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Abstract: Microgrids (MGs) are revolutionizing modern power systems by enabling decen-
tralized energy production, renewable energy integration, and enhanced grid resilience.
However, the increasing complexity of MGs, particularly with the integration of Distributed
Energy Resources (DERs), poses significant challenges for traditional protection schemes.
This study addresses the coordination of Directional Overcurrent Relays (DOCRs) in MGs
through a Mixed-Integer Linear Programming (MILP) model. The main contribution is a
MILP model that optimizes relay settings, including Time Multiplier Settings (TMS) and
standard characteristic curves, to minimize tripping times, while ensuring selectivity. An-
other key contribution of this work is the integration of both IEC and IEEE standard curves,
which enhances coordination performance compared to using a single standard. The model
was tested on the IEC benchmark microgrid, and the results demonstrated significant
improvements in fault-clearing times across various operational modes. By leveraging
advanced optimization techniques and diverse characteristic curves, this study contributes
to the development of resilient and efficient protection systems for modern microgrids,
ensuring reliable operation under varying fault conditions and DER penetration.

Keywords: distributed generation; microgrid; power system protection; overcurrent relay
coordination; directional overcurrent relay; mixed-integer linear programming; optimization

1. Introduction

Microgrids (MGs) are set to revolutionize the power grid, but their increasing com-
plexity requires robust and adaptable protection systems. The need for renewable energy
integration, distributed generation, and enhanced grid resiliency drives the rapid integra-
tion of MGs into modern power systems. Microgrids offer the ability to operate in both
grid-connected and islanded modes, providing flexibility and reliability to the power sys-
tem [1,2]. However, the increasing penetration of renewable energy sources in MGs presents
unique challenges for traditional protection schemes, potentially leading to cascading fail-
ures and system instability. Furthermore, the penetration of Distributed Energy Resources
(DERSs) such as solar photovoltaic (PV), wind turbines, and energy storage systems has
transformed fault characteristics, making traditional protection schemes insufficient [3,4].

Directional Overcurrent Relays (DOCRs) are the most widely used protection devices
in microgrid systems, due to their simplicity and cost-effectiveness [5,6]. However, coordi-
nating DOCRs in MGs with high penetration of DERs presents unique challenges, including
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bidirectional fault currents, variable fault levels, and the need for adaptive settings. Exist-
ing protection coordination approaches often rely on standard IEEE or IEC characteristic
curves [7-9]. Recent research highlights the importance of integrating non-standard curves
and employing advanced optimization techniques to overcome these limitations [10,11].

Despite these advancements, challenges persist. The dependency on communication
infrastructure for centralized protection schemes can introduce vulnerabilities, especially
in scenarios involving communication delays or failures [12,13]. To address this issue,
recent studies have proposed communication-free protection schemes [12], aiming to
enhance reliability by eliminating the need for real-time communication between relays.
Additionally, fault detection techniques such as those based on differential admittance
angles and data-driven methods have shown potential for improving accuracy and speed,
but their practical implementation remains an open issue [14].

Adaptive protection schemes for MGs enhance resilience by dynamically adjusting
protection settings and coordination strategies in response to changing operating conditions
and fault scenarios. Research by Jahanbani et al. [15] focused on tailoring protection for
high renewable energy penetration, while Alasali et al. [16] and Sati et al. [17] explored
hybrid deep learning models to improve fault detection and classification. Peter et al. [18]
investigated innovative hybrid model designs and feature selection for enhanced perfor-
mance, and Reiz et al. [19] addressed cybersecurity concerns by developing robust models
resistant to malicious attacks.

Communication-free protection schemes enhance microgrid resilience by eliminating
the need for centralized communication, thereby mitigating the risks associated with com-
munication delays, failures, and cyberattacks. Heidary et al. [20] explored the performance
of communication-free schemes in detecting and isolating faults, while Asghari et al. [21]
proposed novel schemes utilizing artificial intelligence for autonomous decision-making
at each protection device. Ghanem et al. [22] investigated the vulnerabilities of exist-
ing schemes to communication disruptions, guiding the development of more robust
communication-free alternatives. Vazquez et al. [23] focused on tailoring communication-
free protection to specific microgrid applications, such as residential or industrial settings.
Finally, Yan et al. [24] explored the use of advanced technologies, such as specialized sen-
sors and embedded processors, to facilitate local decision-making and coordination within
communication-free protection systems. Supporting this perspective, Wang et al. [25]
presented a comprehensive study on real-time reconfiguration of protective devices under
varying load and renewable generation conditions. Their approach leverages dynamic
system data to adjust protection settings on-the-fly, thereby enhancing microgrid resilience
and selectivity.

The IEC benchmark has been used to establish a general framework for comparing
results, and emerging trends using IEC benchmarks have shown the complexity of fault
detection and classification, exposing the limitations of traditional techniques. For instance,
ref. [26] proposed a wavelet-based ensembled intelligent technique, validated using the
IEC microgrid benchmark, which demonstrated superior fault detection and classification
performance compared to conventional methods. Similarly, ref. [27] introduced a novel
approach leveraging the Teager—Kaiser Energy Operator and micro-Phasor Measurement
Units (1PMUs) to extract energy signatures for real-time event detection, validated through
simulations of an integrated microgrid model. Addressing uncertainties in fault detec-
tion, ref. [28] developed a deep-learning-based protection scheme that adapts to dynamic
conditions, enhancing system resilience. Furthermore, ref. [29] advanced sub-cycle fault
detection using advanced signal processing techniques, validated with standardized bench-
marks, to meet stringent time requirements. Collectively, these studies underscored the
critical role of standardized benchmarks, such as the IEC microgrid model, in driving inno-
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vation and addressing diverse challenges in microgrid protection and fault management.
This article presents a well-detailed benchmark MG that can be used as a test framework
for research purposes.

The hardware-in-the-loop (HIL) and digital twin methodologies are vital for validating
the effectiveness and robustness of protection schemes in realistic microgrid environments.
Alasali et al. [30] utilized HIL testing to rigorously evaluate the performance of protection
systems under diverse operating conditions, including varying loads, renewable energy
generation, and fault scenarios. Dewangan et al. [31] leveraged digital twin simulations to
comprehensively assess the impact of various fault scenarios, including transient events
and cyberattacks, on protection system behavior. Bui et al. [32] integrated HIL testing
with advanced data analytics to optimize protection settings and improve overall system
performance. Khan et al. [33] employed digital twin technology as a virtual testbed for
developing and testing novel protection algorithms before their deployment in real-world
microgrids, reducing risks and accelerating the development process. Tripathy et al. [34]
combined HIL testing with machine learning techniques to enhance the accuracy and adapt-
ability of protection systems in dynamic MG environments, enabling them to effectively
respond to changing operating conditions and unforeseen events.

The coordination of overcurrent devices addresses a critical gap in previous research
by integrating both IEC and IEEE characteristic curves for enhanced protection coordination
performance. Biswal et al. [35] investigated the impact of integrating diverse characteristic
curves on coordination performance and system reliability, demonstrating the potential
for improved selectivity and reduced misoperation rates. Cisneros-Saldana et al. [36]
developed an optimization framework that leverages both IEC and IEEE curves to minimize
coordination times, while ensuring selectivity constraints. Singh et al. [37] analyzed the
influence of different combinations of IEC and IEEE curves on the performance of protection
systems in various microgrid configurations. Desai et al. [38] proposed a novel approach
for selecting the optimal combination of IEC and IEEE curves based on real-time operating
conditions and fault characteristics.

Many scientific reports have explored the application of advanced metaheuristic
algorithms for optimal relay coordination of microgrids. These algorithms, particularly
well-suited for tackling non-linear and large-scale optimization problems, offer promising
solutions for complex microgrid protection schemes. In [39], the authors showed the
effectiveness of the Genetic Algorithm (GA), Harmony Search (HS), Imparialist Competitive
Algorithm (ICA), and Firefly Algorithm (FA) for achieving optimal relay coordination,
ensuring proper selectivity and minimizing tripping times. Kumar et al. [40] explored the
potential of the JAYA algorithm for optimal relay coordination, focusing on its efficiency
and robustness in finding optimal solutions. Abdi et al. [5] applied the Harmony Search
algorithm to optimize relay settings, demonstrating its effectiveness in handling complex
microgrid configurations with multiple distributed energy resources. Sadeghi et al. [12]
utilized a novel metaheuristic algorithm inspired by natural phenomena for optimal relay
coordination, emphasizing its ability to handle uncertainties and achieve robust protection
performance. Merabet et al. [41] compared the performance of various metaheuristic
algorithms for relay coordination, providing valuable insights into their strengths and
weaknesses in the context of microgrid protection. Metaheuristic algorithms such as NSGA-
II, JAYA, and the Water Cycle Algorithm (WCA) have demonstrated the capability to
minimize relay operating times, while ensuring selectivity constraints [40]. These methods
have shown promising results in addressing the nonlinear and discrete nature of the DOCR
coordination problem. Moreover, studies such as [35] have emphasized the role of hybrid
optimization techniques that combine metaheuristics with machine learning to improve
fault detection and relay coordination.
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In contrast, exact models offer distinct advantages when solving coordination prob-
lems in microgrids using overcurrent protection. Their deterministic nature ensures consis-
tent results, and exact solvers guarantee global optimality, providing precise solutions to
well-defined problems. Linear models are computationally efficient for small- to medium-
sized systems and benefit from mature, well-supported solvers that facilitate rapid con-
vergence. Additionally, their simplicity and structured formulation make them easier to
interpret and analyze, ensuring strict compliance with constraints. These models often rely
on linear approximations of inherently non-linear relationships in microgrid systems. In
general, linear models have long been widely reported in the scientific literature. However,
in many studies, the Time Multiplier Setting (TMS) is considered as the only decision
variable, while other parameters are treated as constants [42], which limits the search space.
Some studies focus solely on using a single characteristic curve, typically the IEC Standard
Inverse (SI) curve [43]. More recent research has expanded this approach to include multi-
ple curve selections [44]. The most advanced models incorporate both IEC and IEEE curves
within a mixed-integer linear programming (MILP) framework. However, these models
introduce undesirable factors that affect the objective function, and they have not yet been
validated in MG environments [45].

Recent studies have faced significant limitations, due to their reliance on non-linear
models, which are typically solved using metaheuristic techniques. Scientific evidence
indicates that metaheuristic algorithms are capable of finding local optima; however, their
performance is highly dependent on parameter selection and fine-tuning. In contrast,
a Mixed-Integer Linear Programming (MILP) model guarantees a global optimum and
follows a deterministic process, ensuring consistency in the obtained solutions. This
paper builds on this existing body of knowledge by addressing several key gaps in the
following ways.

e A MILP-based model for protection coordination is developed. The primary advan-
tage of exact models, such as MILP, is their ability to guarantee a global optimum,
whereas non-linear models only ensure local optima and usually require metaheuristic
techniques for their resolution. Metaheuristic methods incorporate stochastic compo-
nents to explore different regions of the solution space, allowing them to escape local
optima and identify improved solutions. However, this inherent randomness makes
metaheuristics non-deterministic, while MILP remains a structured and predictable
optimization approach.

¢ The performance of protection coordination schemes that integrate both IEEE and IEC
standards is evaluated, comparing them to those that rely solely on the IEEE standard.
Most exact models reported in the technical literature use only one IEC curve, and
while some approaches allow the evaluation of multiple IEC curves, no studies have
tested the combined use of IEC and IEEE standards. This gap exists despite growing
research trends advocating for the integration of both standards, to enhance relay
coordination performance.

Although exact models for parameter coordination exist, their application to mi-
crogrids has not been explored. Additionally, the integration of IEEE curves without
impacting the objective function remains unaddressed. This study applies an advanced
optimization framework with diverse characteristic curves to assess protection system
performance in microgrids, ensuring reliable operation under varying fault conditions and
DER penetration levels.

This article is structured as follows: Section 1 addresses recent contributions from
the scientific community, focusing on studies related to protection coordination in MGs
employing overcurrent protection. Section 2 describes the ANSI 51 inverse time protection,
including the types of curves defined by both IEC and IEEE standards, centralized and de-
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centralized protection schemes, as well as adaptive and directional protection. Additionally,
it provides a comprehensive description of the IEC benchmark microgrid. The MILP model
is also presented in detail in this section, explaining all parameters, decision variables,
and the objective functions. Section 3 presents the operational modes considered. The
results highlight the shorter tripping times and offer a detailed description of the outcomes
for each operational mode. Finally, Section 4 summarizes the key findings of the study,
supported by the results described in the preceding sections.

2. Methodology

Protection of power systems is a critical aspect of ensuring operational reliability,
safety, and stability. Among the various protection mechanisms, overcurrent protection
is a key part of the fault detection and isolation process, thereby preventing equipment
damage and minimizing system downtime. This section examines the principles and
methods of inverse-time overcurrent protection, with particular emphasis on ANSI 51
standard [46], which is widely used in power distribution and industrial systems. By
exploring operating characteristics, coordination strategies, and advanced features such as
adaptive and directional protection, this section provides a comprehensive understanding
of how modern protection schemes are designed to meet the challenges of increasingly
complex power systems. It also examines the integration of centralized and distributed
control approaches, highlighting their respective advantages and limitations in achieving
robust and efficient fault management. To further improve protection coordination, a MILP
model is introduced that aims to minimize relay operating times, while ensuring selectivity,
through the optimal selection of TMS and standard curve types. This model, formulated
as an assignment problem, incorporates key parameters such as PSM and Coordination
Time Intervals (CTIs), and provides a systematic framework for optimizing relay settings
in various operating scenarios. Through this discussion, this section aims to detail the
relevant background and the proposed MILP model.

2.1. Inverse-Time Protection ANSI 51

Protection function 51 refers to a time-overcurrent protection and is a mechanism in
power system protection schemes. Its primary purpose is to detect and isolate faults by
measuring current levels that exceed predefined thresholds for a specified time delay. This
section provides a detailed description of the operating principles, characteristics, and appli-
cations of ANSI 51 protection. Time-overcurrent protection is widely utilized in distribution
networks and industrial systems as an effective means of detecting overcurrent conditions
caused by faults, such as short circuits or overloads. Unlike instantaneous overcurrent
protection (ANSI 50), which operates without intentional delay, the 51 function incorporates
a time-delay characteristic, enhancing coordination with other protection devices.

The 51 protection function operates based on a predefined time—current characteristic
curve. When the current flowing through the system exceeds the pickup value (Ipickup),
the protection relay initiates a timing process. The relay trips the circuit breaker if the
fault persists for a duration exceeding the specified time delay. The time delay is inversely
proportional to the magnitude of the fault current, following one of several standardized
curves. The performance of 51 protection is defined by its pickup current setting, TMS,
and the selected time—current curve. These parameters allow fine-tuning of the relay’s
response to ensure proper coordination with upstream and downstream devices in the
protection hierarchy.

Time-overcurrent protection offers several advantages, making it a widely used scheme
in power system protection. Its simplicity and cost-effectiveness are among its primary
strengths, as the function requires minimal computational resources and can be easily
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implemented in both electromechanical and digital relays. Additionally, it provides reliable
fault detection and isolation in radial systems, where the power flow is unidirectional and
straightforward coordination is feasible. However, 51 protection has limitations that restrict
its applicability in more complex network topologies. For instance, in meshed networks, its
selectivity is often inadequate without the integration of directional elements or adaptive
coordination strategies.

The 51 protection function offers flexibility and reliability for fault detection and
coordination. Advances in digital relays and communication technologies have further en-
hanced its capabilities, enabling adaptive and coordinated protection strategies in complex
systems like MGs.

2.1.1. IEC Standard Curves

The time—current curves for inverse-time overcurrent relays are defined by the IEC
60255 standard [47], which specifies various time-delay characteristics to adapt the relay’s
behavior to the requirements of each application. These curves, such as the standard
inverse, very inverse, and extremely inverse, are designed to ensure proper coordination
with other protection devices within the electrical system. The trip time can be adjusted
using the TMS parameter, which allows for fine-tuning of the protection response.

Table 1 presents the standard coefficients A, B, and C used for the IEC-standardized
time—current curves; it includes the most widely used coefficients associated with IEC-
defined curves, which are crucial for determining the operating time of overcurrent relays.
These coefficients A, B, and C are applied in the characteristic equations of the time—current
curves, ensuring flexibility and precision in configuring protection systems. For instance,
the “IEC Standard Inverse” curve is suitable for general applications, while curves like
“]IEC Extremely Inverse” or “IEC Ultra-Inverse” are tailored for specific scenarios, such as
transformer protection or highly inductive loads. Each curve’s response depends on the
interplay between these coefficients and the TMS.

Table 1. Standard coefficients for calculating the operating time of IEC standard curves.

Curve Type C B A
IEC Extremely Inverse (EI) 0 2 80
IEC Long Time Inverse (LTI) 0 1 120
IEC Short Time Inverse (STI) 0 0.04 0.05
IEC Standard Inverse (SI) 0 0.02 0.14
IEC Ultra-Inverse (UI) 0 2.5 315.2
IEC Very Inverse (VI) 0 1 13.5

2.1.2. IEEE Standard Curves

The time—current curves for inverse-time overcurrent relays are also well-defined un-
der standard IEEE C37.112 [48], which specifies various time-delay characteristics tailored
to the requirements of electrical systems. These curves, such as the moderately inverse,
very inverse, and extremely inverse, are designed to ensure a reliable coordination. The
trip time of the relay is calculated using characteristic equations defined by the IEEE, with
the time delay being adjustable via the TMS parameter, providing flexibility in achieving
optimal protection and coordination.

Table 2 lists the standard coefficients A, B, and C used for the IEEE-standardized
time—current curves. These coefficients are integral to the characteristic equations that
define the trip time of the relay, ensuring adaptability to various fault conditions and
coordination requirements. For example, the moderately inverse curve is commonly used
for feeders, while the extremely inverse curve is more suitable for protecting transformers.
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Each curve’s operating time is influenced by the fault current magnitude and the TMS
parameter, enabling precise relay coordination across different protection zones. These
terms were adapted from the IEEE C37.112 standard, unifying the nomenclature between
both standards (IEC and IEEE).

Table 2. Standard coefficients for calculating the operating time of IEEE standard curves.

Curve Type C B A
IEEE Extremely Inverse (EI) 0.1217 2 28.2
IEEE Long Time Extremely Inverse (LTEI) 0.25 2 64.07
IEEE Long Time Inverse (LTI) 0.185 0.05 0.086
IEEE Long Time Very Inverse (LTVI) 0.712 2 28.55
IEEE Moderately Inverse (MI) 0.114 0.02 0.0515
IEEE Short Time Extremely Inverse (STEI) 0.005 2 1.281
IEEE Short Time Inverse (STI) 0.11858 0.02 0.16758
IEEE Very Inverse (VI) 0.491 2 19.61

2.1.3. Adaptive and Directional Features

Adaptive and directional overcurrent protection are advanced methodologies de-
signed to enhance the reliability and flexibility of protection systems in modern power
networks. Adaptive overcurrent protection dynamically adjusts settings according to real-
time system conditions, including load variations, network topology changes, and fault
characteristics. This approach ensures optimal coordination between protection devices, re-
ducing the risk of misoperations and improving the system’s resilience against disturbances.
Directional overcurrent protection, on the other hand, incorporates directional elements
to determine the flow of fault current relative to the relay location. This feature is critical
in systems with bidirectional power flows, such as MGs or renewable energy-integrated
networks, where traditional overcurrent protection may fail to distinguish between forward
and reverse faults. By combining adaptivity and directional capabilities, protection systems
can address the challenges posed by complex and evolving grid configurations, ensuring
fast, selective, and reliable fault clearance.

2.1.4. Centralized and Decentralized Control in Protection System

Centralized control relies on a single control entity, often located at a control center,
to collect data from all system components, analyze it, and send commands to protection
devices. This approach offers advantages such as global coordination, optimal decision-
making, and efficient fault management. However, centralized systems are highly depen-
dent on communication infrastructure and are vulnerable to single points of failure, which
may affect reliability in real-time operations.

In contrast, decentralized control distributes the decision-making process among
multiple local controllers, typically embedded in the protection devices themselves. Each
controller operates autonomously, relying on locally available information to execute
protection actions. Decentralized systems are inherently more resilient to communication
failures and offer faster response times, as they eliminate the need for centralized data
processing. However, achieving effective coordination between devices in decentralized
systems can be challenging, especially in interconnected or dynamic networks.

Both control approaches have their merits and limitations, and their application de-
pends on the specific requirements of the power system. Hybrid control schemes that
integrate the strengths of centralized and decentralized approaches are increasingly be-
ing explored to enhance the robustness and flexibility of protection systems in complex
grid environments.
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2.2. Microgrid Benchmark Framework

This section provides a comprehensive overview of the IEC Microgrid benchmark,
initially introduced in [49] and later expanded in [50]. Benchmarks have been used in the
research and development of power systems, particularly in microgrid studies, by offering
a structured testing environment. The IEC benchmark microgrid is widely recognized
for enabling direct comparisons between various protection and control strategies under
identical operating conditions. Its design integrates practical constraints and operational
scenarios, bridging the gap between theoretical research and real-world applications.

Benchmark Description

The parameters presented in Table 3 characterize the utility connection of the bench-
mark IEC microgrid. The utility is modeled with a rated short-circuit power of 1000 MVA,
providing the necessary fault level for stability and protection coordination studies. The
system operates at a frequency of 60 Hz, with a rated and base voltage of 120 kV. These
parameters establish the utility’s contribution to the microgrid’s performance, including
its impact on fault current levels, voltage regulation, and overall system dynamics. The
high short-circuit power ensures a strong grid connection, making it suitable for analyzing
various operating conditions and disturbances.

Table 3. Utility parameters.

Parameter Value Unit
Rated short-circuit power 1000 MVA
Frequency (f) 60 Hz
Rated voltage 120 kv
Base voltage (Vyse) 120 kV

Table 4 presents the parameters of the distributed generators (DGs) used in the bench-
mark microgrid. DG1 and DG2 are modeled as synchronous generators with a rated power
of 9 MVA each, operating at 2.4 kV and 60 Hz. Their dynamic behavior is characterized
by an inertia constant of 1.07 s, a friction factor of 0.1 pu, and various reactance and time
constants that define their electrical and transient performance. DG3 represents an inverter-
based wind farm consisting of three turbines, each rated at 2 MVA with a power factor of
0.9, resulting in a total rated capacity of 6 MVA. It operates at a voltage level of 575 kV and
has an inertia constant of 0.62 s. The electrical parameters for DG3, including reactances
and time constants, are defined to reflect its inverter-based operation. Both types of DGs
include parameters for the resistance, reactances along the d- and g-axes, leakage reactance,
and time constants associated with open-circuit transient and sub-transient states. These
parameters provide a detailed representation of the generators” behavior, enabling the
study of dynamic responses, fault scenarios, and system stability within the MG.

Table 5 provides the parameters for DG4, a wind farm based on a doubly fed induction
generator (DFIG). The wind farm has a total rated capacity of 9 MVA, composed of six
turbines, each rated at 1.5 MVA, operating at 575 V and 60 Hz. Its dynamic characteristics
are defined by an inertia constant of 0.685 s and a friction factor of 0.01 pu, which influence
its response to system disturbances.

Electrical parameters of DG4 include a stator resistance (R;) of 0.023 pu, rotor resistance
(R}) of 0.016 pu, and their respective leakage inductances, Ls and L}, of 0.18 pu and 0.16 pu.
The magnetizing inductance (L;,) is specified as 2.9 pu, reflecting the generator’s capability
to sustain magnetic flux linkage. These parameters model the performance and interaction
of the DFIG-based wind farm within a microgrid, particularly under dynamic and transient
conditions.
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Table 4. Parameters of DGs.
DG1, DG2 DG3
Parameter Synchronous Inverter-Based
Generators Wind Farm
6 pf=09
Rated MVA 9 (three  turbines,
2 MVA each)
Frequency (f) 60 Hz 60 Hz
Rated voltage 2.4kV 575 kV
Inertia constant (H) 1.07 s 0.62s
Friction factor (F) 0.1pu 0.1pu
Resistance (Rs) 0.0036 pu 0.006 pu
d-axis reactance (Xj) 1.56 pu 1.305 pu
d-axis transient reactance (X)) 0.296 pu 0.296 pu
d-axis sub-transient reactance (X)) 0.177 pu 0.252 pu
g-axis reactance (Xg) 1.06 pu 0.474 pu
g-axis sub-transient reactance (X 0.177 pu 0.243 pu
Leakage reactance (X)) 0.052 pu 0.18 pu
Open-circuit transient time constant (Téo) 3.7s 449s
Open-circuit sub-transient time constant (Ty,) 0.05s 0.0681 s
g-axis subtransient time (T,;0") 0.05s 0.0513 s
Table 5. DG4: DFIG-based Wind Farm Parameters.
Parameter Value
Rated MVA 9 (six turbines, 1.5 MVA each)
Frequency (f) 60 Hz
Rated voltage 575V
Inertia constant (H) 0.685 s
Friction factor (F) 0.01 pu
Stator resistance (Rg) 0.023 pu
Stator leakage inductance (Ls) 0.18 pu
Rotor resistance (R}) 0.016 pu
Rotor leakage inductance (L}) 0.16 pu
Magnetizing inductance (L) 2.9 pu

Table 6 outlines the parameters of the transformers (TRs) utilized in the benchmark
microgrid. The transformers serve different connections within the system, each tailored to
the specific requirements of the connected components. TR1, rated at 15 MVA, operates
with a voltage ratio of 120/25 kV, reflecting its role in interfacing the utility grid with
the distribution network. TR2 and TR3, each rated at 12 MVA, step up the voltage from
2.4 kV to 25 kV for synchronous generators DG1 and DG2. TR4, with a 10 MVA capacity,
steps up the voltage from 575 V to 25 kV, accommodating wind farms DG3 and DG4. All
transformers operate at 60 Hz and share common electrical characteristics, including a
winding resistance (R1) of 0.00375 pu, a leakage reactance (X1) of 0.01 pu, and magnetizing
parameters (R,, and X,,) of 500 pu each.

Table 7 presents the parameters of the distribution lines (DL). Each line spans a length
of 30 km and operates at a base voltage of 25 kV. The lines are modeled using both resistance
and inductance parameters for zero-sequence (Ry and L) and positive-sequence (R and
L) components, allowing for detailed representation of electrical characteristics under
balanced and unbalanced conditions.



Energies 2025, 18, 2035

10 of 31

Table 6. Transformer (TR) parameters.

Transformer TR1 TR2, TR3 TR4

Rated MVA 15 12 10
Frequency (f) 60 Hz 60 Hz 60 Hz
Rated voltage 120/25 kV 2.4/25kV 575/25kV
Base voltage (Vpuse) 120 kV 25kV 25 kV
Winding resistance (R1) 0.00375 pu 0.00375 pu 0.00375 pu
Leakage reactance (X1) 0.01 pu 0.01 pu 0.01 pu
Magnetizing resistance (R;;) 500 pu 500 pu 500 pu
Magnetizing reactance (X;;) 500 pu 500 pu 500 pu

The resistance values are specified as 0.1153 () /km for zero-sequence and 0.413 (3/km
for positive-sequence. The corresponding inductance values are 1.05 x 10~3 H/km for zero-
sequence and 3.32 x 1073 H/km for positive-sequence. Additionally, the lines’ capacitive
effects are characterized by a zero-sequence capacitance (Cg) of 11.33 x 10~ F/km and a
positive-sequence capacitance (Cy) of 5.01 x 10~° F/km.

Table 7. Distribution lines (DLs) parameters.

Parameter Value Unit

Line length 30 km (per line)
Base voltage (Vpase) 25 kv

Line resistance (Rg) 0.1153 0O/km

Line resistance (R1) 0413 Q/km
Inductance (Lg) 1.05 x 1073 H/km
Inductance (L1) 3.32 x 1073 H/km
Capacitance (Cp) 11.33 x 1077 F/km
Capacitance (Cq) 5.01 x 107? F/km

Figure 1 illustrates the structure of an IEC benchmark microgrid, designed to repre-
sent a typical distribution system with multiple DERs. The system consists of a primary
utility connection at the Point of Common Coupling (PCC), labeled as B-1, with the main
circuit breaker (CB_MAIN) connected to Transformer TR-1. The microgrid operates in a
radial configuration, branching into three feeders, each equipped with protection devices,
including relays (R-1 to R-10), circuit breakers (CB_LOOP1, CB_LOOP2), and interconnec-
tion lines (DL-1 to DL-5). Each feeder supplies energy to distributed generators (DG-1 to
DG-4) through step-down transformers (TR-2 to TR-5), providing realistic representation
of both grid-connected and islanded operational modes. The microgrid’s loads (L-1 to
L-6) and buses (B-2 to B-6) enable the simulation of fault scenarios, load variations, and
switching events, supporting advanced research in protection coordination, fault detection,
and optimization. The total loading (sum of L1 to L6) considered is 22 MW, 10 MVAR.

Table 8 specifies that the column I ;e represents the pickup current, which is deter-
mined by the load for each relay. The locations of the relays within the IEC microgrid are
illustrated in Figure 1. The current transformer ratio (CTR) for all relays is 400, except for
relay R7, which has a CTR of 1200.
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Figure 1. IEC benchmark microgrid.

Table 8. CTR and iy, with each relay.

Relay Lyickup
R1, R2, R3, R4, R5, R6, R§, R9, R10, R12 0.50
R7 1.00
R11, R14 0.65
R13 0.88
R15 0.55

2.3. Mixed-Integer Linear Model

This section provides a detailed description of the implemented optimization model.
The model definition begins with the definition of the sets, followed by the parameters and
variables involved. The formulation incorporates the objective function and constraints,
capturing the essential elements of the problem under study. The objective is to minimize
the sum of the operating times for each DOCR by optimizing the relay settings, specifically
the TMS and the standard characteristic curve (SCC) type. This optimization is carried out
while ensuring compliance with selectivity constraints. In this study, a CTI constant of 0.3 s
was used for consistency and to facilitate comparisons with existing scientific literature.

2.3.1. Sets

The optimization model employs a set-based framework to structure its key compo-
nents. The set R represents the collection of relays in the system. The set F captures the
faults perceived by each relay across different operating modes, ensuring that the model
accommodates the system’s dynamic behavior under various fault scenarios. Additionally,
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the set C encompasses the standard inverse-time overcurrent curves, providing a range of
predefined options to tailor the relay settings.

*  R: Represents the relays in the system.
e F: Set of faults detected by each relay in each operating mode.
*  (C: Set of standard curves.

2.3.2. Parameters

Equation (1) defines the plug setting multiplier (PSM;y) for each relay i € R and each
fault f € F. It relates the short-circuit current (ICC;f) observed for the relay to the pick-up
current (Ipickup;) of each relay. This Equation (1) ensures that PSM; ¢ 1s calculated for all
relays and faults.

ICCif

PSMif = Ipickup;

i€R, f€F 1

Equation (2) defines By;.. The parameter B is a key element that facilitates the
linearization of the optimization model, transforming the nonlinear problem into an assign-
ment problem. The constants A, B, and C, correspond to each type of SCC, with their
specific values listed in Table 1 for IEC curves and Table 2 for IEEE curves. Notice that
subindex ¢ € C depicts curves in the set C. The value of PSM; derived from Equation (1)
incorporates the short-circuit current and pick-up current.

A

c
1%M§—1

Bfic = V ieR, f€F, ceC )

The parameter BU, defined in Equation (3), establishes the relationship between
primary relays and their corresponding backup relays. It is important to note that ij # ji,
as the selectivity principle of the system, dictates that the backup relationship is not
interchangeable. This parameter plays a crucial role in ensuring proper coordination within
the protection scheme, where each relay’s backup is explicitly identified.

€)

1, relay jisthebackup ofrelayi V i,j€R
Bui]‘ =

0, relay jis NOT the backup ofrelayi V i,j€ R

2.3.3. Model

The following is the proposed mixed-integer linear model, accompanied by a descrip-
tion of the constraints. The general objective is to minimize the tripping time of the DOCRs
in the MG for each fault. The decision variables include the set of offline configurations
for each relay. A centralized controller identifies the OM and communicates the settings to
the relays to achieve the minimum operating time across the defined scenarios, taking into
account an adaptive function. The decision variables are the TMS (TMS;;) and SCC ¢ € C.
Note that the model is formulated as an assignment problem for optimization. Therefore,
TMS;. is sized for all relays times of the available curves, but its selection depends on
non-zero values. The auxiliary variable x;. allows the model to select a single curve for
each relay, which allows the upper and lower boundary conditions to be set.

min 2 Z tif (4)

i€ER feF
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Subject to
tif = ZC(,BficTMsic +xcC) V i€R fEF, PBric=0 (5)
ce

Y (BfjcTMSjc + xjcCc) — tip > CTI

ceC

V i,jeR:i#j, fe€F PBfic>0, Bfic=>0, BU;j=1 (6)
Y xe=1V ieR @)
ceC

TMS; < TMS,px;c V i€R, ceC (8)
TMS;. > TMSpx;, V i€R, ceC 9)
tir >0 V i€R, feF (10)
TMS;;, >0 V i€eR, ceC (11)
xi.€{0,1} V i€eR, ceC (12)

Equation (4) defines the objective function of the optimization model, which aims to
minimize the sum of relay tripping times. The variable ¢;¢ represents the tripping time (in
seconds) of each relay i € R under fault f € F. The constraints of the optimization model
are described below.

Constraint (5): This constraint calculates the operating time ¢, as the product of the
parameter ;. and the decision variable TMS;, plus the curve constant C. times x;.. The
parameter f;. embeds the PSM, as described in Equation (1). Only the selected curve
contributes to the calculation, since TMS;. = 0 for unselected curves.

Constraint (6): This selectivity constraint ensures a CTI between the operating time
of the primary relay i and its backup relay j, both € R. The parameters By, and Bj. are
only considered when greater than zero, as negative values indicate that they are not faults,
because the sensed current is lower than I, (refer to Equation (2) for further details). As
mentioned above, i and j must be different because they are a backup arrangement. BU;; is
1if relay j is the backup of relay i, otherwise 0.

Constraint (7): The decision variable x;. ensures that exactly one curve ¢ € C is selected
for each relay i € R. This variable influences the bounds for TMS;., enabling proper curve
assignment.

Constraints (8) and (9): These represent the upper and lower bounds, respectively,
for the time multiplier setting (T'MS). When x;. = 0, this forces TMS;. = 0, ensuring that
only one curve c € C is selected. The model assumes those boundaries TMS,;, = 1 and
TMSy, = 0.001.

The domain of the decision variables is defined by Equations (10)—-(12). These equa-
tions constrain the variables as follows: First, t; > 0Vi € R, f € F, is a continuous
variable representing the operating time (in seconds) of relay i under fault f. This vari-
able is minimized in the objective function to ensure optimal relay operation. Second,
TMS;. > 0Vi € R, ¢ € C, is a continuous variable representing the Time Multiplier Setting
(TMS) for relay i when associated with the characteristic curve c. This variable deter-
mines the relay’s tripping time based on the assigned curve and its parameters. Finally,
xic € {0,1} Vi € R, ¢ € Cis a binary decision variable that indicates whether the charac-
teristic curve c is assigned to relay i. Specifically, x;. = 1 if curve c is selected for relay
i, and x;, = 0 otherwise. This variable ensures that each relay is assigned exactly one
characteristic curve, enforcing the constraint ) .. x;. = 1. Together, these variables and
their domains form the foundation for formulation of the optimization problem.

The primary contribution of this study is the linearization that enables the selection of
different types of standard curves within the protection coordination model, improving
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upon the formulation presented in [45]. The model follows a classic assignment structure,
where all curve coefficients (A, B, and C) are embedded in the parameter j Fics working
in harmony with the decision variables TMS;. and x;.. Specifically, the binary variable
xjc enforces the bounds on TMS;., while the constraint (7) ensures that only one curve
is selected per relay. Consequently, TMS;. determines the optimal curve that minimizes
the relay operating time, given that ¢;; is linearly related to the objective function. When
analyzing the optimal solution, numerous zero values appear in TMS;., corresponding to
non-selected curves, whereas nonzero values indicate the selection of the most effective
curve for improving the objective function.

The Coordination Time Interval (CTI) was set to 0.3 based on previous studies, al-
though this parameter can typically range between 0.2 and 0.5. The boundary conditions
were defined as 0.0001 and 1 for TMS;, and TMS,;, respectively, providing sufficiently
flexible limits to allow the model to select an optimal TMS;.. Regarding model limitations,
the main constraint was the treatment of PSM; as a parameter rather than a variable.
Recent studies have formulated PSM as a variable, leading to nonlinear models that require
heuristic solution techniques. This approach, however, does not guarantee global opti-
mality and introduces non-deterministic behavior, due to the inherent nature of nonlinear
models. In contrast, the MILP formulation proposed in this study ensures global optimality,
achieving improved relay operating times compared to some previous works that treated
PSM;y as a variable.

3. Results

This section presents the results obtained, using the methods described in the previous
section. Figure 2 illustrates the systematic methodology for designing and implementing
a robust protection scheme for MGs. The process began with the acquisition of MG data,
which included DG parameters, transformer performance, distribution lines, MG topology,
and component parameters, as detailed in Section 2.2. These data were then modeled using
an electrical power analysis software, specifically DigSilent PowerFactory 2022 SP2, which
facilitated the simulation of short circuits. Three-phase solidly grounded faults at 50% of
each line were simulated using the IEC 60909 standard [51]. Subsequently, the short circuits
observed by each relay were recorded, serving as input for the optimization model.

The optimization model incorporated MG topology data, including main and backup
relay information, CT ratios, and pick-up currents. This model was developed using
Pyomo 3.11, which is a Python-based modeling language for mathematical programming;
it also considers performance criteria such as selectivity, sensitivity, and speed of operation
(see Section 2.3 for details). The model was solved using the solver Highspy 1.26.4. Due
to the nature of the problem, the solution contained numerous zeros, hindering direct
interpretation. Therefore, Python 3.11.12 was employed to extract and identify the solution.

Recent research trends have significantly advanced the field of protection coordination
in MGs. Studies have progressively reduced the tripping times of DOCRs by employing
non-standard characteristics in reported analyses [52]. Conventionally, these studies rely
on the set of curves defined by the IEEE or IEC standards (see Sections 2.1.1 and 2.1.2).
However, the authors in [39] demonstrated reducing tripping times by integrating both
standards in protection coordination studies. Consequently, this article evaluated two
scenarios: (1) employing only the IEEE standard curves, and (2) incorporating both IEEE
and IEC standards as part of the set C, the set of standard curves. The results obtained from
this evaluation are presented in this section.
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Figure 2. Systematic methodology for a protection scheme.

One of the key considerations for real-world implementation is the communication
infrastructure required for optimal relay coordination. The proposed model assumes that
relay settings can be adjusted dynamically, which would require a reliable and low-latency
communication network to ensure real-time updates and coordination. Technologies such
as IEC 61850 [53]-based communication protocols could facilitate the seamless integration
of the optimization model into modern protection schemes.

Regarding integration with existing protection systems, the MILP model is designed
to work with conventional directional overcurrent relays, meaning that its implementation
would not require hardware modifications, but rather software-based updates to relay
settings. Additionally, the model’s ability to incorporate both IEC and IEEE standard curves
enhances its applicability across various microgrid configurations.

To ensure practical feasibility and reliability, validation through hardware-in-the-loop
(HIL) testing or real-time digital simulation (RTDS) would be an essential step before field
deployment. These methods would allow assessing the model’s performance under real
operating conditions, verifying its effectiveness in handling different fault scenarios, and
ensuring compliance with industry protection standards.

3.1. Operating Modes (OMs)

Table 9 outlines the operating modes considered in this study. Figure 1 illustrates the
position of each DG unit and its associated bus. In Table 9, the text “enabled” indicates that
the generation unit is supplying power to the grid, whereas the text “disabled” signifies that
the unit is not contributing power to the network. In all scenarios analyzed in this article,
the switches CB_LOOP1 and CB_LOOP2 were assumed to remain open. Additionally, grid
connection was maintained in operating modes OM1, OM2, and OM3. Conversely, the
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islanded mode was considered exclusively in operating mode OM4. These scenarios were
used because most commercial relays have four sets of settings.

Table 9. Operating modes.

Operating Modes Grid GD1 GD2 GD3 GD4
OoM1 enabled disabled disabled disabled disabled
OoM2 enabled enabled enabled enabled enabled
OM3 enabled enabled enabled disabled disabled
OM4 disabled enabled enabled enabled enabled

3.2. Faults and Short-Circuit Currents

Table 10 presents the faults F1 to F5, detailing the lines where three-phase faults
occurred at the midpoint of their length, identified as DL-1 to DL-5. The location of these
lines within the IEC microgrid can be observed in Figure 1. The table header correlates
the operating modes (OM1 to OM4) with the short-circuit currents, calculated using the
IEC 60909 [51] method and expressed in kiloamperes. These calculations were performed
through simulations in PowerFactory DIgSILENT. It is important to note that, as previously
mentioned, the short-circuit levels demonstrated significant variations between different
operating modes.

Table 10. Faults and short-circuit currents associated with each line.

Faults Lines OM1 OM2 OM3 OM4
F1 DL-5 3695 6296 4293 3941
F2 DL-4 5130 8725 6363 4158
F3 DL-2 8375 11,891 10,116 3558
F4 DL-1 5130 6989 6428 3188
F5 DL-3 3695 5904 4223 3590

3.3. Results for OM1

Table 11 presents the coordination parameters for the relays under OM1. The table
compares two scenarios: one where both IEC and IEEE standard characteristic curves were
considered, and another where only IEEE curves were included.

For each relay (R;), the table specifies

®  SCC;: The standard characteristic curve assigned to the relay. Abbreviations such
as “EI”, “VI”, “SI”, and “STEI” correspond to different IEC and IEEE curve types.
Abbreviations are defined in Tables 1 and 2. A dash (-), on the other hand, indicates
that there was no curve assigned for the relay in the current scenario.

e TMS;: The TMS value optimized for the relay under the given scenario. TMS val-
ues reflect the operational configuration that minimized relay tripping times, while
maintaining selectivity.

The left section of the table reports the results for the IEC and IEEE curves scenario,
while the right section focuses on the IEEE-only scenario. Relays without an assigned curve
are marked with dashes in both the SCC; and TMS; columns. For relays with assigned
curves, the TMS; values are provided, reflecting the optimal settings obtained through
coordination studies.

Table 12 presents the tripping times (t;¢) for relays under OM1 across two scenarios:
one considering both IEC and IEEE standard curves, and the other considering only IEEE
standard curves.
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Table 11. Coordination parameters for OM1.
IEC and IEEE Curves Only IEEE Curves
Relay SCC; TMS; Relay SCC; TMS;
R1 - - R1 - -
R2 EI 0.0001 R2 IEEE-STEI 0.0001
R3 - - R3 - -
R4 VI 0.3884 R4 IEEE-LTEI 0.2921
R5 - - R5 - -
R6 LTI 0.1053 R6 IEEE-MI 0.6047
R7 SI 0.0000 R7 IEEE-LTVI 0.1730
R8 - - R8 - -
R9 - - R9 - -
R10 EI 0.0001 R10 IEEE-STEI 0.0001
R11 - - R11 - -
R12 EI 0.0001 R12 IEEE-STEI 0.0001
R13 - - R13 - -
R14 - - R14 - -
R15 - - R15 - -

For each fault f € F, the table specifies

*  Relay: Therelay i € R that operated in response to the fault, considering the main and
back up relays.

* tj; [s]: The operational time (in seconds) of the relay i € R for fault f € F. This
represents the time taken by the relay to trip after detecting the fault. Not only the
main relays were considered, but the back up relays also contributed to calculating
the total time.

The left section of the table corresponds to the scenario using both IEC and IEEE
curves, while the right section shows the results for the IEEE-only scenario. For each fault,
the relays involved and their respective tripping times are listed. At the bottom of the table,
the total tripping times are provided, summing the operational times for all faults in each
scenario. The results demonstrate a reduction in total tripping time when both IEC and
IEEE curves were utilized, compared to using IEEE curves alone. Notice that when both
sets (IEC and IEEE) were enabled, this OM1 preferred to use IEC only.

Table 12. Tripping times for OM1.

IEC and IEEE Curves Only IEEE Curves
Fault Relay tif [s] Fault Relay tif [s]
F1 R2 0.0000 F1 R2 0.0050
F1 R4 0.3000 F1 R4 0.3050
F2 R4 0.2127 F2 R4 0.2785
F2 R6 0.5127 F2 R6 0.5785
F3 R6 0.3092 F3 R6 0.5155
F3 R7 0.6092 F3 R7 0.8155
F4 R7 0.7594 F4 R7 0.9979
F4 R12 0.0000 F4 R12 0.0050
F5 R6 0.7232 F5 R6 0.6325
F5 R10 0.0000 F5 R10 0.0050
Total time 3.43 Total time 414

3.4. Results for OM2

Table 13 presents the coordination parameters obtained from the optimization model
for Operational Mode 2 (OM2). The results are shown for two scenarios: the first included
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both IEC and IEEE standard characteristic curves, while the second considered only the
IEEE curves. These scenarios allowed for an analysis of how the inclusion of additional
curve standards impacted the coordination and tripping performance of DOCRs.

In the optimization model, each relay was assigned a standard characteristic curve
(SCC;), the model defines the set C, representing the available characteristic curves, where
each relay i selects a specific curve ¢ € C to determine its SCC;, which determines its
operational response to faults. The selection of SCC; is a discrete decision made during
the optimization process, based on its contribution to minimizing the total operating times
of relays, while adhering to selectivity constraints. Additionally, the model computes the
TMS;, a continuous decision variable that directly influences the relay’s tripping time. The
optimization seeks to find the best combination of SCC; and TMS; for each relay, to ensure
proper coordination and minimize the fault-clearing time.

The left-hand side of the table shows the results when both IEC and IEEE curves
were available, providing a larger solution space and more flexibility for the optimization
process. This flexibility generally resulted in lower ¢;¢ values and improved coordination.
On the other hand, the right-hand side reflects the restricted scenario, where only IEEE
curves were used.

Table 13. Coordination parameters for OM2.

IEC and IEEE Curves Only IEEE Curves
Relay SCC; TMS; Relay SCC; TMS;
R1 El 0.1975 R1 IEEE-EI 0.3423
R2 El 0.0001 R2 IEEE-STEI 0.0001
R3 STI 0.0001 R3 IEEE-STEI 0.0001
R4 LTI 0.0556 R4 IEEE-LTI 0.0000
R5 El 0.1904 R5 IEEE-EI 0.3300
R6 LTI 0.1068 R6 IEEE-LTVI 0.0000
R7 IEEE-LTI 0.4723 R7 IEEE-LTVI 0.1586
R8 El 0.1480 R8 IEEE-EI 0.4932
R9 STI 0.0001 R9 IEEE-STEI 0.0001
R10 El 0.0001 R10 IEEE-LTVI —0.0000
R11 IEEE-LTVI 0.0429 R11 IEEE-VI 0.3596
R12 El 0.0001 R12 IEEE-LTI —0.0000
R13 IEEE-STI 0.0781 R13 IEEE-STI 0.0837
R14 IEEE-STI 0.0294 R14 IEEE-EI 0.0879
R15 IEEE-VI 0.0001 R15 IEEE-VI 0.0685

Table 14 provides the operating times (t;r) of DOCRs for OM2, comparing scenarios
where both IEC and IEEE characteristic curves were included against scenarios with only
IEEE curves. In the optimization model, ¢;; represents the tripping time of relay i under
fault f, which was determined by the assigned characteristic curve (SCC;) and its TMS,;.
The objective of the optimization is to minimize the total operating time, while maintaining
proper selectivity and coordination among the relays. The results in the left-hand column
of the table show the optimized operating times when IEC and IEEE curves were available.
This configuration achieved a total fault-clearing time of 8.54 s. In contrast, the right-hand
column reflects the scenario restricted to IEEE curves only, where the total operating time
increased to 10.55 s.
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Table 14. Operating times for OM2.

IEC and IEEE Curves Only IEEE Curves

Fault Relay tif [s] Fault Relay tif [s]
F1 R1 0.2362 F1 R1 0.2660
F1 R2 0.0000 F1 R2 0.0050
F1 R4 0.3000 F1 R4 0.3050
F1 R13 0.5362 F1 R13 0.5660
F2 R1 0.3001 F2 R1 0.3050
F2 R3 0.0001 F2 R3 0.0050
F2 R4 0.1890 F2 R4 0.2725
F2 R6 0.4890 F2 R6 0.5725
F2 R15 0.4911 F2 R15 0.5725
F3 R5 0.0883 F3 R5 0.1756
F3 R6 0.2831 F3 R6 0.5069
F3 R7 0.5831 F3 R7 0.8069
F3 R8 0.5831 F3 R8 0.8069
F3 R15 0.4912 E3 R15 0.6225
F4 R5 0.3000 F4 R5 0.3050
F4 R7 0.7722 F4 R7 1.0470
F4 R8 0.5026 F4 R8 0.7123
F4 R11 0.8026 F4 R11 1.0123
F4 R12 0.0000 F4 R12 0.0050
F5 R6 0.7972 F5 R6 0.6503
F5 R9 0.0001 F5 R9 0.0050
F5 R10 0.0000 F5 R10 0.0050
F5 R14 0.3001 F5 R14 0.3050
F5 R15 0.4913 F5 R15 0.7187

Total time 8.54 Total time 10.55

3.5. Results for OM3

Table 15 shows the parameter adjustments for DOCRs when employing IEC and IEEE
characteristic curves versus exclusively using IEEE curves in OM3. The results reveal
notable differences in the selection of SCC; and their corresponding TMS;. For the IEC and
IEEE configuration, relays such as R4, R5, R6, R7, and R8 leveraged diverse curve types,
including EI, IEEE-LTI, IEEE-VI], and VI, with TMS; values tailored to minimize the overall
operating times. In contrast, under the exclusive IEEE configuration, the SCC; selections
were predominantly oriented towards the IEEE-LTVI and IEEE-MI curves, which reflected
the model’s optimization goals under stricter curve availability.

Table 15. Coordination parameters for OM3.

IEC and IEEE Curves Only IEEE Curves

Relay SCC,' TMSi Relay SCCi TMS,'
R1 - - R1 - -
R2 EI 0.0001 R2 IEEE-STEI 0.0001
R3 - - R3 - -
R4 VI 0.4548 R4 IEEE-LTVI 0.0000
R5 EI 0.0267 R5 IEEE-EI 0.0463
R6 VI 0.9695 R6 IEEE-MI 0.6115
R7 IEEE-LTI 0.4793 R7 IEEE-LTVI 0.1622
R8 EI 0.1495 R8 IEEE-EI 0.4948
R9 - R9

R10 EI 0.0001 R10 IEEE-MI 0.0000
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Table 15. Cont.

IEC and IEEE Curves Only IEEE Curves
Relay SCC; TMS; Relay SCC; TMS;
R11 IEEE-EI 0.3291 R11 IEEE-LTVI 0.1431
R12 El 0.0001 R12 IEEE-LTVI 0.0000
R13 - - R13 - -
R14 - - R14 - -
R15 IEEE-VI 0.0069 R15 IEEE-VI 0.0706

Table 16 presents the operating times for the relays in OM3, under two distinct sce-
narios: the combined use of IEC and IEEE characteristic curves, and the exclusive use of
IEEE curves, similarly to the previous tables. The relays i, characteristic curves SCC;, and
operating times (t;f) for each fault f € F are shown. The results highlight that including
IEC curves led to significantly reduced total operating times (t;r) compared to using only
IEEE curves. This trend was particularly evident for faults such as F3 and F4, where the
differences between configurations were most pronounced. These findings demonstrate
how the diversity of characteristic curves contributes to more efficient coordination, mini-
mizing response times and improving the selectivity of the protection system in complex
microgrid scenarios.

Table 16. Operating times for OM3.

IEC and IEEE Curves Only IEEE Curves
Fault Relay tif [s] Fault Relay tif [s]
F1 R2 0.0000 F1 R2 0.0050
F1 R4 0.3000 F1 R4 0.3050
F2 R4 0.1992 F2 R4 0.2750
F2 R6 0.4992 F2 R6 0.5750
F2 R15 0.4992 F2 R15 0.5750
F3 R5 0.1222 F3 R5 0.1963
F3 R6 0.2890 F3 R6 0.5090
F3 R7 0.5890 F3 R7 0.8090
F3 R8 0.5890 F3 R8 0.8090
F3 R15 0.5005 F3 R15 0.5880
F4 R5 0.3000 F4 R5 0.3050
F4 R7 0.7478 F4 R7 1.0032
F4 R8 0.5077 F4 R8 0.7141
F4 R11 0.8077 F4 R11 1.0141
F4 R12 0.0000 F4 R12 0.0050
F5 R6 0.7537 F5 R6 0.6394
F5 R10 0.0000 F5 R10 0.0050
F5 R15 0.5098 F5 R15 0.6827
Total time 7.21 Total time 9.01

3.6. Results for OM4

Table 17 shows the coordination parameters for OM4, detailing the selection of SCC;
and the corresponding TMS; for each relay i € R. The data are presented for two scenarios:
the integration of IEC and IEEE characteristic curves, and the exclusive use of IEEE curves.
Similarly to the previous tables, these data underscore the role of characteristic curves and
TMS; adjustments in optimizing the protection system’s performance within OM4.
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Table 17. Coordination parameters for OM4.
IEC and IEEE Curves Only IEEE Curves

Relay SCC; TMS; Relay SCC; TMS;
R1 EI 0.1975 R1 IEEE-EI 0.3423
R2 STI 0.0001 R2 IEEE-STEI 0.0001
R3 STI 0.0001 R3 IEEE-STEI 0.0001
R4 EI 0.4893 R4 IEEE-EI 0.8479
R5 EI 0.4488 R5 IEEE-EI 0.7779
R6 IEEE-VI 0.0235 R6 IEEE-VI 0.0570
R7 - - R7 - -

R8 EI 0.2065 R8 IEEE-EI 0.5214
R9 STI 0.0001 R9 IEEE-STEI 0.0001
R10 STI 0.0001 R10 IEEE-LTI 0.0000
R11 SI 0.1940 R11 IEEE-STI 0.1501
R12 STI 0.0001 R12 IEEE-STEI 0.0001
R13 VI 0.1462 R13 IEEE-LTI 0.3555
R14 STI 0.3300 R14 IEEE-LTI 0.0965
R15 IEEE-VI 0.0219 R15 IEEE-VI 0.0532

Table 18 presents the operating times for relays under OM4 across faults on its lines,
comparing configurations with IEC and IEEE curves versus configurations with only IEEE
curves. Each fault f € F is associated with its respective relay i € R and the time it took
for the relay to operate t;¢. For instance, fault F1 showed operation times ranging from
0.0000 s for R2 to 0.5362 s for R13 in the IEC and IEEE configuration, while in the IEEE-only
configuration, R13 operated at 0.5660 s. Similar patterns are observed for the other faults,
such as F2 and F3, where operating times varied depending on the selected curve settings.

The total operating time for all faults was 8.08 s for the IEC and IEEE curve configura-
tion and 8.70 s for the IEEE-only configuration. This comparison highlights the influence
of characteristic curve selection on the overall speed and performance of the protection
system.

Table 18. Operating times for OM4.

IEC and IEEE Curves Only IEEE Curves
Fault Relay tif [s] Fault Relay tif [s]
F1 R1 0.2362 F1 R1 0.2660
F1 R2 0.0000 F1 R2 0.0050
F1 R4 0.3000 F1 R4 0.3050
F1 R13 0.5362 F1 R13 0.5660
F2 R1 0.3001 F2 R1 0.3050
F2 R3 0.0001 F2 R3 0.0050
F2 R4 0.2171 F2 R4 0.2543
F2 R6 0.5171 F2 R6 0.5543
F2 R15 0.5171 F2 R15 0.5543
F3 R5 0.2081 F3 R5 0.2488
F3 R6 0.5137 F3 R6 0.5461
F3 R8 0.8137 F3 R8 0.8461
F3 R15 0.5331 F3 R15 0.5931
F4 R5 0.3000 F4 R5 0.3050
F4 R8 0.7013 F4 R8 0.7460
F4 R11 1.0013 F4 R11 1.0460
F4 R12 0.0000 F4 R12 0.0050
F5 R6 0.5370 F5 R6 0.6026
F5 R9 0.0001 F5 R9 0.0050

F5 R10 0.0000 F5 R10 0.0050
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Table 18. Cont.

IEC and IEEE Curves Only IEEE Curves
Fault Relay tif [s] Fault Relay tif [s]
F5 R14 0.3001 F5 R14 0.3050
F5 R15 0.5505 F5 R15 0.6355
Total time 8.08 Total time 8.70

3.7. Comparing Solver Performance

MILP is an exact optimization approach widely used to solve problems involving
both continuous and integer variables; it builds on the foundation of linear programming,
which provides exact solutions for convex problems, and extends it by incorporating
integer constraints. The method ensures that the global optimum is found, provided the
solver completes its process, making it a reliable tool for decision-making in various fields.
However, the computational complexity of MILP is high, as it is classified as NP-hard,
meaning that solving large-scale or highly complex problems can be time-consuming.
Additionally, numerical precision issues in solvers may lead to minor deviations, but these
do not detract from the exactness of the method within the specified tolerances.

In this study, the proposed MILP model was implemented using Pyomo 3.11, a Python-
based optimization modeling language, and solved using the Highspy 1.26.4 solver. The
computational times obtained are presented in Table 19. The problem formulation included
a set of 15 relays (R), 5 fault scenarios (F), and a set of standard characteristic curves
(C), where the IEC and IEEE scenario consisted of 13 curves. The parameter S;., which
depends on the sets F, R, and C, had dimensions of 5 x 15 x 13, totaling 975 elements.
Similarly, the parameter BU;;, which defines the relationship between primary and backup
relays, had a size of |R|%. The optimization variables included relay operating times
(tif) with dimensions of 15 x 5 =75, and time multiplier settings (TMS;) with a size of
15 x 13 = 195. Notably, this protection coordination problem was formulated as a classic
assignment problem, meaning that only 15 values of TMS;. were actively used (one per
relay in R), while the remaining values were zero, indicating that the corresponding curve
was not selected. Complementarily, the binary variable x;. operated in harmony with
TMS;,, activating the appropriate bounds based on system constraints, and therefore also
having a dimension of 195. In total, the MILP model consisted of 465 decision variables
(195 + 195 + 75).

As highlighted in Table 19, the proposed approach exhibited promising computational
efficiency, despite the NP-hard nature of MILP problems, where complexity typically
increases exponentially with the number of variables. The solver successfully obtained
solutions in all operational modes within a fraction of a second, with the highest recorded
computation time being 0.4689 seconds. These results suggest that the proposed model is
scalable to larger microgrid systems, while maintaining practical execution times. Although
computational challenges may arise as system complexity increases, strategies such as
problem decomposition, heuristic techniques, and parallel computing can further enhance
scalability. Given the demonstrated performance, the MILP formulation provides a viable
and efficient optimization framework for microgrid protection coordination, ensuring both
feasibility and optimality within acceptable computational limits.

The NEOS Server (Network-Enabled Optimization System) [54] is an advanced, web-
based platform that provides access to a wide range of state-of-the-art optimization solvers
and computational resources. In this study, NEOS was used to solve the MILP model.
Since MILP problems are exact in nature, all solvers are expected to converge to the same
objective function value. However, the computational time required to reach the optimal
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solution can vary significantly depending on the solver and its algorithmic approach. By
employing multiple solvers available through NEOS, this section presents a comparison of
their computational performance. This analysis provides insight into the efficiency of the
solvers by evaluating the computational time spent.

Table 19. Computational time for MILP across different operating modes.

Operating Mode Objective Function [s] Computational Time [s]
OoM1 3.43 0.2280
OoM2 8.54 0.4689
OM3 7.21 0.3341
OM4 8.08 0.2114

Table 20 presents the computational performance of the various solvers when applied
to the proposed MILP model, considering two scenarios: one incorporating both IEC and
IEEE characteristic curves, and another restricted to IEEE curves only. The results highlight
differences in solver efficiency, which were influenced by their algorithmic strategies and
underlying heuristics, the values shown are given in seconds. Among the tested solvers,
CBC and CPLEX demonstrated competitive performance, with CBC achieving relatively
lower solution times in several cases. Bonmin showed longer computation times in the IEC
and IEEE scenario, but performed efficiently in the IEEE-only scenario. FAIMINT and Knitro
achieved the lowest computational times in several operational modes, particularly for OM1
and OM2, suggesting their efficiency in handling mixed-integer formulations. MOSEK and
MINLP-B&B exhibited significant variability in performance, with MOSEK showing longer
computation times for OM4 in the IEC and IEEE case, while MINLP-B&B showed a drastic
increase in OM2 for the IEEE-only scenario. These findings underscore the importance
of solver selection when addressing complex MILP formulations, as different algorithms
may exhibit varying degrees of efficiency depending on the problem structure. Only some
solver versions were included in Table 20 whenever the specific version information is not
available [54].

Table 20. Comparing solver performance.

Solver IEC and IEEE Curves [s] Only IEEE Curves [s]
OM1 OM2 OM3 OM4 OM1 OM2 OM3 OM4

Bonmin 19.4436 357948 29.9936 23.7276  5.6240  8.2846  8.8576  8.2851
CBC 2.10.10 7.2476 4.0430 2.8149 6.6674  14.1536  9.3852 8.1661 12.7109
CPLEX 22.1.1.0 9.3426 9.9889 8.3067 7.3701 9.8933 121769  7.0564 3.7548
FIMINT 25353  2.6633  4.0133 26262 43461  6.1379 25652  17.1957
Knitro 14.2.0 1.9598 2.4792 6.5178 4.9522 6.8008 4.1001 7.1931 2.6398
MINLP-B&B (20100607)  16.4559  17.5753  6.2411 2.8193 3.1074  19.1533  4.1572 3.3868
Minto 16.2404 157236  2.1112 2.0364 3.6488 2.5127 2.7704 2.0099
MOSEK 10.2.0 24241 2.3193 4.3832  18.7699  16.3591 12.2785 11.9517 17.8730

3.8. Sensitivity Study

To evaluate the robustness of the proposed MILP model, a sensitivity analysis was
performed by modifying the elements of set C, which directly affects the § sizing parameter.
Since traditional sensitivity analysis applies strictly to linear models, an approximate para-
metric analysis was employed to evaluate how variations in the selection of standard curves
influenced the optimization results, evaluating their impact on the objective function, the
number of parameters and variables, and the computational times. This approach provided
insights into the impact of the different curve configurations on the relay coordination. To
facilitate graphical representation and comparative analysis, the standard protection curves
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were grouped and labeled using Curve Identifiers (Cid), as detailed in Table 21. This setup
systematically reduced the number of curves available in Set C.

Table 21. Mapping of standard protection curves to Cid identifiers.

Cid Curves on the Set C

C1 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI, IEEE-LTEI, IEEE-MI,
IEEE-VI, IEEE-EI, IEEE-STI, IEEE-STEI

C2 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI, IEEE-LTEI, IEEE-MI,
IEEE-VI, IEEE-EI, IEEE-STI

C3 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI, IEEE-LTEI, IEEE-MI,
IEEE-VI, IEEE-EI

C4 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI, IEEE-LTEI, IEEE-MI,
IEEE-VI

C5 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI, IEEE-LTEI, IEEE-MI

Cé6 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI, IEEE-LTEI

Cc7 STI, SI, VI, EI, LTI, IEEE-LTI, IEEE-LTVI

C8 STI, SI, VI, EI, LTI, IEEE-LTI

9 STI, SI, VI, EI, LTI

C10 STI, SI, VI, EI

C11 STI, SI, VI

Ci12 STI, SI

Figure 3 illustrates the sensitivity analysis of the model concerning the number of
available standard curves (Cid). Cid represents the set of curves available for the model,
where Cid 1 included all 13 curves, while Cid 12 was restricted to only two curves (STI
and SI). The model was systematically adjusted to assess its sensitivity to the number of
available curves in set C. The results indicate that the number of curves directly impacted
the objective function, particularly when the set was significantly reduced. However, in the
initial stages, the objective function remained largely unaffected, suggesting that the model
retained sufficient flexibility when a moderate number of curves were available.
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Figure 3. Variation in the objective function across different operating modes (OMs) as a function of
the number of active protection curves (Cid).

Table 22 illustrates how the size of the parameter arrays By, and variable TMS;,
changed as a function of the active curves (Cid). It is evident that the size of these parameters
decreased exponentially as the number of available curves was reduced. This reduction
directly impacted the objective function (OF) across all operating modes (OM), leading
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to tripping time deterioration as fewer curves remained available. Specifically, for OM1,
the objective function remained relatively stable until Cid 9, where a slight increase was
observed, while in OM2, OM3, and OM4, the degradation started earlier, becoming more
pronounced for Cid 12, where two curves were enabled, STI and SI.

Furthermore, the computation time (measured in seconds) increased with the parame-
ter and variables size, but not in a strictly linear fashion. While larger parameter arrays
required more computation, the execution time varied due to solver optimizations and
internal heuristics. Comparing Table 22 with Figure 3, it can be seen that the reduction
in available curves led to an increasing trend in objective function values, particularly for
OM2, OM3, and OM4, reinforcing the notion that a larger set of curves provides better
optimization flexibility and improved protection coordination performance.

Table 22. Impact of the number of available protection curves (Cid) on various parameters, objective
function (OF), and computational time across different operating modes (OMs).

Cid Sizing oM1 oM2 OM3 OoM4
Bfic TMS;c OF Time OF Time OF Time OF Time
Cl 975 195 343 0.138 854 03736 721 0.2638 8.08 0.1173
C2 900 180 343 0.1259 854 0.1873 721 0.1722 8.08 0.4559
C3 825 165 343 0.0688 854 0.2099 721 0.167 8.08 0.1027
C4 750 150 343 0.1112 854 01701 721 0.1031 8.08 0.211
C5 675 135 343 0.0739 874 0.1882 734 0.1832 823 0.1793
C6 600 120 343 0.0816 874 01259 734 0.1524 823 0.0925
C7 525 105 343 0.0907 874 0.1112 734 0.0866 823 0.0637
C8 450 90 343 0.0344 874 0.0275 734 0.0263 823 0.0276
c9 375 75 349 0.0391 894 0.0267 747 0.0229 834 0.0249
C10 300 60 349 0.0276 894 0.0223 7.47 0.0258 8.34 0.0218
Cl1 225 45 349 0.0235 9.12 0.0216 758 0.0186 8.88 0.0213
C12 150 30 411 0.0242 108 0.0186 9.13 0.0182 9.32 0.018

Figure 4 displays the results of the sensitivity analysis conducted on the Coordination
Time Interval (CTI) parameter. The objective function (OF), measured in seconds, was
evaluated for different CTI values ranging from 0.20 to 0.50 seconds across four operating
modes (OM1-OM4). In all cases, an increasing trend was observed in the OF as the CTI
grew. This behavior was expected, as larger CTI values generally enhance selectivity
by increasing the time margin between the operation of primary and backup protective
devices. However, this improvement in selectivity typically comes at the cost of longer
total operation times, which is reflected in the increase in the objective function. Figure 4
highlights the distinct behavior of each OM under varying CTI conditions, offering insights
into their relative performance in balancing selectivity and operational speed.

Table 23 complements the sensitivity analysis depicted in Figure 4 by presenting the
numerical results for the objective function (OF) and the corresponding computation times
(in seconds) for each optimization model (OM1-OM4) across a range of Coordination Time
Interval (CTI) values. The data confirm the increasing trend of the objective function as CTI
increased, consistent with the graphical trends previously discussed. Additionally, the table
reveals differences in computational performance among the models. For instance, OM1
consistently exhibited the lowest OF values and the shortest computation times, suggesting
a higher efficiency in terms of both coordination time and solution speed. In contrast,
models such as OM2 and OM4 generally achieved higher OF values, with more variability
in their solution times. These results provide quantitative insights into how each model
balanced selectivity, as influenced by CTI, with computational efficiency.
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Figure 4. Objective function values obtained for varying CTI levels across different OMs.

Table 23. Computation time and objective function values for different Coordination Time Interval
(CTI) levels across all OMs.

CTI OM1 OoM2 OM3 OM4
OF Time OF Time OF Time OF Time

0.2000 2.06 0.074 5.75 0.172 4.84 0.445 5.45 0.549
0.2333 240 0.102 6.70 0.531 5.63 0.315 6.38 0.422
0.2667 3.00 0.080 7.65 0.222 6.44 0.384 7.25 0.266
0.3000 3.43 0.116 8.54 0.306 721 0.541 8.08 0.191
0.3333 3.71 0.069 9.52 0.122 8.03 0.235 9.10 0.226
0.3667 4.06 0.055 10.45 0.175 8.80 0.193 10.08 0.460
0.4000 4.54 0.053 11.47 0.301 9.68 0.170 10.80 0.253
0.4333 498 0.052 12.38 0.155 10.45 0.119 11.67 0.056
0.4667 5.37 0.047 13.43 0.093 11.34 0.093 12.68 0.080
0.5000 5.75 0.056 14.52 0.075 12.22 0.083 13.70 0.163

Figure 5 illustrates the relationship between the CTI and the average computation
time obtained from the different OMs. Table 23 presents the computation times required
for each CTI value. For this analysis, the average time across all OMs was calculated for
each CTI value and subsequently plotted, revealing a linear relationship between average
computation time and CTL A negative linear trend was observed, indicating that higher
average computation times are generally associated with lower CTI values. The fitted
regression line is given by y = —0.9812x + 0.5487, with a coefficient of determination
R? = 0.8424, suggesting a strong inverse correlation. This result implies that more time is
required to solve the optimization problem when lower CTI values are imposed. In this
case, the increased computational effort for small CTI values is due to the fact that tighter
coordination requirements impose stricter constraints on the system and the optimization
model. Conversely, higher CTI values can be interpreted as a relaxation of the problem. In
optimization, relaxation refers to the process of simplifying a problem by loosening certain
constraints, thereby making it more tractable. A common example is relaxing binary or
integer variables to continuous domains, allowing the use of linear or convex programming
techniques. Although a solution to the relaxed problem may not always be feasible for the
original formulation, it can offer useful bounds and insights into the solution space. In this
study, the optimal solution was feasible for all instances due to the MILP structure of the
model and the solver’s capabilities. While optimality was guaranteed, smaller CTI values
led to longer solution times because the selectivity constraint became more restrictive in
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the inequality formulation. Note that unlike the parametric sensitivity analysis of the beta
parameter, where the number of variables and parameters in the model varied, in this
analysis, the variables and parameters remain the same size. Therefore, the solution time is
primarily a function of the solver’s ability to find the optimal solution to the model.
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Figure 5. Linear regression between average computation time and CTI.

4. Conclusions

This study presents a MILP model for the optimal coordination of DOCRs in MGs,
addressing the challenges posed by the integration of DERs. The proposed model mini-
mizes the total tripping time of DOCRs, while ensuring selectivity, leveraging both IEC and
IEEE standard characteristic curves. The results demonstrate that integrating both stan-
dards significantly reduced the fault-clearing times compared to using only IEEE curves,
highlighting the importance of curve diversity in enhancing protection coordination.

The model was tested on the IEC benchmark microgrid, and its performance was
evaluated across multiple operational modes, including grid-connected and islanded
scenarios. The findings show that the proposed approach achieved faster fault isolation and
improved coordination, contributing to the reliability and resilience of microgrid protection
systems. Additionally, the study highlights the computational efficiency of the various
solvers available through the NEOS Server, providing insights into solver performance for
large-scale MILP problems.

A sensitivity analysis was conducted to evaluate the impact of the number of available
protection curves on the optimization results. The findings indicate that a larger set of
protection curves provides greater flexibility in achieving optimal coordination, particularly
in more complex operational scenarios. However, as the number of available curves
decreased, the objective function deteriorated, and the computational burden varied non-
linearly. Moreover, since the model explicitly considers different operating modes (OMs),
it inherently captures the effect of varying fault levels, which change between islanded
and grid-connected conditions. This reinforces the robustness of the proposed approach in
adapting to different fault scenarios.

The sensitivity analysis of the CTT highlighted a clear trade-off between coordination
strictness and computational effort. The observed inverse linear relationship between CTI
and average computation time indicates that enforcing lower CTI values, which reflect more
stringent selectivity requirements, leads to increased solver effort, due to tighter constraints
in the optimization model. Conversely, higher CTI values act as a relaxation mechanism,
simplifying the solution process. Despite this trade-off, unlike B sensitivity analyses
involving changes in model size, this experiment maintained a fixed model structure,
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confirming that the observed variation in computation time was primarily driven by the
solver’s ability to handle increased constraint tightness, balancing selectivity requirements
with computational efficiency in practical protection coordination scenarios.

Future work could explore the integration of hybrid protection schemes and real-
time communication strategies to further enhance the robustness of microgrid protection
systems. The findings of this study underscore the potential of advanced optimization
techniques in addressing the evolving challenges of modern power systems, paving the
way for more resilient and efficient microgrids.
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Abbreviations

The following abbreviations are used in this manuscript:

ANSI American National Standards Institute
CB Circuit Breaker

CBC COIN-OR Branch and Cut

CPLEX IBM ILOG CPLEX Optimization Studio
CTI Coordination Time Interval

CTR Current Transformer Ratio

DER Distributed Energy Resources

DFIG Doubly-Fed Induction Generator

DG Distributed Generator

DL Distribution Line

DOCR  Directional Overcurrent Relay

GA Genetic Algorithm

HIL Hardware-in-the-Loop

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
MG Microgrid

MILP Mixed-Integer Linear Programming
MINLP Mixed-Integer Nonlinear Programming
NEOS  Network-Enabled Optimization System
OM Operating Mode

PCC Point of Common Coupling

PSM Plug Setting Multiplier

PV Photovoltaic
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SCC Standard Characteristic Curve
TMS Time Multiplier Setting
TR Transformer
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