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This article proposes an optimization framework for bus elimination in power system
networks using the Kron Reduction Method (KRM), aimed at reducing system complexity
while maintaining computational accuracy. Using the IEEE 14-bus system as a testbed, we
evaluate seven sequential reduction scenarios, reducing the network from 14 to 7 buses.
To improve the quality of reduction, the study integrates Kron’s Loss Equation (KLE) with
electrical centrality measures to prioritize passive bus elimination based on loss sensitivity
and network topology. The results demonstrate that indiscriminate bus removal can cause
substantial deviations in voltage profiles and power loss estimations, whereas the proposed
loss-aware approach achieves improved accuracy and stability in reduced models.
Visualizations of Y.»us matrix transformations and voltage deviation metrics illustrate the
trade-offs between model simplification and fidelity. The proposed methodology supports
real-time system modelling and is scalable for larger grid applications. Future extensions
include automated reduction strategies leveraging machine learning and applications in

dynamic grid optimization.

1. INTRODUCTION

Accurate modeling is essential in modern power systems to
maintain the reliability of complex systems and support
advanced control strategies, especially as the grid becomes
more decentralized and dynamic due to the potential increased
penetration of renewable energy [1]. To manage this
complexity, simplification techniques such as the Kron
Reduction Method (KRM) have gained significant attention
for their ability to reduce system dimensionality by
eliminating passive buses and condensing network topology
[2]. This method facilitates faster power flow analysis and
optimization, especially in applications such as contingency
screening, economic dispatch, and real-time control [3].
However, several recent studies have revealed that improper
or extensive use of the KRM may introduce considerable
inaccuracies in estimating line losses and voltage profiles [2].
Applying the KRM is the primary contributor to this
phenomenon, presenting an urgent issue that warrants
comprehensive investigation and heightened attention [2].
Moreover, the increasing reliance on real-time digital
simulation and wide-area monitoring requires that reduced
models maintain high fidelity, particularly under fluctuating
load conditions and stochastic uncertainties [4]. As a result, a
critical evaluation of trade-offs between computational
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efficiency and modeling accuracy has become a central
concern in modern power system research [5]. This paragraph
is an explanation of the reasons for choosing the title, so many
paragraphs are needed about the state-of-the-art which
includes: (i) optimizing bus elimination with the KRM, (ii) an
experimental process on the IEEE 14-bus system, and (iii) the
critical role of Kron's Loss Equation (KLE) for calculating
power losses in transmission lines.

Optimizing bus elimination with the KRM has become a
focal point in power system research as it allows for significant
simplification of large-scale networks without compromising
key system properties [1]. The KRM is particularly effective
in condensing system topology by removing passive nodes,
but recent studies have emphasized that the process of
choosing which buses to eliminate is critical to maintaining
model fidelity [6]. Chevalier and Almassalkhi [2] proposed the
Opti-KRON framework, which systematically identifies
optimal buses for elimination based on electrical centrality and
connectivity, achieving a balance between network reduction
and power flow accuracy. Similarly, Wang and Sun [1]
explored a Laplacian-based KRM formulation for directed
graphs, highlighting the importance of topology-aware
elimination strategies to preserve voltage magnitude and angle
stability during simulation. These approaches mark a shift
from random or heuristic reduction to data-driven optimization
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techniques that ensure critical nodes remain in the reduced
model [1, 2]. As a result, KRM is evolving from a simple
numerical method into a strategic tool for network
optimization in applications like real-time control,
contingency screening, and system planning [1, 3].

The IEEE 14-bus system serves as a standard benchmark for
evaluating network reduction techniques like the KRM, which
simplifies power system models by eliminating passive buses
while preserving essential electrical characteristics [1]. Recent
studies have applied KRM to this system to assess its impact
on power flow analysis and system stability [6]. For instance,
Chevalier and Almassalkhi [2] introduced an optimal KRM
framework  —Opti-KRON—  that balances  model
simplification with accuracy, demonstrating its effectiveness
through experimental simulations on the IEEE 14-bus system.
Similarly, Wang and Sun [1] proposed a weighted Laplacian
matrix formulation for directed graphs and validated the use of
KRM in reducing the IEEE 14-bus model without significant
degradation in accuracy. These experimental evaluations
underscore the practicality of KRM in reducing computational
complexity while maintaining the fidelity of power system
analyses [1, 2].

The integration of KLE into the Kron-reduced model
enables more accurate loss calculation in transmission lines by
accounting for the network's topology and loss sensitivity.
This enhancement allows for more efficient bus elimination
while maintaining network integrity, ultimately improving the
overall optimization performance. Chevalier and Almassalkhi
[2] emphasized the importance of preserving loss information
during reduction, proposing optimization strategies that
integrate KLE into the reduction criteria to minimize error in
loss prediction. Moreover, studies on weighted Laplacian
formulations further validate that KLE-derived loss
estimations are essential for maintaining voltage accuracy and
thermal constraints under fluctuating loads [1]. These
advancements position KLE not only as a passive analytical
tool but as a strategic component for decision-making in power
dispatch, contingency analysis, and real-time optimization [1,
2].

A schematic diagram as the embodiment of problem
formulation is shown in Figure 1.

IEEE 14-Bu50‘$ Apply Kron
Re

Bus
System duction (KRM) »Elimination

Reduced Bus
System Model

Evaluate KLE:
.'$Power Loss & Voltage
Figure 1. A schematic diagram as the embodiment of

problem formulation

Figure 1 explains that the schematic diagram visually
represents the reduction from the original 14 buses to a
simplified set of core buses used in the final model, that
explains the direction of problem solving.

The primary objective of this research is to systematically
evaluate the impact of bus elimination on the IEEE 14-bus
system, specifically focusing on identifying optimal reduction
strategies that maintain voltage stability and minimize power
loss deviation. This study contributes to the literature by
integrating the KLE as a quantitative metric for assessing the
fidelity of reduced models, thereby enhancing the precision of
simplification frameworks in power system analysis.
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Moreover, the experimental process on multiple reduced bus
configurations (from 14 to 7 buses) provides a scalable
roadmap for power system engineers to balance modeling
accuracy with computational efficiency. The novelty of this
research lies in introducing a loss-aware elimination scheme
guided by electrical centrality and topology metrics, which has
not been extensively applied in previous KRM applications.
Additionally, the visualization of comparative loss profiles,
voltage deviations, and Y., matrix structures across reduction
stages offers new insights into simplified grids' structural
resilience and analytical sensitivity. These findings are a
foundation for developing intelligent, real-time reduction tools
in innovative grid environments.

This article consists of four chapters, with an explanation of
this article provided in the form of an overall anatomy. After
several descriptions of the background, state-of-the-art,
problem formulation, and research objectives that are
supplemented with the contribution of research results and
opportunities for novelty as an introductory chapter [7, 8]. The
rest of this article is organised according to the pattern in the
previous article, sorting chapters by chapter, a structure that
has also been adopted in more recent works [9, 10]. Chapter 2
presents our proposed methodology, which includes the
framework, research materials and tools, and research
methods. Chapter 3 presents the results and discussion based
on the primary research objective which provides for five
research sub-objectives, i.c., (i) to apply the KRM to eliminate
passive buses from the IEEE 14-bus system systematically, (ii)
to analyze the changes in power losses across different levels
of bus reduction, (iii) to evaluate the impact of bus elimination
on voltage profile and system stability, (iv) to determine the
threshold of reduction beyond which the model's accuracy
significantly deteriorates, and (v) to propose an optimal
reduction strategy that balances computational efficiency with
system performance. Chapter 4 introduces the determination
of conclusions, key contributions of this study, novelties
introduced in this work, and future work as a continuation of
this study.

This research pursues five integrated objectives: First, to
systematically apply the Kron Reduction Method (KRM) on
the IEEE 14-bus system, eliminating passive buses while
maintaining nodal equivalence; Second, to quantify and
analyze power loss variations at each stage of bus elimination,
identifying nonlinear trends and thresholds; Third, to evaluate
the voltage profile and system stability throughout the
reduction process using power flow simulations and voltage
deviation metrics; Fourth, to determine the threshold point at
which simplification significantly degrades accuracy,
establishing limits for acceptable reductions; and Fifth, to
propose an optimal reduction strategy that balances
computational efficiency and model fidelity by targeting non-
critical, low-impact buses for elimination.

2. METHODOLOGY

The methodology chapter is divided into three sub-chapters,
which include the framework, research materials and tools,
and research methods. All three are essential elements in a
scientific study. The framework provides structure and
direction for the research, materials and tools help in data
collection, and research methods determine how the data is
analyzed. The three sub-chapters are explained in depth, and
each sub-chapter is described in several paragraphs.



2.1 Framework

The foundation of this study lies in the increasing
complexity of modern electrical power systems, driven by the
rapid integration of renewable energy sources, distributed
generators, and smart grid technologies. These dynamics
necessitate efficient system simplification techniques that do
not compromise accuracy [11]. Among the most widely
applied methods is the KRM, which systematically removes
passive buses to simplify the network's admittance matrix (Y-
bus), While preserving the electrical behavior between retained
buses [1]. In this study, KRM is applied step-by-step to the
IEEE 14-bus system. The process begins with identifying
passive buses based on the initial system data. The reduced
admittance matrix is computed using the following formula is
shown in Eq. (1) [12, 13].

Yreduction
bus

Yia = Yap - (Ypp) ™' - Ya (1)

Eq. (1) represents the matrix formulation used in the KRM.
The matrix is partitioned into four blocks: Yiu, Y4z, Y4, and
Yss. Yau represents the admittance between the remaining
buses after reduction, while Y,z and Yps capture the
interactions between the eliminated and remaining buses. Y3z
corresponds to the admittance matrix of the eliminated buses,
which is used to simplify the system without losing critical
information. This partitioning is essential for accurately
modeling the reduced system while minimizing computational
complexity.

A framework block diagram is shown in Figure 2.

Problem Identification

+ Complexity in modern power systems

« Need for efficient, accurate
simplification

« Issues in power loss estimation

using Kron reduction
« Optimize bus elimination using Kron

System Selection Reduction

+ Use IEEE 14-bus system as base case = Evaluation Metrics
« Power loss deviation vs. original

| = Voltage profile comparison
1 « Topology integrity
Visualization & Analysls « Error propagation visualization

Objective Definition

» Heatmaps of Y-bus &
reduced matrices

« Graphs: loss deviaation,
voltage variance

« Topology maps: retained vs
eliminated buses

Results Interpretation

« Identify optimal reduction
stage
« Determine key buses to reta
« Understand trade-offs
in depth

Figure 2. A framework block diagram

Figure 2 displays the primary focus of this research is to
investigate and optimize the process of bus elimination within
the IEEE 14-bus test system.

Rather than applying Kron reduction arbitrarily, this study
evaluates how selective removal of buses, based on
topological, electrical, and loss-related criteria, affects the
overall system performance. By employing a systematic
elimination process, the study intends to map the trade-offs
between model simplicity and the accuracy of power loss
estimations, voltage profiles, and matrix integrity [14]. This
experimental approach aligns with recent studies on hybrid or
constraint-aware reduction methods [15].
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The framework follows a stepwise reduction from the
complete 14-bus configuration to a minimal yet representative
7-bus model. Performance metrics such as power losses,
voltage deviations, and admittance matrix fidelity are
computed and compared at each stage. This sequential
reduction provides a multi-perspective understanding of how
reduction depth influences system reliability and simulation
accuracy [16, 17]. Additionally, visual analytics—such as
matrix heatmaps, deviation charts, and topology diagrams—
support the assessment process by highlighting patterns in
error propagation and data distortion.

This framework supports model validation through
simulation, where reduced models are tested using standard
load flow analysis and compared against the ideal 14-bus
system. The framework also considers the error threshold that
can be tolerated in real-time applications such as state
estimation, economic dispatch, or emergency response
planning. Recent developments in reduced-order modeling
have emphasized the need for quantitative benchmarks when
performing such system simplifications [18], and this study
contributes to that call by providing a data-driven reduction
protocol. The outcome of this framework is a practical
roadmap for Kron-based reduction that balances accuracy,
speed, and model clarity. It helps system planners and
researchers identify critical nodes that should be preserved and
offers an empirical reference to anticipate the impact of
removing certain buses. Ultimately, this research supports the
larger goal of resilient and adaptive power system modeling
under increasing operational uncertainty [19].

2.2 Research materials and toolsramework

The primary material used in this study is the IEEE 14-bus
test system, which has long been a standard benchmark for
evaluating power system performance under various analytical
and computational scenarios [20-22]. A schematic diagram of
the IEEE 14-bus system is shown in Figure 3.

Figure 3. A schematic diagram of the IEEE 14-bus system
Source: https://icseg.iti.illinois.edu/files/2013/10/WSCC14.png

Based on Figure 3 can be explained, that Figure 3 explains
that it offers a moderately complex but manageable topology
that includes generators, loads, and transmission lines, making
it suitable for demonstrating the impact of bus reduction
techniques [23].

The IEEE 14-bus model serves as a representative small-



scale system, allowing researchers to explore the trade-off
between network simplification and the accuracy of power
system parameters [16]. This system categorizes buses into
slack, PV, and PQ types, which are fundamental to power flow
analysis and are typically defined in standard power system
data tables and simulation software [20, 22]. A PV bus is
characterized by a specified active power generation and
voltage magnitude, with the generator regulating voltage
accordingly. In the context of bus elimination, these
classifications play a critical role. The slack bus, responsible
for balancing the system by supplying any mismatch in active
and reactive power, is generally retained and not eliminated.
PV buses, which help maintain voltage profiles by regulating
voltage magnitude and supplying fixed active power, are also
usually preserved. In contrast, PQ buses—representing load
buses with specified active and reactive power demands—are
the most common candidates for elimination, as their removal
simplifies the network while typically having a minimal
impact on system control. For example, in the IEEE 14-bus
system, PQ buses such as bus-#4 or bus-#9 may be considered
for reduction, depending on their electrical centrality and loss
sensitivity.

The classification of bus types in the IEEE 14-bus system is
grounded in industry-standard practices, academic literature,
and educational tools, rather than a specific journal article. It
is a foundational concept taught and applied universally in
power system engineering [20-22]. The IEEE 14-bus power
system, which categorizes buses, is shown in Table 1.

Table 1. The IEEE 14-bus power system, which categorizes

buses
Bus Type Gen. (MW) Load (MW) Notes
1 Slack Yes No N
2 PV Yes Low N
3 PV Yes Low N
4 PQ No High N
5 PQ No Medium N
6 PV Yes Low N
7 PQ No Low
8 PV Yes No N
9 PQ No Medium 1
10 PQ No Low
11 PQ No Low
12 PQ No Very Low
13 PQ No Very Low v
14 14 No Medium !
Meaning of: S = Don’t reduce
= Can reduce
]

= Possibly preserve

The core analytical method employed in this study is the
KRM, a mathematical technique used to eliminate passive
nodes from the admittance matrix (Y.ss), thereby simplifying
the network topology while preserving electrical properties
between the remaining active buses [24, 25]. The Kron
reduction is executed using matrix partitioning, which
separates internal and boundary nodes to condense the
network. To ensure correct matrix manipulation, the study
utilizes numerical libraries from MATLAB, which provides
robust matrix computation and simulation capabilities [26].

For load flow analysis and loss calculation, the Newton-
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Raphson method is applied, implemented within MATLAB’s
Power System Analysis Toolbox (PSAT). This approach
allows for precise calculation of real and reactive power, bus
voltages, and system losses at each stage of reduction.
MATLAB is chosen due to its flexibility in integrating custom
reduction scripts with built-in power flow algorithms [27, 28].
The simulation environment also facilitates stepwise
elimination of buses from the original 14-bus system, reducing
itto 13, 12, 10, 9, 8, and finally 7 buses. Visualization tools
form an integral part of the research framework. These include
(i) Heatmaps to visualize changes in the Y., matrix after each
reduction phase, (ii) Voltage deviation plots comparing
original and reduced models, and (iii) Loss deviation charts to
track the divergence from the full model.

These visual aids are generated using MATLAB’s plotting
libraries and are critical in interpreting how Kron reduction
affects system integrity and performance over multiple
reduction stages [15]. The study also uses topological mapping
tools, developed through MATLAB’s Graph Theory toolbox
and supplemented by Python’s NetworkX library, to represent
which buses are eliminated and retained across scenarios.
These visualizations provide insight into the structural
robustness of the network and help identify critical buses that
should not be removed in order to maintain fidelity [29].

2.3 Research methods

This study employs a quantitative experimental approach to
evaluate the effects of bus elimination using the KRM on the
IEE 14-bus system [30]. The experiment was designed to
reduce the network in a staged manner—from 14 buses down
to 7—while analyzing the impact of each reduction on system
performance metrics such as power losses, voltage profile
deviations, and network admittance matrices [31, 32]. Kron
reduction was selected due to its computational efficiency and
widespread use in network simplification for power flow and
state estimation tasks [32-34]. The methodology consists of
five primary phases, (a) data preparation, (b) Y., matrix
construction, (c) systematic bus elimination using Kron
reduction, (d) power flow analysis via Newton-Raphson
method, and (e) result evaluation and visualization. The IEEE
14-bus test system was sourced from MATPOWER, a well-
established MATLAB-based power system simulation
package. All simulations were performed using MATLAB
“online”, integrating libraries such as NumPy and Pandas for
matrix operations and data processing [20].

Core principles and strategy for bus reduction in the IEEE
14-bus system are explained with the following description: (i)
core principle to reduce only passive buses, and (ii) step-by-
step strategy to choose buses for reduction. Passive buses are
those without generation or significant load, typically
functioning as intermediate junctions or having only shunt
elements [12, 20]. These buses are ideal for reduction using
the KRM, as they do not impact generation control or major
load dynamics [24, 25]. The strategy for selecting buses for
reduction is carried out in two stages: (i) preserving the
following types of buses and (ii) those eligible for reduction
(if connected to major buses and passive). This strategy is
technically sound and aligns with the principles of KRM [35,
36]. Preserving the following types of buses, i.e., slack bus
(reference bus), e.g., bus-#1 in the IEEE 14-bus system,
generator buses (PV buses), e.g., buses of bus-#2, bus-#3, bus-
#6, and bus-#8, major load buses (PQ buses with substantial
demand), e.g., buses of bus-#4, bus-#5, bus-#9, bus-#10, and



bus-#14 [22]. This preserves buses with control functions or
significant load and ensures that the reduced model maintains
its integrity and operational accuracy. Eligible for reduction,
ie., low or zero loads, no generation, and minimal

function). These eligible buses for reduction must be evaluated
using load data, generation profiles, and network topology to
avoid unintended effects on the system [6]. A Step-by-step
strategy to choose buses for reduction on the IEEE 14-bus

connectivity impact (e.g., radial or intermediate-only system is shown in Table 2.
Table 2. A Step-by-step strategy to choose buses for reduction on the IEEE 14-bus system
Step Explanation Work Steps

Only consider buses that do not inject power into the system. From IEEE 14-bus:

Identify Passive Buses (PQ Buses with No

Passive PQ buses include bus-#4, bus-#5, bus-#7, bus-#9, bus-#10, bus-#11, bus-
#12, bus-#13, and bus-#14. Avoid slack bus (bus-#1) and PV buses (bus-#2, bus-

#3, bus-#6, and bus-#8).

Do not eliminate buses with high load demand or that are strategically located

between generation and other load buses. For instance, bus-#4 is critical due to

its connection with bus-#2 and bus-#3 (generator buses), while bus-#5 is a

potential candidate.

Radial buses are connected to the grid through only one branch and have

minimal impact on network loops. Examples: bus-#10 (connected to bus-#9),

bus-#11 (to bus-#6), bus-#12 (to bus-#6), and bus-#14 (to bus-#9). These are

primary candidates for reduction.

Ensure that removing a bus does not disconnect part of the grid or break a critical

loop. Additional potential candidates: bus-#5 (only to bus-#4), bus-#13 (to buses

of bus-#6 and bus-#12), bus-#7 (intermediate between bus-#4 and bus-#8).

# Generation)

#2 Exclude Critical Load Centers

#3 Eliminate Radial Buses First

#4 Assess Impact on Network Connectivity

45 Prioritize Based on Power Flow and Line Loss
Impact

#6 Stop at Threshold

Use power flow results to remove buses with low power exchange and minimal
voltage contribution. Target buses with <5 MW flow and <0.05 MW loss. Good

candidates: buses of bus-#14, bus-#11, bus-#10, and bus-#12.

As observed in experiments, significant accuracy deterioration occurs below bus-
#9 or bus-#8. Eliminate buses up to this threshold while ensuring stability.

During the KRM process, passive (non-generator, non-load)
buses were identified and eliminated iteratively. The
elimination followed a network-topological analysis to
preserve generator-load connectivity and minimize network
fragmentation  [37]. After each reduction stage
(14—13—...—>7), the resulting Y., matrix was recalculated,
and a full AC power flow simulation was executed to record
power losses and voltage deviations. To validate the accuracy
and stability of the reduced models, two primary metrics were
introduced: the percentage power loss deviation compared to
the full model, and the voltage deviation root-mean-square
error (RMSE) across all buses. The reduction was considered
valid if both metrics remained below a predefined threshold
(typically 5%) as suggested in the study [38]. Additionally,
heatmaps of admittance matrices were generated at each stage
to visualize structural and numerical changes introduced by
the elimination [39, 40].

s )
Start
|IEEE 14-bus System

Y
A

Construct Y-bus Matrix
(Using MATPOWER) > <

X
A

Run Power Flow Analysis
Identify Passive Buses (AC Newton-Raphson)

(No Generator/Load)

Y
A

i A
A

EvalulateResults:
- Power Loss
- Voltage Deviation
- Y-bus Structure

Apply Kron Reduction
(Bus Elimination)

Ny
A

Y
v,

Recalculate Y-bus Matrix :
(Reduced Model) Visualize & Compare

Heatmaps, Plots

Y
A

End

Figure 4. A flowchart of the research methods
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This experimental method objectively evaluates the trade-
offs between model simplification and result fidelity. The
approach aligns with recent trends in model reduction for real-
time grid monitoring and contingency screening, where speed
and accuracy must be balanced [41-43]. Ultimately, the
method facilitates a replicable roadmap for optimal bus
elimination in small to mid-sized networks. A flowchart of the
research methods is shown in Figure 4.

Based on Figure 4, each stage in the flow diagram of the
determination method can be described.

#1) Construction of model of the IEEE 14-bus power
system in its complete form, i.e., accurately simulate the IEEE
14-bus system using standard admittance formulation to serve
as a baseline for evaluating the impact of bus reduction.

#2) Apply stepwise Kron reduction to reduce network size,
i.e., implement KRM iteratively by eliminating one bus at a
time, ensuring each step preserves generator-load connectivity
and network integrity.

#3) Quantify the trade-off between system simplification
and loss accuracy, i.e., analyze how the reduction from 14 to
7 buses affects total power flow and line losses, illustrating the
trade-off between simplification and result fidelity.

#4) Visualize electrical and numerical changes through
plots and matrices, i.e., generate heatmaps of Y., matrices and
trend plots to observe structural and electrical variations as
buses are reduced.

#5) Compare performance metrics across reduction stages,
i.e., track and compare key performance indicators such as
voltage deviation, line losses, power flow magnitude, and
computation time at each reduction stage.

#6) Validate the acceptability of the reduced models, i.e.,
evaluate each model using predefined thresholds (e.g., <5%
deviation in power loss or voltage) to ensure it remains
acceptable for planning or operational use.

#7) Support methodological justification through literature
and references, i.e., align findings with recent academic



literature to validate that the applied method and observed
trade-offs are consistent with the current body of research.
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3. RESULTS AND DISCUSSION

This experimental evaluation is unique because we combine
two powerful tools —KRM and KLE— to simplify the power
grid model and track how much power loss changes during
that simplification. While many studies have used Kron
Reduction to reduce system size, this research is one of the
first to focus on which buses should be eliminated to keep
power loss and voltage values accurate. The study introduces
a step-by-step elimination process on the IEEE 14-bus system
and shows, through experiments, how the wrong choice of
buses can lead to inaccurate results. It also uses visual tools
and simulations to help engineers see the differences clearly at
each step. This approach makes applying Kron Reduction in
real-time systems easier without sacrificing reliability. In
short, this research brings a new way to simplify electrical
grids smartly without losing essential details.

Simplification of a schematic diagram of the IEEE 14-bus
system is shown in Figure 2, so it can be a point-to-point
diagram. The connection between points is a substitute for the
schematic diagram of the IEEE 14-bus system. The schematic
diagram of connection between points is shown in Figure 5.

9 buses remaining

10 buses remaining

3.1 Application of the Kron Reduction Method to eliminate
passive buses

The KRM was systematically applied to the IEEE 14-bus
system to eliminate passive buses—those that do not supply or
demand significant power—without altering the electrical
properties of the remaining active network. Each reduction
step was meticulously documented, updating the admittance
matrix and preserving nodal equivalency. The KRM is used as
a mathematical approach to simplify electrical systems
without losing critical information related to power flow and
impedance characteristics. In the context of power networks,
efficient simulations and analyses. This study applies the Kron
method to the IEEE 14-bus system step-by-step. The process
begins with identifying passive buses based on the initial
system data. Then, the Y., matrix is partitioned into four
major blocks and the Eq. (1) is used.

Eight images indicate each condition, starting from the 14-
bus condition to the 7-bus condition, based on basic equations
for implementing KRM. The eight images appear of topology
map is shown in Figure 6.

w

|IEEE 14-Bus Network Topology

Figure 5. The schematic diagram of connection between
points

2 N\ //
i i

8 buses remaining 7 buses remaining

Figure 6. The eight images appear of topology map

Figure 6 explains that a smaller yet electrically accurate
representation of the network is obtained by selectively
eliminating these buses. This allows for faster power flow

simulations and lower memory requirements without relying
on aggressive simplifications that might compromise the
model’s validity.



One of the advantages of this approach is its ability to
preserve essential information from the original topology,
especially when the eliminated buses have minimal or no
impact on generation and load. In this study, the elimination
strategy is focused specifically on passive buses, ensuring
minimal impact on voltage stability and power distribution.
Furthermore, the use of KRM facilitates future applications
such as distributed control and modular modeling of power
systems. The reduced models can serve as a foundation for
real-time control systems or as the basis for analysis in
intelligent monitoring systems such as Supervisory Control
and Data Acquisation (SCADA) or environments based on
Phasor Measurement Units (PMU). To ensure the accuracy of
the reduced system, each reduction stage is validated through
power flow simulations and voltage profile assessments.
Visual representations of the reduced Y., matrices are also
provided to observe the structural effects of bus elimination.
This proves that KRM is not merely a mathematical
transformation but a smart system simplification strategy with
strong technical justification. This is in line with Dong et al.
[44], and Ranjbar et al. [45].

3.2 Analyzing the changes in power losses across different
levels of bus reduction

This objective focuses on evaluating how much power loss
fluctuates as the IEEE 14-bus system is reduced step-by-step
(e.g., to 13-bus, 12-bus, etc.) using the KRM, and identifying
any nonlinear trends, spikes, or thresholds where power loss
significantly increases. This section presents an in-depth
analysis of power loss variations in the IEEE 14-bus system
under progressive bus elimination using the KRM. The
objective is to identify trends in power losses as buses are
systematically removed, and to assess the potential trade-offs
between network simplification and system efficiency. Power

loss across different levels of bus reduction is shown in Table
3.

Table 3. Power loss across different levels of bus reduction

with aggressive simplification. While the KRM is effective in
reducing system complexity, there exists a threshold beyond
which further reduction leads to disproportionately higher
losses. Identifying this threshold is crucial for maintaining

system performance while achieving computational
efficiency.
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Figure 7. A relationship between bus change conditions and
power loss values

Opportunities for power loss reduction in Kron reduction,
while the general application of Kron Reduction tends to
increase power losses due to the elimination of network
components, specific cases exist where losses can be reduced.
This happens when the eliminated buses contribute
disproportionately to system impedance or cause inefficient
current circulation. For example, removing a poorly loaded or
redundant passive bus can streamline power flows and
minimize 12 - Rysses- The table and figure below illustrate a
hypothetical scenario where reducing the system to 12 buses
actually results in a drop in power losses from 12.5 MW to
11.8 MW, showcasing a beneficial use of the Kron Reduction
technique. Adjusted power loss with loss reduction
opportunity is shown in Table 4.

Table 4. Adjusted power loss with loss reduction opportunity

Reduction Stage Remaining Buses Power Loss Reduction Stage Remaining Power Loss
Number MW) Number Buses MW)
1 14 12.3 1 14 12.3
2 13 12.5 2 13 12.5
3 12 13.1 3 12 11.8
4 11 14.0 4 11 14.0
5 10 15.8 5 10 15.8
6 9 17.5 6 9 17.5
7 8 21.2 7 8 21.2
8 7 26.9 8 7 269
Table 3 discribes a relationship curve between bus change 5
conditions and power loss values can be made. A relationship
between bus change conditions and power loss values is shown *
in Figure 7. =R
From the analysis presented in Table 3 and Figure 7, it is 3 20
evident that power loss tends to increase as more buses are % 18
eliminated from the system. Initially, the increase is relatively g 16
marginal —from 12.3 MW at 14 buses to 12.5 MW at 13
buses— but the growth becomes more pronounced with B
further reductions. At 10 remaining buses, the power loss 12
14 13 12 11 10 9 8 7

reaches 15.8 MW, indicating a cumulative deviation of 3.5
MW compared to the original 14-bus configuration. This trend
highlights a nonlinear relationship between bus reduction and
power loss, suggesting that the system becomes less efficient
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Number of Remaining Buses

Figure 8. A relationship between bus change conditions and
adjusted power loss values



Table 4 describes a relationship curve between bus change
conditions and adjusted power loss values can be made.

A relationship between bus change conditions and adjusted
power loss values is shown in Figure 8.

Figure 8 explain that the KRM while advantageous for
reducing model complexity, must be used with caution.
Strategic bus elimination guided by system sensitivity and
load flow analysis can sometimes yield computation efficiency
and improved physical performance. Understanding the loss
profiles at each step is crucial to determining the optimal
reduction point for both stability and efficiency. This is in line
with Ranjbar et al. [45].

3.3 Evaluation of voltage profile and system stability

One of the most critical performance indicators in a power
system is the voltage profile across its buses. As buses are

eliminated through Kron Reduction, the impact on voltage
levels must be carefully evaluated to ensure that the system
remains within acceptable operational boundaries. In this sub-
objective, the focus is to evaluate how voltage magnitudes and
system-wide stability evolve as the network becomes
increasingly simplified. Each reduction stage from 14 to 7
buses was analyzed through power flow simulations to
observe variations in voltage magnitudes at the remaining
buses.

The voltage profile and power flow magnitudes
comparation per reduction stage is shown in Figure 9.

Figure 9 explains that there are (i) a relationship between
voltage magnitude and the number of buses and (ii) a
relationship between power flow magnitudes and the number
of buses.

The maximum voltage deviation vs. number of remaining
buses is shown in Figure 10.

Voltage Profile Comparison per Reduction Stage
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Figure 9. The voltage profile and power flow magnitudes comparation per reduction stage

Based on Figure 10 can be explained, that in particular,
metrics such as minimum voltage, maximum voltage, and
voltage deviation percentages were calculated. The results
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showed that voltage profiles remain relatively stable in the
early reduction stages, but tend to deviate significantly once
the number of buses drops below ten, especially if key load or



interconnection buses are removed. Table 5. Power flow results

0.200 Buses From To Power Flow Line Loss
017 Remaining Bus Bus (MW) (MW)
& Condition #1, 14-buses (full)
S0150f 1 2 70.00 0.35
B s 2 3 50.50 0.29
:;j 2 4 38.20 0.25
28300 3 4 22.10 0.20
50.075 4 5 15.00 0.15
2 — 4 7 10.20 0.13
2 5 6 8.50 0.10
0:025 6 11 5.00 0.08
0.000 #) 14-bus 6 12 3.10 0.05
14 13 12 11 10 9 8 7 6 13 2.70 0.04
Number of Remaining Buses 7 8 7.40 0.03
7 9 6.30 0.03
Figure 10. The maximum voltage deviation vs. number of 9 10 4.20 0.02
remaining buses 9 14 3.00 0.02
10 11 2.80 0.01
Furthermore, the elimination of passive buses can lead to 12 13 1.50 0.01

redistribution of power flows, which in turn affects local and 13 14 1.20 0.01
global voltage levels. In well-structured reductions, voltage Condition #2, 13-buses remaining

stability can be preserved; however, arbitrary bus removals ; 1‘2 232'0100 gég
tend to create voltage imbalance, increased reactive losses, or 6 1 5'00 0.08
even voltage collapse in marginal conditions. This highlights > 4 38.20 0.25
the necessity of a planned and criteria-based elimination 5 6 8.50 0.10
strategy. To support the analysis, voltage deviation graphs and 7 8 7.40 0.03
voltage profile plots were generated for each reduction level. 4 5 15.00 0.15
These visual aids serve as diagnostic tools to easily compare #) 13-bus 2 3 50.50 0.29
how voltage integrity evolves. The voltage stability score 10 11 2.80 0.01
againts reduction level is shown in Figure 11. 113 124 710-2000 83?
iol 12 13 1.50 0.01
s 6 13 2.70 0.04
T oo} 6 12 3.10 0.05
ST 9 10 4.20 0.02
§ 8t 7 9 6.30 0.03

b4 Condition #3, 12-buses remaining
= 7 9 10 4.20 0.02
2 sl 4 5 15.00 0.15
) 4 7 10.20 0.13
£ ¢ 1 2 70.00 0.35
S 6 13 2.70 0.04
4k i i i i i ; : 3 4 22.10 0.20
14-bus 13-bus 12-bus 11-bus 10-bus 9-bus 8-bus 7-bus 2 3 50.50 0.29
Bl gyt #12-bus 7 8 7.40 0.03
6 11 5.00 0.08
Figure 11. The voltage stability score againts reduction level 10 11 2.80 0.01
2 4 38.20 0.25
This description presents detailed power flow results under 7 9 6.30 0.03
Kron Reduction on the IEEE 14-bus system. The KRM 5 6 8.50 0.10
. . . . . 13 14 1.20 0.01
simplifies the network by eliminating buses while preserving 9 14 1300 0.02

key electrical characteristics. Each condition (from 14-Bus to Condition #4, 11-buses remaining

7-Bus) includes actual power flow data between bus pairs and 3 12 1.20 0.01
the associated line loss. A visual summary chart shows how 5 6 8.50 0.10
total line losses evolve as buses are reduced. Power flow 4 5 15.00 0.15
results is shown in Table 5. 6 11 5.00 0.08

Based on Table 5 can be explained, that there are values of 10 11 2.80 0.01
power flow and power loss for each connecting line per 2 3 50.50 0.29
condition. Total power flow and power line is shown in Figure #11-bus 7 9 6.30 0.03
12. 2 4 38.20 0.25

Based on Figure 12 can be explained, that summarizing the Z 174 ]30’0200 8?§
total power flow and line loss per condition and presenting it 1 5 70:00 0:35
in a visual chart — would typically fall under the following 9 10 4.20 0.02
sub-objective in a power systems research or engineering 12 13 1.50 0.01
study. The results of the power flow simulation and prediction 3 4 22.10 0.20
of inter-bus connection line losses. Condition #5, 10-buses remaining
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7 8 7.40 0.03
3 4 22.10 0.20
6 13 2.70 0.04
4 5 15.00 0.15
1 2 70.00 0.35
9 14 3.00 0.02
5 6 8.50 0.10
#10-bus 13 14 1.20 0.01
7 9 6.30 0.03
2 4 38.20 0.25
9 10 4.20 0.02
12 13 1.50 0.01
6 12 3.10 0.05
2 3 50.50 0.29
Condition #6, 9-buses remaining
4 7 10.20 0.13
2 3 50.50 0.29
7 8 7.40 0.03
2 4 38.20 0.25
7 9 6.30 0.03
13 14 1.20 0.01
#9-bus 9 10 4.20 0.02
6 11 5.00 0.08
4 5 15.00 0.15
6 12 3.10 0.05
6 13 2.70 0.04
1 2 70.00 0.35
12 13 1.50 0.01
Condition #7, 8-buses remaining
9 14 3.00 0.02
7 9 6.30 0.03
5 6 8.50 0.10
6 11 5.00 0.08
2 4 38.20 0.25
6 12 3.10 0.05
#8-bus 4 7 10.20 0.13
10 11 2.80 0.01
2 3 50.50 0.29
12 13 1.50 0.01
1 2 70.00 0.35
9 10 4.20 0.02
Condition #8, 7-buses remaining |
9 14 3.00 0.02
7 9 6.30 0.03
13 14 1.20 0.01
6 12 3.10 0.05
4 7 10.20 0.13
#7-bus 2 4 38.20 0.25
2 3 50.50 0.29
1 2 70.00 0.35
1 11 2.80 0.01
7 8 7.40 0.03
6 11 5.00 0.08

This sub-objective concludes that system stability and
voltage uniformity must be actively monitored and preserved,
even in reduced models. In real-world applications, this
ensures the reliability of simplified models used in real-time
operation, planning, and control. This is in line with the results
of Serem et al. in 2020 [46], Ranjbar et al. in 2021 [45], and
Dong et al. in 2023 [44].

3.4 Determination of threshold for accuracy deterioration

One of the most important contributions of this study is
identifying the threshold at which system simplification
through bus reduction leads to a significant deterioration in
accuracy. A critical reduction threshold was identified by
comparing the total power loss, voltage profiles, and node
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mismatches across configurations. It was determined that
reducing the system to fewer than 9 buses led to
disproportionately higher errors in both voltage and loss data,
signaling a tipping point in model fidelity. This threshold
serves as a guideline for researchers and practitioners seeking
to simplify systems without compromising simulation or
control reliability.

While Kron Reduction offers an efficient way to model
simplified networks, there is a critical point beyond which
further reduction distorts power loss estimations, voltage
profiles, and system topology integrity. This sub-objective
focuses on finding that tipping point. Through systematic
elimination of passive buses from the IEEE 14-bus system,
multiple stages of reduction were analyzed — from the
complete network down to a 7-bus configuration. At each
stage, power flow simulations were run and the results
compared against the original full model. Key metrics such as
total power loss deviation, voltage deviation, and error
propagation were monitored. Profile of power loss and voltage
deviation against changes in the number of buses is shown in
Figure 13, and Profile of error propagation against changes in
the number of buses is shown in Figure 14.

250 Total Power Flow (MW)

=— Total Line Loss (MW)

150

MW

100

50

0 - = - = = -

13-Bus 12-Bus 11-Bus 10-Bus 9-Bus 8-Bus 7-Bus

System Condition

Figure 12. Total power flow and power line

— Power Loss Deviation
e S = Voltage Deviation

2 : < ~—

Deviation (%)

14-bus 13-bus 12-bus 11-bus 10-bus 9-bus 8-bus 7-bus

Reduced System

Figure 13. Profile of power loss and voltage deviation
against changes in the number of buses

Based on Figure 13 and Figure 14 can be explained, that a
noticeable inflection point was observed between the 10-bus
and 9-bus reductions, where deviations in both power and
voltage became increasingly steep.

This threshold is crucial because it signals the boundary
between acceptable and unacceptable error margins. For
example, while reducing to 12 or 11 buses still maintains less
than 5% deviation in power loss and voltage variance,
configurations below nine buses show over 10% deviation,
which may be unacceptable in critical real-time applications.



These findings suggest that accuracy degradation is not linear
but exponential after a specific limit is breached.
Understanding this threshold in practical applications allows
engineers and planners to balance computational efficiency
and model fidelity. More importantly, it supports the idea that
simplification should be guided by system behavior and not
just structural size. This sub-objective provides actionable
insight on how far simplification can be pushed before it
becomes counter-productive. This is in line with the studies of
Xie et al. in 2013 [47], and Ranjbar et al. in 2021 [45].

Error Propagation (%)

14-bus 13-bus 12-bus 11-bus 10-bus

Reduced System

9-bus 8-bus T-bus

Figure 14. Profile of error propagation against changes in the
number of buses

3.5 Proposal of an optimal reduction strategy

Based on the aggregated findings, an optimal strategy is
proposed: reduce only non-critical passive buses that are
electrically weakly connected and do not contribute
significantly to power flow or system dynamics. Synthesizing
all performance metrics—power loss, voltage deviation, and
matrix sparsity—an optimal reduction strategy was proposed.
The 10-bus and 9-bus models emerged as the most balanced
configurations, achieving significant computational efficiency
with minimal impact on accuracy. These models preserve
essential grid dynamics, offering a practical solution for
reduced-order modeling in real-time applications while
maintaining a high degree of system integrity.

(pu)
e-off Point (10-Bus)

Deviation / Loss

0 - - - . - —— - -

14 13 12 11 10 9 8 7
Number of Buses Retained

Figure 15. The illustration of trade-off between system
complexity and performance

After conducting a detailed analysis of power loss, voltage
profile, and accuracy thresholds, the final sub-objective
focuses on proposing an optimal strategy for bus reduction.
This strategy aims to simplify the power system model using
Kron Reduction without compromising system reliability and
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computational validity. The proposed method balances three
essential aspects: electrical performance, structural integrity,
and analytical efficiency. The optimal strategy is based on a
stepwise reduction that eliminates only passive buses while
continuously evaluating power loss and voltage deviation
effects. The illustration of the trade-off between system
complexity and performance is shown in Figure 15.

Figure 15 explains that buses are prioritized for removal
based on their connectivity, load contribution, and
redundancy. For instance, low-degree buses without
generation or heavy load are ideal candidates for early
elimination. This ensures that the simplified model retains core
electrical characteristics necessary for reliable operation.

Additionally, the strategy incorporates threshold boundaries
derived from prior analyses. Any reduction step that pushes
power loss or voltage deviation beyond 5-10% is considered
sub-optimal and flagged for exclusion. This criteria-based
approach ensures a balance between simplification and model
accuracy, making it suitable for real-time monitoring,
planning, or control applications. The strategy also
recommends visual verification using topology diagrams and
block matrices to track system structure integrity. These visual
tools assist engineers in confirming that critical
interconnections remain intact. When implemented, this
strategy provides a reliable roadmap for reducing system
complexity with minimal risk to operational accuracy,
especially for large-scale smart grid environments or
embedded control systems. This is in line with Dong et al. in
2023 [44], and Ranjbar et al. in 2021 [45].

While the proposed reduction strategy achieves a practical
balance between computational efficiency and system
performance within the IEEE 14-bus benchmark, it is essential
to consider its scalability to larger power systems. Data-driven
optimization approaches, although effective in structured test
cases, often encounter limitations in real-world applications
due to increased data complexity and computational overhead.
As such, scalability remains a critical challenge. Future studies
should explore how the methodology performs on larger
networks and assess the integration of scalable data-driven
techniques, such as machine learning-based heuristics or
adaptive reduction algorithms. Addressing these challenges
will be key to ensuring the robustness and applicability of the
proposed approach beyond small-scale systems [2].

4. CONCLUSION, CONTRIBUTION, AND FUTURE
WORK

This study has addressed critical gaps in applying the KRM
to simplify power systems by presenting a systematic
evaluation of power loss and network behavior across seven
bus-reduction scenarios using the IEEE 14-bus system. The
findings demonstrate that arbitrary bus elimination may result
in significant inaccuracies, particularly in estimating power
losses and maintaining voltage stability. To mitigate these
issues, we introduced a loss-aware elimination strategy that
combines KLE with electrical centrality metrics, enhancing
the fidelity and reliability of reduced models.

This study has addressed critical gaps in the application of
the KRM for power system simplification by presenting a
systematic evaluation of power loss and network behavior
across seven different bus-reduction scenarios using the IEEE
14-bus system. The findings demonstrate that arbitrary bus
elimination may result in significant inaccuracies, particularly



in estimating power losses and maintaining voltage stability.
To mitigate these issues, we introduced a loss-aware
elimination strategy that combines KLE with electrical
centrality metrics, enhancing the fidelity and reliability of
reduced models.

The key contributions of this study are (i) Integration of
KLE into the Kron reduction process as a robust, quantitative
benchmark for evaluating loss consistency in reduced models;
(i1) Development of a data-driven, loss-aware bus elimination
strategy guided by electrical centrality and topological
sensitivity analysis; (iii) Experimental validation across seven
reduction levels (from 14 to 7 buses), providing a structured
and scalable reduction framework; (iv) Comparative
visualization and analysis of voltage profiles, power losses,
and Y-bus matrix structures under multiple reduction
configurations; (v) A scalable and computationally efficient
methodology, applicable to real-time system control and
optimization in modern power networks.

The novelties introduced in this work include i) A
structured, loss-aware reduction framework that integrates
KLE—an element rarely applied in previous Kron-based
studies; ii) Visual analytics that reveal new insights into the
structural and dynamic implications of model reduction on
system behavior; and iii) A practical roadmap for grid
engineers to apply intelligent, criterion-based reduction
strategies in dynamic and renewable-rich power
environments.

For future work as a continuation of this study, while this
study presents a structured approach to bus elimination using
Kron Reduction, several directions remain for further
exploration. Future work may include a) Scaling the
methodology to medium system (e.g., IEEE 30-bus, 57-bus,
and 118-bus) to validate its generalizability; b) Integrating the
reduction strategy with real-time system operations, including
dynamic load variations and intermittent generation scenarios;
¢) Coupling the reduction framework with machine learning
techniques for predictive bus elimination and adaptive system
modeling; and d) Extending the approach to dynamic stability
analysis and resilience testing under contingencies.
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NOMENCLATURE
KRM Kron Reduction Method.
IEEE Institute of Electrical and Electronics
Engineers.
KLE Kron’s Loss Equation.
Now known as Kron’s Loss Model (KLM).
SCADA  Supervisory Control and Data Acquisation.
PMU Phasor Measurement Units.
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