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Abstract

Modern power systems have become increasingly complex, making the detailed modeling
and analysis of large-scale networks computationally demanding and often impractical.
Therefore, network reduction techniques are essential for representing a smaller area of in-
terest while preserving the electrical behavior of the complete system. For electromagnetic
transient (EMT) studies, such as load rejection analysis, reduced networks are commonly
derived using classical methods like Kron reduction under maximum power transfer condi-
tions. However, this approach can lead to discrepancies in load flow and short-circuit levels
between the reduced and complete systems. In addition, Kron reduction may introduce
negative resistances in the reduced-order model, compromising system stability by produc-
ing non-passive equivalents and potentially causing unrealistic or numerically unstable
EMT simulations. To address these limitations, this paper proposes an optimization-based
approach, termed PSO-OPF-Kron, which integrates Optimal Power Flow (OPF) with the
Particle Swarm Optimization (PSO) algorithm to refine the equivalent network parameters.
The method optimally determines power injections, bus voltages, transformer tap settings,
and impedances to align the reduced model with the full system’s operating point and
short-circuit levels. Validation on the IEEE 39-bus system demonstrates that the proposed
method significantly improves accuracy and numerical stability, ensuring reliable EMT
simulations for load rejection studies.

Keywords: equivalent networks; electromagnetic transients; load rejection; Kron reduction;
Optimal Power Flow; Particle Swarm Optimization

1. Introduction
Electric power systems (EPS) have undergone significant expansion and transfor-

mation in recent years, driven by rising energy demand, technological progress, and the
pursuit of greater efficiency and reliability. The development of large-scale industrial
projects, long-distance transmission lines, hybrid AC/DC integration, and diversified en-
ergy sources exemplifies the growing complexity of modern power grids. In this context,
accurately representing EPS operation requires continuous assessment of network behavior
and equipment performance under multiple operating scenarios to ensure overall reliability
and security [1–4].
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The modeling and analysis of large-scale interconnected systems are inherently com-
plex and highly dependent on the type of study. Electromagnetic transient (EMT) analyses,
in particular, require detailed three-phase representations and sequence component for-
mulations for each element, resulting in a large number of modeled components [5]. This
level of detail leads to substantial computational costs in terms of memory and process-
ing time, as EMT studies involve fast dynamics and microsecond-level integration steps.
Consequently, fully modeling large networks is impractical and often unnecessary, as only
a specific portion of the system is relevant to the analysis of interest. Therefore, it is es-
sential to simplify the system by maintaining detailed modeling in a smaller internal area
(IA) while representing the external area (EA) through equivalent networks that preserve
the main electrical interactions observed in the complete system (CS), thereby obtaining
reduced-order models or reduced systems (RSs) [6].

Several studies using RSs have focused on developing static equivalents at load buses
to assess their economic and operational impacts on voltage regulation and stability, partic-
ularly in continuation power flow analyses [7,8]. Other works have extended this concept
to bad data detection in real-time analyses [9], equivalents for protection [10], state estima-
tion [11], and hydrothermal scheduling [12]. Moreover, optimization-based equivalents
using optimal power flow (OPF) have shown high accuracy in voltage stability and network
equivalence studies [13,14]. Among the various reduction techniques, classical methods
such as Kron [15], Ward [16], and Radial Equivalent Injection (REI) [17] remain fundamental,
providing reliable models under different operating and contingency conditions. Improve-
ments such as the modified Ward equivalent [18], external system monitoring through
power injections and boundary flows [19], and REI parameter estimation using genetic
algorithms [20] have enhanced the accuracy and applicability of these classical approaches.

Methods based on the Power Transfer Distribution Factor (PTDF) have been exten-
sively applied to develop accurate reduced-order models of power systems [21]. These
methods address the challenges of maintaining electrical accuracy while simplifying the
network, emphasizing the proper selection of boundary buses and preservation of topo-
logical integrity [21]. To improve model accuracy, nonlinear optimization techniques
adjust network admittances to minimize power flow discrepancies relative to the full
system [22]. Structure-preserving reductions using bus aggregation and quadratic opti-
mization frameworks also ensure that the internal zones and boundary power flows remain
consistent with the original network [23]. Collectively, these studies demonstrate that
PTDF-based clustering combined with optimization or aggregation enables computation-
ally efficient and electrically consistent equivalents that reliably replicate full-system power
flow behavior [21–23].

Recent research has focused on integrating OPF formulations with the Kron-based
network reduction to enhance the computational efficiency in large-scale analyses [24,25].
Kron reduction within zonal partitions identified through multicut optimization allows
reduced-order models to preserve inter-area power transfers while reducing the computa-
tional effort [24]. Mixed-integer optimization frameworks, such as Opti-Kron, strategically
aggregate nodes and subgraphs to minimize approximation errors and maintain OPF
accuracy [26]. Graph-theoretic formulations express the Kron reduction as a Schur comple-
ment on graph Laplacians, ensuring the preservation of topological and spectral properties
relevant to sensitivity analyses [27]. Despite these advantages, such methods depend on
specific operating points and careful boundary selection to maintain model fidelity [26,27].
Overall, combining OPF with Kron-based reduction provides a reliable and efficient means
of developing reduced-order network equivalents suitable for planning, contingency as-
sessment, and large-scale simulation studies [28–30].
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In conducting EMT electrical studies, it is imperative to derive a reduced-order net-
work that provides a detailed representation of the internal area while accurately modeling
the equivalents of the external system. Furthermore, for specific analyses, such as load
rejection, the equivalent network must reflect the operating conditions associated with
high power transfer in the transmission lines (TLs). Thus, Kron reduction can be employed
to derive equivalent networks that accurately represent the steady-state behavior of the
external system. This technique allows the determination of the active and reactive power,
internal voltages, and equivalent impedances associated with the generators connected to
the boundary buses, as well as the equivalent circuits (ECs) interconnecting these boundary
nodes. The validation of the reduced-order system can be accomplished through compara-
tive studies of load flow and short-circuits between the RS and the corresponding area in
the full network.

However, owing to the simplifications introduced in representing the external system
and depending on the selected study area, significant deviations or numerical instability
problems may occur. In this context, Kron reduction may introduce negative resistances in
the RS, particularly in fictitious branches between equivalent buses and equivalent genera-
tor (EG) impedances [31–33]. These negative resistances are purely mathematical artifacts
with no physical meaning. Most importantly, they can significantly compromise system
stability by producing non-passive network models, thereby undermining the reliability of
EMT simulations. As a result, simulations may reveal incorrect unstable behavior of the
system or even encounter numerical issues, leading to failure to converge [31,34].

Negative resistances typically arise when nonlinear or constant-impedance loads are
present at the eliminated buses, particularly when the active component of the load is
dominant [34]. In these cases, the equivalent conductance exceeds the susceptance, result-
ing in an unphysical and potentially unstable equivalent network model. This inherent
limitation has motivated the development of advanced reduction techniques aimed at
ensuring numerical stability, preserving passivity, and maintaining physical consistency in
the resulting equivalents [35].

Several mitigation strategies have been proposed to address this issue. Conventional
methods, such as ignoring negative resistances, adjusting load parameters, or applying
delta-star transformations, are relatively simple. However, these approaches often result in
increased computational complexity, altered short-circuit levels, and the necessity for case-
specific tuning [36]. In recent years, advanced reduction techniques have been proposed to
generate numerically stable and physically meaningful network equivalents that preserve
passivity and enable accurate EMT simulations of large-scale power systems.

Among these advanced methods, ref. [31] proposed introducing a single zero-injection
node into the Kron-reduced network and re-synthesizing it as a positive-real circuit. This
approach effectively enforces passivity and eliminates the negative resistances. However, it
requires the addition of fictitious buses in the network, increasing the network’s complexity.
Moreover, the paper does not discuss the implications of this transformation on single-phase
short-circuit levels. Similarly, ref. [34] proposed a PI-branch transformation combined
with an equivalent power source to eliminate negative resistances while preserving the
power-flow solution. While conceptually straightforward, this method relies on specific
network assumptions and, like [31], does not address its impact on short-circuit levels.

Hence, although these mitigation techniques successfully eliminate negative resis-
tances and thereby preserve passivity and numerical stability in reduced equivalent net-
works, none of the reviewed studies evaluated the potential adverse impact that removing
these resistances may have on system single-phase short-circuit levels. This represents a
critical gap in the literature, given that such alterations can directly influence fault current
magnitudes and the accuracy of EMT studies.
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In this context, to overcome the limitations of the traditional Kron reduction, this
paper proposes an optimization-based approach that integrates OPF to determine the
optimal parameters of the external equivalent network derived from the Kron-reduced
model. The proposed method aims to obtain an internal network representation suitable
for different operating points, enabling the assessment of various scenarios depending
on the electrical study under consideration. Heavy-loading conditions required for EMT
load rejection studies were investigated in this paper. Additionally, negative impedances
that may arise during the Kron reduction process are replaced with physically consistent
positive values through an optimization procedure implemented using the Particle Swarm
Optimization (PSO) metaheuristic. Consequently, the proposed PSO–OPF–Kron algorithm
determines the optimal active and reactive power injections, internal voltages, and phase
angles of the equivalent generators, transformer tap settings, and the positive impedance
values associated with the reduced equivalent network.

The methodology was validated on a selected area of the IEEE 39-bus system to
evaluate the reliability and effectiveness of the optimization process in aligning power
flows and short-circuit levels of the equivalent network with those of the CS for load
rejection analysis. The results demonstrated that the adjustment of the equivalent network
parameters using the PSO–OPF–Kron algorithm accurately reproduced both the steady-
state voltage profiles and single-phase short-circuit currents of the CS, enabling reliable EMT
simulations of load rejection scenarios. The proposed approach successfully eliminated
the negative impedance values resulting from the Kron reduction and preserved the short-
circuit current magnitudes at the study area buses. Moreover, the method proved to be a
systematic and automated framework, eliminating the need for trial-and-error procedures
or manual adjustments to the network topology or equivalent parameters, as required in
previous studies. By optimizing the equivalent parameters, the PSO–OPF–Kron algorithm
provided a more accurate and physically meaningful RS, thereby improving the fidelity of
transient response simulations in load rejection studies.

The main contributions of this paper are summarized as follows:

1. A new optimization-based reduction framework, called PSO-OPF-Kron, has been pro-
posed. This method combines OPF with the PSO metaheuristic to identify the optimal
equivalent parameters for reduced network models. A systematic approach is intro-
duced to eliminate negative impedance values by replacing them with positive and
physically consistent parameters to ensure network passivity and numerical stability.

2. The method determines the optimal equivalent parameters for reduced network
models across multiple operating points. A new reduced and optimized system can
be generated for each operating condition of the network, as commonly required in
electrical studies. Consequently, the automated optimal reduction process facilitates
the systematic generation of reduced systems for different operating conditions.

3. The proposed algorithm maintains the steady-state voltage profile, power-flow in TLs,
and single-phase short-circuit currents of the original system, achieving a high level of
accuracy between the reduced and complete networks.

4. The method is validated through EMT load rejection studies, allowing accurate assess-
ment of transient circuit breaker overvoltages and surge arrester energy absorption
under heavy load conditions.

This paper is organized into six sections. Following the introduction and contextual
background presented in this section, Section 2 formulates the detailed network reduction
problem. Section 3 outlines the methodology for deriving the optimal reduced network,
including the mathematical formulation of the optimization problem and the description
of the proposed PSO–OPF–Kron algorithm. Section 4 presents the validation procedure
of the reduced network and the EMT load rejection study, while Section 5 discusses the
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results and analysis of the case study. Finally, Section 6 provides the main conclusions and
highlights the research contributions.

2. The Network Reduction Problem
This section outlines the theoretical foundations and structural definitions commonly

used in network reduction problems. The reduction process begins by partitioning the CS
into two distinct regions: the internal area and the external area, as illustrated in Figure 1a.
The internal area is where the original topology is preserved, and its components are mod-
eled in detail based on the study of interest. The external area, on the other hand, is replaced
by an equivalent representation. As illustrated in Figure 1a,b, the equivalent representation
of the external area consists of an equivalent generator connected to the internal boundary
buses through equivalent impedances. Additionally, the reduction process introduces
fictitious lines (or transformers) that connect these internal boundary buses.

Consequently, there is a significant reduction in the complexity of the majority of
the system (that is, the external area), while a high level of modeling accuracy and detail
is preserved within the region of interest (that is, the internal area) for further analyses.
The resulting RS, which is given by the internal area connected to the equivalent represen-
tation of the external area, must be validated. It can be considered equivalent to the CS
only if, under comparative assessment, the operational parameters within the internal area
and the mutual interactions at the interconnection boundaries between both areas exhibit a
minimal acceptable deviation [1].
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Figure 1. Network reduction: (a) General overview. (b) Equivalent network detail.

As discussed, the RS consists of a network equivalent model comprising two main
components: an equivalent generator or voltage sources behind an impedance connected
to the internal boundary bus, and circuits with equivalent impedances distributed between
these internal boundary buses at the same voltage level of them. Additionally, if the in-
ternal boundary buses operate at different voltage levels, equivalent transformers may be
considered between the boundary buses. Further details on the parameters associated with
the network equivalents, intended for adjustment through the optimization problem solu-
tion, are provided in Figure 1b. These parameters include the internal voltage magnitude
and angle (VEGi), dispatched active and reactive powers (PEGi and QEGi), and impedance
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(Zeqi) connected to the equivalent generator. After the Kron reduction process, negative
resistances may emerge in the impedances connected to the equivalent generators and
those derived from equivalent circuits and transformers.

Network equivalent models are employed in relation to the structure, and subsequent
parameter calculations can be categorized into static and dynamic network equivalents.
These are directly associated with the phenomenon under investigation and the frequency
range of the intended analysis post-reduction. This paper considers an ideal voltage
source model to represent static equivalent generators based on the assumption that for the
intended EMT studies, such as load rejection, the EA dynamics have a negligible influence
on the IA.

In this context, the modeling of static network equivalents aims to replicate the steady-
state characteristics of the system within the IA, thereby representing the static behavior of
the network in the original system. The variables monitored to determine these equivalents
include the voltage magnitudes and phase angles at the buses within the internal area,
as well as the active and reactive power dispatched by the generating units located in
that area. Additionally, it includes the active and reactive power flows in the TLs within
the internal area (highlighted in blue in Figure 1b). To achieve accurate representation,
the equivalent network model must precisely reproduce the power flows to maintain the
variables of the internal area as close as possible to their original steady-state operating
values in the CS.

The proposed methodology employs the Kron method (as presented in [15]) for
network reduction and determination of network equivalent parameters. This approach
promotes the reduction process and provides equivalent results in zero, positive, and
negative sequence components. Therefore, it serves as a procedure applicable to various
studies, including short-circuit calculations and EMT analyses.

However, after network reduction, it is occasionally necessary to adjust the parameters
of the equivalent network model to enhance the accuracy of matching the monitored values
in the area of interest and to validate the obtained RS. To achieve this objective, an optimiza-
tion problem is formulated to minimize the deviations of the monitored variables in the IA
relative to the original system operating under steady-state conditions. The proposed ap-
proach ensures power balance at all system buses within the specified limits and maintains
the operating point under the required loading conditions, as discussed in the next section.

3. The Proposed Methodology for Optimal Network Reduction
The proposed optimization problem is delineated in two distinct stages. The first stage

consists of formulating an OPF that adjusts the voltage magnitudes, phase angles, and the
active and reactive power injections of the equivalent generators obtained through Kron
reduction, while also adapting the transformer tap settings within the internal area. The
second stage focuses on the adjustment of impedance parameters of generators and equiva-
lent circuits through the application of the PSO metaheuristic technique. The subsequent
sections provide a comprehensive discussion about each stage of the proposed optimization
problem and its detailed mathematical formulation.

3.1. OPF for Voltage and Power Adjustment of Equivalent Generators and Transformer
Tap Settings

OPF is a widely applied optimization technique for the planning and operational
analysis of EPSs [37–41]. In this work, the technique employed to address the OPF was the
Interior Point Method (IPM) in its Primal-Dual variant [42,43]. The proposed OPF solution
aims to find the optimal values for voltage magnitude and phase angles at the internal
buses of the equivalent generators, as well as the active and reactive power dispatches
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of these generators. In addition, it seeks the optimal tap settings for the transformers
contained within the retained area. The adjustment of these variables is intended to match
the voltage profiles, power flows, and generation between the internal area of the reduced
system and the same area in the CS.

The OPF problem incorporates an objective function f (u) consisting of two distinct terms:

f (u) = g( f1, f2), (1)

where,
f1: the quadratic deviations of voltage magnitudes in the buses within the IA relative

to the specified voltage magnitudes for steady-state operation in the CS.
f2: the quadratic deviations of single-phase short-circuit current in the buses within

the IA relative to the specified short-circuit currents for the same area in the CS.
Consequently, the equivalent system is expected to accurately reproduce the steady-

state behavior of the CS in terms of bus voltages and short-circuit currents, thereby ensuring
a faithful representation of the original system for the intended analysis. Therefore, the ob-
jective function in (1) can be mathematically represented as follows (2):

f (VIAi, Isc1PIAi) = ωa

nbIA

∑
i=1

(VIAi − VSPEi )
2 +

+ ωb

nbIA

∑
i=1

(Isc1PIAi − Isc1PSPEi )
2,

(2)

where:
VIAi: voltage magnitude of the i-th bus within the IA of the RS;
VSPEi : specified voltage magnitude of the i-th bus in the corresponding area in the CS;
Isc1PIAi: single-phase short-circuit current of the i-th bus in the IA of the RS;
Isc1PSPEi : specified single-phase short-circuit current of the i-th bus in the IA of the RS;
nbIA : number of buses in the IA of the RS;
ωa and ωb: weighting factors associated with f1 and f2, respectively.
The single-phase short-circuit currents are calculated according to [44,45], based on

the specified voltage magnitudes (obtained from the CS power flow) and the positive and
zero-sequence Thevenin impedances. These impedances are determined by applying a
single-phase short circuit to each bus separately within the IA in the RS.

The active and reactive power balance equations are formulated using the rectangular
representation of the voltage phasors. A detailed explanation of this modeling can be
found in [42]. In this context, the active and reactive power flow constraints are formulated
as functions of the bus voltage phasors, expressed in rectangular coordinates and matrix
form. The power balance equations are enforced over all buses of the reduced network,
including the internal and external areas and the fictitious buses representing the equivalent
generators. The vectors for active power injection (P⃗SR) and reactive power injection (Q⃗SR)
are of dimensions (nbSR × 1) and are described by Equations (3) and (4), respectively:

P⃗RS = P⃗GRS − P⃗DRS = real[diag(V⃗RS)(YbusRS V⃗RS)
∗], (3)

Q⃗RS = Q⃗GRS − Q⃗DRS = imag[diag(V⃗RS)(YbusRS V⃗RS)
∗], (4)

where:
P⃗GRS : vector nbRS × 1 with the active power injections in each bus of the RS;
Q⃗GRS : vector nbRS × 1 with reactive power injections in each bus of the RS;
P⃗DRS : vector nbRS × 1 with the active power demands at each bus of the RS;
Q⃗DRS : vector nbRS × 1 with the reactive power demands at each bus of the RS;
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V⃗RS: vector nbRS × 1 with the phasors of voltages at the buses of the RS;
YbusRS : bus admittance matrix nbRS × nbRS .
The inequality constraints of the optimization problem include the technical and oper-

ational limits of the reduced system in both the internal and external areas, which consist
of generators and equivalent circuits. For the internal area, the variables were constrained
to narrow operating ranges around the steady-state reference values. In contrast, for the
external area, specifically, the optimal parameters associated with the generators and equiv-
alent circuits between the boundary buses, broad operating limits were assigned to allow a
wider range of variation. The active and reactive generation (P⃗GRS and Q⃗GRS ), power flows
(P⃗lRS and Q⃗lRS), voltage phasors (V⃗RS in rectangular coordinates), and transformer taps
within the IA (⃗aAIRS ) are subject to the following constraints:

P⃗GRSmin ≤ P⃗GRS ≤ P⃗GRSmax, (5)

Q⃗GRSmin ≤ Q⃗GRS ≤ Q⃗GRSmax, (6)

P⃗lRSmin ≤ P⃗lRS ≤ P⃗lRSmax, (7)

Q⃗lRSmin ≤ Q⃗lRS ≤ Q⃗lRSmax, (8)

V⃗RSmin ≤ V⃗RS ≤ V⃗RSmax , (9)

a⃗RSmin ≤ a⃗RS ≤ a⃗RSmax , (10)

where:
P⃗GRSmin and P⃗GRSmax: vectors (ngRS × 1) with the minimum and maximum active power

capacities of the original and equivalent generators of the RS;
Q⃗GRSmin and Q⃗GRSmax: vectors (ngRS × 1) with the minimum and maximum reactive

power capacities of the original and equivalent generators of the RS;
P⃗lRSmin and P⃗lRSmax: vectors (ncRS × 1) with the minimum and maximum active power

flow capacities in the IA circuits and the external equivalent interconnection circuits with
the equivalent generators and between boundary buses;

Q⃗lRSmin and Q⃗lRSmax: vectors (ncRS × 1) with the minimum and maximum reactive
power flow capacities in the IA circuits and the external equivalent interconnection circuits
with the equivalent generators and between boundary buses;

V⃗RSmin and V⃗RSmax : vectors (nbRS ) with the minimum and maximum limits of
the voltage phasors of the IA buses (V⃗IARS ) and fictitious buses associated with the
equivalent generators;

a⃗RSmin and a⃗RSmax : vectors (ntRS ) with the minimum and maximum limits of the taps
values of the transformers in the IA.

For generated powers and active/reactive power flows within the internal area, where
minimal deviation from the CS power-flow is desired, the reference values obtained from
the CS load flow are scaled by a factor ϕ (in %). Accordingly, the minimum and maximum
limits for variables associated with buses and lines in the internal area are defined as in
Equations (11)–(18):

PGRSmin = (1 − ϕPG )PSPE, (11)

PGRSmax = (1 + ϕPG )PSPE, (12)

QGRSmin = (1 − ϕQG )QSPE, (13)

QGRSmax = (1 + ϕQG )QSPE, (14)
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PlRSmin = (1 − ϕPl )PlSPE, (15)

PlRSmax = (1 + ϕPl )PlSPE, (16)

QlRSmin = (1 − ϕQl )QlSPE, (17)

QlRSmax = (1 + ϕQl )QlSPE, (18)

where the quantities PSPE, QSPE, PlSPE, and QlSPE denote the corresponding reference
values obtained from the full-system (CS) load flow.

The maximum and minimum generation limits of the equivalent generators, as well
as the active and reactive power flows associated with the interchange zones between
the internal and external boundary buses, were not constrained. Instead, the algorithm
assigned these limits with a broad search range, as they represented the optimal values
needed to validate the reduced system.

In summary, the OPF minimizes the objective function (2), subject to Constraints (3)
to (10).

3.2. PSO for Impedance Adjustment of the Equivalent Generators and Circuits

The process of simplifying the external network through the Kron reduction method
may introduce negative impedances associated with generators and equivalent circuits,
requiring adjustments to enhance the accuracy of load flow validation. These negative
impedance values can lead to numerical conditioning issues for EMT analysis. The previ-
ously discussed OPF solution utilizing the IPM method modifies the internal voltages and
manages the power dispatch of the equivalent generators. For the adjustment of impedance,
particularly when it is negative, the adoption of a PSO metaheuristic technique is proposed
to determine new optimal values. The conventional mathematical formulation of PSO,
along with several applications, is detailed in [46–49].

In this study specifically, the output of the PSO is the vector of positive-sequence
resistances and reactances derived from the Kron-reduced network, representing the equiv-
alent generator and equivalent circuits among the boundary buses. Moreover, the fitness
function (FVAL) is calculated for each particle based on the optimal solution given by OPF.
Thus, it consists of four distinct components as follows:

FVAL(u) = g( f1, f2, f3, f4), (19)

where:
f1: the deviations of voltage magnitudes in the buses within the IA relative to the

specified voltage magnitudes for steady-state operation in the CS.
f2: the deviations of single-phase short-circuit current in the buses within the IA

relative to the specified short-circuit currents for the same area in the CS.
f3: the deviations of active power flow in the TLs within the IA relative to the specified

active power flow for the same area in the CS.
f4: the deviations of reactive power flow in the TLs within the IA relative to the

specified active power flow for the same area in the CS.
Mathematically, it can be expressed as follows (20):

FVAL(VIAi, Isc1PIAi, PIAij, QIAij) =

ω1

nbIA

∑
i=1

|VIAi − VSPEi| + ω2

nbIA

∑
i=1

∣∣Isc1PIAi − Isc1PSPEi

∣∣ +

+ ω3

ncIA

∑
i=1

∣∣∣PIAij − PSPEij

∣∣∣ + ω4

ncIA

∑
i=1

∣∣∣QIAij − QSPEij

∣∣∣
(20)
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where:
PIAij: active power flow in the circuit between the i-th and j-th buses in the IA of

the RS;
PSPECSij: specified active power flow in the circuit between the i-th and j-th buses in

the same area of the CS;
QIAij: reactive power flow in the circuit between the i-th and j-th buses in the IA of

the RS;
QSPECSij: specified reactive power flow in the circuit between the i-th and j-th buses in

the same area of the CS;
ncIARS

: number of circuits in the IA of the RS;
ω1, ω2, ω3 and ω4: the weighting factors associated with f1, f2, f3, and f4, respectively.
The weighting factors (ω1, ω2, ω3, and ω4) are determined through a normalization

process found in [50,51], where the maximum values of each component are set to the
maximum deviation adopted for the network validation.

To define the PSO search space and identify an optimal solution when negative
impedances arise from Kron reduction, upper and lower bounds were imposed on the
impedance values. The positive-sequence resistences (⃗r1RS) and reactances (⃗x1RS) are subject
to the following constraints:

r⃗1RSmin ≤ r⃗1RS ≤ r⃗1RSmax, (21)

x⃗1RSmin ≤ x⃗1RS ≤ x⃗1RSmax. (22)

Positive-sequence resistances and reactances that remain positive after the Kron re-
duction are kept unchanged. When negative values occur, PSO searches for an optimal
value within minimum and maximum interval ([⃗r1RSmin, r⃗1RSmax] and [⃗x1RSmin, x⃗1RSmax]) to
ensure strictly positive impedances. The zero-sequence equivalent impedances are retained
exactly as obtained from the Kron reduction.

3.3. Network Reduction Based on PSO-OPF-Kron Algorithm

The proposed algorithm integrates the two previously presented optimization tech-
niques, OPF and PSO, to determine the optimal parameters for network equivalents.
The algorithm is structured into four main stages: CS data initialization, Kron reduction
application, decision points, and PSO-OPF. Each of these processes is illustrated in the
flowchart in Figure 2 and is discussed in detail as follows.

CS data initialization: CS bus and branch system data inputs for conducting power
flow and short-circuit studies (steps 1 and 2). The resulting output serves as reference
data for the Kron reduction process, considering the required operational point and load
conditions of the system (step 3). Additionally, the load flow and short-circuit outputs of
the CS will be the specified parameters necessary for OPF.

Kron reduction: The system is reduced using the Kron method, resulting in the
calculation of external network equivalents (step 4). The output data of the generators and
equivalent circuits are then used as specified and initialization data for the OPF. At this
stage, the parameters of the reduced system, encompassing IA and external network
equivalents, are determined (step 5). Subsequently, power flow and short-circuit analyses
are conducted for the RS (steps 6 and 7).
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Figure 2. Flowchart of the PSO-OPF-Kron algorithm.

Decision: The RS is validated by comparing voltages, power flows, and short-circuit
currents in the internal area with those of the original system. If all deviations are within
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the predefined tolerance σ% (step 8), the RS proceeds to step 11; otherwise, an OPF is
solved to update the equivalent parameters. In step 11, the algorithm ends if no negative
impedances remain; if they do, it advances to the PSO-OPF block.

PSO-OPF: Particle initialization is performed using the PSO input parameters, such
as the number of variables, bounds (UB and LB) of the equivalent impedances, maximum
iterations, and stopping criterion (step 14). An OPF is then solved to obtain the FVAL for
each particle (steps 12–13). The FVAL is evaluated, and the global and local best positions
and particle velocity are updated (steps 15–16). The output provides the optimal impedance
values for generators and equivalent circuits (step 17). The PSO–OPF combination includes
two decision points (steps 18 and 21). In step 18, if the swarm has not reached its maximum
size, the particle is updated (step 19) and the OPF is solved again. Otherwise, the best
particle with the lowest FVAL is selected (step 20). In step 21, if the stopping criterion is
not met, the algorithm returns to step 14; otherwise, it ends with the optimal solution.

4. EMT Load Rejection Study
For the EMT load rejection study, the transient response of the RS must be evaluated

with respect to the TL of interest. The primary objective is to assess the maximum transient
overvoltages experienced by the buses and terminal equipment, as well as the energy
dissipated by the surge arresters, in order to verify their energy absorption capability at
both ends of the TL.

The methodology adopted in this paper for the load rejection study follows the guide-
lines established for new transmission line projects and the operational procedures defined
by the Brazilian Electrical System Operator (ONS, using the Portuguese acronym) [52]. Al-
though this study is based on Brazilian technical standards, these procedures are consistent
with internationally recognized practices for EMT analyses.

To perform the EMT simulations, the base case must be adapted to include circuit break-
ers and surge arresters at the terminals of the study transmission line. These modifications
are essential for accurately assessing transient overvoltages and the corresponding energy
dissipation in the equipment. According to the recommendations provided in [52,53],
the main aspects to be considered in the load rejection study are:

• Switching without the application of a prior defect (i.e., simple voluntary rejection);
• Switching preceded by a single-phase fault;
• Switching followed by a fault applied at the instant of maximum post-opening overvoltage;
• Fault clearing times defined according to [52], as a function of the nominal voltage of

the TLs;
• Switching in both TL directions, with power flow near the line’s loading limit.

In accordance with these guidelines, Table 1 presents the simulation framework
adopted in this study, summarizing the test cases and the sequence of events consid-
ered for the TL connecting the buses called BUS-A and BUS-B. The instants of time at
which each event occurs, including fault initiation and circuit breaker operations, are de-
fined based on the TL’s voltage level, following the network procedures and directives
established by [52,53].
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Table 1. Test cases and sequence of events for the EMT load rejection study.

Cases Description Sequence of Events

1 Simple rejection at BUS-A 1—Opening of the BUS-A circuit breaker (15.3 ms)

2 Single-phase short circuit on the TL, followed by load
rejection at the BUS-A terminal

1—Single-phase short circuit at BUS-A (3.4 ms)
2—Opening of the BUS-A circuit breaker (46.8 ms)
3—Opening of the BUS-B circuit breaker (66.8 ms)
4—Single-phase short circuit clearing at BUS-A (120 ms)

3 Simple rejection at the BUS-A terminal, followed by a
single-phase fault at this terminal

1—Opening of the BUS-A circuit breaker (0.14 ms)
2—Single-phase short circuit on BUS-A (12.5 ms)
3—Opening of the BUS-B circuit breaker (63.0 ms)
4—Single-phase short circuit clearing at BUS-A (120 ms)

4 Simple rejection at BUS-B 1—Opening of the BUS-B circuit breaker (15.3 ms)

5 Single-phase short circuit at the TL, followed by load
rejection at the BUS-B terminal

1—Single-phase short circuit on BUS-B (3.4 ms)
2—Opening of the BUS-B circuit breaker (46.8 ms)
3—Opening of the BUS-A circuit breaker (66.8 ms)
4—Single-phase short circuit clearing at BUS-B (120 ms)

6 Simple rejection at the BUS-B terminal, followed by a
single-phase fault at this terminal

1—Opening of the BUS-B circuit breaker (0.14 ms)
2—Single-phase short circuit on BUS-B (12.5 ms)
3—Opening of the BUS-A circuit breaker (63.0 ms)
4—Single-phase short circuit clearing at BUS-B (120 ms)

The consequences of load rejection become more severe when the TL under consid-
eration is subjected to higher loading conditions. Therefore, it is crucial to adjust the
power flow to ensure that the loading condition of the TL closely approximates its loading
capacity. In the case study presented in this paper, the system was subjected only to heavy
loading conditions.

EMT simulations must be performed to analyze the level of transient overvoltages af-
fecting the equipment located at the TL terminals and the surge arresters. These must be de-
signed to dissipate the energy generated during the energization and switching operations.

In this context, a comparative analysis was conducted on networks reduced by the
traditional Kron process and the PSO-OPF-Kron method to assess the impact of the op-
timized model on transient response in load rejection studies. Initially, the deviations
of these reduced networks from the CS were compared for both reduced models in the
validation process through power flow and short-circuit analyses. Afterward, load rejection
studies were performed, comparing the peak values of the transient overvoltages in the
circuit breakers and the energies dissipated in the surge arresters, as well as the differences
between the transient curves for both reduced networks.

5. Results and Discussion
A case study was conducted to assess the performance of the proposed algorithm

in determining the optimal parameters of the network equivalents and validating the
reduced network. Subsequently, the processes and outcomes of the load rejection study
were performed for a TL located in the reduced network. The analysis of the results and
discussions are presented in this section.

5.1. Case Study: IEEE 39 Buses—New England

The IEEE 39-bus electrical system was employed to conduct tests and assess the
performance of the proposed algorithm. The one-line diagram of this system is shown
in Figure 3. The system operates at 500 kV and comprises a 60 Hz transmission network
incorporating 10 generators, 12 transformers of 500 kV/20 kV, and 19 loads distributed
across the network. Detailed bus and branch data are available in [54].
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Figure 3. The IEEE 39-bus electrical system and the delimitation of the study area for the
proposed scenario.

As previously discussed, the TLs must operate at their maximum power flow capacity.
A heavy loading scenario was considered, with system demand increased 30% with respect
to the base case. The generation dispatch was adjusted accordingly to accommodate this
operating condition.

The load rejection analysis was conducted for a specific area of the system, as de-
lineated by the dashed (red) line in Figure 3. The boundary buses are identified by blue
and green triangles, indicating internal and external boundary buses, respectively. Thus,
the internal area of interest comprises nine buses, two transformers of 500 kV/20 kV with a
nominal tap of 1.025, and two generators (G8 and G10) with nominal capacities of 540 MW
and 520.8 MW, respectively.

5.1.1. Reduced Network Model

The reduction of the external area into equivalent networks using Kron’s method was
achieved by modeling four equivalent generators positioned at the boundary buses and
six equivalent TLs, as illustrated in Figure 4. The equivalent generators, highlighted in blue,
are connected to the internal boundary buses through an equivalent impedance. The equiv-
alent circuits, illustrated in blue dashed lines, are represented as fictitious branches between
boundary buses operating at the same voltage level.

Consequently, the proposed network reduction algorithm aims to calculate the param-
eters of active and reactive power, internal voltage of the equivalent generators (identified
in Figure 4 as Peq, Qeq, and Veq), as well as the optimal parameters of the equivalent
impedances in positive sequence component (Zeq1) associated with the generators and
equivalent circuits. Additionally, the tap changers of the original transformers located in
the system’s internal area (represented by a) is also considered to be a parameter to be
adjusted by the algorithm.
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Figure 4. Proposed reduced network.

5.1.2. Equivalent Network Parameters

First, the reduced network was obtained via Kron reduction; subsequently, its parame-
ters were optimized using the proposed PSO-OPF-Kron-based algorithm, as detailed in
Section 3.1. The software adopted to obtain the reduced network included ANAREDE,
version 11.05.05 (Program for the EPS load flow analysis under steady-state conditions,
developed by the Electric Power Research Center—CEPEL, Brazil) and ANAFAS, version
7.5.0 (Program for the short circuit calculation and network reduction in EPSs, developed by
the Electric Power Research Center—CEPEL, Brazil). This algorithm refines the parameters
derived from the traditional Kron reduction, providing optimal values for the generators
and equivalent circuits. The entire implementation was conducted in MATLAB R2021a
(The MathWorks, Inc., Natick, MA, USA).

The search ranges of the PSO-OPF-Kron for optimal operation concerning inequality
constraints are delineated in Table 2, based on the ϕ factor selected for the IA, generators,
and equivalent circuits (EG and EC, respectively). These values were determined following
a parameterization process, which involved conducting multiple simulations to identify
values that would enable the algorithm to converge with the smallest objective function.

The PSO algorithm was configured with a swarm size of 20 particles, indicating that
20 OPF solutions are needed to determine the optimal local and global positions during
each iteration. The stopping criterion was set at a maximum of 200 iterations; however,
the algorithm could be interrupted before this limit if there was a variation in the fitness
function below a tolerance of 10−6 over 50 consecutive iterations.

The weights of the objective function defined in Equation (2) (Section 3.1) were set to
ωa = 100 and ωb = 1. The best solution obtained by the PSO-OPF-Kron algorithm achieved
a fitness function of 0.03793, and the algorithm converged in 48 min with 58 iterations.
Figure 5 shows the convergence curve and indicates that the algorithm stopped after
58 iterations, since there were no changes in the fitness function exceeding the tolerance
occurred over 50 consecutive iterations.

The reduced networks obtained using the Kron and PSO–OPF–Kron algorithms
were adapted for EMT modeling in the ATP-EMTP (Alternative Transients Program-
Electromagnetic Transients Program) with ATPDraw (version 7.2) to evaluate the equivalent
parameters and monitored variables. The EMT models employ a three-phase representation
in sequence components, converted to physical units, with transmission lines modeled
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using distributed parameters. All programming and simulations were performed on a Dell
computer equipped with an Intel Core i7 processor and 16 GB of RAM. The following results
present the equivalent parameters obtained for both reduced networks in the ATP-EMTP
software. The parameters indicated with superscript ∗ are derived from the optimized
method, whereas the remaining parameters are obtained through Kron reduction.

Table 2. Minimum and maximum OPF ans PSO limits.

Limits IA EG and EC

PGRSmin ϕPG = 2.5% −10 p.u.
PGRSmax ϕPG = 2.5% 10 p.u.
QGRSmin ϕQG = 3% −10 p.u.
QGRSmax ϕQG = 3% 10 p.u.
PlRSmin ϕPl = 2% −20 p.u.
PlRSmax ϕPl = 2% 20 p.u.
VRSmin 0.6 p.u. 0.6 p.u.
VRSmax 1.2 p.u. 1.2 p.u.
aRSmin 0.9 1.0
aRSmax 1.1 1.0

r1RSmin and x1RSmin − 0 p.u.
r1RSmax and x1RSmax − 0.05 p.u.

Figure 5. PSO-OPF-Kron convergence curve.

The equivalent positive sequence resistances and reactances (rl1, xl1) in the TLs after
the network reduction process are presented in Table 3. The red bold values indicate the
negative resistances resulting from the Kron reduction process, which were subsequently
replaced by optimal positive values through the application of the PSO-OPF-Kron algo-
rithm. In this particular case study, only the positive sequence values were optimized and
replaced. The other values remained the same as those obtained via Kron reduction.

The results obtained for the transformers tap changes, active and reactive powers,
and internal voltage and angles of the original and equivalent generations are shown in
Tables 4–6.

The nominal tap value of 1.025 was retained for both transformers after the Kron
reduction process, whereas the PSO-OPF-Kron algorithm determined the optimal tap
values for the transformers, adhering to the specified search range.
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Table 3. Positive sequence impedances of the internal area after network reduction using the Kron
(rl1Kron e xl1Kron) e PSO-OPF-Kron (rl1∗ e xl1∗) methods.

TL FROM Bus TO Bus rl1Kron(%) xl1Kron(%) rl1∗(%) xl1∗(%)

2 001 004 −4.33 75.91 0.99 75.91
3 001 018 −393.13 2485.04 2.73 2485.04
4 001 026 −1837.01 9730.33 0 9730.33
5 001 EG1 0.14 3.03 0.14 3.03

11 004 018 −0.86 12.02 0.2 12.02
12 004 026 −4.79 47.2 0 47.2
13 004 EG2 0.96 2.36 0.96 2.36
14 018 026 0.12 5.18 0.12 5.18
15 018 EG3 2.16 4.54 2.16 4.54
18 026 EG4 2.99 5.05 2.99 5.05

The red bold values represent the negative resistances obtained from the Kron reduction process, which were
replaced with optimal positive values by applying the PSO-OPF-Kron algorithm.

Table 4. Tap settings in the internal area transformers after network reduction using the Kron
(aKron = aNom) e PSO-OPF-Kron (a∗) methods.

TR FROM Bus TO Bus aKron a∗

8 002 030 1.025 1.0009
17 025 037 1.025 1.0111

Table 5. Active and reactive power dispatched by equivalent generators after Kron (PGEKron,
QGEKron) and PSO-OPF-Kron (PG∗, QG∗) network reduction.

Bus PGKron (MW) PG∗ (MW) QGKron (Mvar) QG∗ (Mvar)

40 −397.14 −398.1 95.51 95.7
41 −381.08 −377.4 −0.9 6.9
42 −327.61 −328.2 33.86 33.0
43 −105.92 −115.5 39.57 36.9

Table 6. Internal voltage magnitudes and angles of equivalent and original generators after Kron
(VGKron, θKron) and PSO-OPF-Kron (VG∗, θ∗) network reduction.

Bus VGKron (p.u.) VG∗ (p.u.) θKron (Rad) θ∗ (Rad)

40 1.0856 1.0843 −0.4398 −0.4346
41 0.9928 0.9931 −0.4642 −0.4572
42 0.9869 0.9852 −0.4887 −0.4834
43 1.0324 1.027 −0.3019 −0.3019

100 1.1059 1.1236 0.2201 0.2127
300 1.1870 1.1933 0.4520 0.4478

5.2. Reduced Network Validation

The reduced network was validated through comparative analyses of the power
flow and short-circuit deviations between the parameters of the internal area and the CS.
The tolerance adopted for RS validation process was σ = 5%. This analysis was conducted
for both reduced networks described in Section 5.1 (applying the Kron method and PSO-
OPF-Kron) under same loading conditions and performed in ATP-EMTP. The results and
comparative analyses for the validation of the reduced network through load flow and
short-circuit analyses are detailed as follows.

5.2.1. Load Flow Analysis

A load flow study was first performed for the CS to obtain the reference parameters
used in the validation process. Subsequently, another load flow analysis was carried out to
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determine the operating variables of the reduced network and to evaluate the deviations
(%) in bus voltage magnitudes and phase angles, active and reactive power generation,
and load flows within the IA relative to the CS. These results are presented in Tables 7–12
for the CS reference values, along with the corresponding errors relative to the CS for each
reduced system under analysis.

Table 7. Voltage magnitudes in the CS internal area buses (VbCS) and corresponding errors.

Bus VbCS (p.u.) VbKron Error (%) Vb∗ Error (%)

001 1.058 0.060 0.195
002 1.035 0.199 0.346
003 1.027 0.231 0.363
004 1.026 0.155 0.289
018 1.031 0.193 0.311
025 1.051 0.290 0.460
026 1.044 0.219 0.379
030 1.030 0.148 1.963
037 1.040 0.207 0.900

The red bold values indicate the maximum deviations observed in the IA for each RS.

Table 8. Phase angles in the CS internal area buses θbCS and corresponding errors.

Bus θbCS (Rad) θbKron Error (%) θ∗b Error (%)

001 −0.3323 0.392 1.362
002 −0.1741 2.254 1.546
003 −0.3071 1.730 0.373
004 −0.3729 0.731 1.103
018 −0.3305 1.181 0.561
025 −0.1389 3.055 1.550
026 −0.2384 1.154 0.654
030 0 0 0
037 0.07965 3.313 1.262

The red bold values indicate the maximum deviations observed in the IA for each RS.

The voltage magnitudes at the buses within the internal area exhibited minimal errors
for both RS, with a maximum deviation of 0.290% at bus 25 for Kron RS and 1.963% at
bus 30 (slack bus) in the PSO-OPF-Kron RS. Regarding the phase angles, the deviations
decreased in the optimal model RS, as can be observed, reaching a maximum of 3.313% for
the Kron reduction and 1.550% for the optimized model.

Table 9. Active power generation in the CS internal area (PGCS) and corresponding errors.

Bus PGCS (MW) PGKron Error (%) PG∗ Error (%)

030 995.09 0.741 1.186
037 999.90 0.290 0.420

The red bold values indicate the maximum deviations observed in the IA for each RS.

Table 10. Reactive power generation in the CS internal area (QGCS) and corresponding errors.

Bus QGCS (Mvar) QGKron Error (%) QG∗ Error (%)

030 202.61 1.921 1.565
037 151.02 1.766 1.907

The red bold values indicate the maximum deviations observed in the IA for each RS.

For the power generation of the original generators, the errors were minimal for
both RS, with a maximum error of 1.186% for active power in the optimal RS and 1.921%
regarding reactive power for Kron reduction RS. A slight increase in deviations for active
power generation was observed in the optimized model, particularly at bus 30. Conversely,
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for the same bus, a slight reduction in error was noted for the PSO-OPF-Kron model when
assessing reactive power generation.

Table 11. Active power flow in the CS internal area TLs (PlCS) and corresponding errors.

TL FROM Bus TO Bus PlCS (MW) PlKron Error (%) Pl∗ Error (%)

1 001 002 −408.92 1.51 1.25
6 002 003 936.39 0.70 0.66
7 002 025 −355.98 2.00 3.03
9 003 004 325.07 4.33 5.29

10 003 018 182.66 6.60 4.50
16 025 026 337.98 1.76 0.11

The red bold values indicate the maximum deviations observed in the IA for each RS.

Table 12. Reactive power flow in the CS internal area TLs (QlCS) and corresponding errors.

TL FROM Bus TO Bus QlCS (Mvar) QlKron Error (%) Ql∗ Error (%)

1 001 002 89.24 1.22 1.86
6 002 003 23.54 7.41 2.84
7 002 025 101.52 1.78 2.04
9 003 004 −17.55 11.91 11.62

10 003 018 −58.50 2.36 0.05
16 025 026 −23.43 4.19 5.52

The red bold values indicate the maximum deviations observed in the IA for each RS.

In the context of active power flows, minor errors were noticeable in both reduced
networks, with the most significant deviation occurring at TL10, where a 6.60% maximum
error was observed in the network reduced by Kron. The highest errors in TLs decreased
with implementation of the optimized network, reaching a maximum of 5.29% for TL9.
For the reactive flows, a maximum error of 11.91% was observed in TL9 for Kron RS, while a
reduction in deviation was noted at TL6 and TL10 after the application of the optimized RS.

5.2.2. Short Circuit Analysis

A short circuit analysis was conducted for both the CS and reduced network to
comparatively evaluate the relative deviations of the single-phase and three-phase short-
circuit currents at the buses in the RS. Reference values were calculated in the CS and
compared with those short-circuit currents obtained from the original and optimized RS.
The single-phase and three-phase short-circuit currents, as well as the errors relative to the
CS for each reduced system, are presented in Tables 13 and 14, respectively. The red bold
values in the tables indicate the highest deviations found in the IA for both RS.

Table 13. Single-phase short-circuit currents in the CS internal area buses (ISC1PCS ) and correspond-
ing errors.

Bus ISC1PCS (kA) ISC1PKron Error (%) I∗SC1P Error (%)

001 3.99 0.278 0.279
002 7.75 0.672 2.650
003 6.18 0.010 0.409
004 6.24 0.148 0.141
018 5.29 0.014 0.108
025 5.85 0.415 1.594
026 4.22 0.162 0.043
030 206.28 1.612 2.879
037 134.86 0.737 1.348

The red bold values indicate the maximum deviations observed in the IA for each RS.
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Table 14. Three-phase short-circuit currents in the CS internal area buses (ISC3PCS ) and correspond-
ing errors.

Bus ISC3PCS (kA) ISC3PKron Error (%) I∗SC3P Error (%)

001 6.29 0.053 0.061
002 9.5 0.119 1.362
003 8.43 0.166 0.295
004 8.07 0.190 0.076
018 7.44 0.188 0.031
025 7.76 0.231 0.854
026 5.79 0.211 0.033
030 205.45 0.124 1.050
037 138.82 0.189 0.448

The red bold values indicate the maximum deviations observed in the IA for each RS.

The errors for single-phase short-circuit currents in both RSs remained within a similar
range and order of magnitude. The single-phase short-circuit currents exhibited slight
variations, particularly at bus 30, with the highest deviation reaching 2.879% for the
optimized RS. The three-phase short-circuit currents also demonstrated minimal errors,
with a maximum deviation of 0.285% when the fault was applied at bus 25 in the original
RS and 1.362% at bus 2 for the optimized RS.

5.3. Reduced Network Validation for a Different Load Condition and Reduction Method

The validation of the reduced network was also evaluated for additional operating
points, including the system under normal loading conditions, which yielded the most
relevant results. Furthermore, an alternative methodology for obtaining equivalent net-
works adapted from the traditional Kron reduction was assessed in comparison with
the optimized RS. In this approach, the Kron-reduced equivalent model is first obtained,
and the negative resistance values are subsequently set to zero. This practice is commonly
reported in the recent literature (as discussed in Section 1) and is also frequently adopted
by engineers performing EMT studies in the power sector.

For the same study area presented in Section 5.1, the network was reduced using
both the adapted Kron-based method and the optimized approach, and the resulting
errors were analyzed with respect to the complete system under normal load conditions.
Table 15 presents the average errors associated with each monitored variable in the internal
area, obtained from the load flow and short-circuit analyses. The average errors (in %)
correspond to the Kron-reduced model with negative resistances set to zero (− R = 0) and
to the optimized PSO-OPF-Kron model.

Table 15. Average errors for the monitored variables in the internal area for the adapted Kron
reduction (Kron−R=0) and optimized RS (PSO − OPF − Kron) under normal load condition.

Variables Kron−R=0 ErrorAverage (%) PSO − OPF − Kron ErrorAverage (%)

Vb 0.0470 0.0567
θb 2.1659 1.0243
PG 0.6589 0.4311
QG 2.236 0.610
Pl 3.3513 1.5298
Ql 4.3827 3.027

ISC1P 12.210 12.168
ISC3P 0.1025 0.1025

The results show that, under normal loading conditions, the optimized reduced model
exhibits smaller average errors relative to the complete system for most of the monitored
variables. This indicates that the PSO-OPF-Kron algorithm also performed effectively

https://doi.org/10.3390/en19020321

https://doi.org/10.3390/en19020321


Energies 2026, 19, 321 21 of 27

under this operating condition, providing better-adjusted equivalent parameters compared
to the adapted Kron-reduced model.

5.4. Load Rejection Study

In this section, a load rejection analysis was conducted using ATP-EMTP. This investi-
gation aims to evaluate the transient voltage responses at the circuit breakers, as well as
the energy dissipated in the line surge arresters at the terminals of the transmission line
under study. This analysis was performed for both reduced networks, that is, the original
RS (without variable and parameter readjustment) and the optimized RS resulting from the
application of the proposed PSO-OPF-Kron algorithm.

The transmission line selected for this study was TL6, 101.2 km in length, located
between buses b2 and b3 (highlighted in yellow in Figure 4). The circuit breakers and surge
arresters at both ends of this transmission line were modeled for both RSs, considering the
heavy loading conditions. Surge arresters rated at 420 kV, Class 4, with a 20 kA capacity
and an energy absorption capacity of 6.5 kJ/kV, were employed. Consequently, the load
rejection analysis was performed according to the six cases and timing events described in
Section 4, Table 1. The ATP–EMTP simulations were executed with an integration time step
of 1 µs over a total duration of 150 ms.

The maximum transient overvoltages at the circuit breakers (in p.u.) and the energies
dissipated at the line surge arresters (in kJ) during the analyzed period for each case and
reduced network are presented in Tables 16 and 17, respectively. The variations (in %) of
the maximum voltage and energy values of the optimized RS related to original RS were
measured to assess the amplitude differences and the potential impact of the optimized
model on the transient responses.

Table 16. Maximum transient overvoltage in the circuit breakers at TL6 terminals (b2 and b3) in
the original RS (VmaxbKr) and optimized RS (Vmax∗b ) to the proposed cases and variations between
them (%).

Case Description Vmaxb2Kr
(p.u.)

Vmax∗b2
(p.u.)

∆Vmaxb2
(%)

Vmaxb3Kr
(p.u.)

Vmax∗b3
(p.u.)

∆Vmaxb3
(%)

1 Simple rejection at b2 1.149 1.147 0.181 1.032 1.029 0.311

2 Single-phase fault on the TL, followed by load
rejection at the b2 terminal 1.511 1.748 15.744 1.381 1.358 1.646

3 Simple rejection by the b2 terminal, followed by a
single-phase fault at this terminal 1.318 1.302 1.190 1.253 1.252 0.051

4 Simple rejection at b3 1.155 1.198 3.737 1.173 1.264 7.733

5 Single-phase fault on the TL, followed by load
rejection at the b3 terminal 1.310 1.576 20.329 1.326 1.558 17.519

6 Simple rejection by the b3 terminal, followed by a
single-phase fault at this terminal 1.317 1.577 19.702 1.660 1.728 4.057

The red bold values highlight the maximum transient overvoltages and the highest deviations observed in the
EMT load rejection study.

Cases 2 and 6 demonstrate the most critical values for transient overvoltages and
evaluated energy, respectively. These cases reached a peak of 1.748 p.u. at b2 and 67.068 kJ
at b3, both observed in the optimized RS.

In case 5, the most significant deviations were observed between the reduced networks,
with variations of 20.329% for overvoltages (in case 5 at b2) and 27,491.9% for energy
deviations (in case 5 at b3).
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Figures 6–9 show the transient responses of voltage (kV) and energy (J) over time
(s), simulated using ATP-EMTP for the most critical cases. Each figure features six curves
representing both RSs, for comparative analysis. The three phases (A-blue, B-red, and C-
green) in lighter shades correspond to the original RS, while the darker shades represent
the optimized RS. In the figures on the left side, (a) and (c), the analysis focuses on the
circuit breaker and surge arresters connected to b2 (BAA8D circuit breaker and PRBAA
surge arrester), whereas the right side, (b) and (d), pertains to those connected to b3 (BA08D
circuit breaker and PRBA0 surge arrester).

(a) (b)

(c) (d)

Figure 6. Case 2. Single-phase fault on TL6, followed by load rejection at b2 terminal: (a) Voltage at
b2 circuit breaker (kV). (b) Voltage at b3 circuit breaker (kV). (c) Energy dissipated in b2 lightning
arrester (J). (d) Energy dissipated in b3 lightning arrester (J).

The most significant voltage and energy peaks were observed in case 2 (Figure 6a) and
case 6 (Figure 9b). In case 2, a single-phase fault was applied to the TL on phase C at 3.4 ms.
The circuit breaker then opened at b2 at 46.8 ms and subsequently on b3 at 66.8 ms, with the
fault being fully cleared at 120 ms. The curves in figure show a voltage of approximately
713.78 kV. In case 6, the circuit breaker first opened at b3 at 0.14 ms. A single-phase fault
was applied to the TL at 12.5 ms, and the breaker at b2 operated at 63 ms. The fault was
cleared at 120 ms. The figures present overvoltage and energy peaks of approximately
705.27 kV and 67.068 kJ at b3, respectively.
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Table 17. Maximum energy dissipated in lightning arresters at LT6 terminals (b2 and b3) in the
original RS (EmaxbKr) and optimized RS (Emax∗b ) to the proposed cases and variations between
them (%).

Case Description Emaxb2Kr
(kJ)

Emax∗b2
(kJ)

∆Emaxb2
(%)

Emaxb3Kr
(kJ)

Emax∗b3
(kJ)

∆Emaxb3
(%)

1 Simple rejection at b2 Negligible Negligible - Negligible Negligible -

2 Single-phase fault on the TL, followed by load
rejection at the b2 terminal 0.121 29.758 24,493.4 Negligible Negligible -

3 Simple rejection by the b2 terminal, followed by a
single-phase fault at this terminal Negligible Negligible - Negligible Negligible -

4 Simple rejection at b3 Negligible Negligible - Negligible Negligible -

5 Single-phase fault on the TL, followed by load
rejection at the b3 terminal Negligible Negligible - 0.037 10.209 27,491.9

6 Simple rejection by the b3 terminal, followed by a
single-phase fault at this terminal Negligible Negligible - 4.349 67.068 1442.1

The red bold values highlight the maximum dissipated energies and the highest deviations observed in the EMT
load rejection study.

(a) (b)

Figure 7. Case 5. Single-phase fault on TL6, followed by load rejection at b3 terminal: (a) Voltage at
b2 circuit breaker (kV). (b) Voltage at b3 circuit breaker (kV).

(a) (b)

Figure 8. Case 5. Single-phase fault on TL6, followed by load rejection at the b3 terminal: (a) Energy
dissipated in b2 lightning arrester (J). (b) Energy dissipated in b3 lightning arrester (J).
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(a) (b)

(c) (d)

Figure 9. Case 6. Simple rejection by b3 terminal, followed by a single-phase fault at this terminal:
(a) Voltage at b2 circuit breaker (kV). (b) Voltage at b3 circuit breaker (kV). (c) Energy dissipated in b2
lightning arrester (kJ). (d) Energy dissipated in b3 lightning arrester (kJ).

In the comparative analysis of the phase curves between the reduced models and
their respective deviations, particular attention was given to case 5 (Figure 7a,b), which
showed significant voltage deviations of 20.320% and 17.519% for b2 and b3, respectively.
Additionally, cases 2 (Figure 6c) and 5 (Figure 8b) demonstrated notable energy deviations
in the phase B, with 24,493.4% and 27,491.9% for b2 and b3, respectively.

6. Conclusions
This paper presented an optimization-based framework, termed PSO-OPF-Kron,

for determining the optimal parameters of equivalent networks and improving the repre-
sentation of the internal area in EMT load rejection studies. Load flow and short-circuit
analyses demonstrated that the optimized model substantially reduced the discrepancies
associated with the traditional Kron-based reduction, particularly in bus voltage phase
angles and reactive power flows within the internal area. The PSO-OPF-Kron algorithm
accurately reproduced the steady-state voltage profiles under heavy-load conditions and
preserved the short-circuit current magnitudes at the study area buses, enabling more
reliable EMT simulations. In addition, it effectively eliminated the negative impedance
values inherent to the classical Kron reduction while maintaining physical consistency in
the equivalent network.

The optimized reduced system also improved the accuracy of the transient simulations.
The EMT base case obtained from the proposed approach produced more accurate circuit
breaker voltage responses and surge arrester energy evaluations, as evidenced by the signif-
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icant deviations in peak overvoltages and absorbed energy (20.33% and 27,491.9% higher,
respectively, in the worst-case scenarios compared to the original reduced system). These
results highlight the strong influence of parameter optimization on the transient behavior
and confirm the ability of the proposed method to generate physically consistent and
numerically stable reduced-order models suitable for reliable EMT analyses.
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