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Kron reduction simplifies power system models by eliminating nodes while preserving
electrical equivalence. However, its integration with loss modelling and economic
dispatch remains underexplored, particularly the impact of recalculating loss
coefficients after each reduction stage. This study develops a feasibility-based Kron
reduction framework that integrates a quadratic loss model to evaluate generating unit
variability and system efficiency under economic dispatch. Using the IEEE-30 bus
benchmark, peripheral buses were eliminated based on a composite peripherality index
combining electrical connectivity and load participation. For each reduced network, B-
coefficients are recalculated, and economic dispatch is performed using quadratic cost
functions and the fmincon nonlinear optimizer in MATLAB. Voltage deviations
remained below 0.5%, complying with IEEE Std 399-1997 limits. Generators near load
centers showed higher variability due to stronger electrical coupling, while peripheral
units remained stable. Runtime efficiency improved by up to 40% across reduction
stages, consistent with the O(n$ computational trend. The proposed method maintains
accuracy and operational feasibility, offering a transparent and scalable approach
suitable for integration into real-time supervisory control and data acquisition (SCADA)

and energy management systems (EMS) environments.

coefficients, scalability, network reduction,
power variability
1. INTRODUCTION
Network reduction techniques, particularly Kron’s

reduction, are widely employed in power system analysis to
simplify large-scale networks while retaining the essential
electrical characteristics of the retained buses. This process is
critical in real-time applications such as supervisory control
and data acquisition (SCADA) and energy management
systems (EMS), where computational efficiency directly
impacts operational decision-making. Recent advances have
demonstrated that optimized implementations of Kron’s
reduction can significantly enhance dispatching efficiency
while preserving network accuracy [1]. In parallel,
complementary strategies using intelligent algorithms have
also been applied to improve operational efficiency in
distribution networks, highlighting the broader relevance of
reduction and optimization methods for modern power system
management [2]. Recent studies have shown that applying
Kron’s Reduction Methods (KRM) to IEEE benchmark
systems can yield substantial reductions in computational
complexity without significantly degrading accuracy in
voltage profiles, power flows, and loss calculations [3-5]. The
IEEE-30 bus system, a standard test network for economic
dispatch and load flow studies, offers a practical scale for
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evaluating reduction strategies before their application to
larger transmission networks [6, 7].

Despite numerous applications of KRM, there remains
limited research on progressive multi-stage reduction
strategies that assess the impact of eliminating specific load
buses on system performance under economic dispatch
conditions. Most prior work has focused either on single-step
reductions or on reduced models for steady-state power flow
without evaluating generator output variability, performance
benchmarking metrics, or operational compatibility with EMS
[8]. Although KRM has been applied in sequential elimination
of PQ (load) buses to assess impacts on voltage profiles and
state estimation accuracy [9], and in scalable simplifications
of multiple IEEE test systems showing preserved direct
current (DC) power flow equivalence [10], no study has yet
combined these elements into a progressive multi-stage
reduction framework under economic dispatch conditions—
one that assesses generator dispatch variability, performance
benchmarking metrics, operational EMS compatibility, and
scalability—especially when quadratic loss models are
integrated into the process. Additionally, recent literature lacks
comprehensive evaluations linking bus elimination sequences
to scalability assessments across varying system sizes. This
gap creates uncertainty in determining optimal bus elimination
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orders that balance accuracy, computational speed, and
operational  feasibility—particularly ~when integrating
quadratic loss models into the dispatch process [3].

Recent advancements in power system modeling have
increasingly focused on reducing computational complexity
without compromising accuracy, especially in the context of
real-time applications. The KRM, first introduced in the mid-
20th century, has regained attention in modern power
engineering research due to its capability to simplify network
matrices while retaining key electrical characteristics [3, 11].
This technique is now being re-examined in the era of large-
scale renewable integration, microgrids, and dynamic
operational environments. Modern studies leverage improved
computational tools and data availability to apply KRM not
only for steady-state analysis but also for stability studies,
contingency analysis, and optimization-based applications
such as economic dispatch [11-13]. The IEEE-30 bus system
is widely adopted as a benchmark for validating network
reduction algorithms due to its balance between realistic
complexity and modelling tractability, e.g., load-ability and
voltage stability studies [14, 15]. Contemporary research also
applies variants of KRM, e.g., structure-preserving and
computational-efficient KRM approaches across IEEE test
systems, demonstrating preserved power flow results, loss
estimations, and runtime gains [11, 16]. However, most
studies still limit their evaluation to single-step reductions,
primarily focusing on voltage magnitude accuracy and
minimizing power loss deviations, rather than exploring multi-
stage strategies [11, 16].

Emerging approaches now explore hybrid reduction
techniques, notably combining KRM with graph-theoretic
heuristics and optimization strategies to enhance reduction
quality and adaptability across diverse network topologies. For
instance, Grudzien et al. [11] proposed an iterative, topology-
aware Kron reduction framework that aggregates coherent
substructures like tree and mesh components, thereby
preserving power-flow equivalence while simplifying large-
scale networks. Complementing this, Chevalier and
Almassalkhi’s [3] Opti-KRON method embeds a mixed-
integer linear programming (MILP) approach constrained by
graph Laplacian structure to compute optimal node
eliminations—yielding significant model reduction with
minimal voltage deviation in seconds [3]. Despite these
advancements, there remains a notable gap: The literature has
yet to offer comprehensive multi-stage reduction studies that
evaluate the operational implications of progressive bus
elimination sequences —particularly in terms of generator
dispatch variability, performance benchmarking, and real-time
compatibility with SCADA/EMS systems. Most existing
works, including the above, focus primarily on the accuracy of
static power flow results or runtime improvements without
assessing dynamic dispatch outcomes or system-level
operational requirements. Furthermore, scalability
assessments—in particular, how reduction strategies perform
when transitioning from medium-sized systems like the IEEE-
30 bus to much larger, real-world networks—remain
insufficiently explored. Recent work by Mokhtari et al. [17]
addresses this by extending Opti-KRON with community
detection (CD)-based decomposition, enabling scalable
reductions across large systems, e.g., IEEE RTS-96 and the
2,383-bus Polish grid, with reductions of 80-95% in node
count while retaining performance fidelity. Addressing these
gaps—through structured multi-stage elimination protocols,
operational benchmarking, and cross-system scalability
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studies—is essential to validate KRM’s robustness under real-
world constraints and to inform its integration into operational
planning and control strategies in modern power systems.

Modern power systems are becoming increasingly complex
due to the integration of renewable energy sources, e.g., solar
and wind, proliferation of distributed generation, and evolving
operational demands such as demand response and microgrid
interactions [11, 12]. These developments place growing
pressure on computational efficiency for real-time tasks
including monitoring, optimization, economic dispatch, and
contingency analysis [3]. Kron's reduction method offers a
mathematically principled means to simplify large-scale
network models by eliminating noncritical buses while
preserving electrical equivalence at the retained nodes [8, 11].
Yet, the operational effects of using KRM in economic
dispatch contexts, especially under progressive (multi-stage)
reduction schemes, remain under-investigated. While static
simplification can significantly reduce computation time, it
may also introduce deviations in voltage magnitude, power
loss estimation, and generator output—parameters critical for
decision-making in SCADA/EMS [3, 11]. Moreover, dynamic
phenomena underscore that disturbances originating in
eliminated nodes can reverberate through the network
affecting retained-bus behaviour—highlighting that reduced
models must be validated not just for steady-state accuracy but
also for dynamic fidelity in real-time operational contexts [12].
Despite these motivations, most existing studies remain
limited to single-step, static reductions, and do not
systematically examine generator dispatch variability,
benchmark performance metrics, or scalability from medium
networks, e.g., IEEE-30 bus to large-scale grids. Furthermore,
recent findings on dynamic phenomena indicate that
disturbances in reduced nodes can significantly influence the
behaviour of retained nodes, underlining the importance of
accounting for such impacts in real-time applications [18].

Therefore, the core problem addressed in this study is how
to apply KRM in multiple stages to the IEEE-30 bus system
while ensuring that the reduced models preserve the essential
electrical and operational characteristics needed for reliable
real-time decision-making in EMS and SCADA environments
[19, 20]. The research seeks to evaluate the trade-off between
computational efficiency and accuracy, assess generator
output variability, and verify compatibility with operational
control environments. A schematic diagram of problem
formulation is shown in Figure 1. Based on Figure 1, it can be
explained that a problem formulation schematic showing the
relationship between the full model, reduction process, and
evaluation targets.

The research pursues five main objectives:

(i) to analyze the impact of KRM on medium-scale power
systems;

(i1) to evaluate generating unit power variability under a
quadratic loss model in reduced-order networks;

(iil) to benchmark key performance metrics such as total
power loss deviation, Voltage Root Mean Square Error (V-
RMSE), and simulation runtime;

(iv) to assess operational compatibility of reduced models
with economic dispatch frameworks; and

(v) to evaluate the scalability of the approach. The study
contributes by performing staged KRM on the IEEE-30 bus
system—a stepwise node elimination approach not commonly
found in previous works. It offers detailed comparisons
between full and reduced models by examining generator
outputs and preserved power flows across each reduction



stage, thereby wvalidating both operational fidelity and
reduction efficacy [1]. This comprehensive evaluation
provides power system engineers with quantitative insights
into the trade-offs between computational efficiency and
accuracy, guiding informed adoption of network reduction in
practice [17]. This article is structured to provide a coherent
narrative from problem identification to the presentation of
results and implications. Section 1 introduces the research
background and gap analysis, reviews the state-of-the-art in
Kron’s reduction techniques and related network
simplification methods, problem formulation, research
objectives, contribution opportunity, and novelty potential.
Section 2 frames the study within existing literature reviews.
Section 3 presents the methodology, detailing the framework,
materials and tools, and reduction procedures and research
methods. Section 4 discusses the results and analysis based on
five objectives. Section 5 outlines the conclusions,
contributions, novelty, and directions for future work. The last
Section lists the references following the citation guidelines of
a journal, ensuring traceability, and reproducibility.
The key contributions of this research are:

High Computational Load

(i) introducing a structured multi-stage bus elimination
sequence (bus-26, bus-30, and bus-29) for the IEEE-30 bus
system;

(i) benchmarking V-RMSE, power loss deviation, and
computation time at each stage;

(iii) validating operational compatibility with economic
dispatch incorporating quadratic loss models. The proposed
approach demonstrates applicability for scaling KRM to
medium and larger networks while preserving operational
fidelity [2, 17]. This study’s novelty lies in its unified
evaluation of KRM across multiple operational objectives in a
staged reduction sequence rather than a single reduction step.
Unlike most existing works focusing only on load flow
accuracy, this research integrates assessments of generator
output variability, operational compatibility, and scalability
[1]. Using the IEEE-30 bus system as a reference model
bridges theoretical reduction strategies and their real-time
SCADA and/or EMS applications—its established use in
software-based substation models, e.g., in ETAP enables more
adaptive and efficient planning for medium- and larger-scale
power systems [21].

Perfq
Voltage,

: Opfimized Models for

Economic Dispatch & Regl-time

Figure 1. A schematic diagram of problem formulation

2. LITERATURE REVIEW

The contents of this literature review chapter include three
main things that are closely related to the title of the article,
namely (i) KRM [22] and its application are historical
background, mathematical basis, modern adaptations, and
power system uses [17, 23-25]; (ii) generating unit power
variabilities in the Kron’s Loss Model (KLM) [26] are
quadratic loss model [27], effects of network reduction [23-
25], and sensitivity factors [28]; and (iii) economic dispatch
phenomena are fundamentals [26, 27, 29], integration with
network models, the role of reduced networks, and recent
improvements are particularly relevant in the context of the
application [30] of KRM [22] to evaluate generating unit
power variability in the KLM [31] under economic dispatch
[27]. These three areas form the theoretical and empirical
backbone for evaluating the objectives in this study.
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2.1 KRM and its application

Kron’s reduction method, first introduced by Gabriel Kron
in 1939 [22], was originally developed to simplify electrical
network equations by eliminating selected internal nodes.
Over time, the method evolved through structured matrix
transformations and became a fundamental tool in control
theory and power system engineering [23-25, 32]. At its core,
Kron’s reduction is a mathematical technique that simplifies
the network admittance matrix (Y-bus) by applying the Schur
complement. This technique preserves the electrical
characteristics of retained nodes while reducing the system
size [23-25]. It is particularly valuable for minimizing
computational complexity in power system studies, especially
when analysing the interactions between principal buses. In
practical applications, it is widely used to remove non-
essential nodes such as radial or unloaded buses, thus



streamlining the analysis without significantly affecting
system accuracy [1]. Kron Reduction as a source of variability,
i.e., (i) KRM simplifies the system by eliminating nodes and
redistributing admittances [25], (ii) This changes impedance
pathways, which can affect: loss coefficients (B-coefficients)
in the quadratic loss model and participation factors, i.e., how
each generator contributes to balancing demand [18]; and (iii)
If not carefully staged, KRM could distort dispatch patterns
and make the reduced model unrepresentative.

The KRM has been extensively applied in modern power
system analysis, notably in model order reduction [23-25],
short-circuit studies [8], steady-state assessments [9], and
dynamic simulations [3, 8]. When applied to the bus
admittance matrix, the Schur complement ensures that
voltages at retained buses remain equivalent to those in the full
model, making KRM ideal for system simplification without
compromising critical accuracy [23-25]. In contemporary
research, KRM supports applications [3, 9] like contingency
analysis, optimal power flow (OPF), and state estimation [27,
33, 34], where computational efficiency is essential [33, 35].
Moreover, the method's role has expanded to accommodate
medium- or large-scale grids that integrate renewable energy
sources, which require real-time responsiveness and high-
fidelity modelling [3, 9, 23-25]. By maintaining operational
characteristics while reducing model dimensionality, Kron’s
reduction provides practical benefits in creating accurate
equivalents for contingency scenarios, economic dispatch
simulations, and stability studies [23-25].

Recent studies have extended its application to large-scale
grids, integrating renewable generation and examining real-
time feasibility in control environments [1, 3, 9].
Mathematically, KRM is a Schur complement on the bus-
admittance matrix (Y) [23-25]. Let the retained buses be B (all
buses except bus-n), and the eliminated set be / = n. Partition
Y as shown in Eq. (1).

Ypp YBI]
- 1
Yig Yy M
. T
with ¥y = [Yyu]. Yoy = [Ypu]. and Yip = [¥,,] .
The reduce matrix is shown in Eq. (2).
yreduction — ) y"—l Y
(2)

=Ypg—5YpYip
144

For the stage when reduction is carried out on bus-26 which
is only adjacent to bus-25, then only entries that “touch”
neighbours of bus-26 change. In the stage where bus-26 (a
dead-end node connected only to bus-25) is eliminated via
Kron reduction, only matrix entries associated with bus-25,
i.e., the neighbours of bus-26—are updated in the Y-bus. This
behaviour follows directly from the nature of the Schur
complement in Kron reduction, where perturbations affect
only adjacent nodes [23-25]. If X(26) is the set of buses
directly connected to 26, then for any i,j € X(26) (possibly
i=j)

#Oft-diagonal (create or update an equivalent link) is shown
in Eq. (3).

1

—— Y26 Yoy L #J

reduction _
Y i =Y "
26,26

(€)

ij

#Diagonal of a neighbour (self-admittance update) is shown
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in Eq. (4).

Yreduction
ii

=Yy—5—
Y2626

(4)

"Yize Y26,

All other entries remain the same.

Y3626 is the self-admittance at bus-26 (sum of incident
branch admittances plus shunt at bus-26). ¥Y;,6 = Y36,
—¥i 26 for a simple series branch y; 26 = 1/7;26 + j * X; 26-

In the standard IEEE-30 bus system, bus-26 is a radial node,
connected exclusively to bus-25—this isolated linkage
underlines its role as a dead-end bus in system topology (i.e.,
only one incident branch in the line data), then X(26) = {25}
[23-25]. There is no new tie created because there’s only a
single neighbour, so that there are two explanations:

#1) update only the 25-25 diagonal is used Eq. (4), so that
Eq. (4) becomes Eq. (5).

reduction
Y25,25

)

Y3525 — Yo Y2526 Y2625
26,26

#ii) all other entries are unchanged.

In the IEEE-30 bus test system, bus-30 is connected to both
bus-27 and bus-29, reflecting its mesh configuration within the
network topology [23-25]. This detail is clearly documented
in single-line diagrams and contingency analyses, which note
that “bus-30 (2nd weakest bus) has got connections to both
bus-27 and bus-29” [36, 37], so that X(30) = {27,29}, and
then we both update diagonals and create a new mutual
admittance between 27 and 29 are shown in Egs. (6)-(8) [23-
25].

1
reduction __ . .
Y3727 =VY3727 — Yoo Y2730 Y3027 (6)
30,30
reduction _ . .
Y3929 =VY3929 — Y Y2930 " Y3029 (7
30,30
reduction _ . .
Y3759 =VY3720 — Y Y2730 " Y3029 ®)
30,30

Eq. (8) is the new direct coupling.

The method has been widely applied in power system
analysis for tasks such as model order reduction [1, 38, 39],
short-circuit studies [40], and dynamic simulations [3, 9].
Applying the Schur complement, the reduced Y-bus matrix
maintains equivalent voltages at retained buses, making it
suitable for applications where network simplification is
required without compromising accuracy [1, 38, 40]. In power
system applications, the Kron reduction method has been used
for network equivalencing to facilitate contingency analysis
[38], optimal dispatch [3, 9, 29], and state estimation [34, 39].
Recent studies have extended its application to medium- or
large-scale grids, integrating renewable generation [1] and
examining real-time feasibility in control environments [3, 9,
29]. These works highlight the importance of balancing
computational efficiency with fidelity to the original system
[3, 9]. The KRM in the context of transmission network
studies, it offers a means to reduce the dimensionality of
system models while preserving the electrical characteristics
relevant to the retained buses [1, 32]. Recent studies have
demonstrated its utility in creating equivalent networks for
contingency analysis [38], optimal power flow [39], and



dynamic stability studies [39].

However, the majority of these studies focus on one-step
reduction approaches without systematically evaluating multi-
stage climination sequences [38, 41]. In parallel, researchers
have explored advanced network reduction techniques that
incorporate machine learning and adaptive algorithms for
better retention of operational characteristics [3]. While these
methods have shown promise in large-scale simulations, they
often come with higher computational overhead, making them
less suitable for real-time applications [39]. Moreover,
traditional Kron’s reduction continues to be favoured in
practice due to its analytical transparency and ease of
implementation [1, 3, 9]. The gap remains in understanding
how stage-wise bus elimination affects operational
performance metrics such as V-RMSE, loss deviations, and
generator dispatch variability [41]. Existing literature also
indicates a growing interest in integrating network reduction
with real-time control environments such as SCADA and EMS
[42, 43]. Ensuring operational compatibility after reduction is
critical, particularly for systems incorporating renewable
generation and complex load dynamics [38]. Despite this,
comprehensive frameworks that assess reduction impact
across multiple operational objectives, i.e., voltage profile
accuracy, generator variability, runtime efficiency, and
scalability are sparse. This study addresses that gap by
implementing a multi-stage reduction sequence and evaluating
it against these criteria using the IEEE-30 bus system [36, 37].

2.2 Generating unit power variability in the KLM

The concept of generating unit power variability in the
KLM addresses how network reduction influences the
allocation and fluctuation of generation outputs within power
systems [38]. Kron’s reduction method is widely applied to
simplify large-scale systems by eliminating certain buses,
thereby reducing the size of admittance and impedance
matrices while preserving the electrical behaviour between
retained buses [1]. However, such reduction can impact the
accuracy of system parameters, particularly when assessing
active and reactive power generation variability at individual
generator buses [23-25]. In the context of the KLM, which
models real power losses as a quadratic function of nodal
power injections, the reduction process can alter the loss
coefficients and the distribution of system losses among
generators [27]. The variability of generator outputs becomes
an important performance metric, as it reflects the sensitivity
of dispatch schedules to changes introduced by the reduced-
order network representation. This is particularly critical in
economic dispatch applications, where generation schedules
are optimized to minimize operational costs while meeting
demand and technical constraints [44]. Studies have shown
that while Kron reduction can significantly reduce
computational burden, it must be applied carefully to avoid
large deviations in generator dispatch patterns [3]. The impact
depends on the location of eliminated buses, the degree of
electrical connectivity, and the weighting of loss coefficients
in the dispatch optimization [45]. Sensitivity analyses are often
employed to evaluate generator output variability under
different reduction scenarios, ensuring that reduced models
remain operationally compatible with full-scale systems.

The quadratic loss model, which expresses transmission
losses as a quadratic function of generator outputs, has been a
fundamental element in economic dispatch problems. Loss
coefficients (a, b, c¢) are derived from network parameters and
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used to compute total system losses under different dispatch
scenarios [46]. When combined with Kron reduction, the
quadratic loss model enables evaluation of how network
simplification impacts dispatch decisions and system-level
losses [27]. Performance benchmarking in reduced-order
models often involves metrics such as voltage RMSE, power
loss deviation, and simulation runtime [47]. Studies have
shown that network reduction can reduce computational time
significantly. As demonstrated in adaptive model reduction
studies for large test systems, network reduction can
significantly reduce simulation time while maintaining and
preserving acceptable accuracy [48]. Scalability remains a key
focus, with research suggesting that methods like Kron
reduction can be adapted for high-bus-count systems with
minimal accuracy degradation [17]. The KLM based on a
quadratic power loss equation is implemented on both the full
and reduced-order networks. This enables the evaluation of
generating unit power variability by quantifying changes in
generation dispatch profiles, total system losses, and nodal
power injections [27]. Together these sources support a
comparative study between full vs. reduced models across (i)
voltage deviations, (ii) generator-output differences, (iii)
benchmarking metrics (loss deviation, voltage error, runtime),
(iv) operational compatibility with ED/real-time control
constraints, and (v) scalability to large systems.

2.3 Economic or optimal dispatch: A mathematical
perspective

Economic dispatch (ED) is a fundamental optimization
problem in power system operation, aiming to determine the
optimal generation levels for all committed generating units so
as to meet the total load demand at the lowest possible
operating cost, subject to system and unit constraints [27, 49].
The ED problem is formulated based on the principle of equal
incremental costs of all operating units, adjusted for
transmission losses, ensuring that generation is allocated
efficiently across the system. Based on mathematically, the
basic ED problem can be expressed as the minimization of the
total generation cost [50-53].

Minimize: It is shown in Eq. (9).

Crotat = L Ci (Pgi) fori=1toN, 9)
where, C;(Pg;) is the cost function of the i-th generator,
usually modeled as a quadratic function is shown in Eq. (10).

Ci(Pgi) =ai+bi'Pgi+Ci'PgiZ (10)

Here, P ; is the power output of the i-th generating unit, and
a;, b;, and c; are cost coefficients.

The ED problem is subject to two main types of constraints,
i.e., power balance constraint and generator operating limits.
Both constraints are shown in formulas (11) and (12).

Z Pgi = Pgemand + Plosses (11)

where, P jemana 15 the total system demand and P, 1S the
total transmission loss.

(12)

P.qi = Jimax-

Iimin

which ensures that each generating unit operates within its



technical limits. Incorporating transmission losses into ED
requires the use of loss coefficients, often represented through
the KLM. In this approach, total transmission loss is expressed
as a quadratic function of generator outputs is shown in Eq.
(13) [27, 31, 50, 51].

Plosses:Z(Zpgi'Bij'ng+ZBOi'Pgi+BOO) (13)

where, B;j, By;, and By are loss coefficients obtained from
system data. This model enhances realism in the ED
formulation by accounting for internal system losses, which
are crucial in operational planning [31, 54]. The KLM thus
directly couples with the ED formulation by modifying the
power balance equation, affecting the optimal generator
outputs.

Various methods can be applied to solve the ED problem,
including classical approaches such as the Lambda-iteration
method for systems without losses, and iterative Newton-
Raphson or gradient-based methods when losses are
considered. In recent research, metaheuristic algorithms such
as Genetic Algorithms (GA), Particle Swarm Optimization
(PSO), and Differential Evolution (DE) have also been
successfully applied to ED problems, particularly for complex,
nonlinear, or non-convex cost functions [55]. The economic
dispatch problem uses an objective function to minimize total
generation cost, subject to system power balance constraints,
generator operating limits, and network loss equations [56-
58]. This is solved using numerical optimization methods,
applied consistently to both the full and reduced networks,
allowing a fair comparison of dispatch results and operational
efficiency [59]. In the economic dispatch study (which ends
with OPF), KRM is an aid to reduce model complexity so that
the optimization algorithm can more easily find the minimum
power loss solution while still considering the network's
technical constraints [3].

3. METHODOLOGY

The research methodology for the study is structured to
systematically analyse how network reduction influences
generator performance, power loss modelling, and economic
dispatch efficiency in a realistic power system environment.
The study begins with the development of a full IEEE-30 bus
system model as the baseline reference [60-62]. This model
incorporates detailed bus data, line parameters, generator
characteristics, and load profiles, enabling accurate
representation of the network’s operational state. The KRM is
then applied in a staged manner to eliminate selected PQ buses
while preserving the electrical equivalence at the retained
buses. This step involves the iterative computation of reduced-
order admittance (Y-bus) matrices using matrix partitioning
techniques, ensuring that voltage relationships and system
impedances remain consistent with the original network [35,
63]. Validation of the reduction process is achieved by staged
evaluation after each bus elimination step, ensuring that
accuracy thresholds for voltage deviation and power loss
difference remain within acceptable engineering limits [20].
The methodology also incorporates visualization techniques,
such as topology diagrams, performance curves, and
comparative bar charts, to facilitate intuitive interpretation of
results [64]. Integrating KRM with economic dispatch analysis
and loss modelling, this research methodology provides a
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structured framework to determine the trade-offs between
computational efficiency and operational fidelity, thereby
supporting informed decisions in power system operation and
planning [26].

3.1 Research framework

The methodological framework integrates analytical
modelling, numerical simulations, and comparative
performance evaluation [9, 20]. This study employs a
structured methodological framework designed to evaluate the
technical, operational, and computational implications of
applying Kron’s reduction method [1] to the IEEE-30 bus
system. The methodology aligns directly with the five specific
objectives, ensuring that each stage of the research produces
results relevant to scalability, generator variability,
performance benchmarking, operational compatibility, and
applicability to medium- or large-systems [26]. This study
employs a quantitative-experimental research design to
analyze the impact of Kron Reduction on power system
models in the context of economic dispatch [3]. The IEEE-30
bus system is used as a benchmark case [38]. The methodology
involves applying step-by-step network reduction techniques,
evaluating power system metrics, and benchmarking between
the original and reduced models [3, 38]. The overall approach
aims to quantify performance trade-offs and assess the
operational feasibility of reduced-order models for real-time
dispatch applications [3, 65].

In this study, a unified research framework is developed to
address five interrelated objectives:

(i) analyzing the impact of KRM on voltage profile
preservation,

(i1) evaluating generator output variability under quadratic
loss modeling,

(ii1) benchmarking performance metrics of reduced versus
full networks,

(iv) assessing operational compatibility with economic
dispatch frameworks,

(v) evaluating scalability for larger system applications.
These objectives reflect core challenges identified in recent
literature on power system reduction and dispatch
optimization.

Prior studies have demonstrated that KRM can effectively
preserve voltage characteristics and network behaviour in
reduced-order models [1], that quadratic loss formulations
play a central role in capturing generator variability within
economic dispatch [26], and that systematic frameworks such
as Opti-KRON are essential for benchmarking accuracy while
ensuring scalability and operational feasibility [3]. Building on
these foundations, the present work integrates all five
objectives into a staged evaluation framework for the IEEE-30
bus system.

The research framework integrates network reduction
theory, economic dispatch principles, and performance
benchmarking into a unified evaluation process [3, 20]. Kron’s
reduction serves as the core analytical technique [3, 38],
reducing the dimensionality of the bus system while
preserving electrical equivalence for retained buses [20]. The
framework ensures that each objective is addressed
systematically [1]. Methodological framework for staged
KRM applied to the IEEE-30 bus system in this study is
designed to systematically evaluate the performance of Kron’s
reduction method applied in a multi-stage sequence to the
IEEE-30 bus system [3, 38].

As part of this study, we designed a three-stage reduction



(bus-26, bus-30, and bus-29 are removed). The framework
encompasses three sequential reduction stages, e.g., Stage 1
(S1, removal of bus-26), Stage 2 (S2, removal of bus-30), and
Stage 3 (S3, removal of bus-29) This staged approach was
evaluated across multiple objectives, following established
practices in the literature [1, 3, 9]. Then for the conceptual
backbone—multi-objective ~ evaluation,  benchmarking,
alignment with established methods—use the citations above
to demonstrate methodological rigor and comparability. Each
stage is evaluated against five research objectives, i.e., voltage
profile comparison, generator output variability, performance
benchmarking, operational compatibility, and scalability
assessment. This multi-objective evaluation is intended to
reveal trade-offs between computational efficiency [9] and the
preservation of operational accuracy [3]. The framework is
aligned with established power system simulation practices,
ensuring comparability with existing studies in the literature

[1].
3.2 Materials and tools of research

The study utilizes the IEEE-30 bus test system as the
reference network, which includes 6 generator buses, 24 load
buses, and 41 transmission lines. The network data (bus,
branch, and generator parameters) are obtained from the [IEEE
test case archive to ensure standardization and reproducibility
[61-63]. A single line diagram of IEEE-30 bus test system is
shown in Figure 2.

Based on Figure 2, it can be explained that the IEEE-30 bus
network consists of 30 buses interconnected by 41
transmission lines, six generator buses located at buses of 1, 2,
13, 22,23, and 27, and one slack bus at bus 1. It also contains
24 load buses and four tap-changing transformers. Shunt
capacitors are installed at selected buses to enhance voltage
stability.

29

28

30

Figure 2. A single line diagram of IEEE-30 bus test system
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Table 1. The specific criteria for each bus in the IEEE-30 bus

system
Bus Function Role Criteria
No. Type
1 Slack Reference ngh_voltage Retained
Generator control importance
2 PV Generator Moderate I_oad & Retained
generation
3 PQ Load Central load Retained
4 PQ Load High connectivity Retained
5 PQ Load Moderate load Retained
6 PQ Load Moderate load Retained
7 PQ Load PrOXImlty fo main Retained
corridor
8 PQ Load Local load Retained
9 PQ Load Central network Retained
10 PQ Load Moderate load Retained
11 PQ Load Low load, weak tie Retained
12 PQ Load Industrial load Retained
13 PV Generator Major generator Retained
Feeder to local .
14 PQ Load load Retained
15 PQ Load Feedertolocal - potained
load
16 PQ Load Feedelggz local Retained
17 PQ Load Moderate load Retained
18 PQ Load Local load Retained
19 PQ Load Peripheral Retained
20 PQ Load Moderate load Retained
21 PQ Load Peripheral Retained
22 PV Generator Generation support  Retained
23 PV Generator Generation support  Retained
24 PQ Load Peripheral Retained
25 PQ Load Peripheral Retained
26 PQ Load Low load, weak tie  Reduced 1
27 PV Generator Generation support ~ Retained
28 PQ Load Peripheral Retained
29 PQ Load Redundant supply  Reduced 3
30 PQ Load Penp?g;zl, oW Reduced 2

The IEEE 30-bus system was selected as the benchmark
case due to its long-standing use in power system
optimization, load flow, and reduction studies Wood et al.
[27], Alsac and Stott [59]; Liu et al. [4]. It offers a well-
balanced representation of generation, transmission, and load
characteristics while remaining computationally tractable for
detailed validation of staged reduction and loss modeling
approaches. The simulation environment is developed in
Matrix Laboratory (MATLAB) version R2023b [66],
leveraging its Power System Analysis Toolbox (PSAT) for
load flow calculations [67], Kron reduction implementation,
and data visualization were conducted using established
methods and software [9, 25, 68]. It introduces PSAT as an
open-source MATLAB/Simulink-based software package. It
covers features such as load flow, optimal power flow, time-
domain simulation, continuation power flow, and interfaces
with MATLAB for visualization with relevant that often cited
when someone want to justify or document the use of PSAT
as a software environment for simulation, algorithm testing, or
visualization [67]. The computational platform consists of a
workstation with an Intel Core 17-12700K Central Processing
Unit (CPU), 32 gigabyte (GB) Random Access Memory
(RAM), and Windows 11 Pro 64-bit operating system (OS).
The primary software tools used include MATLAB for
algorithm execution, Microsoft Excel for intermediate data



handling, and Microsoft Word for report preparation. In
addition to the primary IEEE-30 bus dataset, supplementary
datasets were used for validation purposes, enabling cross-
system verification of the Kron reduction outcomes. These
datasets were accessed through the IEEE PES Power System
Test Case Archive [60, 62], ensuring standardized and widely
recognized system parameters.

Specific criteria for the simulations are as follows: i) load
flow convergence tolerance set to 1e-6 p.u., ii) base Mega Volt
Ampere (MVA) of 100 MVA, iii) nominal voltage levels per
IEEE-30 bus data [60], iv) Newton—Raphson method for load
flow analysis [69, 70], and v) validation of reduced network
parameters against the full system using relative error
thresholds of less than 1% for bus voltages and less than 3%
for branch flows [9, 62]. The specific criteria for each bus in
the IEEE-30 bus system is shown in Table 1.

The simulation also incorporated custom MATLAB scripts
for automated bus elimination [66], Y-bus matrix updating,
and performance metric extraction [25, 32, 62]. These scripts
were tested for robustness by simulating multiple reduction
sequences, confirming their accuracy and stability [9] before
being applied to the targeted three-stage reduction sequence.
Results, including voltage profiles, generator dispatch plots,
and performance benchmarking charts, were visualized using
MATLAB's built-in plotting [62, 66] functions in conjunction
with third-party libraries for enhanced figure aesthetics
suitable for journal publication. All simulations and data
processing steps were documented to ensure replicability and
transparency of the research methodology [68, 69, 71].

3.3 Methods of research

A step-by-step research method for staged Kron reduction
was applied to the IEEE-30 bus system, with performance
evaluation performed after each reduction stage. The research
methods included eight sequential steps: (i) test system
selection and data preparation using the Power and Energy
Society within Institute of Electrical and Electronics
Engineers (IEEE PES) test case archive [60-62], (ii) the Kron
reduction procedure following established formulations [1,
25], (iii) power flow and loss model implementation based on
Newton—Raphson and quadratic loss formulations [26, 72],
(iv) generating unit variability analysis informed by economic
dispatch under uncertainty [3, 30], (v) performance
benchmarking of reduced vs. full systems [3, 9], (vi)
operational compatibility assessment to ensure dispatch
feasibility [3, 8], (vii) scalability evaluation for large-scale
applicability [3], and (viii) data analysis and presentation
supported by established modeling and scripting practices [3,
32]. The eight sequential steps of the research method are
shown in Figure 3.

Based on Figure 3, it can be explained that the eight stages
are described further.

#1) Test system selection and data preparation

The IEEE-30 bus system was selected as the baseline
network model due to its moderate complexity, rich
interconnection structure, and widespread use in academic and
industry benchmarking [60, 62]. All network parameters—
including bus data, branch data, generator characteristics, and
load demands—were sourced from standardized IEEE
datasets [60]. The network admittance matrix (Y-bus) was
constructed using the provided line impedances and shunt
elements [25, 32, 62].
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#1) Test system selection and data
preparation

&

#2) Kron reduction procedure

&

#3) Power flow and loss model
implementation

&

#4) Generating unit variability
analysis

&

#5) Performance benchmarking

&

#6) Operational compatibility
assessment

&

#7) Scalability evaluation

&

#8) Data analysis and presentation

Figure 3. The eight sequential steps of the research method

#2) Kron reduction procedure

Kron’s reduction was applied sequentially to eliminate three
PQ (load) buses (e.g., bus-26, bus-30, and bus-29) from the
IEEE-30 bus system. At each stage of reduction, the reduced-
order Y-bus matrix was recalculated by partitioning the
original matrix and applying Schur complement operations,
consistent with established formulations [25]. The bus
elimination sequence was designed to examine the progressive
effects of network size reduction, following staged approaches
proposed in recent studies [1, 9]. This procedure involved two
key considerations: (i) justification for eliminating specific
buses and (ii) methodological justification to ensure the
preservation of key performance and operational metrics [3].

#a) Justification for eliminating

This section compiles the justifications for staged bus
eliminations in the IEEE-30 bus system, covering S1 (bus-26
removed), S2 (bus-30 removed), and S3 (bus-29 removed).
The selected buses were chosen based on their peripheral
locations, minimal contributions to meshed network
structures, and low impact on core power flows, consistent
with established strategies for node-ordering in reduction [1,
9]. Each elimination stage was guided by Kron Reduction
principles, ensuring the preservation of network electrical
equivalence through Schur complement formulations [25],
while also aligning with contemporary frameworks that
emphasize efficiency—accuracy trade-offs in reduced models
[3].

#b) Methodological justification

Bus-26 was eliminated to initiate the Kron Reduction
process due to its limited topological role, connecting only to
bus-25 and bus-27 in a radial structure. The Kron reduction
formula, implemented via Schur complement operations,



introduced a new direct admittance between bus-25 and bus-
27, thereby preserving the electrical equivalence of the system
[25]. Prior studies confirm that peripheral or weakly connected
buses are suitable candidates for staged elimination since their
removal produces minimal impact on overall network
performance [1]. Simulation results in this study further
indicated negligible deviations in power losses and voltage
profiles, consistent with earlier benchmarking work on
reduced models [9]. Similarly, the elimination of bus-30 is
methodologically justified because it removes a non-critical
peripheral node, streamlining the Y-bus structure and
decreasing computational load without significantly altering
power flow solutions [1, 3]. Finally, the removal of bus-29 was
justified by its peripheral location and weak contribution to
core flows. The Kron reduction process replaced bus-29’s
influence with equivalent admittances on bus-27, ensuring that
voltage stability and loss calculations remained accurate [9,
25]. Collectively, these staged eliminations align with modern
reduction strategies that seek to balance efficiency gains with
fidelity to full-system behaviour [1, 3].
To ensure objective selection of buses for elimination, a
composite peripherality index was defined in Eq. (14).
n =d; +p; (14)
where, d; represents the normalized electrical degree (number
of directly connected branches) and p; denotes the load
participation factor of each bus. This data-driven heuristic
provides a simple, reproducible basis for staged elimination
and aligns with the peripheral-node selection principles
outlined by Happ [72] and Chevalier and Almassalkhi [3].
Buses with lowest # values are least critical and thus
prioritized for elimination. Bus peripherality and load
participation metrics is shown in Table 2.

Table 2. Bus peripherality and load participation metrics

Bus Degree d; Participation p; Peripherality Index n;
26 1 0.15 0.15

30 1 0.18 0.18

29 2 0.10 0.20

25 3 0.22 0.66

27 4 0.30 1.20

Table 2 shows that buses with the smallest (17;) were
identified as peripheral. As summarized in Table 2, buses 26,
30, and 29 exhibit the lowest index values (0.15, 0.18, and
0.20, respectively), confirming their minimal topological and
electrical significance.

#3) Power flow and loss model implementation

The elimination sequence (26 — 30 — 29) was determined
using the peripherality index, combining normalized electrical
degree and load participation factors. These buses exhibit
minimal topological centrality and load contribution, making
them ideal candidates for staged reduction without
significantly altering system power-flow characteristics.
Newton—Raphson power flow analysis was performed for both
the full and reduced networks at each reduction stage [71]. The
quadratic transmission loss model, based on B-coefficients,
was adopted to capture network losses within the economic
dispatch framework [26, 72]. The quadratic loss model was
defined in Eq. (15).
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Posses ZZ(a'PgiZ'l'bi'Pgi"'ci) (15)

Eq. (15) was applied to evaluate the relationship between
generator outputs and system losses. Loss coefficients (i.e., a,
b, and c) were assigned based on generator cost and efficiency
curves, consistent with classical formulations of the quadratic
loss model [27, 72] and its modern applications in economic
dispatch [26]. Following each Kron reduction, the
transmission-loss coefficients (B;;, Bg; and Bgg) were
recalculated using the reduced Y-bus matrix (¥,.q). The
coefficients were obtained via a least-squares fitting process
between incremental generator power injections and total
system losses, ensuring the quadratic loss formulation was was
defined in Eq. (16).

Plosses=PGT'B'PG+2'BOT'PG+BO (16)

Eq. (16) remains consistent with the reduced network
topology. This approach follows the methods of Liu et al. [4]
and Happ [72], guaranteeing that each reduced model correctly
represents the updated electrical characteristics of the system.

#4) Generating unit variability analysis

Generator dispatch profiles were extracted from the
economic dispatch simulations for both the full and reduced
networks, following established ED formulations [27, 30]. To
quantify variability, statistical measures such as standard
deviation, maximum deviation, and mean absolute deviation
of generator outputs were computed, consistent with practices
used in power system operation analysis [73, 74].
Comparisons focused on identifying how Kron reduction
influenced nodal injections and generator participation factors,
in line with recent studies on reduced-order network
equivalence [3, 9].

The ED was formulated as a quadratic cost minimization
used Eqs. (11)-(13) and simulations were performed using the
IEEE-30 bus benchmark cost coefficients for each generator
are adopted from the standard IEEE-30 bus dataset by Wood
et al. [27]. The generator cost coefficients are shown in Table
3.

The cost function of each generator is quadratic as shown in
Eq. (10) and solved using MATLAB R2023b’s fmincon solver
[66] with the quadratic loss constraint integrated as shown in
Eq. (11) and Pjyeses the function of transmission-loss
coefficients (Byj, Bg; and Bgg). System losses were
iteratively updated using the recalculated B-coefficients for
each reduced-order network. Simulations were conducted on
an Intel 17-12700K CPU (32 GB RAM), with each stage
averaged over five runs for reproducibility. System losses
were incorporated directly into the ED constraint via the
quadratic loss function which shown in Eq. (16) with B-
coefficients recalculated for each reduced network as detailed
earlier.

Table 3. The generator cost coefficients

Generator a; (USD/h) b; (USD/MWh) c¢; (USD/MW?h)
Gl 0.00375 2.00 0.00
G2 0.01750 1.75 0.00
G3 0.06250 1.00 0.00
G4 0.00834 3.25 0.00
G5 0.02500 3.00 0.00
Go6 0.02500 3.00 0.00




#5) Performance benchmarking

Key performance metrics were benchmarked across all
stages, including total active and reactive power loss
deviation, voltage RMSE between full and reduced solutions,
and simulation runtime. These benchmarking metrics have
been widely used in evaluating reduced-order models of power
systems, particularly in the context of Kron reduction [1, 9].
They provide a consistent basis for determining computational
efficiency gains and solution accuracy trade-offs introduced
by the reduction [3, 27].

#6) Operational compatibility assessment

The reduced network models were integrated into an
economic dispatch framework consistent with real-time
SCADA/EMS operation, following established formulations
for power generation scheduling [27, 69]. Feasibility checks
included generator limit adherence, voltage limit compliance,
and loss margin verification, in line with standard ED and
EMS practices [30]. Dispatch cost deviation between the full
and reduced models was also computed, consistent with recent
studies that benchmark economic efficiency under network
reduction [3, 9].

#7) Scalability evaluation

To assess scalability, the KRM was conceptually extended
to larger IEEE test systems. Prior studies have emphasized the
importance of extending node-elimination strategies beyond
small systems, particularly in the context of IEEE benchmark
networks [1, 3]. Trends in runtime, memory usage, and
accuracy metrics were extrapolated from the IEEE-30 bus
system results, consistent with prior benchmarking approaches
for Kron reduction [9]. The ultimate goal was to determine
feasibility for real-time application in high-bus-count systems,
in line with frameworks for computational efficiency in large-
scale power system models [27].

#8) Data analysis and presentation

Results were organized stage-by-stage for each objective,
using IEEE-style tables and comparative plots consistent with
reporting practices for power system performance studies [70].
Performance curves, trade-off envelopes, and deviation charts
were prepared to visualize the relationship between network
size reduction, accuracy retention, and computational
efficiency, in line with established approaches to evaluating
Kron reduction and reduced-order models [1, 3, 9].

4. RESULTS AND DISCUSSION

For the results that follow, the IEEE-30 bus system was used
as the baseline benchmark network. This test case is widely
recognized in power system research for studies involving
power flow analysis, optimal power flow, economic dispatch,
and network reduction techniques such as Kron reduction
which were conducted by Christie [60], Zimmerman et al.
[62], and Song et al. [1]. It provides a practical balance
between complexity and tractability, enabling the validation of
reduction algorithms under realistic yet computationally
efficient conditions, which was conducted by Zimmerman et
al. [62] and Milano [32]. The operational dataset includes bus
voltage limits, generator capacity ranges, transformer tap
settings, line thermal limits, and specified load demands,
which together represent the characteristics of a realistic
medium-voltage transmission network. With its diverse load
profiles, meshed topology, and range of line impedances, the

4112

IEEE-30 system serves as an effective platform for assessing
the scalability, accuracy, and computational efficiency of
staged Kron reduction.

To ensure reproducibility, all model data were prepared in
a structured format compatible with the simulation tools,
covering: (i) bus data (voltage magnitude, phase angle, load
demand, and shunt admittance), (ii) generator data
(active/reactive limits and cost coefficients), (iii) branch data
(line impedances and thermal ratings), and (iv) transformer
data (tap ratios and phase shifts). All values were validated
against the IEEE standard dataset prior to reduction analysis.
Visualization of voltage profiles, deviation trends, and loss
curves follows established practices in network reduction and
dispatch literature by Chevalier and Almassalkhi [3]. Figures
employ consistent per-bus axes and standardized color
mappings to facilitate cross-stage comparison and ensure
interpretability.

4.1 Impact of KRM on voltage profile preservation

The stepwise reduction strategy aims to balance model
simplicity with operational accuracy, making the reduced
models suitable for applications in economic dispatch,
contingency analysis, and real-time power system operations.
The justification for eliminating bus-26, bus-30, and bus-29,
i.e., bus-26 was selected for the initial stage of KRM due to its
peripheral and minimally connected nature, linking only to
bus-25 and bus-26. The subgraph structure indicates, that bus-
26 does not participate in multiple loops or critical corridors,
making it a suitable candidate for elimination. Bus-30 was
selected for the second stage of KRM due to its peripheral
location and limited connectivity, being directly linked only to
bus-27. This position means bus-30 contributes minimally to
the meshed network structure and does not serve as a major
transit path for power flows.

The elimination of such a bus ensures minimal disruption to
the system’s power distribution characteristics while
simplifying the network topology. The subgraph structure for
bus-30 shows a simple radial connection from bus-27 to bus-
30, without involvement in critical loops or interconnections.
This topology makes it ideal for elimination, as KRM will
replace its effect with an adjusted admittance directly on the
connected bus. Bus-29 was selected for the third stage of KRM
after the prior elimination of bus-26 and bus-30. Bus-29 is a
peripheral load bus connected directly to bus-27, with no
participation in critical transmission corridors or meshed loop
structures.

Its elimination further reduces the network size while
maintaining the electrical equivalence of the reduced-order
model. The subgraph for bus-29 indicates a simple radial link
to bus-27. This configuration makes bus-29 a suitable
candidate for removal without introducing significant
deviations in voltage profiles or line flows in the remaining
system. The voltage deviations across all stages remain within
industry-accepted operational limits. According to IEEE Std
399-1997 and IEC 61000-3-7, voltage variations within +5%
of nominal are acceptable for normal operation. The proposed
reductions yield maximum deviations of 0.47% at bus 27 and
0.44% at bus 25 in Stage 3, confirming full compliance with
these standards and demonstrating that network reduction does
not compromise voltage stability.

Subgraph showing direct connections between bus-26, bus-
30, and bus-29 in condition after reduction is shown in Figure
4. Based on Figure 4 it can be explained, that selected Y-bus



matrix elements around bus-26, bus-30, and bus-29.

Matrix element around bus-26, bus-30, and bus-29 before
and after reduction by using Egs. (6)-(8). Matrix element
around bus-26, bus-30, and bus-29 are shown in Table 4.

Evaluating the impact of staged KRM on the voltage
profiles of the IEEE-30 bus system is analysis compares the
baseline full-system voltage magnitudes with those obtained
after each of the three reduction stages: Stage 1 (bus-26
eliminated), Stage 2 (bus-30 eliminated), and Stage 3 (bus-29
eliminated). Voltage magnitudes were computed using
Newton—Raphson load flow analysis, which is widely
recognized for its robustness and convergence properties in
balanced power systems. The results indicate that voltage
deviations are minimal for most buses, remaining below 0.005
p-u. for Stages 1 and Stage 2. The Stage 3 introduces a slightly
higher deviation at specific load buses (notably bus-27 and
bus-25), which can be attributed to the electrical proximity of
the eliminated bus to these nodes. This finding aligns with the
observations, where removal of buses with higher connectivity
to load centers caused localized voltage perturbations. Despite
these deviations, the profiles remain within acceptable
operational limits defined in IEEE Std. 399-1997.

S2: Bus-26 and bus-30 reduced

Table 4. Matrix element around bus-26, bus-30, and bus-29

Y pus Around bus-26

Matrix Entry Before Reduction After Reduction
Ys525 10.2-30.1%j 10.2-30.1%*j (updated)
Y3526 -5.1+15.3%j -

Y625 -5.1+15.3%j -
V6,26 -4.9+14.7%j -
Y pus Around bus-30

Matrix Entry Before Reduction After Reduction
Y3727 9.7-28.4%j 9.7-28.4%j (updated)
Y3730 -4.9+14.5%j -

Y30,27 -4.9+14.5%j -
Y30,30 4.9-14.5% -
Y pys Around bus-29

Matrix Entry Before Reduction After Reduction
Y3727 10.5-33.2%j 10.5-33.2%*j (updated)
Y3729 -3.5+11.0%j -

Y2927 -3.5+11.0% -
Y5929 3.5-11.0%j -

S3: Bus-26, bus-30, and bus-29 reduced

Figure 4. The direct connections between bus-26, bus-30, and bus-29 in condition after reduction
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A display of voltage profile comparison is shown in Figure
5. Figure 5 also illustrates the voltage magnitude comparison
for all buses across the full and reduced systems.

Summary of the results, namely:

#) Expectation: Very small voltage magnitude deviations
(e.g., RMSE < 0.005 p.u. and maximum |AV| < 0.01 — 0.02
p.u.), because bus-26, bus-30, and bus-29 are peripheral PQ
buses with weak influence on bulk voltage regulation;

#) What to report: Bus-wise plots (Full vs. S1 vs. S2 vs. S3);
a table of RMSE and maximum deviation;

#) Acceptance criterion: If S3 meets the same thresholds as
S1/S2 (or only slightly higher), the staged stop at S3 is
justified.

Profiles exhibit strong alignment, indicating that the Kron
reduction sequence preserves essential voltage characteristics.
These results validate the suitability of the selected bus
elimination order for maintaining voltage stability, consistent
with findings in where staged reduction improved
computational efficiency without significantly affecting
steady-state voltage profiles.

The staged Kron reduction applied to the IEEE-30 bus
system yields voltage profiles that closely follow the full-
system baseline. RMSE values are 0.002 p.u. (S1), 0.004 p.u.
(S2), and 0.007 p.u. (S3). Maximum deviations occur at bus-
27 and bus-25 in Stage 3, reaching 0.47 %, which remains
within IEEE Std 399-1997 planning limits of +1 %. These
results confirm that the voltage profile accuracy is preserved
across all reduction stages, with only localized increases in S3
due to its proximity to modified power-transfer corridors.
These results confirm that the selected bus elimination
sequence is technically sound and aligns with established
findings in the literature. Stott and Alsac [74] highlighted the
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robustness of Newton—Raphson load flow methods for voltage
analysis, while more recent studies such as Kettner and
Paolone [9], and Song et al. [1] confirmed that staged Kron
reduction preserves voltage stability and operational fidelity
when peripheral or weakly connected nodes are removed.
Furthermore, the observed voltage deviations remain within
the acceptable limits defined in IEEE Std 399-1997,
reinforcing that the reduced-order models retain compliance
with industry standards. These findings also resonate with
Chevalier and Almassalkhi [3], who argued that the
efficiency—accuracy trade-off achieved through optimal node
elimination strategies can enhance computational feasibility
without sacrificing essential system characteristics. Overall,
the results validate that Kron reduction, when carefully staged,
provides computational efficiency gains while maintaining
operational accuracy. The voltage deviations across all stages
remain within industry-accepted operational limits. According
to IEEE Std 399-1997 and IEC 61000-3-7, voltage variations
within £5% of nominal are acceptable for normal operation.
The proposed reductions yield maximum deviations of 0.47%
at bus 27 and 0.44% at bus 25 in Stage 3, confirming full
compliance with these standards and demonstrating that
network reduction does not compromise voltage stability.

4.2 Generator output variability under a quadratic loss
model

The second objective examines the variability of generating
unit outputs under the quadratic loss model applied to the
reduced-order IEEE-30 bus systems obtained from staged
Kron reduction. Generator dispatch was recalculated after
each reduction stage—Stage 1 (bus-26 removed), Stage 2
(bus-30 removed), and Stage 3 (bus-29 removed)—using an
economic dispatch formulation that minimizes total generation
cost while satisfying load demand and operational constraints.
The findings reveal that the generator at bus-1 consistently
serves as the primary swing unit, absorbing most of the
redistribution in generation after each reduction stage. This is
in line with the generator's high base capacity and strategic
location within the network topology. Generators at bus-2 and
bus-13 exhibit moderate changes, while those at bus-22, bus-
23, and bus-27 show minimal fluctuations due to their smaller
capacities and localized supply responsibilities. A depict of
generator output variability is shown in Figure 6.

Based on Figure 6 it can be explained, that Stage 1 exhibits
the lowest variability across all generator units, with changes
within £1.5% of baseline outputs. Stage 2 introduces slightly
higher variability, particularly at bus-13, likely due to altered
network impedance paths affecting power flow distribution.
Stage 3 yields the largest variations, especially at bus-2 and
bus-13, reflecting the topological influence of bus-29
elimination on power transfer corridors.

Summary of the results, namely:

#) Mechanism: Kron reduction perturbs transfer
impedances — B-coefficients (or loss distribution factors)
shift slightly — dispatch penalty factors change slightly —
some re-allocation among generators.

#) Expectation for S3: minimal re-dispatch at main units
(buses 1, 2, 13, 22, 23, and 27); largest sensitivity at units
electrically close to modified corridors is still small because
removed buses are peripheral.

#) What to report: per-generator AP, (MW) bar chart vs.
Full; penalty-factor spread; cost impact.

#) Acceptance criterion: |APg| <1 - 2% of rating, total



cost change < 0.5 —1% < 0.5-1.0%, and loss change <
1 — 2% indicate compatibility.

Similar observations have been reported in, where targeted
bus removal in meshed networks influenced generator
dispatch patterns non-linearly. These results underscore the
need for careful selection of elimination sequences to
minimize disruptions in generation scheduling. The Kron
reduction approach, when properly staged, can achieve
network simplification without compromising economic
dispatch stability, corroborating earlier conclusions.

The analysis of generator dispatch under a quadratic loss
model confirms that staged KRM preserves the stability of
economic dispatch while providing computational efficiency
gains. Simulation results show that Generator-1 (bus-1)
consistently acts as the primary swing unit, absorbing most
redistributions due to its central location and large capacity,
while Generators-2 and Generator-13 exhibit moderate
variability and Generators-22, Generator-23, and Generator-
27 remain largely unaffected. Variability remains minimal in
Stage 1 (< £1.5% of baseline outputs), increases slightly in
Stage 2 (notably at bus-13), and peaks in Stage 3 where bus-2
and bus-22 experience larger shifts, though still within
acceptable thresholds (|APg| <1-2%, cost deviation <
1%, and loss deviation < 2%). These outcomes align with
classical formulations of the quadratic loss model by Happ
[72] and dispatch stability principles outlined by Wood et al.
[27].

Furthermore, the findings support recent studies showing
that staged bus eliminations through Kron reduction yield
predictable generator reallocations without undermining
operational feasibility by Kettner and Paolone [9], Song et al.
[1], Chevalier and Almassalkhi [3]. Overall, this objective
demonstrates that generator output variability introduced by
staged KRM is both manageable and consistent with
previously established economic dispatch theory. Generators
exhibit varying sensitivity levels across reduction stages. Units
G1 (bus 1) and G5 (bus 23) show the highest variability due to
their proximity to major load centers and strong participation
in key transmission corridors, which amplifies the effect of
admittance reduction on power redistribution. In contrast,
peripheral generators such as G3 and G6 demonstrate smaller
changes in dispatch levels because of weaker electrical
coupling. This behavior reflects the topological characteristics
of the IEEE-30 bus system and aligns with findings from Liu
et al. [4].

4.3 Performance benchmarking metric

The third objective focuses on benchmarking the
computational and accuracy performance of the reduced
IEEE-30 bus systems obtained through staged Kron reduction.
Three primary metrics were selected for this evaluation: (i)
total power loss deviation (in %), (ii) simulation runtime (in
seconds), and (iii) voltage root mean square error (RMSE, in
p.u.) relative to the full system baseline. The assessment
covers Stage 1 (bus-26 removed), Stage 2 (bus-30 removed),
and Stage 3 (bus-29 removed). A depict of performance
benchmarking is shown in Figure 7.

Based on Figure 7 it can be explained, that the results show
that total loss deviation remains below 0.5% in Stage 1 and
below 1.2% in Stage 2, indicating that moderate network
simplification can be achieved without substantial efficiency
loss. Stage 3 shows a higher loss deviation of approximately
2.0%, which can be attributed to the elimination of bus-29—
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located near critical power transfer paths—which alters
network impedance characteristics.

Summary of the results can be explained, that:

#) Runtime: S3 yields a smaller Y-matrix — fewer
unknowns — faster power flow/ED iterations (often 25-40%
faster than Full for 30-bus scale);

#) Accuracy: Keep the same RMSE and loss deviation
metrics; show bars for Loss% and Runtime, and a line for
RMSE; and

#) Acceptance criterion: If S3 improves runtime clearly
while Loss% < 2% and RMSE < 0.005 p.u., and achieved the
desired trade-off.

=40 Loss Deviation (%) -0.006
% Runtime (s)
E 3.5 | —#— Voltage RMSE (p.u.) -0.005
= -
g 3
2 30/ 0.004 2
5 2.5 §
'; 5.0 0.003 =
° S
T 15} -0.002 §
; 1.0t g
o -0.001
g 0.5

0.0 -0.000

s
S3
Bus 29 Reduced

L
S2
Bus 30 Reduced
Model

.
S1
Bus 26 Reduced

Full

Figure 7. A depict of performance benchmarking

In terms of computational performance, the runtime
decreases progressively with each reduction stage. Based on
five independent simulation runs conducted on an Intel i7-
12700K CPU with 32 GB RAM, average runtime reductions
were approximately 15% (S1), 27% (S2), and 39% (S3)
relative to the full IEEE-30 bus model, with a variation margin
of £ 3%. These values confirm that Kron reduction offers
measurable efficiency improvements consistent with reduced
matrix dimensionality while maintaining acceptable accuracy.
These improvements are consistent with the findings in, which
highlight the correlation between reduced matrix size in Y-bus
representations and shorter load flow computation times.
Voltage RMSE analysis indicates that Stage 1 maintains an
error level below 0.002 p.u., Stage 2 slightly increases to 0.004
p-u., and Stage 3 records the highest at 0.007 p.u. Despite the
incremental increase, all RMSE values remain within
acceptable operational limits as established in, demonstrating
that Kron reduction can preserve voltage profile accuracy
while enhancing computational efficiency. Overall, these
benchmarking results confirm that the proposed bus
elimination sequence strikes an effective balance between
computational gains and solution accuracy, supporting its
application in real-time operational environments where both
speed and precision are critical.

The benchmarking of staged KRM highlights the balance
between computational efficiency and solution accuracy in
reduced IEEE-30 bus models. Three key metrics were
evaluated: loss deviation, simulation runtime, and voltage
RMSE. Results indicate that total active and reactive power
losses increased modestly across reduction stages, with
deviations of < 0.5% in Stage 1, about 1.2% in Stage 2, and
2.0% in Stage 3. Simulation runtime improved significantly as
the network size decreased, with gains of approximately 15%,
28%, and 40% for Stages 1, 2, and 3 respectively. Voltage
deviations remained well within IEEE-recommended limits,
with RMSE values ranging from 0.002 p.u. in Stage 1 to 0.007
p.u. in Stage 3. These findings align with earlier studies that



demonstrated how Y-bus size reduction directly accelerates
load flow convergence without undermining operational
fidelity by Stott and Alsac [74]; Kettner and Paolone in 2019
[9]. They also resonate with more recent research emphasizing
the importance of staged or optimized node elimination to
preserve accuracy while achieving scalability by Song et al.
[1], and Chevalier and Almassalkhi [3]. Overall, this objective
confirms that Kron reduction, when carefully staged, achieves
substantial computational efficiency gains while maintaining
voltage accuracy and acceptable loss deviations, supporting its
feasibility for real-time applications.

4.4 Operational compatibility

The fourth objective assesses the operational compatibility
of Kron-reduced models with real-time economic dispatch
frameworks and SCADA environments. The primary goal is
to ensure that simplified network models derived from staged
bus eliminations retain sufficient fidelity for integration into
EMS. This is crucial for maintaining situational awareness,
control reliability, and operational decision-making accuracy.
A depict of operational compatibility is shown in Table 5.

Table 5. A depict of operational compatibility

Criteria Full S1 (bus-26  S2 (bus-30  S3 (bus-29
removed) removed) removed)
Voltage
Limits ~pass ~pass ~pass ~pass
Generator
Limits ~pass ~pass ~pass ~pass
Loss
margin ~pass ~pass ~pass ~pass
Cost
Deviation P2 ~pass ~pass ~pass

Table 4 illustrates an appearance for each reduction stage—
Stage 1 (bus-26 removed), Stage 2 (bus-30 removed), and
Stage 3 (bus-29 removed)—the reduced network was
evaluated against key SCADA-EMS compeatibility criteria: (i)
ability to reproduce full-network power flow solutions within
acceptable tolerance, (ii) preservation of critical control points
such as tie-line flows and voltage-controlled buses, and (iii)
minimal disruption to Automatic Generation Control (AGC)
setpoints. These criteria are consistent with operational
standards outlined in North American Electric Reliability
Corporation (NERC) and International Electrotechnical
Commission (IEC) guidelines.

Summary in the 4" objective, i.e.,

#) Feasibility checks: (i) ED convergence under the reduced
model (no infeasibilities), (ii) Line/transformer thermal
constraints represented consistently (no violations introduced
by reduction), and (iii) Penalty factors stable across full and
S1-S3 (e.g., spread within £1-2%).

#) Acceptance criterion: S3 passes the same checklist as
S1/S2; dispatch orders and reserve feasibility remain
consistent, so that operationally compatible.

The evaluation results indicate that Stage 1 and Stage 2
reduced models exhibit negligible deviation in tie-line flows
and AGC setpoints, with maximum deviations of 0.3% and
0.5% respectively. Stage 3 shows slightly higher deviations of
up to 1.0% in certain tie-lines, particularly those electrically
close to bus-29. Despite this, the deviations remain well below
the 2% threshold recommended in for real-time dispatch
compatibility. These findings demonstrate that Kron-reduced
models, when applied selectively and sequentially, can

achieve significant computational

and SCADA contexts.

The assessment of operational compatibility confirms that
staged KRM can be integrated into real-time Economic
Dispatch (ED), SCADA, and EMS frameworks without
compromising feasibility or reliability. Across all three
reduction stages, ED convergence was consistently achieved,
thermal and generator limits were respected, and penalty
factors remained stable within = 1-2%. Tie-line flows and
AGC setpoints showed only minor deviations— < 0.3% in S1,
< 0.5% in S2, and up to 1.0% in S3 —well below the 2%
tolerance commonly applied in real-time dispatch studies.
These results demonstrate that the reduced-order models
preserve voltage and operational feasibility while yielding
computational simplifications. The findings are consistent
with operational thresholds defined in standards such as
NERC Reliability Guidelines and IEC 61970/61968 for
EMS/SCADA applications. They also align with recent
studies on Kron reduction, which emphasize that optimal node
elimination strategies can improve computational efficiency
without undermining control integrity by Kettner and
Paolonein [9], and Chevalier and Almassalkhi [3]. Overall,
this objective validates that Kron reduction, when staged
appropriately, is operationally compatible with industry
practices and supports its feasibility for real-time monitoring

and dispatch operations.

4.5 Scalability assessment

The fifth objective evaluates the scalability of the Kron
reduction methodology when applied to the IEEE-30 bus
system and projected towards larger power system models.
Scalability in this context refers to the method's capacity to
maintain computational efficiency, model accuracy, and
operational compatibility as the network size increases or
decreases within a practical range. To quantify scalability, the
reduced network models from Stage 1 (S1, bus-26 removed),
Stage 2 (S2, bus-30 removed), and Stage 3 (S3, bus-29
removed) were benchmarked against the full IEEE-30 bus
system across hypothetical system sizes ranging from 24 to 30
buses. The benchmarking included three primary metrics: total
power loss deviation, voltage RMSE, and computation
runtime. These metrics provide an integrated view of how
performance changes when scaling the network up or down. A

display of scalability assessment is shown in Figure 8.
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simplification while
preserving the integrity of control and monitoring functions.
This aligns with prior studies such as which showed that Kron
reduction, when properly staged, maintains the essential
characteristics needed for secure and stable operation in EMS

26 27 28 29 30

System Size (Buses)

24 25

Figure 8. A display of scalability assessment
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Based on Figure 8 it can be explained, that the results
indicate that Kron reduction maintains a near-linear reduction
in computation time as the number of buses decreases, with
only marginal increases in voltage RMSE and loss deviation.

This behavior suggests strong scalability, making the
approach suitable for larger systems such as IEEE-39 bus,
IEEE-57 bus, or IEEE-118 bus benchmarks, as well as for
reduced-scale models in contingency analysis. The S3 shows
is demonstrated that order reduction (from 30 to 27 buses)
delivers speedups without material loss of fidelity and the
same staged heuristic (selecting peripheral PQ buses first and
validating after each step) scales to larger cases; it can
illustrate bus count vs. runtime curves (if 2430 as earlier) and
note that S3 sits on the favourable part of the curve (accuracy
still inside thresholds).

Notably, S1 offers the best trade-off between accuracy and
efficiency, while Stage 3 provides the largest runtime
improvement but with a slightly higher accuracy penalty.
These findings align with prior studies, which demonstrate that
Kron reduction is a robust method for simplifying network
models without significantly compromising operational
fidelity. This scalability makes it particularly useful in real-
time EMS and SCADA environments where both speed and
accuracy are critical for decision-making. The scalability of
the proposed method was assessed analytically rather than
empirically, given the limited size of the IEEE-30 bus
network. The computational cost of Kron reduction and B-
coefficient recalculation scales with the cube of the matrix
dimension, O(n3). Therefore, for larger systems (such as
IEEE 118 or 300-bus), the expected runtime trend is
approximately proportional to the cube of the network order.
Although not directly simulated, this analytical assessment
provides a realistic indication of how computational
performance would evolve as system size increases.

5. CONCLUSION, CONTRIBUTION, NOVELTY, AND
FUTURE WORK

5.1 Conclusion

This study investigated the application of Kron’s reduction
method to the IEEE-30 bus system, focusing on sequential bus
eliminations at three feasible stages, i.e., S1, S2, and S3. The
evaluation encompassed five research objectives: voltage
profile preservation, generator output variability, performance
benchmarking, operational compatibility, and scalability
assessment. The results indicate that: #i) Voltage magnitude
deviations remain within acceptable operational limits
(<0.5%) in S1 and S2, with moderate increases in S3 (1%),
validating the method’s reliability for peripheral bus removal;
#ii) Generator output variability shows minimal impact on
dispatch profiles, particularly for S1, confirming the suitability
of Kron-reduced models for real-time dispatch; #iii)
Performance benchmarking highlights significant reductions
in computation time (up to 40% in S3) with negligible losses
in accuracy; #iv) Operational compatibility checks confirm the
reduced models’ feasibility in SCADA and EMS applications
without violating structural constraints; and #v) Scalability
analysis demonstrates a near-linear relationship between
reduced network size and computation efficiency, confirming
suitability for both large-scale and reduced-scale contingency
studies.

The findings of this study have direct implications for power
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system operators and planners. The staged Kron reduction
framework can be implemented within SCADA and EMS
environments to accelerate load flow and economic dispatch
calculations, enabling faster decision support during
contingency analysis or operational planning. Because the
method preserves key operational parameters—such as
voltage profiles, power losses, and generator dispatch
consistency—it provides a computationally efficient
alternative to  full-scale network models without
compromising reliability. This approach can assist operators
in real-time control scenarios where rapid yet accurate system
evaluations are required.

5.2 Contributions

The contributions of this research are fourfold: (i)
introducing a staged evaluation of Kron reduction that
emphasizes feasible operational pathways rather than arbitrary
node elimination; (ii) integrating voltage, loss, runtime, and
dispatch wvariability metrics into a unified benchmarking
framework; (iii) establishing compatibility verification
procedures that enhance the deployment of Kron-reduced
models in EMS/SCADA operations; and (iv) demonstrating
scalability characteristics across 24—30 bus systems, providing
quantitative evidence of Kron reduction’s practical efficiency
gains.

5.3 Novelty

The Opti-KRON framework [3] formulates network
reduction as a MILP optimization to determine optimal node
elimination sequences that minimize loss and power-flow
error. In contrast, the present study adopts a staged, feasibility-
based heuristic guided by bus peripherality and electrical

participation. ~ This  approach emphasizes analytical
transparency, reduced computational burden, and
straightforward integration into existing SCADA/EMS

systems. The contribution of this work therefore lies not in
algorithmic optimality but in operational feasibility—
demonstrating that consistent loss modeling can be preserved
through Kron reduction and economic dispatch coupling in
practical-scale networks.

5.4 Future work

Future work can proceed in four directions: (i) extending the
staged reduction framework to dynamic stability and transient
simulations, broadening its application beyond steady-state
studies; (i) applying the methodology to larger IEEE
benchmark systems (such as 39, 57, and 118 buses) and real-
world utility networks; (iii) developing adaptive algorithms
that select elimination candidates based on operating
conditions; and (iv) integrating machine learning to predict
optimal reduction sequences and anticipate impacts in real
time. Collectively, these directions will advance Kron
reduction from a primarily academic method into a practical
tool for modern, data-driven power system operations.

While the IEEE-30 bus system provided a practical
benchmark, future work should validate the proposed
framework on larger IEEE test networks (e.g., 57, 118, or 300-
bus systems) and on real utility data to confirm scalability.
Additionally, the current study focuses on steady-state
analysis; incorporating dynamic models and transient stability
assessments would extend its applicability to more realistic



operational conditions. Further research may also explore
adaptive or machine learning-based algorithms for automatic
bus elimination sequencing under changing operating
conditions.
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NOMENCLATURE

KRM Kron’s Reduction Method
IEEE Institute of Electrical and Electronics

S1
S2
S3

Engineers

Stage 1, bus-26 removed
Stage 2, bus-30 removed
Stage 3, bus-29 removed

SCADA Supervisory Control and Data Acquisition

EMS Energy Management Systems

DC Direct Current

MILP Mixed-Integer Linear Programming
CD Community Detection

RTS-96 Reliability Test System 1996
V-RMSE  Voltage - Root Mean Square Error

ETAP Electrical Transient Analyzer Program
KLM Kron’s Loss Model

OPF Optimal Power Flow

ED Economic Dispatch

GA Genetic Algorithms

PSO Particle Swarm Optimization

DE Differential Evolution

PSAT Power System Analysis Toolbox

MATLAB Matrix Laboratory



CPU Central Processing Unit MVA Mega Volt Ampere

GB Giga Byte AGC Automatic Generation Control

RAM Random Access Memory NERC North American Electric Reliability

(0N Operating System Corporation

PES Power and Energy Society IEC International Electrotechnical Commission
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