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Abstract: The installation of photovoltaic (PV) systems is gaining great attention due to the matured PV technology and the
lowered price of PV modules. With an increasing penetration of PV systems, the selectivity of distribution network protection may
be affected which results in undesirable de-energization of loads, damage of network equipment, and reduction of reliability. This
paper presents a method to preserve the protection coordination considering future PV systems installation with any penetration
level and different locations along the distribution feeder. Depending on the accessibility of protection device settings or PV control
parameters, the proposed method modifies the existing characteristic curve of overcurrent devices or limits the output current of
PV sources, respectively. The proposed strategy does not change the structure of existing distribution network protection system
and can be also implemented in the old and non-programmable relays. Meanwhile, it does not need the communication links. The
merits of the proposed method are demonstrated through several case studies using the Isfahan distribution network.

1 Introduction

In recent years, the electronically coupled distributed generations
(DGs) have been gaining popularity among industries and utilities
due to easy installation and operation, possibility of using the renew-
able energies such as photovoltaic (PV) systems, and their high
efficiency [1-5]. The PV systems are connected to the grid in a
centralized or distributed manner depending on their capacity. The
former architecture is usually used for the utility-scale PV power
plants up to 100 MW capacity [6], while the latter architecture is
employed for the low capacity PV systems such as building inte-
grated ones. In addition to feeding the local loads, the distributed
PV systems can deliver their extra power to the grid to increase the
system reliability in the cases of voltage drop and lack of power
generation [7, 8].

In the presence of PV sources, there are two protection issues:
(1) protection of PV installations against the electric shock [9], over-
current [10], and lightning and surge [11] and (2) considering the
effect of PV systems on the network protection that is the focus
of this paper. In the normal operation of the network, the pres-
ence of PV systems have numerous advantages for both utility and
consumers. However, distributed installation of PV systems in the
feeders changes the current profile of the distribution network [12].
It brings new challenges for conventional protection systems includ-
ing overcurrent relays (OCRs) and their coordination may be no
longer preserved properly [13]. The impact of PV systems on the
distribution network during a fault condition is completely different
with the normal operation which may disrupt the protection sys-
tem operation. This disruption may increase the short-circuit level,
change the current direction, and sympathetically trip the circuit
breakers [14, 15]. It makes necessary to thoroughly re-examine the
distribution network protection. In recent years, with an increasing
penetration of PV systems, the interconnection protection require-
ments are reformulated with a view of adapting them to larger PV
systems [16].

There are two main strategies to improve the performance of the
protection system in the presence of PV sources. The first strategy
disconnects the PVs during the fault to prevent change of net-
work current profile [17, 18]. However, it reduces reliability and
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increases possibility of synchronization problems during reconnec-
tion of PVs [15]. Also, in this strategy, high speed fuses and fast
characteristic curves for relays can not be used.

By modifying the protection system design, using the com-
putational algorithms, or limiting the PV generation, the second
category schemes aim to provide the proper operation of the protec-
tion devices [19-28]. The utilization of the new and programmable
relays, directional relays, and distance relays are proposed in [19—
23]. Moreover, [24] and [25] preserve the protection coordination by
implementing the multi-agent systems and the communication links
among protection devices, respectively. Since the data exchange is
online, these methods are accurate, fast, and effective. However,
the high cost and low reliability of such systems are their main
disadvantages.

Optimal locations of DGs are identified using the computational
algorithms in [26, 27] to solve the protection miscoordination prob-
lem. Also, [27] determines the optimal size of DGs to restore the
protection system coordination. In addition to the complexity, these
methods limit the possible DG locations. Also, the performance
of these methods may be deteriorated when the network topology
changes. To reduce the effect of DGs on the fault current, [28] limits
the current of all PV sources of the network while [29, 30] use the
fault current limiter (FCL). However, high cost, low reliability, and
accurate sizing are the main disadvantages of using external devices.

The effects of changing the penetration level and location of PVs
on the effectiveness of the protection systems are not adequately
addressed yet. This paper presents a procedure to preserve the coor-
dination of protection system for any penetration level and different
locations of PV sources. Depending on the accessibility of protec-
tion system settings or PV control system parameters, the proposed
scheme restores the protection coordination using two strategies.
The first strategy modifies the characteristic curve of the protec-
tion device which is completely based on the existing standards and
can be applied to all protection devices. Regarding to the penetra-
tion level and location, the second strategy determines those PV
sources which further affect the protection system. By further lim-
iting the output current of these PVs than that of other ones, the
protection coordination is preserved during the fault condition. Thus,
unlike [28], the second strategy does not reduce the output power of



those PVs which less affect the protection system. It is worth men-
tioning that the new settings are adjusted once. The proposed method
does not require the communication link. Also, it does not change
the protection system structure, even in the presence of the old and
non-programmable relays.

This paper is organized as follows. Sections 2 investigates the
impact of high penetration of PV sources on the distribution feeder
protection system. Section 3 determines those conditions in which
the protection coordination is lost and presents the solution to
restore the protection coordination. Section 4 is dedicated to the
proposed protection scheme. Simulation case studies are presented
in Section 5 to verify the effectiveness of the proposed strategies.
Finally, Section 6 gives the conclusions.

2 Investigation of PV Sources Impact on the
Network Protection System

Variation of sun radiation during different hours of the day changes
the penetration level of PV systems. The penetration level of PV
systems in a feeder is defined as [31, 32]

Penetration Level = mdzli x 100, (1)

PLoadj
=

J

where Ppy and P, are the injected power of the PV source to the
network and the network load, respectively. n and d are the number
of PV sources and network loads, respectively. Since the relays of
distribution feeders are usually adjusted using the relay current in the
fault condition, a change in this current may disrupt or even improve
the relay performance in some conditions.

In the distribution feeders, the current flows from the upstream
network to the consumers located at the downstream feeder. Depend-
ing on the location and penetration level, the PV sources decrease the
injected current of the upstream network. In the presence of PV sys-
tems, the fault current sources are both the upstream network and the
PV sources. The magnitude of protection relay current depends on
the location of PV sources along the feeder. The impedance between
the upstream network and the fault location determines the fault
current magnitude. By installing the PV systems along the feeder,
the current through the relays of the downstream network may be
greater than that of the upstream network. In this condition, the per-
formance of the protection system is affected by the PV sources.
Installing the PV systems at the downstream of the main relay do
not disrupt the protection system operation. However, when the PV
systems are installed between the downstream and upstream relays
as the main and backup protections, respectively, the protection coor-
dination may be lost. On the other hand, although the installation of
PV systems at the upstream of the backup protection equally changes
the current through the main and backup relays, it may disrupt the
protection coordination in some conditions.

Fig. 1 shows a radial distribution network in which both the
backup relay OCR1 and the main relay OCR2 are the conventional
overcurrent relays. When no PV source is installed in the distri-
bution network, the main and backup relays coordinately operate
with a proper coordination time interval (CTI) for the short circuit
current Ig, as shown in Fig. 2. To study the protection coordina-
tion, the minimum and maximum fault current through the main and
backup relays I7'™ and I as the most critical cases are consid-
ered. Based on these currents, the operating times of the relays are
determined to preserve the protection coordination. Indeed, in the
conventional protection system, OCR1 and OCR2 correctly operate

in the current range |/, 2% | with proper CTI between their

characteristic curves.

When the PV systems are installed between the main and backup
relays and a fault occurs at the point F in Fig. 1, the current through
OCRI1 decreases while the current through OCR?2 increases. With an
increasing penetration of PV systems, their injected currents increase
and consequently, the current through the backup relay OCR1 more
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Fig. 1: Schematic diagram of a radial distribution feeder in the
presence of PV systems.

decreases. If the decreased OCR1 current is between ™1™ and 7352%,

PV connection improves the protection coordination by providing a
safe interval for operating time of the backup relay. However, for a
certain penetration level of PV systems, the current through OCR1
is smaller than the lower limit I77'". In this condition, the operat-
ing time of OCRI1 is greater than the thermal limit of the network
conductors. During the fault condition, the high current through the
conductors increases their temperature which may damage the net-
work equipment. Based on the IEC 60909 [33], the thermal limit of
the conductors is determined as

I’t < K282, 2)

where [ is the RMS value of the fault current in ampere, ¢ is the fault
duration in second, and S is the cross-sectional area of the conduc-
tor in square millimeters. K is a factor that depends on the conductor
material. This standard states that the maximum fault clearing time
should be lower than the thermal limit. To satisfy this condition,
the characteristic curves of the protection system should be located
below the thermal limit curve (12t curve), as shown in Fig. 2. When
the current through the backup relay OCR1 is smaller than I, the
coordination of protection relays of Fig. 1 is lost; OCR1 does not
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Fig. 2: Characteristic curves of the main and backup protection
relays.
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operate as the backup protection and it likely operates in its overload
region.

If the PV systems are located upstream from both main and
backup relays, the current through the OCR1 and OCR?2 is greater
than /g during a fault. By increasing the penetration level of PV
systems in the network, the current through the protection relays
more increases and consequently, the operating times of the main
and backup relays are reduced based on their protection charac-
teristic curves. In a specified penetration level of PV sources, the
protection coordination may be lost if the characteristic curves of
these relays are adjusted in such a way that increasing the cur-
rent higher than I7®* decreases the time interval between them. In
this condition, a proper strategy is required to restore the protection
coordination. It should be noted that modification of protection coor-
dination in a specified penetration level of PV systems may result in
mal-operation of protection system for other penetration levels.

3 Protection Coordination in the Presence of PV
Sources in the Network

Consider the system shown in Fig. 1 without its PV systems. When
a fault occurs at the downstream of main protection (point F), the
currents through the OCR1 and OCR2 are

V.
Iocr1 = locr2 = Is = Ti 3)

where Ig is the injected fault current of the network, Vg is the net-
work voltage, and Z is the total impedance between the upstream
network and the fault location. Since the currents through the both
relays are same, the backup relay operates with a proper time inter-
val CTI if the main relay fails. When one PV source is located
between two protection relays, the currents through the backup and
main relays are different, and they are calculated using (4) and (5),
respectively, as

Z+Z
Tocr1 = Is — (ITTF) Ipvi, “4)
2+ Z
Tocr2 = Is + <1 - 1TTF) Ipvi, ®)

where Ipy is the injected current of the PV source, Z; is the
impedance between the PV source and the main relay, and Z is the
fault resistance plus the impedance between OCR2 and fault loca-
tion. Depending on the PV location and its distance to the fault, the
output current of the PV source may increase the fault current. It
reduces the injected current of the upstream network, because the
distance of the network to the fault usually is greater than that of the
PV source to the fault. Thus based on (4) and (5), depending on the
PV location and capacity, Iocr1 decreases while /ocRr2 increases.

3.1 Presence of PV Sources Between the Main and
Backup Relays

In the case of PVs located between the main and backup protec-

tions and occurring a fault at the downstream of OCR2, the currents
through the backup and main relays are expressed as

)

n m
Vo= > Ipv, <ZF + ZZ)
m=1 i=1

1
IOCRl = 7T

1 n m

Iocre = 7r Vo+ > (IPV,,L Zr —Ipv,, (ZF + Z Zi)) :
m=1 i=1

O]

where Ipy,, is the current of mth PV located between two protec-

tion relays and Z; is the impedance between two consecutive PVs.
Equations (6) and (7) show that increasing the penetration level of
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PV sources results in reduction of current through the backup relay
and increment of current through the main relay. Consequently, the
backup protection operates with more time delay than the initial
coordination interval; even its delay may be greater than the thermal
limit curve of the network conductors.

Fig. 2 shows that for the fault current /g, OCR2 operates at
tocre. If this relay fails, after the time interval CTI, OCR1 operates
at toor before exceeding the thermal limit of the network conduc-
tors. If the penetration level of the PV sources between two relays
increases up to 100%, the current through backup relay reduces

down to IR In this condition, the thermal limit time of the net-

work conductor for Ig%’ﬁl i tme. In other words, if the network

current is I()&%, 1, the fault clearing time should be smaller than ¢mc.

But, since the current through the OCRI is I§¢R, it operates at
toory Which is larger than the thermal limit of the network conduc-
tor. Usually, the maximum allowable operating time of the backup
relay in the distribution systems is considered equal to 1000 ms. In
other words, the characteristic curves of the main and backup pro-
tections should be located below the thermal limit curve. For this
purpose, as shown in Fig. 2, by considering the maximum penetra-
tion level as the worst case of presence of PV systems and reducing
Iocry related to this penetration level to IR, the operating time
of OCRI1 relay t/OCRl should be reduced to tyc below the 1 2¢ curve.
By doing this, the operating point of the backup relay which was
changed due to the presence of PV systems is modified.

3.2 Presence of PV Sources Upstream from the Main and
Backup Relays

If the PV sources are located upstream from the main and backup
relays, the currents through the both relays increase depending on
the penetration level of PV sources as

1
Iocr1 = Iocr2 = Zr

n m
Vs+ Y Iy, <ZF + ZZ)
i=1

m=1

Since the currents through the main and backup relays increase,
their operating times and time interval between two relays operation
reduce. If the reduction of time interval between the operation of
two relays is greater than the allowable limit, the operating point
of the backup relay for the fault current I§&%; should be modified
for restoring the protection coordination. To do this, the operating
time of the backup relay for IG&R; should be increased with an
allowable distance to I2¢ curve in such a way that the time interval
between the characteristic curves of the main and backup protections
equals to the allowable limit. Thus, for the maximum penetration
level of PV sources located at the upstream network, the operating
time of the backup relay ¢,,;, is considered greater than that of the
main relay which this increment is equal to the initial time interval

(tmin = t/OCRQ + CTI)

3.3 Presence of PV Sources Between and Upstream from
the Main and Backup Relays Simultaneously

The PV sources may be simultaneously located between and
upstream from the relays. If PV1 is the source at the upstream of
backup relay and PV2 is located between main and backup relays,
the current through the backup relay is calculated as

21+ ZF Zy+ Zp
—— | Ipv1 — ~Zr

Iocr1 = Is + ( ) Ipya. 9

Depending on the location of PV sources along the feeder, the
backup relay current is greater or less than its initial value Ig. If
the capacity of PV1 and PV2 is same (Ipyy = Ipys = Ipv), (9) is
expressed as



Iocr1 =1s + (%) Ipy. (10)
T

Equation (10) shows that in the case of PVs located between and
upstream from the relays, the effect of PV sources on the OCR1
is less than the case of PVs located between or upstream of the
relays. Moreover, if the PVs distances to the backup relay are same
(Z1 = Zs), the PV sources do not affect the OCR1 current. In this
condition, the current through the backup relay is equal to the cur-
rent of upstream network (Iocr1 = Ig) which is similar to the case
of no PV source in the network. Thus, in this paper, only the effects
of PVs located between relays and PVs located upstream from the
backup relay on the protection system are studied.

4  Proposed Scheme for Restoring the Protection
Coordination

Since the presence of PV systems may disrupt the protection coor-
dination of the distribution network, a comprehensive approach is
required to analyze and reduce their effects on the system. Fig. 3
shows the proposed procedure for this purpose. In the first step,
load flow is performed for initial settings of the protection system,
determination of current transformer ratio, and measurement of load
current. Then, the study starts for the case of occurring a fault in
the network without any PV source. By executing the short circuit
calculation, the branch currents are determined. In the next step, the
operating times of the relays are determined based on their currents.
Then, the operation of the protection system is evaluated. If the pro-
tection system is coordinate, the number of PV sources is increased
which is proportional to increasing the penetration level of PV sys-
tems (maximum up to 100%). Since the protection coordination is
lost in a specified penetration level of PV sources, the coordination
is restored in the “coordination restoration using proposed method”
section of the flowchart. Depending on the accessibility of protection
device settings or PV control parameters, this section is imple-
mented using two proposed strategies: (1) modified characteristic
curve (MCC) strategy and (2) output current limiting (OCL) strategy.
These strategies will be described in Subsections 4.1 and 4.2, respec-
tively. It should be remembered that the calculations of the proposed
coordination restoration method is performed offline. In other words,
before the network operation, the proposed method should be exe-
cuted for various locations of PV sources in the network and then,
the modified settings are calculated.

4.1  Modified Characteristic Curve Strategy

Fig. 4(a) shows the new operating points of the backup protection for

two scenarios of 100% penetration level of PV systems between and

ISR tme | and [IGE&R ), tmin], respec-

tively, as the points P1 and P2. Based on the specified region between
tmin and tmec, the characteristic curve of the backup relay can be
modified to satisfy the protection coordination. If the characteristic
curve of the backup relay is implemented based on these points, the
protection system is modified in such a way that the protection coor-
dination is preserved between the main and backup relays and also
between the backup relay and 2t curve for all penetration levels and
various locations of PV sources.

To regulate the operating curve of the backup relay, the parame-
ters of the characteristic equation of the relay should be determined.
In accordance with the standard IEC 60255 [34], this equation is
defined as

upstream of the relays,

A
MP -1
where tocry is the tripping time of the backup relay, TMS is
the time multiplier setting, and M is the plug setting multiplier
(PSM) and is defined as ratio of relay current to its plug setting
current JocRr1/Ibase- A and P are constant parameters and they
determine the slope of the protection characteristic curve. Since the
proposed method aims to restore the protection coordination for all

tocr1 = TMS, (11)
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Fig. 3: Flowchart of the proposed procedure for investigating the
effect of PV source presence on the network protection system.

PV arrangements by modifying the protection characteristic once,
I,ase and TMS is considered constant and the new characteristic is
regulated using parameters A and P only.

By considering the presence of maximum penetration level of PV
sources between and upstream from OCR1 and OCR?2, the points P1
and P2 of the modified characteristic curve of the backup protection
are determined. Using these points and (11), parameters A and P are
calculated by solving (12) and (13) as

P P
tmin % (Mlrgez, ) = tme % (Mg, )+ (me — fmin) =0,
(12)

A= lmin (M\ )P 1 (13)
~ TMS 188k :
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By regulating the characteristic curve of the backup protection
OCRI1 using A and P once, the protection system coordinately
operates for all penetration levels of PV sources. The “coordina-
tion restoration using proposed method” section of Fig. 3 shows the
flowchart of MCC strategy.

4.2 Output Current Limiting Strategy

Since the thermal inertia of the PV inverter is low, its current should
be limited during the fault condition to protect the semiconductor
switches [35]. The limited current is calculated as

Ipyv,sc =k x Ipyn, (14)

where Ipy gc is the PV output current during a fault, Ipy ,, is the
nominal current of PV inverter, and k is the current increment factor
which is usually adopted equal to two. OCL strategy aims to restore
the protection coordination by adjusting current increment factor.
However, selection of this parameter may affect the normal opera-
tion of the network. If k is a small value, the output current of PV is
limited even for no fault events such as load increase. In regards of
the impact of PV location on the current through the backup relay,
the effect of PV source on the protection system can be controlled.
Depending on the impact on the protection coordination, the pro-
posed method limits k value only for those PV sources that further
affect the protection coordination.

As shown in (4), the impact of PV sources on the current through
the backup protection depends on their location. If the PV source
is located between two relays and near the main one (Z1 = 0), the
current through the backup protection is very close to this current in
the no PV case (Ipcr1 = Ig). If the PV source is near the backup
relay (Z1 = Zpine2), its effect on the OCRI current is maximum
(Iocr1 =~ Is — Ipy1). Also, as stated in (8), if the PV source is
located upstream from the backup protection and near this relay
(Z1 & Z1,ine1), the change of OCR1 current from its initial value is
maximum (Iocry = Is + Ipyy). However, if the distance of the
PV source to the backup relay is high and PV is near the upstream
network (Z1 = 0), the backup protection current is less affected by
the PV (IOCRI ~ IS)

Equation (6) shows that the current through the backup protection
is formed of two constant and variable terms. The former term Ig
is affected by the upstream network while the latter one Iocr1,pv
depends on the penetration level of PV sources in the network and is
expressed as

. as)

1 n m
Tocri,pv = 77 > {Ipvm <ZF + Z%)
m=1 i=1

Thus, the backup relay currentis Iocr1 = Is — Iocr1,pv- By
controlling Iocr1,pv. the backup relay current which is deviated
from its initial value can be preserved in the allowable range. Indeed,
changing IpcR1in its allowable limit preserves the backup protec-
tion coordination. As shown in Fig. 4(b), based on the specified time
range for the backup relay [¢tyin, tmc], a current limit for this relay
to preserve the protection coordination can be determined by con-
trolling the PV currents. For this purpose, the maximum penetration
level of the PV sources is considered. Depending on the location of
PV systems (between two relays or upstream from the backup relay),
different methods should be adopted.

4.2.1 Presence of PV Sources between Two Protection
Relays: 1If in the worst case, i.e., the penetration level of 100%,
the operating time of OCRI1 is below the I 2¢ curve, the protection
coordination is preserved for all penetration levels. Thus, the oper-
ating time of the backup relay for maximum penetration level of PV
sources is considered equal to tmc. Based on (9), the current through
the backup relay is expressed as
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Fig. 4: Restoration of protection coordination using proposed
scheme.

a Determination of modified characteristic curve of backup relay.

b Determination of allowable limit for injected current of PVs.

A x TMS
+7

X [base .
tme

(16)

The new backup relay current is calculated using (16) for which

the protection coordination is preserved. Thus, that term of backup

relay current which is affected by the penetration level of PV sources
is determined as follows which is less than its previous value.

P
Iocr1 = M‘tOCRl:tmc X Inase = 1

IBERBy = Is — Iocru. 17)
This current reduction is implemented based on the PV location
and its impact on the current through the backup relay. The loca-
tions of PVs are divided into two sections: less impact and more
impact on the protection system. Those installed PVs which less
deviate IocR allow to deliver their maximum allowable fault cur-
rent (kmax = 2). However, the current increment factor of those PVs
that further affect the current through the backup relay is reduced to
the minimum value of current increment factor k;y,.



Using (15), the currents of these two sections are expressed as

between between,more between,less
IcR1.PY = Iocr1 Py T 1OCR1.PY
1 T m
:Z—Z |:kmin><ln <ZZ1+ZF>
T m=1 i=1
1 n m
-‘r? Z |:kmax><ln (Zzi+ZF> )
m=x+1 =1

(18)

where x is the number of those PV sources which their currents
should be more limited based on the proposed method. Using (17),
the parameter x is calculated by solving (18). Finally, the current
increment factor of PV sources in that section is set to K ip, -

4.2.2 Presence of PV Sources at Upstream from Backup
Protection: OCR2 current is calculated using (8) for the highest
penetration level of PV sources. The operating time of the backup
relay is equal to ty,;;, and consequently, the backup relay current is
calculated as

A x TMS
+7

X Ibase-
tmin

19)
Using (19), the variable term of the backup relay current is
calculated as

P
Iocr1 = M|tOCR1:tmin X Thase = 1

up o - __ yup,more up,less
Iocr1pv = Is = Iocr1 = Iocr1 pv T loCR1 PV

Y m
1
:7ZT E |:kmin><1n<g ZZ‘JrZF)
m=1

=1
1 n m
+ TT Z |:k5max X In <Z Zi + ZF> 5
m=y+1 =1
(20

where y is the number of those PV sources installed at upstream
feeder that further affect Iocri. By calculating y, the current
increment factor of those PVs is set to kin .

The flowchart of the proposed method for restoring the protec-
tion coordination by controlling the inverter output current is shown
in the “coordination restoration using proposed method” section of
Fig. 3.

5 Simulation Results

In order to evaluate the effectiveness of the proposed coordination
method, a section of the distribution system of the Isfahan city in
the center of Iran is studied with the introduction of PV sources at
various locations. Fig. 5 shows the single-line diagram of the study
test system which is simulated in ETAP environment. This network
consists of two 20 kV overhead three-wire system with radial con-
figuration. The majority of loads are residential which are connected
to the network using the 20 kV/400 V transformers. The parameters
of the study system are presented in Table 1.

The OCR1 and OCR2 protect feeder 1 while feeder 2 is protected
by OCR3. The protection zone of each protective device is shown in
Fig. 5. In the normal operation, the feeders do not connect together.
However, to continuous feeding of feeder 1 loads, there is an inter-
lock between switches S and CB1. The switch S connects feeder 2 to
feeder 1 when OCR1 is opened due to a no fault event. In this section,
first, the coordinated operation of OCR1 and OCR?2 is investigated
in the cases of conventional and proposed strategies. Then, perfor-
mance of the proposed scheme is evaluated when the feeder 2 is
connected to the feeder 1 using switch S.

Table 1 Study Test System Parameters

Parameter Specification

Length of feeder 30 km

Feeder type Head way type & not transposed - radial

Conductor size MV line = 120mm2—LV line = cable 4 x50+25mm?
Line shape Horizontal & distance between lines = 70,140,70cm
Nominal voltage MV =20kVLy ,LV =400V, , 3ph+N+PE

Legs altitude 9m

Transformer 630 kVA , A/y grounded, 20 kV / 0.4 kV

MVASC of main substation 500 MVA

PV inverter 200 kVA & tied grid without battery

Level of load unit 200 kVA

5.1  Performance Evaluation of Conventional Protection
System

In accordance with conventional protection system of distribution
networks, the feeders are protected using overcurrent relays as the
main and backup protections while the fuses protect the laterals. The
minimum coordination time interval between two protection devices
is 350 ms for no disruption in their operations while the maximum
value of this time is 1000 ms for no interference with the thermal
limit curve.

When there is no PV source in the study system, the fault cur-
rent at protection zone of OCR2 is maximum when a three-phase
fault occurs at point F in the network side (20 kV) and it is 728 A.
Based on the initial settings of protection system, the operating time
of OCR?2 for this current is 250 ms. If OCR2 fails, OCR1 operates
after coordination time interval of 350 ms at ¢ = 600 ms.

In the presence of PV sources in the network, they contribute the
fault current depending on their penetration levels and locations.
First, the penetration level of PV sources is assumed to be 10%.
In this condition, if the PV sources are located between OCR1 and
OCR2, the fault currents through the OCR1 and OCR2 are 863 A
and 697 A, respectively, during a three-phase fault at point F. Thus,
the operating times of the main and backup relays are 200 ms and
681 ms, respectively.

If PV sources are located upstream from backup protection and
a fault occurs at point F, the currents through OCR1 and OCR2 are
same and they change equally. In this case, the current of main and
backup relays is 799 A. Based on the protection zones and fault loca-
tion, the operating times of main and backup relays are 220 ms and
472 ms, respectively.

In comparison with no PV scenario, coordination time interval
between OCR1 and OCR2 increases when PV sources are located
between two relays. Consequently, the penetration level of 10%
improves the protection system performance by increasing the oper-
ating time of the backup relay. Also, when the PV sources are located
upstream of backup protection, the operating times of both relays
reduce for penetration level of 10% and thus, the operation speed of
protection system in clearing the fault increases.

Table 2 Performance of conventional and proposed protection systems in the
presence of PV sources located between main and backup relays

PV Conventional Strategy MCC OoCL
Penetration Strategy Strategy
Level tocri1 tocr2 At tocri tocr1
0 600 250 350 630 600

10 681 200 481 652 603

20 777 171 606 674 605
30 887 151 736 696 607
40 1014 137 877 717 609
50 1158 126 1032 738 629

60 1295 117 1178 756 677
70 1420 110 1310 772 720
80 1560 103 1457 783 750
90 1690 97 1593 791 780
100 1810 91.4 1718.6 797 799
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Fig. 5: Single-line diagram of the study test system.
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When the PV sources are located between the main and backup
relays and their penetration levels increase, the operating time of the
backup relay increases. The impact of PV sources on the operating
times of OCR1 and OCR2 in the conventional protection system is
presented in Table 2. If the penetration level of PV sources is greater
than 50%, the operating time of backup relay is greater than the ther-
mal limit of 1000 ms. In the case of penetration level of 100%, the
operating time of backup relay increases to 1810 ms. Fig. 6(a) shows
the simulation result of main and backup relays when the conven-
tional protection system is implemented in the study system. This
figure shows the impact of PV sources on the protection charac-
teristic curves when these sources are located between OCR1 and
OCR2.

For penetration levels greater than 10%, the reduction of operating
times of these relays limits the coordination time interval between
them more. Table 3 shows the impact of PV sources located upstream
from the main and backup relays on their operating times. If the
penetration level of PV sources is 20%, the coordination time inter-
val is less than the minimum limit of 250 ms. Fig. 6(b) shows the
performance of conventional protection system when PV sources
are located at upstream network. For the penetration level of 100%,
coordination time interval reduces to 193 ms.

5.2 Performance Evaluation of Proposed Coordination
Scheme

In the case of PV sources located between protection relays, the cur-
rent through the backup relay is calculated using (6) for maximum
penetration level of PV sources. Using this current, the operating
time of backup relay t(gy is determined using (11). To ensure
proper performance of backup relay, the time interval of 200 ms
is considered between the operating times of OCR1 and [ 2¢ curve.
Thus, the operating time of OCR1 for the maximum penetration level
of 100% is allowable time of 800 ms. Indeed for the current of 557 A,
the backup relay operates after 800 ms instead of operating time of
1810 ms in the conventional protection system.

When the PV sources are located upstream from both relays and
MCQC strategy is employed, the operating time of the backup protec-
tion is determined using (8) considering the operating time of OCR2
in penetration level of 100%. To do this, by considering the allow-
able initial time interval CTI from the operating time of OCR2, the
trip command time of OCRI is determined. In this condition, the
operating time of the backup relay changes from 193 ms to 350 ms.
If OCL strategy is used, OCR1 operating time %,,;,, is set to 300 ms
for the penetration level of 100%. In the next step, the parameters x
and y are calculated using the proposed strategy.

By implementing the OCR1 characteristic curve matched on ¢ iy,
and tmc points, the protection coordination is preserved between
OCR1 and OCR2 and also between OCRI and It curve for all
penetration levels and locations of PV sources. If there is no PV
source in the network, the coordination of protection system is also
preserved.

Table 3 Performance of conventional and proposed protection systems in the
presence of PV sources located upstream from backup relay
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0 600 250 350 630 600

10 472 220 252 588 595
20 419 206 213 567 588
30 395 200 195 556 584

40 383 197 186 551 555
50 378 195 183 549 543

60 376 195 181 547 538
70 375 194 181 546 536
80 374 194 180 545 535
90 373 194 179 544 535
100 372 193 179 543 535
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Fig. 6: Performance evaluation of the conventional protection sys-
tem.

a PV sources located between two protection relays.

b PV sources located upstream from backup relay.

5.2.1 MCC Strategy: By modifying the characteristic curve of
the backup relay, the MCC strategy preserves the limits of operat-
ing time of backup relay inside the coordination interval which is
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Fig. 7: Performance of MCC strategy in the presence of PV sources
between and upstream from the relays.

specified by points P1 and P2. After determining these points, the
new coefficients of backup relay characteristic curve are calculated
using (12) and (13). Since the commercial relays are designed based
on the standard, their characteristic curves are limited. Thus, to set
the new characteristic on the relay, the nearest curve coefficients to
the new coefficients are adopted. Thus in accordance with IEC stan-
dard, the proposed characteristic curve is a standard inverse curve.
Table 2 presents the performance evaluation of backup relay when
MCC strategy is used. By comparison with the conventional protec-
tion system, proper performance of the proposed method is observed
for all penetration levels of PV sources. This proper operation is ver-
ified in Fig. 7 which shows the protection characteristic curves of
the study system. Using new settings of OCR1, the time interval of
350 ms from OCR2 operating time is preserved for penetration level
of 100%. In the case of presence of PV sources between the protec-
tion relays, the operating time of backup relay OCR1 is less than the
thermal limit of the network conductor, as shown in Table 2.

52.2 OCL Strategy: OCL strategy adjusts the current incre-
ment factor of PV sources based on their impact on the protection
system. Based on (18), the current increment factor of x sources
which are located between two relays and near the backup protection
is set to ki, while this factor for other sources is kept in the nor-
mal value of kmax = 2. If the PV sources are installed at upstream
from OCR1, based on (20), the current increment factor of y sources
which are near the backup protection is set to ky,;,, and this factor for
other sources does not change (kmax = 2). For the study system, the
calculated = and y are 4 and 3, respectively, and kpiy, is considered
equal to 1.3.

The performance of the proposed method in the cases of PV
sources located between and upstream from the relays are shown in
Tables 2 and 3, respectively. By using the new settings, the coor-
dination between OCR1 and OCR?2 is properly preserved for all
penetration levels of PV sources. Fig. 8 shows the performance of
OCL strategy which verifies that the current through the protec-
tion relays remains at allowable limits for all penetration levels and
locations of PV sources.
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Fig. 8: Performance of OCL strategy in the presence of PV sources
between and upstream from the relays.

As mentioned in Section 2, when there is no PV source in the
network, OCR1 and OCR2 correctly operate in the current range

[I}?in, }?a"l. M values for the minimum and maximum fault

currents are 1.3326 and 1.8047, respectively. In the case of using
conventional protection system, if the penetration level of the PV
sources between and upstream from two relays increases up to
100%, M values are 1.1953 and 1.9013, respectively. These val-
ues are out of coordination range [1.3326 1.8047]. Since the MCC
strategy does not affect the fault current, M values are same as the
case of using conventional scheme. However, MCC strategy restores
the protection coordination by modifying the operating time of the
backup relay. When the OCL strategy is employed, M values for
the cases of PV sources located between and upstream from the
main and backup relays are 1.4227 and 1.6245, respectively, which
are inside the coordination range [1.3326 1.8047]. Thus, the pro-
posed strategy preserves the protection coordination even for the
penetration level of 100%.

5.2.3  High-Impedance Fault: A high-impedance fault (HIF)
occurs when an overhead conductor comes in contact with a high-
impedance object such as the tree limbs, or breaks and falls on
a high-impedance surface such as the asphalt road [36]. Since the
fault resistance of an HIF is high, the current through the relays are
relatively low during the fault condition. Table 4 shows the perfor-
mance of the conventional and proposed protection schemes during
a single-phase to ground HIF when the PV sources are located
between the main and backup relays. When the conventional pro-
tection system is used, the protection coordination is lost in the
penetration levels of 30% and 20% for the cases of fault resistance of
15 € and 30 €2, respectively. However, both proposed strategies give
satisfactory results for all penetration levels of PV sources. Although
the operating time of relays increases due to relay current reduction,
the proposed protection scheme preserves the coordination between
the main and backup relays.

5.2.4  Network Topology Change: When the switch S is closed
and the CBI1 is opened, the feeder 2 connects to feeder 1. In this
condition, OCR2 operates as the main relay while OCR3 operates



Table 4 Performance of conventional and proposed protection systems in the
presence of PV sources located between main and backup relays in the case of
high-impedance faults

Table 5 Performance of conventional and proposed protection systems in the
presence of PV sources located between and upstream from main and backup
relays in the case of network topology change

PV Conventional Strategy MCC OoCL
Penetration Strategy Strategy
Level tocri tocRr2 At tocri tocri

PV Conventional Strategy MCC OoCL
Penetration Strategy Strategy
Level tocRrs3 tocr2 At tocRs3 tocRrs

Fault resistance of 15 2

PVs Located Between Relays

0 609 259 350 627 609
10 711 243 468 644 625
20 839 232 607 662 642
30 1002 223 779 681 660
40 1208 216 992 701 679
50 1476 210 1266 722 702
60 1834 206 1628 744 728
70 2335 201 2134 767 757
80 3078 198 2880 791 788
90 3826 194 3632 816 820
100 4611 191 4420 842 853

0 600 250 350 622 600
10 669 245 424 639 609
20 744 240 504 655 620
30 824 236 588 673 635
40 911 232 679 690 661
50 1005 229 776 707 683
60 1106 226 880 725 705
70 1215 224 991 743 727
80 1332 221 1111 762 750
90 1457 219 1238 780 774
100 1592 217 1375 799 798

Fault resistance of 30 Q2

PVs Located Upstream From Relays

0 619 269 350 633 619
10 826 257 569 670 628
20 1076 247 829 704 638
30 1371 241 1130 736 648
40 1715 235 1480 765 658
50 2115 231 1884 791 692
60 2586 228 2358 816 729
70 3145 225 2920 839 767
80 3819 222 3597 860 808
90 4641 220 4421 880 851
100 5657 217 5440 899 897

0 600 250 350 662 600
10 542 237 305 635 596
20 497 227 270 614 592
30 461 218 243 597 588
40 432 212 220 582 578
50 409 206 203 570 570
60 389 201 188 560 562
70 373 197 176 551 555
80 359 194 165 543 548
90 347 191 156 537 542
100 337 188 149 533 536

as its backup relay. In the case of no PV source in the network,
the operating times of the main and backup relays are 250 ms and
600 ms, respectively, and coordination time interval of 350 ms is pre-
served. When the penetration level of PV sources located between
relays increases up to 50%, OCR3 operates at 1005 ms that leads
to miscoordination of relays. Also, the coordination of relays is lost
in the penetration level of 30% when the PV sources are located
upstream from the relays. Table 5 shows the impact of PV sources
located between and upstream from the main and backup relays
on their operating times in the cases of using conventional and
proposed strategies. The results verify the effectiveness of the pro-
posed strategies in restoring the coordination of the main and backup
relays.

6 Conclusion

The motivation of this paper is to preserve the protection coordina-
tion of radial distribution systems in the presence of PV sources with
any penetration level and various locations. The protection coordi-
nation is restored by modifying the protection characteristic curve
or limiting the PV inverter current. The study of the Isfahan distri-
bution system with high penetration of PV sources shows that MCC
strategy preserves the protection coordination even for the highest
penetration level of PV sources without changing the available pro-
tection system structure. Also, it can be used in the old overcurrent
relays. By determining those PV sources which further affect the
protection system and further limiting their output currents during
the fault, the OCL strategy improves the protection system perfor-
mance without decreasing the output power of other PV sources. The
proposed strategies do not require communication links and their
calculations are offline.
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