays. If EV1 is integrated into the
upstream of the backup relay and EV2 is integrated between
the main and backup relays, then by ignoring ZF in (5), the
OCR1 current is calculated as

International Transactions on Electrical Energy Systems 5
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IOCR1 � Ig −
Z1

ZT

􏼠 􏼡IEV1 +
Z2

ZT

􏼠 􏼡IEV2, (7)

where IEV1 and IEV2 are injected fault currents of EV1 and
EV2, respectively.

Depending on the location of integrated EVs along the
feeder, the current of the backup relay is greater or less than
its initial value Ig. If the capacity of Station 1 and Station 2 is
the same, IEV1 � IEV2 � IEV, then (7) is simplifed as

IOCR1 � Ig −
Z1 − Z2

ZT

􏼠 􏼡IEV. (8)

Equation (8) indicates that in the scenario where EVs are
simultaneously integrated between and upstream from the
relays, the impact of integrated EVs on the backup relay is
less signifcant compared to when the EVs are integrated
between or upstream of the relays. Furthermore, if Z1 � Z2,
the integrated EVs do not impact the OCR1 current. In such
a scenario, the OCR1 current equals the current of the
upstream network, IOCR1 � Ig, which is similar to the sit-
uation when there are no integrated EVs in the grid.
Consequently, this paper exclusively investigates the efects
of EVs integrated between relays and those integrated up-
stream from the backup relay.

4. Proposed Protection Coordination Scheme

As mentioned in Section 3, the presence of integrated EVs
can disrupt the protection coordination of the distribution
system. Tus, a new scheme is necessary to mitigate the
integrated EV efect on the protection system. Figure 3
shows the fowchart of the proposed scheme. Te initial step
involves conducting a load fow to determine the protection
system’s initial settings, the current transformer ratio, and
the load current. Te analysis then progresses to model
a fault scenario in the absence of any integrated EVs to
determine the branch fault currents through short-circuit
calculations. Tis information is used to ascertain the relays’
operating times based on their currents, allowing for an
assessment of the protection system’s efectiveness. If the
protection system is coordinated, the number of integrated
EVs is gradually increased in proportion to the rising
penetration level of EVs (up to a maximum of 100%).
However, once protection coordination is lost at a specifed
penetration level of EVs, coordination restoration is un-
dertaken using the scheme proposed in the “Coordination
Restoration” section of Figure 3.Tis section is implemented
based on an EV charger control system using the CCL
strategy, which will be elaborated subsequently. It should be
noted that calculations for the proposed coordination res-
toration scheme are conducted ofine. In other words,
before network operation, the proposed scheme must be
executed for various locations of integrated EVs in the
network, and subsequently, the modifed settings are
calculated.

As mentioned above, the maximum injected current of
the EVCS converter during a fault condition should be
limited to protect the semiconductor switches from over-
heating [43]. Te limited current of the EV charger during
a fault ISCEV is calculated as

I
SC
EV � k × I

rated
EV , (9)

where IratedEV is the rated current of the EV charger and k is the
current increment factor which is usually chosen to be two.
Te aim of the CCL strategy is to restore protection co-
ordination by adjusting the current increment factor.
However, selecting this parameter impacts the fault current
of the network. Since the integration of EVs in the distri-
bution system has a greater impact on the operating time of
backup protection, due to the larger slope of the charac-
teristic curve of the backup relay compared to that of the
main relay, limiting the current of EVs close to the backup
protection results in the protection coordination restoration;
thus, there is no need to limit the current of all integrated
EVs. In this condition, by limiting the integrated EVs af-
fecting the backup protection, the efect of their fault current
contribution on the main protection is also limited and
coordination is restored. Consequently, depending on EV’s
impact on the protection coordination, the proposed scheme
limits the k value solely for those EVCSs that further afect
protection coordination.

Asmentioned above, the impact of integrated EVs on the
current through the main and backup protections depends
on their location. According to (4), if the EV is integrated
upstream from the backup protection and near this relay,
Z1≃Zline1, then the change in current through both relays
from its initial value is at its maximum,
IOCR1 � IOCR2 ≃ Ig − − IEV. However, if the distance of the
integrated EV to the backup relay is substantial and the EV is
near the upstream network such that Z1 ≃ 0, then the current
through both relays is less afected by the EV integration,
IOCR1 � IOCR2 ≃ Ig. In addition, as indicated in (5) and (6), if
an EV is integrated between two relays and near to the main
relay such that Z1 ≃ 0, its efect on the current through the
main protection is at its maximum, IOCR2 ≃ Ig − − IEV, while
the OCR1 current is close to this current in the scenario
without EVs, IOCR1 ≃ Ig. If the integrated EV is near the
backup relay, Z1 ≃Zline2, then its efect on the main pro-
tection current is negligible, IOCR2 ≃ Ig, and its efect on the
backup relay current is at its maximum, IOCR1 ≃ Ig + IEV.

Equations (4) and (5) reveal that the backup protection’s
current consists of both constant and variable components.
Te constant component, Ig, is determined by the upstream
network’s contribution, while the variable component,
IEVOCR1, varies with the penetration level of integrated EVs and
their location relative to the relays, either positioned between
the two relays or upstream from the backup relay, and this
component is expressed as

6 International Transactions on Electrical Energy Systems
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I
EV
OCR1 �

1
ZT

􏽘

m

i�1
IEVi

Z1 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠, EVs are located upstream from the backup relay,

−
1

ZT

􏽘

m

i�1
IEVi

ZF + Z2 + 􏽘

n

j�1
Zj

⎛⎝ ⎞⎠, EVs are located between two relays.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

Tus, the backup relay current is IOCR1 � Ig − − IEVOCR1.
By controlling IEVOCR1, the deviation of the OCR1 current
from its initial value can be kept within an allowable range.

Maintaining the change in IOCR1 within its allowable limit
preserves the backup protection coordination. As shown in
Figure 4, a current limit for the backup relay to preserve
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Load flow analysis

Fault occurs at t = 0
EV charging station number = 0

Determine branch currents using 
short-circuit calculations

Calculate operating times of main 
and backup relays

Coordination is 
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Increase EV charging 
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EV charging
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EV charging station number = m
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parameters x and y 
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Dedicate kmin for x EV charging stations located 
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Figure 3: Flowchart of the proposed protection coordination scheme.
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protection coordination can be determined by controlling
the EV charger current based on the specifed time range for
the backup relay tmin and tmax. For this purpose, the max-
imum penetration level of the integrated EVs is considered.
Diferent methods should be adopted depending on the
location of the integrated EVs (whether situated between the
two relays or upstream from the backup relay).

4.1. Presence of EVs at Upstream From Backup Protection.
In the scenario where the penetration level reaches 100%,
ensuring that the backup relay OCR1’s operating time falls
below the I2t curve guarantees the preservation of protection
coordination for all levels of EV integration. Hence,
in situations where EV integration is at its peak, the op-
erating time for the backup relay is set to tmax. Te current
through OCR1 for this highest level of EV integration is
determined by applying (4). Following this, the operating
time for the backup relay aligns with tmax, and as a result, the
current through the backup relay, in alignment with the IEC
60255 standard [44], is computed accordingly as

IOCR1 � Ibase ×

�����������

1 +
A × TMS

tmax

P

􏽳

, (11)

where TMS is the time multiplier setting and Ibase is the relay
plug setting current. A and P are constant parameters and
they determine the slope of the protection characteristic
curve. Since the proposed scheme for restoring the pro-
tection coordination for all EVCS arrangements is adjusted
once, Ibase, A, P, and TMS are considered constant and IOCR1
is determined based on the operating time tmax.

Te adjusted current for the backup relay, which ensures
preserved protection coordination, is recalculated using (11).
Tus, the term of OCR1 current which is afected by the

penetration level of integrated EVs is calculated as follows,
resulting in an increase from its initial value:

I
EV,upstream
OCR1 � Ig − IOCR1. (12)

Tis current increment is strategically allocated based on
the geographical placement of EVs and their consequential
efect on the backup relay’s current. Te locations of EVCSs
are divided into two parts: those with less impact and those
with more impact on the protection system. EVCSs installed
in locations that have less impact are allowed to deliver their
maximum permissible fault current (kmax � 2). However,
the current increment factor for EVCSs that have a further
efect on the backup relay current is decreased to the
minimum value of the current increment factor kmin.

Using (10), the currents of these two parts are expressed
as

I
EV,upsteam
OCR1 � I

EV,upsteam(more)
OCR1 + I

EV,upsteam(less)
OCR1

�
1

ZT

􏽘

x

i�1
kmin × IEVi

Z1 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦

+
1

ZT

􏽘

m

i�x+1
kmax × IEVi

Z1 + 􏽘

n

j�1
Zj

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦,

(13)

where x is the number of those EVCSs whose currents
should be more limited based on the proposed scheme.
Using (12), the parameter x is calculated by solving (13).
Finally, the current increment factor for those EVCSs is set
to kmin.

4.2. Presence of EVs Between Two Protection Relays.
OCR1 current is determined using (5) for the highest
penetration level of integrated EVs. Te operating time of
the backup relay is equal to tmin and consequently, the
backup relay current is calculated as

IOCR1 � Ibase ×

�����������

1 +
A × TMS

tmin

P

􏽳

. (14)

Using (14), the variable term of the backup relay current
is calculated as

I
EV,between
OCR1 � Ig − IOCR1 � I

EV,between(more)
OCR1 + I

EV,between(less)
OCR1

� −
1

ZT

􏽘

y

i�1
kmin × IEVi

ZF + Z2 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦

−
1

ZT

􏽘

m

i�y+1
kmax × IEVi

ZF + Z2 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦,

(15)

where y is the number of EVCSs located between two relays
that further afect IOCR1. By calculating y, the current in-
crement factor for these EVCSs is set to kmin.

Also, the current through the main relay which is af-
fected by applying kmin to efective EVCSs located between
the two relays is determined as follows which is more than its
previous value:

OCR1 curve
OCR2 curve

CTI

t'OCR2

tOCR2

tOCR1

tmax

tmin

Time (s)

Current (A)

t'OCR1

tst

I Fm
in

I Fm
axI F

I O
CR

1
EV

,u
ps

tre
am

I O
CR

2
EV

,b
et

w
ee

n

I O
CR

1
EV

,b
et

w
ee

n

Figure 4: Protection coordination restoration by determination of
permissible limit for injected current of EV charger.
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IOCR2 � Ig − I
EV,between
OCR2 �

1
ZT

· Vg − 􏽘

y

i�1
kmin × IEVi

ZT − ZF + Z2 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦
⎧⎪⎨

⎪⎩
⎡⎢⎢⎢⎢⎢⎣ + 􏽘

m

i�y+1
kmax × IEVi

ZT − ZF + Z2 + 􏽘
n

j�1
Zj

⎛⎝ ⎞⎠⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦
⎫⎪⎬

⎪⎭
⎤⎥⎥⎥⎥⎥⎦.

(16)

Due to the increment of IOCR2 in (16), the operating time
of the main relay is reduced to tst, as shown in Figure 4. It
preserves the operation sensitivity threshold of this relay,
ensuring that protection coordination is not lost. Te
fowchart of the proposed scheme for restoring protection
coordination by controlling the charger output current is
shown in the “Coordination Restoration Using CCL Strat-
egy” section of Figure 3.

5. Performance Evaluation

To assess the proposed protection coordination scheme’s
efectiveness, a segment of the Isfahan city electrical dis-
tribution system in Iran is analyzed, incorporating EVs at
various points. Te system, depicted in Figure 5, is repre-
sented in a single-line diagram and modeled within the
ETAP software environment. Tis network features two
20 kV overhead three-wire systems arranged radially, pre-
dominantly serving residential loads connected via
20 kV/400V transformers.

Feeder one is protected by OCR1 and OCR2, while feeder
two is protected by OCR3. Te protection zone of each PD is
illustrated in Figure 5. During normal operation, the feeders do
not connect together. However, an interlock mechanism be-
tween Switch S and Circuit breaker CB1 ensures feeder 1’s load
continuity if CB1 trips due to a nonfault event. In this section,
the coordinated operation of OCR1 and OCR2 is initially
examined under conventional and proposed schemes. Fol-
lowing this initial assessment, the efectiveness of the proposed
scheme is further evaluated in scenarios where feeder two is
interconnected with feeder 1 via Switch S, examining how this
setup impacts the overall system’s protection coordination.

5.1.Case1:ConventionalProtectionSystem. According to the
standard protection framework of distribution networks,
feeders are protected by OCRs [45] designated as main and
backup protections, whereas lateral branches are protected
by fuses [46]. A CTI of at least 350ms is mandated to prevent
operational disruptions between two PDs, with the upper
limit set at 1000ms to preclude conficts with the conduc-
tors’ thermal limit.

In scenarios devoid of EVs, the maximum fault current
within OCR2’s protection zone reaches 787 A for
a three-phase fault at point F. Initial settings dictate OCR2’s
response time at this current to be 240ms. If OCR2 fails,
OCR1 is designed to act after a CTI of 350ms, culminating
in a total response time of 590ms.

Te introduction of EVs into the system alters fault
current based on their penetration rate and positioning.
Initially considering a 10% EV integration level, and

situating EVs upstream of the backup protection encoun-
tering a fault at point F, the currents through both OCR1 and
OCR2 diminish uniformly to 743 A. Te operation timings
for the main and backup relays adjust to 258ms and 697ms,
respectively, refective of the fault’s location within the
protection zones.

Placing EVs between OCR1 and OCR2 varies the fault
currents to 832 A and 707 A, respectively, at point F’s three-
phase fault scenario. Consequently, the main and backup
relays’ activation times are revised to 272ms and 516ms,
respectively.

Compared to the EV-free grid, integrating EVs upstream
of the backup protection extends the CTI between OCR1
and OCR2, enhancing protection system’s efciency by
prolonging the backup relay’s operational period. A 10% EV
penetration that enhances system performance by acceler-
ating fault clearance should the main relay malfunction.
Conversely, when EVs are positioned between the relays, this
penetration level increases the main relay’s activation time
while reducing the backups, speeding up fault clearance.

Elevating EV penetration levels above 10%, especially
when EVs are positioned upstream of both relays, elongates
both OCR1 and OCR2’s response times. Table 2 details the
efects of EV integration on the conventional protection
scheme’s relay timings. Beyond a 70% EV penetration, the
backup relay’s operation interval surpasses the 1000ms
thermal limit, reaching 1810ms at 100% penetration, as
depicted in the simulation results in Figure 6.

For EV integrations exceeding 10%, the narrowed CTI
between OCR1 and OCR2, due to OCR1’s reduced response
time and OCR2’s elongated period, is further constrained.
Table 3 illustrates the impact of EVs positioned between the
main and backup protections on their operational timings.
At a 20% EV penetration, the CTI dips below the minimum
limit of 240ms, with Figure 7 showcasing the conventional
protection system’s efcacy under these conditions, where
a 100% EV penetration minimizes the CTI to merely 30ms.

5.2. Case 2: Proposed CCL Strategy. Te CCL strategy fne-
tunes the current increment factor for EVCSs depending on
their infuence on the protection system. According to (13),
for x EVCSs positioned upstream relative to both the main
and backup relays and proximate to the backup relay, the
current increment factor is adjusted to a minimum value,
kmin. On the contrary, the current increment factor for the
remaining EVCSs is kept at its standard level, kmax � 2.
When EVCSs are situated between the main relay (OCR1)
and the backup relay (OCR2), based on (15), the current
increment factor for y EVCSs close to the backup relay is
reduced to kmin. Meanwhile, the factor for the rest of the

International Transactions on Electrical Energy Systems 9
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EVCSs is preserved at kmax � 2. In the case of the system
under study, x and y values are determined to be 2 and 4,
respectively, with kmin set at 1.2.

Te performance of the proposed scheme in cases of EVs
integrated upstream and between the relays is presented in
Tables 2 and 3, respectively. Te implementation of the
proposed scheme ensures efective coordination between the
main and backup OCRs (OCR1 and OCR2) for all levels of
EV integration into the grid, whether through private or
public charging stations. Figure 8 verifes that the CCL
strategy successfully maintains the current passing through
the protection relays within acceptable boundaries, irre-
spective of the EVs’ integration levels and locations.

Specifcally, when EVs are connected upstream of the
protection relays, a minimum time gap of 200ms between
the operating times of OCR1 and the conductor’s thermal
limit curve is necessary to guarantee the backup relay’s
proper functionality. For the highest EV penetration level
(100%), the backup relay’s permissible operating time is set
to 800ms, with it activating at 776ms for a fault current of
592.3 A, signifcantly sooner than the 1831ms delay ob-
served with the traditional protection system.

In those cases where EVs are integrated between the
protection relays, the current through the main relay is
determined considering the penetration level of 100%.
Subsequently, the operating time of OCR1 is calculated. To
restore coordination, the trip command time of OCR1 is
determined by considering the allowable initial time interval
CTI from the operating time of OCR2. In this condition, if
the CCL strategy is used, the operating time of the backup
relay, tmin, increases from 401 to 559ms for a penetration
level of 100%, and protection coordination is restored.

By using the CCL strategy and matching tmin and tmax
points on the OCR1 and OCR2 characteristic curves, pro-
tection coordination is preserved between OCR1 and OCR2,
as well as between OCR1 and the I2t curve for all penetration

Upstream
network Feeder 2

Feeder 1

S

OCR1OCR1

OCR3

OCR2OCR2

Line Line Line Line Line Line

Line Line Line Line Line Line

AC
DC

F1

OCR1 zone OCR2 zone OCR3 zone Fuse zone

Line

LineCB3

CB1

Line

Line

LineCB2

AC
DC

F2

AC
DC

F3

AC
DC

F4

AC
DC

F5

AC
DC

F6

AC
DC

F7

AC
DC

F8

AC
DC

F9

AC
DC

F11

AC
DC

F13

AC
DC

F12

AC
DC

F14

AC
DC

F15

AC
DC

F16

AC
DC

F17

AC
DC

F18

AC
DC

F10

F

Figure 5: Single-line diagram of the study’s test system with integrated EVCSs.

Table 2: Operating time of the study’s test system in the presence of
EVs integrated upstream from the backup relay.

Grid
integration of EV

Conventional scheme CCL
strategy

Penetration level
(%)

tOCR1
(ms)

tOCR2
(ms)

Δt
(ms) tOCR1 (ms)

0 590 240 350 590
10 69 258 439 595
20 805 271 534 602
30 920 285 635 609
40 1036 296 740 619
50 1157 306 851 632
60 1283 316 967 661
70 1413 324 1089 687
80 1548 331 1217 716
90 1686 337 1349 748
100 1831 343 1488 776

Penetration level = 0%
CTI = 350 ms

Penetration level = 40%
tOCR1= 1036 ms, CTI = 740 ms

Penetration level = 100%
tOCR1= 1831 ms, CTI = 1488 ms
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Figure 6: Performance of the conventional protection system; EVs
are integrated upstream from the backup relay.
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levels and locations of integrated EVs. Even in the absence of
EVs, the protection system operates coordinately.

By calculating the current through the backup relay for
the maximum penetration level of EVs and using this
current, the operating time of the backup relay tOCR1 is
determined using the conventional equation of the delayed
operation part of the OCR characteristic curve in accordance
with [44] as

tOCR1 �
A × TMS

IOCR1/Ibase( 􏼁
P

− 1
. (17)

Te ratio of the backup relay current to its plug setting
current IOCR1/Ibase in (17) is defned as the plug setting
multiplier (PSM). As mentioned in Section 2, in the absence

of EVs, OCR1 and OCR2 coordinately operate in the current
range [Imin

F Imax
F ]. PSM values for the minimum and maxi-

mum fault currents are 1.3326 and 1.8047, respectively.
When the traditional protection system is utilized, and the
EV penetration level reaches 100%, the resulting PSM values
1.1953 and 1.9013 lie outside the predefned coordination
range [1.3326, 1.8047]. However, the CCL strategy corrects
this discrepancy, bringing the PSM values [1.3326, 1.8047]

within the acceptable coordination range, thus ensuring that
the protection scheme remains efective even at full EV
penetration. Tis demonstrates the CCL strategy’s capability
to adaptively manage protection settings in response to
varying levels of EV integration.

Table 3: Operating time of the study’s test system in the presence of EVs integrated between main and backup relays.

Grid integration
of EV

Conventional scheme CCL strategy

Penetration level
(%) tOCR1 (ms) tOCR2 (ms) Δt (ms) tOCR1 (ms) tOCR2 (ms)

0 590 240 350 590 240
10 516 272 244 584 244
20 473 296 177 580 247
30 443 313 130 572 250
40 426 324 102 568 252
50 417 336 81 565 254
60 412 346 66 563 256
70 408 354 54 561 257
80 405 361 44 560 258
90 402 367 35 559 258
100 401 371 30 559 258
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Figure 7: Performance of the conventional protection system; EVs
are integrated between main and backup protection relays.
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Figure 8: Performance of the proposed CCL strategy in the
presence of integrated EVs upstream and between main and
backup relays.
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5.3. Case 3: High-Impedance Faults (HIFs). When an over-
head conductor encounters a high-impedance object or
lands on a surface with high impedance, a HIF occurs. Tis
type of fault is characterized by its high fault resistance,
leading to relatively low currents being detected by pro-
tection relays during the event. Tis can present a challenge
for conventional protection systems, which might not
operate efectively due to the low currents, potentially failing
to clear the fault promptly and risking damage to the net-
work. According to Table 4, in scenarios where EVs are
integrated into the distribution system upstream from both
the main and backup relays, the conventional protection
system may not sufce during single phase to ground HIFs.
When the conventional protection system is used, the
thermal limit is violated at penetration levels of 50% and 30%
for fault resistances of 15Ω and 30Ω, respectively. However,
the CCL strategy gives satisfactory results for all penetration
levels of EVs. Employing the CCL strategy signifcantly
enhances the system’s response to such HIFs, even with
varying levels of EV integration. Despite the inherent
challenge of reduced relay currents during HIFs, the CCL
strategy efectively maintains coordination between the
main and backup relays. It ensures that, despite the increase
in relay operating times due to lower fault currents, the
system’s protection coordination is preserved without ex-
ceeding the thermal limits of the conductors. Tis adapt-
ability of the CCL strategy to maintain protective
coordination under HIF conditions, regardless of the EV
penetration level, showcases its value in modern electrical
distribution systems. It enhances the reliability and safety of
the network by ensuring that even under challenging fault
scenarios, the protection system operates within its designed
parameters, safeguarding both the infrastructure and the
consumers it serves.

5.4. Case 4: Network Topology Change. When the Switch S is
activated, linking Feeder 2 to Feeder 1 while Circuit breaker
CB1 is disengaged, the operational dynamics of the system
shift, designating OCR2 as the main relay and OCR3 as its
backup relay. In the absence of EVs, the coordination be-
tween the main and backup relays is efciently maintained
with operating times of 240ms and 590ms, respectively,
achieving the intended CTI of 350ms.When the penetration
level of integrated EVs upstream from the relays increases up
to 40%, OCR3 operates at 1085ms which leads to mis-
coordination of relays. In addition, the coordination of
relays is lost in the penetration level of 20%when the EVs are
integrated between relays.

Te comparative analysis presented in Table 5 highlights
the operational impacts on the main and backup relays’
operating times due to EV integration, both upstream and
between the relays. Tese insights underscore the efcacy of
the proposed CCL strategy in addressing coordination
disruptions caused by EV integration. By implementing the
CCL strategy, the system regains its designed relay co-
ordination for all studied EV penetration levels, ensuring
reliable protection operation and enhancing the overall
stability and safety of the electrical distribution network.

6. Sensitivity Analysis

Sensitivity analysis plays an important role in coordination
studies. In cases where the sensitivity requirements for the
backup relays are not met, it leads to longer operating times.
Te sensitivity analysis examines the sensitivity threshold of
the backup relay to guarantee that the operation of this relay
for the minimum fault current occurred at the end of the
protection zone of its main relay, as [29]

Sensitivity �
I
SC
OCR1

k′Imax
Load

, (18)

where ISCOCR1 is the current that the backup relay senses for
the minimum fault simulated at the far end of its main relay
protection zone, k′ is the temporal overload factor of the
backup relay, and Imax

Load is the maximum load current of the
backup relay.

According to (18), it is found that the sensitivity
threshold of the backup relay for the minimum short-circuit
current without EV is 1.3. Tis value is very important as
a comparative reference for sensitivity analysis in this study.
Integration of EVs upstream of both protections violates the
minimum sensitivity required in the backup relay. As
specifed in (4), this violation occurs due to the reduction of
the fault current in the presence of the EV and leads to
a signifcant time delay for the backup relay in clearing the
fault. When the conventional protection system is used, as
the penetration level of EV increases, the sensitivity of the
backup relay reaches the minimum threshold of 0.9468; this
relay operates in the overload region and the thermal limit of
the network conductor is violated. Te reduction in the
sensitivity of the backup relay with the increase of EV
penetration level is shown in Figure 9(a). At the EV pen-
etration level of 46%, the backup relay sensitivity falls below
the threshold value of 1.3, potentially leading to
a tripping delay.

Increasing the penetration level of EV in the case of its
integration between both protective relays, which according
to (5) leads to an increase in the current passing through the
backup relay, increases the sensitivity of this relay so that it
reaches 1.9013 in the worst case and exceeds the coordination
threshold of 1.8047 in the condition of the maximum
short-circuit current obtained from (18). Increasing the
sensitivity of the backup relay leads to a decrease in CTI, and
with a violation of selectivity, it causes the backup relay to
operate instead of the main relay. It can be seen in Figure 9(b)
that the sensitivity of the backup relay increases by increasing
the penetration level of integrated EVs between both relays,
and the selectivity is compromised by decreasing the CTI
between both protections. In this scenario, early activation of
the backup protection system before the main protection
ensures the loss of coordination. For 33% EV penetration
level, the backup relay sensitivity exceeds the acceptable limit
of 1.8278, as shown in Figure 9(b).

Figure 9 verifes the increased sensitivity achieved
through the implementation of the proposed CCL strategy.
Tis strategy ensures that the sensitivity of the backup relay
remains within the permissible range [1.3, 1.8047] in

12 International Transactions on Electrical Energy Systems
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Table 5: Operating time of the study’s test system in the case of network topology change.

Installation location
Grid

integration of EV
Conventional scheme CCL strategy

Penetration level (%) tOCR3 (ms) tOCR2 (ms) Δt (ms) tOCR3 (ms)

Upstream from the relays

0 590 240 350 590
10 706 263 443 601
20 825 279 546 609
30 954 293 661 621
40 1085 306 779 635
50 1224 318 906 662
60 1374 327 1047 693
70 1536 336 1200 721
80 1712 344 1368 755
90 1894 351 1543 774
100 2085 357 1728 794

Between two relays

0 590 240 350 590
10 539 261 278 585
20 504 278 226 581
30 484 290 194 575
40 469 299 170 573
50 459 310 149 571
60 453 320 143 568
70 449 328 121 566
80 446 334 112 565
90 444 338 106 564
100 443 339 104 564

Table 4: Operating time of the study’s test system in the presence of EVs integrated upstream from a backup relay in the case of a HIF.

Fault resistance
Grid

integration of EV
Conventional scheme CCL strategy

Penetration level (%) tOCR1 (ms) tOCR2 (ms) Δt (ms) tOCR1 (ms)

15 Ω

0 602 252 350 602
10 712 276 436 616
20 847 296 551 633
30 1008 313 695 651
40 1219 329 890 671
50 1481 341 1140 694
60 1859 352 1507 718
70 2342 361 1981 747
80 3031 371 2660 777
90 3794 379 3415 809
100 4676 386 4290 840

30 Ω

0 611 261 350 611
10 826 297 529 624
20 1089 324 765 639
30 1394 347 1047 651
40 1793 368 1425 671
50 2152 385 1767 703
60 2613 397 2216 736
70 3183 407 2776 773
80 3831 416 3415 813
90 4646 423 4223 856
100 5631 429 5202 902

International Transactions on Electrical Energy Systems 13
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diferent locations and penetration levels of EVs integration.
Te signifcant advantages of the proposed scheme are
meeting selectivity criteria and increasing the sensitivity of
backup protection.

7. Conclusion

Tis paper is motivated by the impact of EV integration on
the performance of the protection system of distribution
networks. Te study aims to preserve the protection co-
ordination of radial distribution systems in the presence of
integrated EVs with various penetration levels and loca-
tions. It was found that the efect of EV grid integration
during a fault condition is signifcantly diferent from
normal operation, leading to disruption of protection
system performance. Protection coordination is restored by
limiting the injected current of EVCSs during fault con-
ditions. It prevents the miscoordination of the main and
backup protections and the violation of the thermal limit of
the network conductors by guaranteeing the operation of
the relays in the safe protection interval. Te study of the
Isfahan distribution system demonstrates that by identi-
fying EVCSs that greatly impact the protection system and
limit their injected currents during faults, the proposed

CCL strategy enhances the performance of the protection
system without imposing limitations on the injected cur-
rent of other chargers. In addition, despite the inherent
challenge of reduced relay currents during HIFs, the
adaptability of the proposed CCL strategy to preserve the
protection coordination under HIF conditions regardless
of the EV penetration level was verifed. Also, in the case of
a change in the topology of the radial distribution system,
the proposed strategy was able to preserve the protection
coordination. Furthermore, the proposed strategy ensures
that the sensitivity of the backup protection remains above
the minimum coordination sensitivity threshold by
maintaining the CTI within the permissible range. Te
proposed scheme does not require communication links,
their calculations can be performed ofine, and there is no
need for new investment including replacement and in-
stallation of new protective devices, or designing new
online control functions. Te procedure can be applied to
diferent types of old and new programmable relays. As the
adoption of EVs continues to rise, the insights and fndings
presented in this paper can serve as valuable guidelines for
utilities and system operators in ensuring the reliable and
efcient protection of distribution systems in the electrifed
transportation era.
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Figure 9: Te sensitivity of the backup relay: (a) EVs are integrated upstream from the backup relay and (b) EVs are integrated between the
main and backup relays.

Table A1: Parameters of the study’s test system.

Parameter Specifcation
Length of feeder 30 km
Type of feeder Headway type and not transposed-radial
Conductor size MV line: 120 mm2; LV line: cable 4 × 50 + 25 mm2

Line shape Horizontal and distance between lines: 70, 140, and 70 cm
Nominal voltage MV: 20 kVLL, LV: 400 VLL, 3ph +N+PE
Legs altitude 9m
Transformer 630 kVA, Δ/Y-grounded, 20 kV/0.4 kV
Short-circuit power of the main substation 500MVA
EV rectifer 40 ∼ 200 kVA and with battery
Load unit power 200 kVA

14 International Transactions on Electrical Energy Systems
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Appendix

Te parameters of the study system are detailed in Table A1.
As mentioned in Section 5, in the scenario where Switch

S is open in Figure 5, OCR2 will serve as themain protection,
and OCR1 will act as the backup protection. If Switch S is
closed and CB1 opens, then OCR2 will function as the main
protection, and OCR3 will serve as the backup protection.
Troughout the simulation, the operating equation for relays
OCR1, OCR2, and OCR3 with a very inverse curve is de-
termined using the delayed operating equation according to
IEC60255 standard as [44]

tOCR �
13.5 × TMS
ISC/Ibase( 􏼁 − 1

. (A.1)

In both operational states of the study distribution
system (with Switch S open and closed) and in the absence of
EVs, the maximum and minimum short-circuit currents at
the closest bus to and farthest bus from the main relay are
initially determined. Subsequently, the minimum operating
time for the main relay is calculated based on the minimum
TMS value. Moreover, considering the standard CTI range
of 300–400ms, both the operating time and TMS for the
backup relay are determined at both maximum and mini-
mum short-circuit current limits. Te lower TMS value is
designated as the backup protection TMS. For the scenario
where CB1 is closed and the maneuver Switch S is open, by
determining the TMS values of OCR1, OCR2, and OCR3
which are equal to 0.075, 0.05, and 0.125, respectively, CTI
between OCR1 and OCR2 is calculated as

CTI �
13.5 × 0.075

(787/290) − 1
−

13.5 × 0.05
(787/206.5) − 1

� 350ms. (A.2)
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