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The increasing use of inverter-based distributed generation requires a comprehensive study of its effects on fault analysis and the
effectiveness of protection systems in distribution networks. This study examines the impact of different inverter control modes on
multiple types of protective relay schemes. These include different overcurrent relay (OCR) schemes, both standard and nonstan-
dard tripping characteristics, optimal coordination approaches, and different grid operation scenarios. The investigation is con-
ducted through the utilization of grid-connected and islanding operation modes, with fault resistance values of 0 and 5. The
study is carried out on a 14-bus CIGRE network which includes two photovoltaic (PV) farms with a capacity of 10 MVA each. The
research provides several significant contributions, including the analysis of fault current contributions, examination of issues in
OCR protection, investigation of the influence of fault impedance levels on OCR performance, evaluation of ideal coordination
methods, and carrying out a comparative analysis utilizing optimization technique by using the water cycle optimization algorithm
(WCA) and the particle swarm optimization algorithm (PSO). In addition, to guarantee the robustness of the suggested protection
strategy, this work adopts a hardware-in-the-loop approach. The OMICRON-256 system is utilized to carry out real-time testing
on a SIPROTEC 7SJ62 multifunction protection relay, which validates the effectiveness of the proposed method in protecting
microgrids under different PV control strategies. The total operating time for the nonstandard tripping scheme was 12.077-12.3003 s
for PSO and WCA, respectively, while for the standard tripping scheme, it was 12.1226 and 12.1564 s. Moreover, these findings offer
practical insights that can assist operators in effectively designing the power networks with grid-connected PV systems by showing
OCR miscoordination and no tripping events in power systems with PVs under inverters controllers.

Keywords: distribution generation; optimal coordination; overcurrent relays; PV controllers

1. Introduction

1.1. Motivation. In recent years, the power system has been
undergoing a gradual transition from the conventional system
dominated by synchronous generators (SGs) to a highly inter-
connected system with a significant presence of photovoltaic

(PV) sources. To mitigate the power fluctuations caused by
the intermittent nature of PV sources, these sources are inte-
grated with the grid through inverters [1]. To ensure the
reliability of the interconnected inverter-based distributed gen-
eration (IIDG), many countries have implemented grid codes
that take into account the thermal capabilities of semiconductor
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switches. These grid codes incorporate requirements such as
fault ride-through (FRT) capabilities at both low and high
frequencies [2] to limit the fault current. However, the fault
current characteristics can be influenced by different control
techniques employed by IIDG [3]. It has been reported in the
literature that the fault current, IF, contributed by IIDG is
generally within the range of 1.1-2 times the rated current,
IR [3, 4]. This low fault current magnitude makes it challeng-
ing to detect faults using conventional overcurrent relay
(OCR) in distribution systems [2, 4]. Moreover, the fault current
level depends on factors such as real-time power generation
capacity and the location of PV sources [5]. The cumulative
effect of these factors can lead to relay misoperation, compromis-
ing the security of the system, as well as loss of relay coordination
and relay blinding, causing dependability issues. Therefore, it
is vital to address the influence of the evolving distribution
power system on fault detection and protection. This neces-
sitates the investigation of the impact of different control
techniques employed by IIDG on identifying faults, develop-
ing a sensitive power protection system, and ensuring the
robustness and stability of the power grid during its transition
to a more sustainable and renewable energy-based system.
This paper attempts to be one of the first to investigate the
challenges of OCR protection proposals and coordination
associated with defect detection in the context of the changing
dynamics of power systems under different control techni-
ques on PV inverters.

1.2. Literature Review. PV-connected systems have a signifi-
cant impact on the short-circuit current in power systems,
thereby influencing their overall short-circuit capacity [6, 7].
In different studies, the individual contribution of a single
PV system to the fault current is negligible due to its small
size and the current limitations of the inverter, a high pene-
tration of PV systems in the power networks can substan-
tially alter the fault currents, leading to adverse effects on the
protection system’s operation [3, 8]. Therefore, it is crucial to
model the contribution of PV systems to the fault current
and extend the traditional short-circuit analysis to accom-
modate power networks with PV system integration. The
short-circuit analysis serves various purposes, such as evalu-
ating fault current magnitudes to determine the breaking
capacity of interrupting devices and establishing a basis for
protection system coordination such as OCR to ensure selec-
tivity. Several factors influence the contribution to the short-
circuit current, including environmental conditions, maxi-
mum inverter current flow, self-protections of PV systems,
fault location and type, and the behavior of the PV system
during faults, primarily governed by the inverter control sys-
tem [9, 10]. The short-circuit current computation (SCC)
plays a crucial role in relay protection settings and coordina-
tion, fault location, and supply restoration. SCC results are
also essential for selecting protection equipment and design-
ing busbars, ensuring overall system safety and differentia-
tion. Consequently, real-time SCC must have two essential
qualities: speed and high accuracy [11]. However, during faults,
the behavior of IIDGs differs significantly based on internal
logic control. The SCC contribution of IIDGs is typically
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within the range of 1.06-1.2 p.u. on the base rating [8, 12-14],
or 1.1-1.5p.u. according to other studies [15, 16]. Further-
more, the SCC waveform exhibits a fast initial spike lasting a
few 100 ps or less, potentially exceeding 2.0 p.u. on the IIDG’s
base rating, followed by a regulation period of a few 100 ms,
which varies based on technology and manufacturer control [17].

In addition, IIDGs operate as grid-following devices,
independent of the distribution grid operator (DGO) or con-
sumer unit, and are commonly associated with variable renew-
able energy sources, such as PV [18, 19]. For example, the
control strategy employed by IIDGs significantly influences
the characteristics of the fault current, particularly when con-
sidering the low voltage ride-through (LVRT) control strategy.
The LVRT requirements necessitate the adjustment of IIDG
control strategies, including constant power, FRT, and oft-grid
modes [20, 21]. Previously, the contributions of inverter-based
distributed generators (IIDGs) to fault currents were typically
disregarded in steady-state fault calculations due to their
limited magnitude, usually within 50% of the rated current
of the inverter [22-24]. However, modern grid code stan-
dards increasingly require IIDGs to remain connected dur-
ing faults to support grid voltages by injecting positive-
sequence reactive current and aid in fault recovery through
reactive power injection [25-27]. This is particularly signif-
icant in microgrid applications where IIDGs may serve as
the primary energy source. With the implementation of grid
code standards, such as LVRT and reactive current injection
(RCI) requirements, as well as the growing integration of
IIDGs in power systems, the fault current contributions
from IIDGs can no longer be neglected. Furthermore,
advanced grid code requirements for microgrid operation
may mandate IIDGs to inject negative sequence current as
well, serving as a fault detection signal for microgrid con-
trollers [28-30]. Accurate modeling of IIDGs for fault cur-
rent calculations is crucial for applications such as adaptive
and new relay protection schemes [31, 32]. However, the
widely adopted IEC 60909 standard for fault calculations
has not been updated to adequately consider these essential
aspects of IIDGs, initially neglecting their contributions to
fault currents [24]. The most recent revision of the standard
[33] acknowledges the fault current magnitude but over-
looks the active and reactive components that rely on voltage
dip and specific LVRT and RCI requirements. Nevertheless,
in cases where faults occur near the [IDG’s connection point
with significant voltage dips, the [IDG’s fault current consists
primarily of reactive components, rendering the standard
models inaccurate. Inaccurate IIDG models derived from
the IEC 60909 standard can lead to flawed fault calculation
results, particularly concerning fault current distribution,
thereby compromising the appropriate configuration of relay
settings and coordination. This issue is particularly critical
in microgrids with high IIDG penetration, especially during
islanded operation [34], where IIDGs serve as the primary
source of power generation.

As smart inverter-based distributed energy resources become
more important, automation and system integration are increas-
ingly crucial for real-time monitoring of key variables at
both distribution substations. These real-time data enable

85U9017 SUOWIWOD aA1TERID 3ot jdde au Aq pausenob aJe SajoILe VO 8Sh J0'Sa|ni 10} Akeid 1 8uluO A1\ UO (SUONIPUOD-pUE-SWRIALIY A3 1M AfeIq1jpul|Uo//:SANy) SUONIPUOD pue SWis 1 841 88S *[202/0T/Te] uo Ariqiauliuo Ae|im ‘Aisieaiun uejodolie N B1ssuyoue N Aq 0THS089/¢202/SSTT OT/I0p/W0d A3 | 1M AReig1jpuluo//Sdiy wiouy pepeojumod ‘T ‘v20z et



International Journal of Energy Research

distribution system operators to respond to ensure the reli-
able and continuous operation of smart inverters while coor-
dinating with transmission system operators during steady-
state, dynamic, and transient events [35]. The study [35]
has reported that faults have led to the loss of a substantial
amount of PV generation. These incidents were recorded by
a supervisory control and data acquisition system, which
operates at a sampling rate of one sample every 4 s. Improved
visibility would enhance the understanding of distributed
energy resource responses across local electrical power sys-
tems, and even wider networks. Additionally, the growing
presence of smart inverters in the distribution network (DN)
is replacing a significant share of the reactive power resources
traditionally connected to the transmission network. However,
with the high penetration of distribution generations (DGs),
the system dynamics and interdependence between the dis-
tribution and transmission networks have strengthened, mak-
ing it necessary to treat them as interconnected systems. This
growing interconnection means DNs now play a more active
role in supporting transmission network operations during
both normal and abnormal conditions [36]. This highlights
the importance of studying and investigating the impact of PV
systems and inverter control models on the power system and
short-circuit calculations.

1.2.1. The Short-Circuit Calculation Standards in the Presence
of Renewable Energy Resources. The IEC standards and soft-
ware simulations before 2003, used for fault calculations did
not take into account the significant contributions of soft-
ware IIDGs to fault currents. As shown in Table 1, which
references [37-55], the gap in the research is highlighted.
The short-circuit calculations in [37-39, 56] conducted in
2000 and 2001 were based on IEC 60909, disregarding the
contributions of IIDGs, as well as inverter limits and grid
support. Furthermore, enhancements to the procedures were
made in [40, 41] in 2011; however, they did not account for
the contribution of IIDGs to fault current. In [42, 43] studies,
published in 2016, IIDG presence and its contribution to
fault current were considered using calculations based on IEC
60909-2016, without the use of additional software. By IEEE
1547-2018 [44], assumed that all factors related to IIDG
would be concealed during short-circuit calculations when
an IIDG is present. The inclusion of IIDG in the DIgSILENT
PowerFactory software was introduced in 2019 [45]. In Liand
Wang’s [47] and Kim’s [48] studies, calculations were per-
formed using MATLAB software and based on the IEEE
standards. A new standard, IEEE 2800, was developed in
[52] for 2022, considering IIDG’s contribution to fault
current, inverter limits, and grid support. To further
enhance their results, Mabote et al. [50] and Davi et al. [51]
utilized PowerModels and PSCAD/EMTDC based on IEEE
2800-2022. Subsequently, in 2023, the IIDG’s short-circuit
contribution was incorporated into the ETAP program [54].
Table 1 highlights substantial progress in inverter control
during fault scenarios. While there is a growing emphasis on
this area of research to enhance grid support, traditional
overcurrent protection devices have been remained
underdeveloped. These conventional devices face challenges

in detecting or isolating faults because the fault current differs
based on the type of smart inverter control. Furthermore,
traditional protection systems were designed for fault currents
from conventional grids, but with the introduction of solar
energy, both the magnitude and direction of fault currents
have changed significantly.

1.3. Contributions. The protection system for a DN with
IIDG encounters numerous challenges. Inverter control
plays a crucial role in the control strategy during faults, as
dictated by IEEE 1547 and grid code specifications. The fault
characteristics differ between distribution systems with and
without renewable energy sources, which adds complexity to
conventional protection schemes. The previous section pre-
sents the recent literature review on investigating the impact
of inverter control model during faults. Through the litera-
ture review, significant advancements in inverter control
during fault occurrences are observed. In cases of faults,
it is imperative to isolate the fault and protect equipment
using overcurrent protection devices, whether conventional
or nonconventional. In this work, the contribution of fault
current from different PV systems and under five different
control strategies of IIDG is investigated. This investigation
highlights the significant impact of control strategies and
fault locations on the fault current contributions of IIDG
systems. Then, this paper aims to provide an early explora-
tion of the challenges related to defect detection and coordi-
nation of OCR protection schemes in the context of evolving
power systems, specifically focusing on the influence of dif-
ferent control techniques employed in PV inverters. The
results indicate that certain types of control methods increase
the challenges for current protection devices in fault detec-
tion, and in some cases, they trip with a delay, which increase
risks to the grid. As the dynamics of power systems change, it
becomes crucial to examine the implications for OCR pro-
tection and coordination. By addressing this research gap,
the paper seeks to contribute to the understanding of OCR
protection in the context of evolving power systems and the
impact of various control techniques used in PV inverters.
The contributions of this paper are outlined as follows:

e Investigating the contribution of fault current from
different PV systems under five PV control strategies
employed by IIDGs. By analyzing the impact of control
strategies and fault locations on fault current contribu-
tions, the study highlights the significance of these
factors in understanding the behavior of IIDG systems
during faults at a 14-bus CIGRE network with two 10
MVA PV farms.

e Early exploration of challenges in OCR protection: The
paper addresses the research gap by conducting an
early exploration of the challenges associated with
defect detection and coordination of OCR protection
schemes in evolving power systems. Specifically, the
focus is on examining the influence of different control
techniques utilized in PV inverters. This investigation
contributes to the understanding of OCR protection
within the context of evolving power systems and light
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on the implications of various control techniques
employed in PV inverters.

e The study validates the microgrid protection scheme
through hardware-in-the-loop (HIL) testing, utilizing
OMICRON-256 with SIPROTEC 7SJ62 to confirm
the effectiveness of the proposed protection schemes
under different PV inverter control strategies in real-
time scenarios.

e Investigating the impact of different levels of fault
impedance on OCR performance under various PV
control models and penetration scenarios, including
islanded operation.

e Optimal coordination schemes utilizing the nonstan-
dard and standard tripping characteristics are tested,
evaluated, and compared under different IIDG control
systems in terms of minimizing total tripping time.

e Finally, a comparative analysis of the proposed optimal
coordination approaches is performed under different
fault and PV operation scenarios by using the water
cycle optimization algorithm (WCA) and the particle
swarm optimization algorithm (PSO). This analysis
provides network operators with initial insights into
the potential impact of PV inverter control strategies on
fault contribution and relay setting, aiding in decision-
making and network planning,

1.4. Outline of Paper. The paper follows a structured approach
to address the research objectives. Section 2 provides an over-
view of the power distribution grid characteristics with IIDG
during fault occurrence. In Section 3, the problem statement
of OCRs coordination for power networks with IIDGs is illus-
trated. The simulation results and discussion are presented
in Section 4. Finally, Section 5 presents the conclusions drawn
from the study.

2. Distribution Grid Characteristics With IIDG
During Fault Occurrence

Conventional analysis techniques are unsuitable for IIDGs
that link to the grid via inverters. The behavior of IIDGs
during faults is contingent upon their control strategies and
is markedly nonlinear. Hence, this paper primarily focuses on
IIDGs. Additionally, IIDGs are mandated to possess LVRT
capability in accordance with the regulations outlined in the
German grid code [54, 55]. The SCC analysis approaches for
a power network with IIDGs, which are grid-connected via
inverters, present difficulties for conventional methods due to
their nonlinear behavior and reliance on control strategies
[55, 57]. In this context, the purpose of this study is to exam-
ine the particular characteristics and complexities of IIDGs
during fault events. Asymmetrical faults in the power grid give
rise to a negative sequence voltage at the point of common
coupling (PCC), inducing substantial negative sequence cur-
rent and oscillation. To address the voltage imbalance result-
ing from these faults, a widely employed control strategy relies
on the positive-sequence voltage at the PCC in integrated and

————————————————————————

A7 |

Controller

Main grid

Ficure 1: Equivalent diagram of the IIDG.

IIDGs to mitigate their effects [58]. The architecture of an
IIDG system mainly consists of a DC voltage source, voltage
source inverters (VSIs), and filters. The fault response of
VSI-based IIDGs heavily relies on the chosen control strat-
egy, with PQ control being widely adopted in practice.
Under normal operating conditions, IIDGs exclusively pro-
vide positive-sequence power to grid. In accordance with
the instantaneous power theory, within the synchronous
rotating reference frame, the average values of the active
power output and reactive power output from IIDGs are
determined based on the following equation:

P==(Valy+ V) "

Q:

W

(Valy = Val,).

where P and Q represent the active and reactive power values
of the IIDG, respectively. V; denotes the d-axis voltage of the
common coupling point, while I; and I, denote the active
and reactive current values, respectively. The negative sign
indicates the output of reactive power. In order to maximize
the utilization of renewable energy sources, IIDGs are typi-
cally engineered to generate only active power under normal
operating conditions. However, in the event of a fault occur-
ring within the DN, IIDGs are capable of supplying reactive
power to uphold voltage levels where the inverter current
Inpg =/ 1;* + 1;%. Employing a PQ-controlled current-
limiting link ensures that the fault current in IIDGs does not
exceed twice its rated value. Furthermore, to fulfill grid
requirements, IIDGs are equipped with LVRT capability,
enabling them to provide reactive power support. However,
this grid compliance feature may subject IIDGs to potential
disturbances originating from the grid [59]. Figure 1 presents
the equivalent circuit diagram of the IIDG, where the current
source, Iypg is controlled at PCC by the positive-sequence
voltage, Ve as Ipg =f (Vpee)-

As described in Equation (1), the fault current magnitude
in IIDGs is influenced by the intermittent renewable energy
source and the variation of positive-sequence voltage at the
PCC (Vpee) and based on behavior a control function, f.
During fault conditions, PV plants operate under different
control strategies [55, 57], which can lead to faulted phase
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FIGURE 2: Control strategy A.

currents being smaller than healthy phase currents. This
complicates the identification of the faulty phase based on
the phase’s current magnitude. In the subsequent section, the
impact of various operating modes (five main IIDG control
categories) on the contribution of fault current by a PV plant
is described and presented.

2.1. Control Strategy A. The control strategy, mode A,
described by Equation (2) imposes a limitation of 2.0 p.u.
on the controlled fault current, determined by the PCC volt-
age, Vpcc. Figure 2 demonstrates the relationship between
the current supplied by the IIDG (Ijpg) and Vyec. Specifi-
cally, if the bus voltage falls within the range of 0.9-1.1p.u,,
the current is reduced to 1.0 p.u. This control characteristic
ensures that the fault current remains within specified limits
based on the PCC voltage:

(2)

. 2 0<|Vige| <09
P 09<| Vi <11

2.2. Control Strategy B. Following the guidelines outlined in
the German grid code [55, 57], it is mandatory for PQ for
DGs, including turbine generations and PVs, within a micro-
grid to possess the LVRT capability. This feature enables
these DGs to support voltage levels during fault conditions
by injecting reactive power. The fault current, Ijpg, as
depicted in Figure 3 and determined by Equations (3), is
categorized into three distinct areas based on the V. level.
These divisions allow for a better understanding of the fault
current behavior and assess the impact of the LVRT capa-
bility on voltage stability within the microgrid. This control
characteristic implemented for fault current regulation ensures
that if the Vj falls between 1 and 1.1 p.u., the current is
limited to 1p.u. In case, the Vyo. recorded level under
0.5 to Op.u., the Ijjpg is limited to 2p.u. In addition,
this control strategy effectively maintains the fault current
when 0.5<|Vpoc| <1 by using a linear limits relationship
between the voltage and current level at the PCC (Ijjpg =
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FiGure 4: Control strategy C based on the IEEE 1547-2018.

—2.5.|Vpeel +3.25) for ensuring the stability and reliabil-
ity of the system:

2 0< | Viee| 0.5
Inp = § —2.5.|Viee| +3.25 0.5<|Vee| <1 (3)
1 1<|Viee| €11

2.3. Control Strategy C. As per the guidelines specified in
IEEE 1547-2018 [10, 55], IIDGs are required to withstand
fluctuations in voltage while facilitating the exchange of
active and reactive power with the grid. Therefore, it is
required to support multiple operational modes such as
Volt-Watt, Volt-VAR, Watt/VAR, constant power factor,
and constant reactive power. The control strategy, mode C,
is employed to enable the flow of fault current through differ-
ent stages. The Ijjpg is limited under five areas, as described in
Equation (4) and shown in Figure 4. This flexibility in control-
ling the fault current, Ijjpg, behavior allows for effective adap-
tation and optimization of the IIDG’s response to various grid
conditions, enhancing the overall stability and performance of
the system:
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Figure 5: Control strategy D based on the IEEE 1547 standard,
ETAP.

0 0< |Viee| 0.1
2 0.1<|Vgee| 0.5

Ip = § —2.5.|Viee| +3.25 0.5<|Vic| <08 .
L[ Vice| +2 0.8 = <| Ve <11
- 1| Vyec| +2 1<|Viec| <11

(4)

2.4. Control Strategy D. The current-limiting effect and oper-
ational modes of the inverter, as specified by the equations in
the IEEE 1547 standard, were analyzed using the transient
analysis software ETAP. The behavior of the inverter during
fault conditions, generation mode, and shutdown was visu-
ally represented on the inverter SC model page, providing a
comprehensive understanding of its response. This study
employed a combination of numerical simulations and
graphical illustrations to investigate the current-limiting
capabilities and diverse operating scenarios of the inverter,
aligning with the requirements outlined in the IEEE 1547
standard, as described in Equation (5) and shown in Figure 5:

0.5 0< |Viee| 0.5
= 2.5.|Viee| +3.25 0.5<|Viec| £0.9.
1 0.9<|Viee| < 1.1

Ipg =

(5)

2.5. Control Strategy E. In the IEEE 1547 standard and ETAP
[10, 55], the presented control strategy, mode E, is more
flexible compared to mode D, as shown in Figure 6. The
control mode E is implemented based on three areas for fault
current regulation. First, if the V. falls between 0.9 and 1.1
p.u., the current is limited to 1p.u. In case, the V;rcc the
recorded level between 0.5 to 0.9 p.u., the Ijpg is limited
based on the linear limits relationship between the voltage
and current level (Iypg = — 2.5.| V| +3.25). In addition,
this control strategy effectively maintains the fault current

7
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2 I
I
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I
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1
I
! |
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1 I I
I I I
0.5 i i i
| | |
I I I
1 1 1 t
0.1 0.5 0.9 1 L1V,

Figure 6: Control strategy E based on the IEEE 1547 standard,
ETAP.

when 0<|Vyec|<0.5 by using a linear limits relationship
between the voltage and current level at the PCC (Iyjpg =
3|Vpeel +0.5):

3| Viee| + 0.5 0< |Vpee| <05
= 2.5.|Vpee| +3.25 0.5<| V| <09,
1 0.9<|Viee| < 1.1

Inpg =

(6)

3. Problem Statement: OCRs Coordination for
Power Network With IIDGs

The OCR protection scheme for a power network equipped
with IIDGs encounters various challenges, especially during
fault conditions. As previously discussed, inverter control
plays a crucial role in the control strategy, as emphasized
by IEEE 1547 and grid code specifications. Figure 7 illustrates
the power distribution system that receives power from the
main grid and IIDGs, which is then distributed through lines
and protected using OCRs. In the absence of PV1 and PV2, if
a fault occurs at point F1, the fault current contribution is
only from the main grid, and primary protection operation
by R1 is necessary to safeguard the line. In case of R1 delay or
failure to detect the fault, R2 acts as a backup with coordina-
tion time interval (CTI) considerations between the two
relays. However, when PV1 and PV2 are connected to the
grid, the fault current contribution involves the main grid as
well as PV1 and PV2, and the magnitude of the fault current
depends on the control strategy employed by PV1 and PV2.
First, when both inverters 1 and 2 operate under control
strategy A, the fault current contribution from PV1 and
PV2 is twice their full-rated current. R1 and R4 act as pri-
mary protection relays, detecting and isolating the fault,
while R2 serves as a backup. However, in compliance with
IEEE 1547-2018 and IEEE 2008-2022, inverters must sup-
port the grid and consider its requirements and limitations.
Second, advanced control strategies (B, C, D, and E) are now
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FiGure 7: Single line diagram of the power network equipped with DG and three fault scenarios.
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FIGURE 8: A positive-sequence network of the distribution network when an internal fault occurs at point F1.

widely employed in practical applications and research, and
they are also integrated into electromagnetic transient pro-
grams. The fault characteristics differ between distribution
systems with different control strategies, causing challenges
to conventional protection schemes.

The control strategy employed by the IIDG significantly
influences its output current and the behavior of its output
current. However, the implementation of a positive-sequence
control strategy in IIDG offers benefits such as enhanced
stability and simplified control system architecture. By adopt-
ing this strategy, the [IDG focuses solely on providing positive-
sequence current, streamlining its operation, and ensuring a
more stable performance. During its current-limiting modes,
as described in Section 2, the inverter is designed to inject a
consistent current into the network, adhering to the maximum
limit set by the current-limiting curve. Consequently, it can be
viewed as a constant-current source in relation to its current
magnitude, although not in terms of its active and reactive
components. The distribution of the inverter current’s active
and reactive components is dictated by one of three operat-
ing modes: reactive current priority, real power priority,
or user-defined power factor. These modes determine the

prioritization and control of the inverter’s active power and
reactive power contributions. Therefore, it is vital to investi-
gate the influence of the evolving control strategies on fault
detection and OCR protection schemes. Figure 7 shows the
impact of the fault component’s voltage (AV™") and current
(AIffDG) on the OCR schemes for OCRs (R1-R4). The fault
components, AV" and AIITDG, are described as the difference
between the prefault and postfault voltages and current,
respectively. As shown in Figure 7, when control strategy
B is implemented in PV1 and PV2 and a fault occurs (F1) at
30% of line 3 (L3), PV1 contributes approximately twice its
rated current, while PV2's contribution is less than 1.4 times
its rated current. The variation in fault contributions between
IIDGs and the low current levels observed across different
voltage regions, as depicted by Equations (3)—(6), directly
influences the performance of OCRs in terms of their selec-
tivity and sensitivity.

Figure 8 provides a clearer representation of the positive
network during fault case F1. The line impedance is repre-
sented by Z;, and Zg denotes the equivalent impedance of
the power supply. The I}, represents the fault current at the
fault point (F1), while Aljjpg; and Alypg, represent the fault
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current components contributions of the IIDG at PV1 and
PV2 to the fault point. The fault current magnitude AL,
and Al G, are determined by multiple factors, including the
intermittent nature of renewable energy sources, variations
in positive-sequence voltage AVy, and AVy,, respectively, by
the control function f. By applying Kirchhoff’s current law
and considering Equations (7)—(12), it becomes evident that
the fault current contributed by IIDG directly impacted the
fault characteristics, where AIy;, AIY,, ALf;, and Al are the
fault current components at OCR1-4, respectively, while Ry
is the fault resistance:

I = AL + AL, (7)
4134 = AIIJIrDGZ’ (8)
Alf{z = All—{l + AIIJIrDle 9)
AL = ALY, (10)
ALjpg, =f(AVyy), (11)
AIIJIFDGZ :f(AVIQ). (12)

3.1. The Problem Formulation of Optimum OCRs Coordination.
Recently, the coordination problem of OCRs in a distribution
power network with PV systems (IIDGs) has been addressed as
an optimization problem. The main objective of this optimiza-
tion is to determine optimal OCR settings that minimize the
overall operational time of OCRs while maintaining the selec-
tivity between primary and backup relays. In this section,
the mathematical formulation of our proposed optimization
approach is presented, which aims to solve the coordination
problem and enhance the performance of OCR optimization
strategies. To achieve this, an objective function (OT) is intro-
duced to minimize the total operating time of primary and
backup OCRs. The mathematical expression for the objective
function is given by Equation (13) and described in detail
in [59]:

R F
OT= 3} Xty (13)
r=1f=1

The operational time of a relay, denoted as t, s, plays a
crucial role in the OCRs within a DN. In this context, ¢,
represents the time taken by relay r to operate when a fault
occurs at location f. The total number of OCRs in the DN is
denoted by R, and F represents the total number of fault
locations within the network. By considering these variables,
we can accurately assess the performance and efficiency of
the OCR coordination strategy in terms of relay operational
times at different fault locations throughout the DN. The
formulation of OT is guided by a set of constraints that must
be satisfied. These constraints serve as limitations or conditions
imposed on the optimization problem. The fulfillment of
these constraints ensures the feasibility and validity of the
optimization solution:

o Selectivity constraints:

tbackup - tprimary > CTL (14)

The operational time for both the primary and backup
OCRs, denoted as fyrimary aNd fhaclyp - TESPectively, plays a
crucial role in achieving selectivity and efficient performance.
The value of the CTI, as described in Equation (14), is a
determining factor for these operational times and depends
on various criteria such as the relay type and circuit breaker
speed. To ensure selectivity, the CTT is typically set within the
range of 0.2-0.5s, as recommended by the IEEE-242 stan-
dard. In this study, we adopt a CTI value of 0.3s, which
aligns with previous research [59, 60]. The CTI value serves
as an essential parameter in the optimization process, enabling
the establishment of appropriate operational times for the pri-
mary and backup OCRs while maintaining selectivity.

e Relay settings constraints:

foin < < s (15)

min

TMS 1y < TMS, < TMS ... (16)

The constraints for the optimization problem include the
minimum and maximum operational times (¢, and #,,.)
for the OCRs, as shown in Equation (15), where t,represents
the operational time of relay r. The time multiplier setting
(TMS) also imposes constraints, as presented in Equation (16),
with TMS j,and TMS . representing the minimum and
maximum values, respectively. Each relay r has its assigned
TMS value (TMS,). In this study, the TMS is treated as a
continuous variable, and the OCRs must operate within the
prescribed protection scheme’s time limits. Thus, the TMS
needs to be set within the allowable range for various fault
conditions and even during light overloads. The TMS limits
typically span from 0.01 to 3 [60], encompassing the majority
of industrial and microgrid OCRs.

3.1.1. Current-Time Characteristics for OCRs. The opera-
tional time, t,, of OCR, as presented in Equation (13), is
typically determined using a standard inverse function relating
to the fault current and operational time [60—63]. The specific
characteristic equation governing the relay’s response varies
depending on the manufacturer and type of OCR utilized, as
detailed in [59]. In this study, we adopted and employed two
current—time characteristics, standard and detailed nonstan-
dard OCR characteristics, to investigate the impact of IIDGS
on OCRs performance.

e Standard OCRs characteristic: The IEC255-3 standard
characteristic equation, represented by Equation (17),
as a reference and common scheme [59, 60]:

t= || TMS. (17)
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Equation (17) represents the inverse time characteristic
of the OCR, where I; denotes the fault current, I, represents
the pickup current and constants A and B are determined
based on established OCR standards such as IEEE and IEC.
Numerical and programable relays, including microprocessor-
based OCRSs, offer the flexibility to adjust their time-operating
properties through network connections and real-time data
updates. In this research, numerical OCRs adhering to the
industry-standard IEC specifications are utilized, with A and
B values set at 0.14 and 0.02, respectively [59, 60].

e Nonstandard OCR characteristics: The nonstandard
time—current characteristic equation, represented by
Equation (18), as an advanced and new scheme com-
pared to inverse standard characteristic. The proposed
nonstandard OCR characteristics incorporate a loga-
rithmic function [57] as their fundamental element:

I
t = (5.8 ~ 1.35% log, <Il>>TMs. (18)
P

The primary objective of using nonstandard OCR char-
acteristics is to minimize the tripping time associated with
different fault currents. The performance of the proposed
nonstandard characteristic scheme will be compared to the
standard OCR scheme, specifically the inverse definite mini-
mum time characteristic [61]. The applicability of the nonstan-
dard OCR characteristics extends beyond OCR coordination
and can be useful in addressing thermal stress concerns in
equipment such as transformers and cables.

3.1.2. Optimization Algorithms. In this section, the coordina-
tion problem of OCRs in a DN equipped with PVs is formu-
lated as an optimization task with specific constraints. To
solve this coordination problem and minimize the tripping
time of OCRs, the WCA and PSO have demonstrated effec-
tiveness in solving complex power network and protection
problems. The choice of these two optimization algorithms is
based on their reputation as powerful and effective methods
for tackling complex problems in engineering. Extensive research
has shown that these algorithms have the capability to address
intricate engineering challenges and deliver promising results.
They have demonstrated their effectiveness in various appli-
cations and are well-regarded for their ability to handle com-
plex optimization tasks. Their selection for this study is driven
by their proven track record in solving intricate engineering
problems, providing confidence in their potential to tackle the
specific optimization challenges at hand.

The WCA draws inspiration from the natural water cycle
and has been found to outperform standard optimization
algorithms. The optimization process is implemented using
the MATLAB/SIMULINK toolbox. The application of the
WCA approach for microgrid protection coordination is
described in previous works [62]. In our study, the WCA is
utilized to achieve the minimum tripping time for all OCRs
(primary and backup) by solving Equation (13) while consid-
ering the relay constraints presented in Equations (14)—(16).
On the other hand, PSO is a contemporary and efficient

International Journal of Energy Research

heuristic optimization method that offers computational effi-
ciency and memory conservation due to its inherent simplic-
ity. It draws inspiration from human social behavior and the
swarming behavior of animals. The fundamental principle
of PSO involves managing and guiding a population of
particles (referred to as a swarm), with each particle repre-
senting a potential solution. By utilizing the collective intel-
ligence of the swarm, PSO aims to find optimal solutions to
complex problems. The swarm population in PSO serves as
the solution space, and individual particles within the swarm
represent potential solutions that undergo iterative improve-
ments throughout the optimization process [63].

4. Simulation Results and Discussion

In the results section, the evaluation of the OCR protection
schemes for the PV inverters contribution problem in the
power network discussed in Sections 2 and 3 is presented.
The assessment is conducted using a 14-bus DN based on the
CIGRE network model. The objective of this study is to test
and evaluate the effectiveness of the proposed OCR scheme
under different modes of DN operation, including islanding
mode. Furthermore, the investigation in this section focused
on examining the fault current contribution of incorporated
two 10 MVA PV farms operating under five distinct control
strategies employed by IIDGs. The findings contribute to a
deeper understanding of fault current dynamics in IIDG
systems, offering valuable guidance for the development of
effective fault management strategies and enhancing the
overall stability and reliability of the OCR protection system
in the DNs. In addition, a comparison is made between the
proposed scheme utilizing nonstandard and standard trip-
ping curves. The evaluation provides valuable insights into
the performance and superiority of the proposed OCR scheme
in various operational PV scenarios, highlighting its potential
challenges over traditional protection methodologies. Then,
the impact of different levels of fault impedance on OCR per-
formance under various PV control models and penetration
scenarios is discussed. A comparative analysis of the proposed
optimal OCR coordination approaches is performed under
different fault, and PV operation scenarios by using the
WCA and the PSO are shown. Finally, the HIL testing results
are presented.

4.1. Description of the DN. The proposed CIGRE network
utilized in this study is a 14-bus DN with specific details
provided in [64]. It operates with a high-voltage/medium-
voltage (HV/MV) utility source and incorporates two 10
MW PV farms connected through a set-up transformer with
arating of 0.4/12.49 kV, as outlined in [64]. Each 10 MW farm
consists of 10 1MW PV systems. The CIGRE network is
protected by a total of 12 OCRs, with primary and backup
OCRs assigned to each of the 12 fault locations labeled from
F1 to F12. These fault locations represent near- and far-end
locations from the sources to evaluate the impact and
contribution of the different PV operating control scenarios
on the fault detection and protection schemes. The details of
the OCRs at the CIGRE network are presented in Table 2 and
depicted in Figure 9. To ensure accurate performance, initial
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Tase 2: The fundamental parameters of the CIGRE network’s
OCRs.

OCR CT ratio Pickup current (A)
OCR1-4 200/1 50
OCRS5 and OCR6 200/1 150
OCR7-12 200/1 50
OCRI13 and OCR14 300/1 300

load flow and fault calculations were conducted to determine
the current transformer ratio and pickup current for each
OCR, adhering to the IEC 60909 standard. In this study, the
TMS for each OCR is calculated optimally based on the
maximum load currents in the line and various fault
scenarios, including LLL faults. To ensure the prompt
operation of the primary OCRs, the CTI is selected to be
0.3 s [57]. Additionally, the pickup current for the OCRs is set
at 1.2 times the full load current. These parameter settings
are crucial in achieving fast and reliable operation of the
OCRs, taking into account the load characteristics and fault
scenarios.

4.2. Simulation Results. With the growing integration of
renewable energies into the grid, managing both active and
reactive power during faults has become crucial. Several con-
trol methods, as shown in Table 1, have been proposed to
enhance the flexibility of the grid. This study focuses on the
most common types of control methods, Control A, B, C, D,
and E including those used in the Germany grid code and
IEEE 1547:2018, as well as other methods currently in use.
The primary goal is to assess how various inverter control
methods affect fault contributions and the performance of
OCR protection schemes across different DN operation mod-
els. In this results section, the performance of the fault con-
tributions characteristics and the performance of the OCR
protection scheme under varies inverter control modes are
evaluated across different DN operation models. In addition,
the focus is on investigating the impact of the PV control
model on the modern OCR coordinating scheme (standard
and nonstandard), which utilizes modern optimization meth-
ods and algorithms, under different grid configurations. The
results provide valuable insights into the performance compar-
ison between the OCR schemes under various fault scenarios.
This evaluation enables a comprehensive understanding of the
effectiveness of the OCR schemes in different grid and PV
control configurations. The CIGRE network operation modes:

e Scenario A: The power sources of the CIGRE network
consist of a main HV/MYV utility feeder and two 10 MVA
PV farms, as illustrated in Figure 9. The objective of this
grid operation is to assess the performance and power
grid and the OCR scheme in the presence of utility
supply and under different PV control modes. As
explained in Sections 2 and 3, the introduction of PVs
introduces complexities in changing the fault contribu-
tions characteristics and achieving optimal coordination
of OCRs. In addition, by studying the grid performance
under different levels of fault impedance (0 and 5 €2),
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this evaluation of the CIGRE network aims to provide
valuable insights into the challenges for achieving opti-
mal OCR coordination in modern power network con-
figurations with PV integration.

e Scenario B: In islanding mode, a specific section of the
DN remains energized by only the PV systems, even in
the presence of internal faults. By operating the CIGRE
network in islanding mode and evaluating the perfor-
mance of the OCR scheme and fault contributions
characteristics across different levels of fault imped-
ance (0 and 5 £2), the research highlights the challenges
of developing OCR protection schemes and maintain-
ing power supply during fault conditions and enhanc-
ing the stability of the grid in case of islanding mode.

The following detailed testing procedure aims to provide
a thorough understanding of how various inverter control
methods influence the performance of OCR protection schemes
and the overall stability of modern power grids with integrated
renewable energy sources:

e Network configuration: Setup the CIGRE network, as
shown in Figure 9, according to the configurations for
Scenarios A and B.

e Inverter control methods: Implement the five control
methods (Control A, B, C, D, and E) in the network.
These methods include those outlined in the Germany
grid code and IEEE 1547:2018, as well as other preva-
lent control approaches.

e Fault injection: Simulate fault conditions with varying
impedances (0 and 5 £2) to observe the impact on fault
contributions and OCR performance. Fault resistance
values can lead to significant miscoordination or non-
tripping events in OCR protection systems. Fault resis-
tance, which occurs when there is an impedance at the
fault point, reduces the magnitude of the fault current.
As the resistance increases, the fault current decreases,
which may cause the OCR to delay tripping or, in some
cases, fail to trip altogether. This is because OCRs are
designed to operate based on detecting a threshold
current value, and if the fault current is reduced due
to high resistance, the relay may not identify the situation
as a fault, leading to miscoordination. High-resistance
faults, particularly those involving arcing, cause a major
challenge to traditional OCRs because they produce fault
currents that are often too low for detection by conven-
tional settings. In such scenarios, the relay may struggle to
differentiate between fault conditions and normal load
fluctuations, resulting in either delayed operation or
complete failure to trip. This miscoordination can also
compromise the reliability of the overall protection
scheme, especially in systems with renewable energy
sources (PVs), where inverter control methods fur-
ther complicate fault detection by altering fault cur-
rent characteristics based on control settings.

e Data collection: Collect data on fault contributions,
OCR response times, system voltage and current pro-
files, and overall grid performance.
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FiIGURe 9: The modified 14-bus CIGRE system under study, where the OCRI-12 are nondirectional OCR and OCR13 and OCR14 are
directional OCR.
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TasLe 3: The fault currents at the CIGRE network’s OCRs under different PV control modes, Scenario A.

Control A Control B Control C Control D Control E
Fault. Rel'ays Fault current (A)
location pairs
Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5
Fl OCR1 1820 1317 1820 1317 1734 818 1380 1342 1783 1342
OCR2 1820 1317 1820 1317 1734 818 1380 1342 1783 1342
0 OCR2 1956 1172 1956 1172 1827 1061 1476 1354 1814 1743
OCR3 1956 1172 1956 1172 1827 1061 1476 1354 1814 1743
3 OCR3 2014 1198 2014 1198 1892 1206 1520 1198 1824 1198
OCR4 2014 1198 2014 1198 1892 1206 1520 1198 1824 1198
F4 OCR4 2299 1199 2299 1199 2209 1183 1733 589 1784 624
OCR5 1566 504 1566 504 1568 508 1568 508 1568 508
F5 OCR5 2949 831 2949 831 2949 832 2949 832 2949 826
OCR6 2949 831 2949 831 2949 832 2949 832 2949 826
Fo OCR6 6711 6697 6711 6697 6711 6711 6711 6711 6711 6711
- OCR7 2082 1684 2082 1684 1395 315 1548 1319 1668 1730
OCR8 2082 1684 2082 1684 1395 315 1548 1319 1668 1730
8 OCRS8 2198 1912 2198 1912 1479 316 1634 1363 1672 1397
OCR9 1470 1223 1470 1223 1479 316 1470 1222 1470 1222
OCR9 1568 507 1568 507 1568 341 1568 508 1568 508
F9 OCR5 1568 701 1568 701 1568 341 1568 508 1568 508
OCR14 779 779 779 779 686 650 195 195 253 254
F10 OCRI10 2014 1198 2014 1198 1892 733 1520 1198 1824 1198
OCR4 2014 1198 2014 1198 1892 733 1520 1198 1824 1198
Fl1 OCRI11 3422 1178 3422 1178 2666 499 2804 558 2837 734
OCRI13 2663 501 2663 501 2663 499 2663 500 2663 468
F12 OCRI12 6709 6709 6709 6709 6709 6709 6706 6709 1220 6709
OCRI13 802 364 802 364 48 47 237 379 413 412
e Analysis: Compare the performance of the OCR 100
schemes across different control methods and fault
scenarios to evaluate their effectiveness and identify
any issues related to fault coordination and grid stability. Nl
s Nt
4.2.1. Test Results for Scenario A. Table 3 presents the results % 15 \ \\\ :
of the fault currents for different scenarios (locations and E 1 ] \ g T~ - - g
fault resistance) and PV control modes, namely Control A, S B \ S \\\\_
B, C, D, and E. Each fault is protected mainly by primary and 0.2 SRR T U R S R S —
backup OCR. The results in Table 3 show a variation in fault SRR PN EE S \\\ :
currents across various fault locations and PV control modes. PSS F S ] A IS P ISESDEN Bie e 2 R
For example, in fault F1, OCR1 and OCR?2 exhibit lower fault ol .

currents under Control D compared to the other controls for
Ry =0, as shown in Figure 10. In Control D, the current-
limiting modes of the inverter at 0.9<|Vioc| < 1.1, as out-
lined in the IEEE 1547 standard and described in Equation (5),
helped to minimize the high fault values with R =0. This
trend continues at most of the other fault locations except the
F11 and F12 at OCR11 and OCR13, where Control C shows
a lower fault current. Additionally, Control C shows signifi-
cantly minimum fault currents compared to other control

30 40 50 100 300 500 1000 2000
Fault current (A)

— OCR1 CONTROL-C
— OCR2 — CONTROL-D
—— CONTROL-A CONTROL-E
—— CONTROL-B

Ficure 10: The OCR1 and OCR2 schemes under F1 scenario and
Ry =0 for all controllers, Scenario A.
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FiGure 11: The OCR1 and OCR2 schemes under F1 scenario and
Rf =5 for all controllers, Scenario A.

models in the case of the Ry =5Q. For example, Control C
recorded a minimum fault current (818 A) compared to other
controllers at F1, as shown in Figure 11 and Table 3. The
control strategy, mode C, is employed to enable the flow of
fault current through five different stages, as described in
Equation (4). This flexibility in controlling the fault current,
Iipg, behavior allows for effective adaptation and optimiza-
tion of the IIDG’s response to various grid conditions,
enhancing the overall stability and performance of the system.

The fault currents for Control A and B show similar
behavior and results, this is mainly related to the Vy. did
not record a value between 0.5 and 0.9, as shown in Table 4,
where both controllers worked in the same zone (Ijjpg equal
to 2p.u.), as presented in Figures 2 and 3. Furthermore,
Control A and B demonstrates a higher fault current under
Rr=0Q compared to Control C, D, and E. The PVs contri-
bution to the fault currents is directly related to the Vyec
which is varied between the PV system location and control
mode, as shown in Table 4. Therefore, Control A and B, as
presented in Figures 2 and 3, are fed the grid with maximum
fault current from PVs (double the rated current). The PV2
shows significantly higher voltage compared to PV1 in all
fault locations except F11 and F12, as these faults are closer
to PV1, as shown in Figures 12 and 13. A detailed simulation
example, as shown in Figure 14, presents the fault calculation
for F1 under Control C and R =0 where the PV1 and PV2
contributes with 638 A (Vo =0.4p.u.) and 256 A (Voo =
1.09 p.u.), respectively, at the secondary side of the trans-
former. The total PVs contribution in the fault FI is 894 A
out of the 1734 A. This showed that the control strategies,
modes A and B, described by Equations (2) and (3), included
a limitation of 2.0 p.u. on the controlled fault current; there-
fore, they showed similar performance when 0<|Vyec|<
0.5. In addition, if the bus voltage falls within the range of

International Journal of Energy Research

1-1.1 p.u., the current is reduced to 1.0 p.u. for both control
modes.

This variation in fault currents and voltage levels among
OCRs, as shown in Table 4 and Figures 13 and 14, within
different fault locations emphasizes the impact of the control
model on OCR performance. Table 5 provides the results of
the operation time for each OCR under different fault loca-
tions and PV control modes. The operation time is measured
in seconds and is presented for two fault resistances, Ry =0
and Ry =5Q. Analyzing the results, variations in the opera-
tion times across different fault locations and PV control
modes are observed. For instance, OCRs at Ry =0 scenario
consistently demonstrates shorter operation times compared
to Ry =5 for all PV control modes. The OCRs operation time
for Control A and B shows similar behavior and results, this
is mainly related that both modes recorded the same fault
level as presented in Table 3. Additionally, Control A and B
demonstrate slightly shorter operation times compared to
other PV controls. In terms of power protection sensitivity,
Control C, D, and E recorded many miscoordination events.
For example, Control C at F12 recorded that the backup
OCR did not trip and detected the fault at both Rf =0 and
Ry =5Q scenarios. This trend continues in Control D and E,
where OCR14 did not detect the fault (F9) at both Rf=0and
Ry =5Q scenarios. This is basically due to that the control
modes A and B, included a limitation of 2.0 and 1 p.u. on the
controlled fault current. The findings emphasize the signifi-
cance and impact of PV control strategies in achieving opti-
mal operation times for OCRs, thereby improving the overall
protection and reliability of power systems. Understanding
these variations contributes to the development of efficient
and effective control schemes for OCRs, enabling enhanced
fault detection and response in power networks.

4.2.2. Test Results for Scenario B. Fault currents for different
fault scenarios at Scenario B (islanding grid operation mode),
including fault locations and fault resistances, under PV con-
trol modes A, B, C, D, and E are detailed in Table 6. The
results show high variations in fault currents across fault
locations over the different control modes at scenario B com-
pared to scenario A, as presented in Table 6. For example, in
fault F1, OCR1 and OCR2 exhibit lower fault currents under
Control C with 50 A compared to the other controls for R =
0 and 5Q, as shown in Figures 15 and 16, respectively. This
shows that the fault current, IF, contributed by IIDG is gen-
erally within the range of 1.1-2 times the rated current.
Moreover, the fault current level depends on factors such
as real-time power generation capacity and the location of
PV sources. The cumulative effect of these factors can lead to
relay misoperation, compromising the security of the system,
as well as loss of relay coordination and relay blinding, caus-
ing dependability issues.

As the integration of PV systems into DNs increases,
understanding the behavior of fault currents under different
control modes becomes essential for effective power grid
management and protection. Inverter-based resources, such
as PV systems, contribute to fault current dynamics in ways
that differ significantly from traditional power sources. This
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TasLe 4: The voltage (Vpc) at PV1 and PV2 under different PV control modes, Scenario A.

Control A Control B Control C Control D Control E
1Fo ac‘;lttion IIDGs Viee (pu)
Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5
Fl PVl 0.44 0.44 0.44 0.44 0.4 0.88 0.28 0.36 0.43 0.63
pPV2 1.1 1.1 1.1 1.1 1.09 1.08 1.08 1.08 1.08 1.09
B PVl 0.32 0.38 0.32 0.38 0.32 0.79 0.21 0.33 0.32 0.46
pPV2 1.1 1.1 1.1 1.1 1.08 1.08 1.08 1.07 1.08 1.07
3 PV1 0.15 0.32 0.15 0.32 0.29 0.73 0.18 0.71 0.27 0.71
pPV2 1.09 1.09 1.09 1.09 1.07 1.07 1.07 1.08 1.07 1.09
F4 PV1 0.15 0.15 0.15 0.15 0.13 0.13 0.04 0.03 0.05 0.05
pv2 1.08 1.08 1.08 1.08 1.1 1.1 1.1 1.1 1.07 1.09
F5 PV1 0.4 0.4 0.4 0.4 0.31 0.77 0.1 0.1 0.26 0.77
PV2 1 1 1 1 1.04 1.04 1.04 1.07 1.1 1.07
F6 PVl 0.49 0.49 0.49 0.49 0.41 0.07 0.14 0.3 0.49 0.93
PV2 1 1 1 1 0.96 0.96 0.96 0.96 1.04 0.46
By PVl 0.16 0.19 0.16 0.19 0.05 0.006 0.09 0.34 0.12 0.45
PV2 1.05 1.05 1.05 1.05 1.07 1.07 1.07 1.07 1.07 1.07
Fs PVl 0.12 0.12 0.12 0.12 0.005 0.2 0.03 0.03 0.03 0.03
pPV2 1.09 1.09 1.09 1.09 1.07 1.07 1.07 1.07 1.07 1.07
F9 PV1 0.15 0.15 0.15 0.15 0.13 0.59 0.03 0.03 0.05 0.05
pPV2 1.09 1.09 1.09 1.09 1.1 1.1 1.1 1.09 1.1 1.1
F10 PV1 0.28 0.32 0.28 0.32 0.29 1.1 0.18 0.71 0.27 0.71
pv2 1.1 1.1 1.1 1.1 1.07 1.1 1.1 1.08 1.07 1.09
Fl1 PV1 1.1 1.06 1.1 1.06 1.04 1.04 1.04 1.1 1.04 1.1
PV2 0.12 0.12 0.12 0.12 0.06 0.006 0.03 0.03 0.03 0.95
F12 PVl 1.1 1.07 1.1 1.07 0.98 1.1 0.98 1.1 0.98 1.05
PV2 0.3 0.3 0.3 0.3 0.01 0.09 0.08 0.3 0.05 0.15
1.2 q
~~ 1 T
% 0.8
% 0.6
£ 04
S
0.2
0 _PVl PV2|PV1 PV2|PV1 PV2|PV1 PV2(PV1 PV2[PV1 PV2|PV1 PV2|PV1 PV2|PV1 PV2|PV1 PV2|PV1 PV2(PV1 PV2
F1 F2 F3 F4 F5 F6 E7 F8 F9 F10 F11 F12
Fault
m Control A H Control D
H Control B H Control E
B Control C
FiGURE 12: The voltage (Vyc) at PV1 and PV2 under different PV control modes, Scenario A with Ry =0.
creates challenges for OCR coordination and grid stability, e Second, Control D and E show significantly lower fault
especially when various control strategies are employed: currents compared to Control A and B at Ry =0 and
Ry =12, as presented in Table 6. Control C demon-
o First, the fault currents for Control A and B at scenario strates minimum fault currents at Ry =0Q and Ry =
B did not show similar behavior and results as scenario 5 compared to Control A, B, D, and E. These variations
A, which can be attributed to the fact that the Vi are influenced by the contribution of PV systems, indi-
record values between 0.5 and 0.9, as shown in Table 7. cated by Vjc, as detailed in Table 7, which differs
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FIGURE 13: The voltage (Vyc) at PV1 and PV2 under different PV control modes, Scenario A with Ry =5.
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Ficure 14: The fault current results for the F1 scenario under Control C and Ry =0, Scenario A.
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TasLE 5: The operational time for OCR (second) at the CIGRE network under different PV control modes, Scenario A.
Control A Control B Control C Control D Control E
Fault. Rel.a vs Operational time for OCR (s)
location  pairs
Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5
Fl OCR1 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05
OCR2 0.33 0.37 0.33 0.37 0.34 0.43 0.36 0.36 0.36 0.36
0 OCR2 0.33 0.38 0.33 0.38 0.33 0.39 0.35 0.36 0.35 0.36
OCR3  0.59 0.69 0.59 0.69 0.60 0.71 0.64 0.66 0.64 0.66
3 OCR3 0.59 0.69 0.59 0.69 0.60 0.68 0.64 0.69 0.64 0.69
OCR4  0.85 1.00 0.85 1.00 0.87 1.00 0.93 1.00 0.93 1.00
Fa OCR4 1.01 1.00 1.01 1.00 1.03 1.00 1.12 1.81 1.12 1.81
OCR5 1.45 2.85 1.45 2.85 1.45 2.83 1.45 2.83 1.45 2.83
OCR5 1.14 2.00 1.14 2.00 1.14 2.00 1.14 2.00 1.14 2.00
= OCR6 1.43 2.53 1.43 2.53 1.43 2.53 143 2.53 1.43 2.53
F6 OCR6 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12
- OCR7 0.05 0.05 0.05 0.05 0.05 0.09 0.05 0.05 0.05 0.05
OCR8 0.31 0.33 0.31 0.33 0.35 0.64 0.34 0.35 0.34 0.35
8 OCR8 0.31 0.32 0.31 0.32 0.34 0.64 0.33 0.35 0.33 0.35
OCR9 0.64 0.68 0.64 0.68 0.64 1.19 0.64 0.68 0.64 0.68
OCR9  0.63 0.94 0.63 0.94 0.63 1.14 0.63 0.94 0.63 0.94
F9 OCR5 0.98 1.29 0.98 1.29 0.98 1.78 0.98 1.47 0.98 1.47
OCR14 0.18 0.18 0.18 0.18 0.21 0.22 No tripping No tripping No tripping No tripping
F10 OCRI10 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.05
OCR4 0.85 1.00 0.85 1.00 0.87 1.19 0.93 1.00 0.88 1.00
Fl1 OCRI11 0.05 0.07 0.05 0.07 0.05 0.11 0.05 0.10 0.05 0.09
OCRI12 0.35 0.72 0.35 0.72 0.35 0.72 0.35 0.72 0.35 0.75
F12 OCR12 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.56 0.33
OCR13 0.18 0.9 0.18 0.9  No tripping No tripping No tripping 0.75 0.55 0.55

based on the PV system location and control mode.
Except F11 and F12, which are closer to PV1 than PV2,
as seen in Figures 17 and 18, PV2 shows a significantly
higher voltage than PV1 in all fault sites. A detailed
simulation example, as shown in Figure 19, presents
the fault calculation for F1 under Control C and Ry =5
where the PV1 and PV2 contributes with 4 A (Ve =
0.02p.u.) and 46 A (Vo =0.06 p.u.), respectively, at
the secondary side of the transformer. The total PVs
contribution in feeding the system and the fault F1 is
50 A. The PVs contribution to the fault currents by
Control C is directly related to theVy-. which is at
the most fault locations are lower than 0.1 p.u. This
leads to having a minimum Ijjpg and close to zero based
on the Control C model, as described by Equation (4)
and Figure 4.

The variation in fault currents and voltage levels among
OCRs, as depicted in Tables 6 and 7, highlights the influence
of control models on OCR performance. Table 8 presents
operation time results for each OCR under different fault
locations and PV control modes, measured in seconds for
R=0 and Ry =5 scenarios. OCRs at Control A and B
outperform the other controllers in terms of high protection
sensitivity with minimum miscoordination events, as shown
in Table 8. The fault current values for Control C at Rf=0

and Ry =5 Q was significantly low, which resulted in difficul-
ties in fault detecting and led to instances of no tripping and
miscoordination events. The control mode C, is developed to
enable the flow of fault current through five different stages,
as described in Equation (4). This flexibility in controlling
the fault current, Ijjpg, behavior allows for effective adapta-
tion and optimization of the IIDG’s response to various grid
conditions, enhancing the overall stability and performance
of the system. This trend continues with Control D and E
where OCR14 fails to detect the fault (F9) at Ry =0. These
findings underscore the significance of PV control strategies
in achieving optimal OCR operation times and enhancing
the protection and reliability of power systems. In addition,
OCRs at Ry =0 consistently exhibits shorter operation times
compared to Ry =5 across all PV control modes.

4.3. Discussion

4.3.1. Miscoordination Events. The results obtained from the
analysis showed instances of OCR miscoordination and no
tripping events, highlighting the significance of proper coor-
dination among OCRs in power systems with PVs. Particu-
larly, Control C, D, and E demonstrated a challenge in fault
detecting at Ry =0 and 5 £ for both grid operation Scenarios
A and B, where the no tripping events have occurred many
times. This is mainly attributed to the low fault current
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TasLe 6: The fault currents at the CIGRE network’s OCRs under different PV control modes, Scenario B.

Control A Control B Control C Control D Control E
Fault. Rel'ays Fault current (A)
location pairs
Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5
Fl OCR1 1505 1012 1307 1317 50 50 422 402 955 943
OCR2 1505 1,012 1307 1317 50 50 422 402 955 943
0 OCR2 1221 1203 1354 1699 50 50 423 424 858 1125
OCR3 1221 1203 1354 1699 50 50 423 424 858 1125
3 OCR3 1590 924 1524 1179 50 50 423 394 772 868
OCR4 1590 924 1524 1179 50 50 423 394 772 868
F4 OCR4 1350 1119 1541 1199 717 1049 429 452 714 761
OCR5 726 1119 651 504 46 342 230 342 533 260
F5 OCR5 773 443 773 831 47 50 233 231 637 443
OCR6 773 443 773 831 50 50 233 231 509 443
F6 OCR6 726 650 726 6697 47 50 234 234 725 727
- OCR7 1220 1205 1433 1684 50 50 424 484 708 961
OCR8 1220 1205 1433 1684 50 50 424 484 708 961
8 OCR8 1280 998 1415 1912 50 50 424 422 690 660
OCR9 1508 298 1415 1223 46 50 229 422 521 494
OCR9 726 1272 624 507 46 342 230 275 533 342
F9 OCR5 726 1272 624 701 46 342 230 275 533 342
OCR14 779 490 701 779 686 713 195 195 253 312
F10 OCRI10 1590 924 1524 1179 50 50 423 424 772 868
OCR4 1590 924 1524 1179 50 50 423 424 772 868
Fl1 OCRI11 1500 538 1390 1178 517 571 390 553 679 612
OCRI12 500 226 685 501 515 249 195 223 515 266
F12 OCR12 683 520 672 6709 571 359 195 276 578 547
OCRI13 779 364 390 364 48 46 237 236 416 413
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s \ \ s B s \ \
$ 15 \ 3 1.5 Y
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30 40 50 100 300 500 1000 2000 30 40 50 100 300 500 1000 2000
Fault current (A) Fault current (A)
— OCRI1 —— CONTROL-C — OCRI1 —— CONTROL-C
— OCR2 — CONTROL-D — OCR2 —— CONTROL-D
—— CONTROL-A CONTROL-E —— CONTROL-A CONTROL-E
—— CONTROL-B —— CONTROL-B

Ficure 15: The OCR1 and OCR2 schemes under F1 scenario and Ficure 16: The OCR1 and OCR2 schemes under F1 scenario and
Ry =0 for all controllers, Scenario B. R =5 for all controllers, Scenario B.
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TasLe 7: The voltage (Vpec) at PV1 and PV2 under different PV control modes, Scenario B.
Control A Control B Control C Control D Control E
Fault Relays Viee (p)
location pairs pce
Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5
Fl PVl 0.36 0.43 0.36 0.44 0.009 0.02 0.11 0.21 0.27 0.59
pPV2 0.66 1.1 0.66 1.1 0.057 0.06 0.33 0.91 0.7 0.78
B PV1 0.29 0.3 0.29 0.39 0.006 0.01 0.08 0.13 0.18 0.47
PV2 0.62 1.09 0.62 1.1 0.05 0.05 0.31 0.88 0.66 0.72
3 PV1 0.26 0.48 0.26 0.33 0.056 0.02 0.07 0.25 0.14 0.64
PV2 0.61 1.09 0.61 1.09 0.053 0.06 0.3 0.92 0.65 0.8
F4 PV1 0.15 0.13 0.15 0.15 0.13 0.14 0.038 0.03 0.05 0.6
pPV2 0.54 1.1 0.54 1.08 0.04 0.85 0.26 0.85 0.62 1.01
F5 PV1 0.4 0.36 0.4 0.4 0.31 0.77 0.1 0.39 0.26 0.81
PV2 0.44 0.84 0.44 1 0.03 0.07 0.19 0.37 0.53 0.72
F6 PV1 0.49 0.49 0.49 0.49 0.41 0.8 0.14 0.93 0.49 0.96
PV2 0.35 0.92 0.35 1 0.02 0.02 0.14 0.14 0.45 0.45
- PV1 0.17 0.28 0.17 0.19 0.002 0.01 0.04 0.14 0.07 0.26
PV2 0.59 0.78 0.59 1.05 0.052 0.05 0.14 0.81 0.64 0.73
Fs PV1 0.12 0.3 0.12 0.12 0.0006 0.0006 0.03 0.03 0.03 0.03
PV2 0.63 0.93 0.63 1.09 0.02 0.05 0.27 0.48 0.63 0.66
F9 PV1 0.15 0.1 0.15 0.15 0.13 0.23 0.03 0.07 0.05 0.1
PV2 0.62 0.9 0.62 1.09 0.048 0.85 0.26 0.96 0.62 0.85
F10 PV1 0.27 0.65 0.27 0.32 0.005 0.02 0.07 0.13 0.14 0.64
pPV2 0.67 1.04 0.67 1.1 0.053 0.06 0.3 0.88 0.65 0.8
Fl1 PV1 0.62 0.72 0.62 1.06 0.62 1.1 0.23 1.1 0.62 1
PV2 0.12 1.1 0.12 0.12 0.006 0.77 0.03 0.75 0.03 0.81
F12 PV1 0.57 0.56 0.57 1.07 0.55 0.81 0.19 0.97 0.15 0.59
pPV2 0.3 0.78 0.3 0.3 0.013 0.09 0.08 0.08 0.56 0.15
0.8 1
0.7 1
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FIGURE 17: The voltage (Vy.) at PV1 and PV2 under different PV control modes, Scenario B with Ry =0.

values observed when employing these controllers, which
limit the contribution of PV currents and lead to difficulties
in accurately detecting and isolating faults, resulting in no
trip events. For example, Figure 20 illustrates the misopera-
tion of OCRs event for OCR1 and OCR2 in Scenario B when
a fault occurs at location F1, under Control C and Ry =0. In
this scenario, the primary relay OCRI and backup relay
OCR2 failed to operate as the fault current (49.8 A) was

lower than the OCR scheme setting. These events heighten
the danger of equipment damage and system instability.
Additionally, Control C, D, and E posed challenges in
maintaining the CTI at Scenario A within an acceptable range
of 0.2-0.5 s, leading to miscoordination events. In Scenario B,
all PV inverter controllers caused the same miscoordination
events with a CTT of more than 0.5. For instance, in Scenario
A with a fault occurring at location F4 under Control D and

85U9017 SUOWIWOD aA1TERID 3ot jdde au Aq pausenob aJe SajoILe VO 8Sh J0'Sa|ni 10} Akeid 1 8uluO A1\ UO (SUONIPUOD-pUE-SWRIALIY A3 1M AfeIq1jpul|Uo//:SANy) SUONIPUOD pue SWis 1 841 88S *[202/0T/Te] uo Ariqiauliuo Ae|im ‘Aisieaiun uejodolie N B1ssuyoue N Aq 0THS089/¢202/SSTT OT/I0p/W0d A3 | 1M AReig1jpuluo//Sdiy wiouy pepeojumod ‘T ‘v20z et



20

Voltage (Vpce,)

0.004°]

F2

1.2 q
14
0.8
0.6
0.4 1
0.2
04
F1

B Control A

H Control B

® Control C

International Journal of Energy Research

PV1 PV2(PV1 PV2(PV1 PV2(PV1 PV2|PV1 PV2[PV1 PV2 [PV1 PV2[PV1 PV2(PV1 PV2(PV1 PV2|PV1 PV2|PV1 PV2
F4 F5 F6 F7 F8 F9 F10 F11 F12

Fault

B Control D
B Control E

FIGURE 18: The voltage (Vjoc) at PV1 and PV2 under different PV control modes, Scenario B with Ry =35.

2.19% -89.2

HV_MYV substation

4.87% -5.92
40.008 ”
TRI
25 MVA
5.34% -31.3
5 Bus 12
0.046, 4.43% —41.45 us

0.004

"

3.5% -45.96 6.52% -33.66

OS PCC_Bus 13 é 008
OCRI11

H 6.58% 6339 $——0EH

70.004
7.19% -34.54

2.14% -60.75
00 0.046, 0,043,

Bus 3

l PCC_Bus4

Bus 5

0.004
é OCR4 Bus 14 1

4 0 ] 0404

TR4
15 MVA

| ——(0)——¢ 0004
0,039 f=

1.76% -69.9

0.004

0.004

70.004
0.004

Bus 7
Bus 9 us

0.004

FiGure 19: The fault current results for the F1 scenario under Control C and Rf =5, Scenario B.

85U9017 SUOWIWOD aA1TERID 3ot jdde au Aq pausenob aJe SajoILe VO 8Sh J0'Sa|ni 10} Akeid 1 8uluO A1\ UO (SUONIPUOD-pUE-SWRIALIY A3 1M AfeIq1jpul|Uo//:SANy) SUONIPUOD pue SWis 1 841 88S *[202/0T/Te] uo Ariqiauliuo Ae|im ‘Aisieaiun uejodolie N B1ssuyoue N Aq 0THS089/¢202/SSTT OT/I0p/W0d A3 | 1M AReig1jpuluo//Sdiy wiouy pepeojumod ‘T ‘v20z et



International Journal of Energy Research 21
TasLE 8: The operational time for OCR (second) at the CIGRE network under different PV control modes, Scenario B.
Control A Control B Control C Control D Control E
Fault. Rel.ays Operational time for OCR (s)
location  pairs
Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5 Rf=0 Rf=5
Fl OCR1 0.05 0.06 0.05 0.05  No tripping No tripping 0.08 0.08 0.06 0.06
OCR2 0.35 0.40 0.37 0.37  No tripping No tripping 0.57 0.58 0.41 0.41
B OCR2 0.35 0.38 0.36 0.34  No tripping No tripping 0.57 0.57 0.42 0.39
OCR3 0.63 0.69 0.66 0.62  No tripping No tripping 1.03 1.03 0.77 0.70
3 OCR3 0.63 0.75 0.64 0.69  No tripping No tripping 1.03 1.07 0.80 0.77
OCR4 091 1.09 0.93 1.00  No tripping No tripping 1.50 1.55 1.16 1.11
Fa OCR4 1.14 1.32 1.16 1.00 1.63 1.36 221 2.14 1.63 1.58
OCR5 2.18 1.70 2.34 2.85  No tripping 42 8.13 4.20 2.72 6.31
F5 OCR5 2.09 3.19 2.09 2.00  No tripping No tripping 7.89 8.05 2.38 3.19
OCR6 2.64 4.02 2.64 2.53  No tripping No tripping 9.95 10.15 3.56 4.02
F6 OCR6 2.75 2.96 2.75 1.12  No tripping No tripping 9.86 9.86 2.75 2.75
- OCR7 0.05 0.05 0.05 0.05  No tripping No tripping 0.08 0.08 0.06 0.06
OCR8 0.34 0.36 0.35 0.33  No tripping No tripping 0.55 0.52 0.44 0.39
F8 OCR8 0.34 0.39 0.35 0.32  No tripping No tripping 0.55 0.55 0.44 0.45
OCR9 0.64 1.23 0.65 0.68  No tripping No tripping 1.45 1.03 0.93 0.96
OCR9 0.82 0.67 0.87 0.94  No tripping 1.14 1.45 1.29 0.92 1.14
F9 OCRS5 1.27 1.04 1.35 1.29  No tripping 1.78 2.25 2.01 1.44 1.78
OCR14 0.18 0.35 0.20 0.18 0.21 0.2 No tripping No tripping No tripping  4.46
F10 OCR10  0.05 0.06 0.05 0.05  No tripping No tripping 0.08 0.08 0.06 0.06
OCR4 091 1.09 0.93 1.00  No tripping No tripping 1.50 1.50 1.16 1.11
F11 OCRI11  0.06 0.10 0.06 0.07  No tripping 0.1 0.13 0.10 0.09 0.09
OCR12 0.8 1.43 0.60 0.72  No tripping 1.28 1.75 1.45 0.71 1.19
F12 OCRI12 0.71 0.86 0.74 0.33 0.81 1.1 2.14 1.40 0.80 0.83
OCR13  0.18 0.9 0.67 0.9 No tripping No tripping No tripping No tripping 0.53 0.55
1000 T T YTy "z 1000 g
500 g LThree—phase (Sym) fault: 0.0498 kA @ 20 kV J g 500 g 7TT);eei};h;sg (7Sy7m7) tf;a\Ilt?OT5§97k37@>7261;V7J
0 0 TTTTTTTTTTTTTTTTTTTTT ] L .
- A B -
C ! ] r
100 g ! E 100 ‘A
% £ 1 50 £ |
30 £ ! 7 30 F !
r | ] r | OCR5-P-51
|
10e | R2-P-51 E 10g \ 04508k(./)\c@1>20kv
2 E I OCR2 3 2 5 E I 1:2.83s
E Lk | 0.0498 kKA @ 20 kV E g 3f ;
3 C \ ] 2 CTI=102s
L ! 4
LE 1 LE 1
E I 3 E I
05 F ! E 05 E ! OCR4-P-51
03 F | 3 03 F | ocl
L RI-P-51 | p - | 0.589kA @ 20kV
r OCR1 \ ] r \ 1:1.81s
01E 0.0498 kA @ 20 kV | E 01k \
3 1 0.05 1
: l ; 003 £ l
F I E F I
0.01 -nmmn NI R R RIS lnnnnmnl Lm0 lnnnnnn- 0.01 -nmmn R RITIIT A nnnnnnnl NSRRI I R SRR RTITIT
0005001 003 01 0305 1 3 10 30 50 100 0005001 003 01 0305 1 305 10 30 50 100
Per unit Per unit

FIGURE 20: Characteristics curves of OCR1 and OCR2 fault current
results for F1 scenario under Control C and Ry =0, Scenario B.

Rr=5Q, the misoperation of OCRs, specifically OCR4 and
OCRS, is evident as depicted in Figure 21. In this situation, the
backup relay OCRS5 failed to activate within the standard CTI
and was delayed by 1.02 s. The CTT1is a critical parameter that

FIGURE 21: Characteristics curves of OCR4 and OCR5 fault current
results for F4 scenario under Control D and Ry =5, Scenario A.

determines the time delay between the operation of primary
and backup OCRs. In this case, the CTI exceeded the recom-
mended range, indicating a deviation from the desired coor-
dination scheme. These miscoordination events can result
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in delayed fault clearing, false tripping, and overall com-
promise of the system’s reliability and security. It is essential
to address these challenges and optimize the control strategies
to ensure effective coordination and timely fault response of
OCRs in power systems with PVs.

In general, as renewable energy integration into the grid
continues to expand, managing both active and reactive power
during fault conditions has become increasingly important.
Various control methods, as outlined in Table 1, have been
developed to improve grid flexibility. This study examined the
most widely used control methods, Control A, B, C, D, and E,
including those implemented in the Germany grid code and
IEEE 1547:2018, as well as other commonly employed techni-
ques. The results showed that the inverter control schemes
have a substantial impact on the performance of OCR schemes
in both grid connected and islanding operation modes. The
contribution of fault current from inverter-based systems is
heavily influenced by the control strategy employed. In grid-
connected mode, the fault current is a combination of contri-
butions from both the utility grid and inverter-based resources.
Different control schemes influence the magnitude of this
contribution. OCR schemes, which rely on fault current detec-
tion, may struggle to adapt to this variability. This results in
unreliable operation, leading to unnecessary or missed discon-
nections, thereby affecting system reliability. In islanding
mode, where only PV systems are powering the network,
the role of the inverter control becomes even more critical.
Since the grid is disconnected, the entire fault current contri-
bution relies on the inverters. If the control scheme of the
inverter limits or eliminates the fault current, the OCR may
completely fail to detect the fault due to insufficient current
to trigger a response. This creates a higher risk in islanding
scenarios, where protection systems are already more vulner-
able due to the absence of grid support. In such cases, the OCR
may not trip at all, leaving the system in an unsafe state.
Inverter control schemes play a crucial role in determining
fault current contributions, with control strategies that reduce
or eliminate fault currents significantly impacting OCR perfor-
mance. The variability introduced by different inverter control
schemes presents challenges for traditional OCR systems,
especially in islanding mode, where fault detection relies entirely
on inverter-generated current. Adaptive OCR schemes are
needed to address these challenges and ensure effective
protection across varying control modes.

4.3.2. Modern OCR Schemes. Several optimization techniques
have been explored in the literature to address the challenge
of coordinating overcurrent protection schemes, as discussed
in Sections 1 and 3. The WCA and PSO have demonstrated
effectiveness in solving complex power network and protec-
tion problems. The choice of these two optimization algo-
rithms is based on their reputation as powerful and effective
methods for tackling complex power protection problems.
PSO is a popular and well-established method due to its
simplicity and effectiveness. However, PSO has its limita-
tions, particularly its tendency to become trapped in local
minima, which can limit its ability to find global optimal
solutions in complex optimization problems. Despite these
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limitations, PSO remains widely used because of its robust-
ness and efficiency in many engineering applications, includ-
ing OCR coordination. It provides a good balance between
computational complexity and solution quality, making it a
reliable benchmark for comparison. On the other hand, the
WCA is a relatively newer approach that mimics the natural
water cycle process. WCA has gained attention due to its
ability to explore and exploit the search space more effec-
tively than standard PSO. The main advantage of WCA is its
dynamic adaptation mechanism, which allows it to avoid
local minima by directing its search toward the global optimum.
This makes WCA particularly suitable for complex optimiza-
tion problems with large search spaces, such as OCR coordina-
tion with renewable energy integration. In this study, WCA was
chosen alongside PSO to compare their performance in han-
dling various inverter control schemes and grid operation sce-
narios. While PSO serves as a reliable reference point, WCA was
selected for its enhanced global search capability and adapt-
ability, addressing some of PSO’s well-known limitations. By
comparing both PSO and WCA, the study aims to provide
insights into their effectiveness in achieving optimal OCR
coordination under different fault conditions and inverter
control modes, helping to identify the most suitable approach
for modern power grids with distributed generation.

By employing these algorithms, the potential impact of
PV inverter Control A on fault contribution and relay settings
is evaluated. Control A showed higher performance in terms
of minimum miscoordination events. Specifically, the focus is
on minimizing the total tripping time, a critical metric for
assessing the performance of coordination schemes. The
results presented in Table 9 display the total operating time
for OCRs under Scenario A with Control A and Ry =0, con-
sidering both nonstandard and standard tripping character-
istics. The optimization algorithms, PSO and WCA, are
employed to determine the TMS values for each OCR.
When examining the TMS values, it is observed that for
OCRs 1, 7, 10, and 11, consistent TMS values of 0.025 are
achieved across both the nonstandard and standard tripping
schemes by both PSO and WCA. This indicates the effective
coordination and minimal time margin required for these
relays. For other OCRs, the TMS values vary between the
nonstandard and standard tripping schemes. The optimiza-
tion algorithms successfully determine TMS values that pro-
vide efficient coordination and minimize the operating time
for these relays under both schemes. Analyzing the total
operating time, the total operating time for the nonstandard
tripping scheme was 12.077-12.3003 s for PSO and WCA,
respectively, while for the standard tripping scheme, it was
12.1226 and 12.1564s. By selecting the most appropriate
coordination approach, network operators can enhance the
overall performance and reliability of the power system, ensur-
ing effective fault detection and response.

4.4. HIL Testing Results. HIL testing is a powerful method for
evaluating hardware components in simulated conditions,
especially in power systems and control engineering. This
research uses HIL testing to tackle the issue of fault currents
in microgrids with different PV control modes. It proposes a
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TasLe 9: The TMS and total operational time for OCR (second) at the CIGRE network under Control A, Scenario A for WCA and PSO
optimization algorithms, and nonstandard and standard tripping characteristics.

TMS of OCRs at Scenario A under Control A and Ry =0

Relay Nonstandard Standard

PSO WCA PSO WCA
OCR1 0.025 0.025 0.025 0.025
OCR2 0.2837 0.228252 0.1771 0.177594
OCR3 0.4999 0.444859 0.321561 0.322452
OCR4 0.7221 0.667741 0.467565 0.468651
OCR5 0.686 0.643163 0.498621 0.499809
OCR6 0.8523 0.809807 0.629037 0.630587
OCR7 0.025 0.025115 0.025 0.025
OCR8 0.2499 0.250679 0.171311 0.171699
OCR9 0.488 0.489533 0.32016 0.320953
OCR10 0.0251 0.025 0.025045 0.025
OCR11 0.0251 0.025 0.025 0.025821
OCR12 0.2369 0.240647 0.168004 0.169203
Total operating time 12.077 12.3003 12.1226 12.1564

FiGure 22: Hardware components of HIL.

TasLE 10: The fault currents simulated and injected to OCR under different PV control modes, Scenario B.

Fault current (A)

Fault location Relays pairs
Control A Control B Control C Control D Control E
F1 OCR2 1012 1317 50 402 943
unique protection scheme with nonstandard characteristics ATP simulations sending test data to these devices
for industrial relays, offering adaptability for different man- for real-world validation.
ufacturers. IL testing involves integrating physical hardware e Real-time simulation platform: Uses OMICRON
COmpOnentS like SIPROTEC 78162 multifunction prOteCtion Test Universe software for control and Synchroniza_
relay and OMICRON-CMC-365 with simulation software, as tion, and Digsi Software for OCR programing and
shown in Figure 22. The key steps are as follows: validation.
e Simulation software: Models power system compo- This setup allows to assess the effectiveness of the pro-
nents using ETAP and ATP/EMTP simulations and  tection scheme, providing a robust platform to ensure safety
performs load flow and short-circuit calculations. and reliability in microgrid environments. In the HIL testing,

e Hardware components: Connects SIPROTEC 7SJ62  fault currents for different fault scenarios at Scenario B
and OMICRON-CMC-365 to the HIL setup, with (islanding grid operation mode), including fault location
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Ficure 23: Continued.
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Ficure 23: HIL testing results for OCR2 under F1 as detailed in Table 10 for (a) Control A, (b) Control B, (c) Control D, and (d) Control E.
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FIGURE 24: HIL testing results for OCR2 under F1 as detailed in Table 10 for Control C, where the relay did not operate.

(F1) and fault resistances (5£2), under PV control modes
A, B, C, D, and E are detailed in Table 10.

In this study, we utilized HIL testing to evaluate the
performance of a protection scheme in a microgrid environ-
ment. Table 10 details fault currents observed in Scenario B,
which represents an islanded grid operation mode. The
data include fault location (F1) with a fault resistance of
5 Q, under different PV control modes: A, B, C, D, and E
for OCR2. The results from HIL testing discovered how these
varying PV control modes influenced fault currents in the
microgrid, providing insights into the effectiveness of the
industrial OCR. Figure 23 shows the HIL results for PV
control modes A, B, D, and E are matched to the simulation
results and time tripping, as presented in Table 8. In the
contrast, the OCRs in Control C with significantly low fault,
resulting in fault detection difficulties and nontripping and
miscoordination events, as shown in Figure 24 and Table 8.
These findings further lay much emphasis on the importance
of adopting proper PV control strategies that will ensure the
optimal operation of OCR and its corresponding times for
efficient power system protection.

Overall, when comparing simulated results with real-
time testing outcomes for different PV control strategies.

First, simulations using software, ETAP, can model various
scenarios and control strategies with high accuracy based on
predefined parameters and assumptions. These models allow
for extensive testing under controlled conditions, which can
provide valuable insights into the theoretical performance of
different PV control strategies. Second, real-time testing
involves practical equipment and actual fault scenarios, with
the Siemens 7SJ631 device and fault injections through
OMICRON. This real-time testing provides the opportunity
to detect how PV control strategies interact with other system
components and external factors that may not be perfectly
replicated in simulations. This includes variability in solar
irradiance, temperature effects on PV modules, and the impact
of network disturbances, which can all influence the perfor-
mance of the control strategies and the protection devices. The
results showed that the OCR with several different types of
control, using ETAP software, which is considered one of the
most powerful industrial programs. The protection device was
also tested practically by using the Siemens 7S]J631 device and
fault injection through the OMICRON testing device, and the
results were identical. In summary, while simulations provide
a valuable theoretical framework for evaluating PV control
strategies, real-time testing is crucial for identifying practical
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challenges and ensuring that the strategies work effectively in
real-world scenarios.

5. Conclusions and Recommendations

This paper has investigated the operation of both traditional
and nontraditional protection devices under various control
strategies in fault conditions. These strategies have evolved
significantly in recent years, making it difficult for overcur-
rent protection devices to detect faults when control types
change in certain scenarios. This study verified and analyzed
these issues using ETAP software under different operating
conditions and fault locations, supplemented by real-time
testing using a HIL approach. The OMICRON-256 system
facilitated real-time testing on a SIPROTEC 7SJ62 multi-
function protection relay This work has addressed the chal-
lenges encountered in the protection system of DNs with
IIDGs. By investigating the fault characteristics and fault cur-
rent contributions from different PV systems under various
control strategies, significant insights have been gained. The
study emphasizes the influence of control strategies and fault
locations on the behavior of IIDG systems during faults, as
observed in the 14-bus CIGRE network with two 10 MVA
PV farms. The findings highlight the implications of these fac-
tors for the coordination and defect detection of OCR protection
schemes in evolving power systems. First, the study provides an
early exploration of the challenges associated with OCR protec-
tion, specifically focusing on the influence of different control
techniques employed in PV inverters. This analysis enhances
the understanding of OCR protection within the context of
evolving power systems, highlighting the need for adapting
protection schemes to accommodate the dynamics intro-
duced by IIDGs. Additionally, the investigation by using
HIL considers the impact of fault impedance levels on OCR
performance under various PV control models and penetra-
tion scenarios, including islanded operation. The analysis
shows the importance of considering fault impedance varia-
tions in achieving optimal coordination and performance of
OCRs. Furthermore, optimal coordination schemes utilizing
nonstandard and standard tripping characteristics are evalu-
ated and compared under different IIDG control systems.
This highlights the limitations of current-only-based fault detec-
tion schemes, particularly when control types change. Conse-
quently, this motivates future work to develop methodologies
that integrate both current and voltage for fault detection and
isolation, ensuring more robust and reliable protection in evolv-

ing power system environments, several key points were
identified:

e Detection and isolation challenges: OCR may struggle
to detect or isolate faults in certain cases, leading to
either incorrect disconnections or delays in response
times.

e Voltage term in OCR protection: Adding voltage to the
OCR scheme may be necessary to effectively detect and
isolate faults.

e Comprehensive testing: Extensive testing is required
for all types of control methods with other protection

International Journal of Energy Research

devices, such as distance protection and differential
protection, to understand how they detect and isolate
faults under various inverter control strategies.

Nomenclature

OCR: Overcurrent relay

PV: Photovoltaic

WCA: Water cycle optimization algorithm

PSO: Particle swarm optimization algorithm

SGs: Synchronous generators

PV: Photovoltaic

IIDG: Interconnected inverter-based distrib-
uted generation

FRT: Fault ride-through

SCC: Short-circuit current computation

DGO: Distribution grid operator

LVRT: Low voltage ride-through

RCI: Reactive current injection

VSI: Voltage source inverters

P: Active power

Q: Reactive power

Vg d-axis voltage

Ipg: Inverter current

Iyand I Active and reactive current

Vicc: Positive-sequence voltage

AV Fault component’s voltage

Allpe: Fault component’s current

Z; and Zg Line and source impedance

Ii: Fault current at F1

ALY Fault current components at OCR1

Ry: Fault resistance

CTL Coordination time Interval

torimary a0d facp: Operational time for both the primary

TMS:

tminand £ oy

I .

and backup OCRs

Time multiplier setting

Minimum and maximum operational
times

Pickup current

!
t,: Tripping time
DN: Distribution network.
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