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This work proposed the implementation of battery energy storage system
(BESS) management for voltage regulation in the active distribution network (ADN) with
high penetration of renewable energy sources to enhance the stability of the power
system. The main objective is to reduce the total voltage deviation (VD) at all buses
and minimize the deviation of the state of charge (SoC) from the nominal level to
ensure that the BESS can continue to operate. To achieve this, the L-index is
introduced to identify weak buses and install the main BESS. Subsequently, the BESS
is operated using adaptive droop control to manage its operation efficiently. Moreover,
a SoC restoration technique is proposed to maintain the BESS at nominal charge levels
while regulating voltage. Particle swarm optimization (PSO) and fuzzy multi objective
optimization (FMOO) are used to obtain optimal parameters for controlling the BESS.
The proposed method is tested on the IEEE 33-bus system and IEEE 69-bus system,
divided into four cases as follows: base case, modified |[EEE 33-bus and |IEEE 69-bus
with PV and wind power penetration, modified IEEE 33-bus and IEEE 69-bus with PV
and wind power penetration and BESS, and modified IEEE 33-bus and IEEE 69-bus with
PV and wind power penetration and BESS considering SoC restoration.

The simulation results clearly demonstrate the effectiveness and robustness of
the proposed approach. In all tested scenarios, voltage profiles improved when

compared to only renewable energy. At the same time, the final state of charge (SoC)

of each battery remained within its initial value, confirming that the method achieves

both voltage control and SoC management successfully
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CHAPTER |
INTRODUCTION

1.1  General Introduction

At present, the electrical network is being rapidly expanded to meet energy
demand, which is increasing at an average rate of over 4 percent per year. Therefore,
it is critically important to focus on maintaining the system’s Voltage Stability (VS) to
prevent Voltage Instability (VI), which can lead to severe system disturbances. Today's
systems are extremely complicated, with widespread usage of renewable energy
sources such as wind and solar power. Most renewable energy sources function in
tandem with distribution electrical systems, influencing system parameters such as
Voltage Profile (VP) and Voltage Deviation (VD). As a result, VS is a key element
contributing to VI, must be considered because it has an impact on the system.

Voltage Stability is an important tool for considering electrical systems because
it can indicate how the system operates or other design aspects. As a result, VI can
cause system failure or power outages. For example, in 1978, Thailand experienced a
huge blackout due to generator failures caused by VI, affecting the people statewide
for several hours and badly damaging the economy. Thus, considering VS contributes
to the system's efficiency.

To assess and improve VS, system operators and researchers utilize analytical
tools such as Voltage Stability Indices (VSIs). From several VSIs, the L-index is one of
the methods used to determine the weakest bus that causes the system's Voltage
Collapse (VQO). The L-index is calculated from power flow analysis and the system's
admittance matrix (Y-bus), with values ranging from 0 to 1. A value approaching 1

indicates a high risk of voltage instability. By identifying and reinforcing



these weak buses, it is possible to prevent VC and improve the resilience of the overall
system.

In addition to analytical methods, technological solutions like Battery Energy
Storage Systems (BESS) are another useful instrument for current electrical systems in
resolving voltage stability issues. BESS operates to supply or receive active power at
the weakest bus identified through L-index analysis, allowing it to address a variety of
difficulties such as Voltage Profile and Voltage Drop. Furthermore, BESS improves the
stability of the electrical system by collaborating with Renewable Energy, which has
intermittent energy systems. Integrating BESS at strategically critical places is thus a
promising strategy for reducing voltage instability and ensuring a consistent and

dependable power supply.

1.2  Problem Statement

Voltage instability poses serious threats to the stability of power systems
around the world. Maintaining voltage stability has become an increasingly difficult
task. Conventional solutions for dealing with voltage instability usually rely on system
improvements or actual power adjustment techniques, which may be insufficiently
successful. Precise identification of important spots in the electrical grid is critical. The
L-index has been shown to be an effective technique for measuring voltage stability,
identifying the most sensitive buses to voltage collapse. Despite its usefulness, the L-
index's practical applications in operations are restricted.

Battery Energy Storage Systems are an appealing alternative because of their
quick response times and diverse operational properties. BESS can provide rapid
voltage assistance by absorbing or injecting actual power. However, studies on BESS
have investigated a variety of topics, including establishing appropriate installation sites
in power systems to reduce losses and reducing dependency on older devices such
as load tap-changing transformers and capacitor banks. In this study, BESS is used to
increase voltage stability specifically VP and VD via battery management techniques.

Among the strategies investigated, adaptive droop voltage control, which is an



adaptation of droop frequency control, is used. The advantage of this technology is
that it considers the battery's State of Charge (SoC) to avoid saturation, hence
increasing the efficiency of BESS utilization. Furthermore, optimization procedures are
used to accomplish the most efficient process.

This study seeks to provide a technique that combines the analytical precision
of the L-index with the practical advantages of BESS implementation. VD are optimized,
and the system's VP further improved, by selecting the most suitable buses for battery
installation using the L-index and then managing the batteries with adaptive droop
voltage control while taking the SoC into account. This strategy helps to strengthen

the stability of the power system.

1.3  Research Objectives

The main objective of this research is to enhance voltage stability in power
systems by integrating BESS at critical bus points identified by the L-index. The specific
objectives of the research include:

1.3.1 To apply the method to identify critical buses that lead to voltage
collapse using L-index.

1.3.2 To apply the method for BESS management using particle swarm
optimization (PSO) to minimize voltage deviation and enhance voltage profile.

1.3.3  To manage BESS with adaptive droop voltage control while maintaining
SoC at an appropriate level.

Achieving these objectives will provide a systematic approach for improving

voltage stability through the use of BESS at critical points in power systems.

1.4 Scope and Limitations
1.4.1 In the IEEE 33-bus system, BESS are installed at four locations: 4.25 MW
at bus 18, 1.75 MW at bus 22, 3.5 MW at bus 25, and 3.5 MW at bus 33. In the IEEE 69-

bus system, BESS units are installed at eight locations: 1.75 MW at bus 27, 0.5 MW at



bus 35, 0.75 MW at bus 46, 2.75 MW at bus 50, 0.25 MW at bus 52, 5.75 MW at bus 65,
0.25 MW at bus 67, and 0.25 MW at bus 69.
1.4.2 The IEEE 33-bus and IEEE 69-bus distribution system is employed for
testing and analysis purposes. Including four cases as follows:
« case |: IEEE 33-bus base case,
« case Il: modified IEEE 33-bus with PV and wind power penetration,
» case lll: modified IEEE 33-bus with PV and wind power penetration and
BESS and
« case IV: modified IEEE 33-bus and IEEE 69-bus with PV and wind power
penetration and BESS considering SoC restoration
1.4.3  Economic considerations related to BESS, including battery costs and
investment expenses, are not considered in this study.
1.4.4  The study does not cover dynamic or transient stability analysis,

focusing solely on steady-state conditions.

1.5 Conception

This study originated from the need to enhance the stability of electrical
systems, particularly voltage stability. Consequently, various relevant methodologies
were investigated. It was discovered that weak buses may lead to VC. Therefore, the
L-index, which can identify weak buses, was employed for calculation and assessment
to determine optimal locations for BESS installation. This research hypothesizes that
installing BESS at weak buses will significantly improve the stability and reliability of
the electrical system. Furthermore, it is posited that incorporating BESS management
through optimization techniques will yield even greater improvements in system

stability. Fig. 1.1 shows the concept of the study.



The distribution system is experiencing stability issues due to the increase in

renewable energy sources.

A 4

Using the L-index to assess the stability of the system and identify weak buses for
installing BESS.

A 4

Managing BESS to control the system voltage using the Adaptive Droop Control
method and considering the State of Charge (SoC) restoration.

[
v v

Minimizing VD minimize SoC

| |
!

Using PSO and FMOO to find the optimal values.

A 4

The power system has become more stable and reliable.

1.6

Figure 1.1 The concept of study

Research Benefits

The L-index can effectively identify vulnerable buses within an electrical

system, thereby enabling the assessment and prevention of system stability issues

before they manifest. Furthermore, it facilitates the optimal placement of BESS on

appropriate buses. The efficient management of BESS through PSO and Fuzzy Multi-

objective contributes to the enhancement of VP and the reduction of VD. These

parameters contribute to the heightened stability of the electrical system.

1.7

Organization of Proposal
This Proposal is organized as follows:

Chapter 2 involves presenting an overview of studies related to the research.

In sections 2.2 to 2.11, a literature review is conducted on topics related to VS, VSI,

Conventional Methods of Voltage Control, and BESS.



Chapter 3 examines the use of the L-index to identify weak buses in the power
system. Section 3.2 presents the formula and calculation method for the L-index, and
in Section 3.5, the experimental results are analyzed to identify weak buses in the
power system.

Chapter 4 introduces methods for voltage control in power systems using BESS
in systems with renewable energy. Section 4.2 proposes a method for managing BESS
with VDC to ensure efficient operation, and Section 4.3 applies optimization to find
optimal values for BESS management. Finally, Section 4.5 presents the results from
BESS management.

Chapter 5 proposes a method for SoC restoration of BESS. Sections 5.2 to 5.3
demonstrate the calculation methods and optimization processes using Multi-
objective Fuzzy Logic. Finally, Section 5.6 presents the results.

Chapter 6 summarizes all the work conducted in this study.



CHAPTER Il
LITERATURE REVIEWS

2.1  Introduction

In recent years, the enormous increase in renewable energy integration has had
a significant impact on power system stability. As a result, it is critical to emphasize the
design and control of system stability, particularly voltage stability. This chapter
discusses voltage stability and its assessment methodologies, as well as the research
of BESS, which improves the system's voltage stability. Finally, the main points of the
content and research are summarized.

This research is divided into 8 sections that address the following themes. An
overview of voltage stability and the implications of incorporating renewable energy
into the system, a study of voltage stability indices for evaluating system stability, with
a focus on the L-index as a critical measure for identifying weak buses, an analysis of
traditional voltage control methods, their implementation and benefits, an exploration
of the applications of batteries and Examine the management of BESS for energy
supply or absorption with the goal to resolve system stability issues. The entire study
emphasizes maintaining system stability, from assessment to control, to enhance
system reliability. The various research efforts are presented in the following sections:
2.2 presents research relating to Voltage Stability in Modern Power Systems, 2.3
presents Power Flow Analysis Fundamentals: Newton-Raphson Method , 2.4 presents
research on Voltage Stability Indices: L-index and Others (Comparison), 2.5 presents
research on Conventional Voltage Control Methods (STATCOM, Capacitor, Tap
Changer), 2.6 presents research on Battery Energy Storage System (BESS) for Voltage
Regulation, 2.7 presents research on Voltage Droop Control and Its Variants (Adaptive,

Fuzzy, etc.), 2.8 presents research on State of Charge (SoC) Management in BESS, 2.9



Optimization Techniques for BESS Control (PSO, Fuzzy, Multi-objective), 2.10 present

Research Gap and Motivation and 2.11 Summary and Research Contribution

2.2  Voltage Stability in Modern Power Systems

Due to increased demand loads and renewable energy integration, electrical
systems are becoming more complicated and difficult to operate and plan effectively.
VS is an important concern for electrical systems since it indicates efficiency and

reliability. Several research studies investigated into systems that integrate renewable

energy sources.

Table 2.1 Key Research on Voltage Stability and Renewable Integration

Year Author Objective Description
To evaluate the impact Renewable power variabilities
(Xu et al,, of renewable energy significantly impact the
2018
2018) variabilities on power probability distributions of load
system voltage stability. margins.
To investigate the
impact of installing
Use the IEEE 30 bus test system
(Adnan et al,, Distributed Generation
2018 and carefully selecting DG
2018) (DG), specifically solar
locations and penetration levels.
photovoltaic (PV)
systems.
To assess and improve The integration of solar PV
voltage stability in power  generators at suitable locations
(Dondariya &
systems with the significantly increases the critical
2021 Sakravdia,
) integration of solar load ability limit of the system.
2021

photovoltaic (PV)

generation.

If installed PV at weak buses, it

can improve voltage stability.




Table 2.1 Key Research on Voltage Stability and Renewable Integration (Continued)

Year Author Objective Description

To address the challenges

associated with voltage
To provide a
instability and its implications for
comprehensive review of
(Malik et al,, wind power integration and
2024 voltage stability issues in
2024) Various voltage stability indices
power systems with
have been developed to
integrated wind energy.
identify weak buses and assess

overall system stability.

-The study aims to address the
To develop a method
challenges posed by large-scale
for analyzing static
renewable energy integration on
voltage stability in
(Wang et al,, static voltage stability and
2024 distribution power
2024) propose a simpler, more
systems with integrated
effective analysis method
renewable energy
compared to traditional
sources.
approaches.

2.3  Power System Analysis Overview

Power system analysis is a key tool for electrical engineers to ensure the grid
we rely on is reliable, safe, and efficient. This analysis looks at the grid under two main
conditions: normal operation and abnormal operation. Normal Operation is when the
power system is running smoothly, just as it was designed to. Key values like voltage
and frequency stay within their standard limits. Analysis in this state focuses on routine
planning to keep the system running at its best. Abnormal Operation refers to
unexpected events that disturb the system, like a lightning strike, a downed power
line, or a power plant suddenly going offline. These events can lead to major issues

like blackouts.
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Beyond these conditions, the analysis can also be classified by its timeframe
into two types: Steady-State Analysis and Transient-State Analysis. Steady-State
Analysis looks at the system's condition after things have settled down and become
stable. It's like taking a snapshot of the grid to see if everything is balanced. The study
of Voltage Stability, which is the focus of this thesis, is a type of steady-state analysis.
It deals with the system's ability to maintain a steady voltage under changing load
conditions. The primary tool for this is Power Flow Analysis, which calculates voltage
levels and power flows in the network. The results are used to calculate a Voltage
Stability Index (VSI), an indicator that helps gauge how close the system might be to a
voltage collapse. Transient-State Analysis studies what happens in the brief moments
right after a disturbance. This helps understand the rapid changes and design protective
systems that can react in time.

Therefore, this research focuses exclusively on steady-state analysis to
understand and solve voltage stability problems. It uses data from power flow analysis
as a critical foundation, providing a clearer and more complete picture of the

underlying theories involved.

2.4 Power Flow Analysis Fundamentals: Newton-Raphson Method

In power system engineering, power flow analysis, often called a load flow
study, is one of the most essential and widely used computational tools. It plays a
crucial role in system planning, operation, economic dispatch, and overall control. The
main goal of a power flow study is to numerically analyze how electric power flows
through an interconnected network under steady-state conditions. This analysis
provides the voltage magnitude and phase angle at each bus in the system, which are
then used to calculate the real and reactive power flowing through transmission lines
and transformers, as well as overall system losses. By offering a detailed snapshot of
issues and a system's operating status under specific load and generation scenarios,

power flow analysis helps engineers ensure the system is running safely and efficiently,
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detect potential overload or voltage issues and make informed decisions for future

system upgrades and expansions.

2.4.1 System Variables and Bus Classifications

In power system analysis, the steady-state condition of any bus i within
a network is fully characterized by four fundamental variables: the real power injection
(P), the reactive power injection (Q,), the voltage magnitude (|K| ), and the voltage
phase angle (J,). For the power flow problem to be mathematically well-posed and
solvable, exactly two of these four variables must be specified for each bus, leaving
the remaining two to be determined through computation. This requirement underpins
the standard classification of buses into three distinct types, which consequently
defines the structure of the system of nonlinear algebraic equations to be solved. The
standard bus classifications are presented in Table 2.2.

The designation of a slack bus is not merely a matter of computational
convenience but represents a fundamental necessity within the power flow
formulation. The analysis is soverned by power balance equations, which require that
total power generation equals the sum of total system load and transmission losses.
However, real power losses primarily resulting from I°R losses in transmission lines
are a function of the current flow, which itself depends on bus voltage magnitudes
and phase angles. Since these quantities are initially unknown, the total system losses
cannot be determined a priori, thereby making it infeasible to predefine the exact real
power output of every generator in the system.

To resolve this issue, a single bus referred to as the slack (or swing) bus
is designated to absorb the mismatch between the specified generation and the total
system demand plus losses. The real and reactive power injections at the slack bus
are treated as unknowns, allowing it to adjust dynamically during the solution process.
This ensures that the power balance equations are satisfied upon convergence of the
power flow algorithm, thereby maintaining consistency with physical and operational

constraints.



Table 2.2 Power System Bus Classifications and Variables

12

Specified Unknown
Bus Type Description (Known) Variables to
Variables be Solved
A single reference bus, typically
Slack Bus Voltage Real Power
connected to a large generator, that
(Swing or Magnitude (P) and
compensates for system power
Reference and voltage Reactive
losses and provides the angle
Bus) phase angle Power (Q).
reference for all other buses.
Represents a point of consumption in
Real Power Voltage
the network where real and reactive
Load Bus (P) and Magnitude
power are drawn from the system.
(PQ Bus) Reactive and voltage
Most buses in a power system fall
Power (Q). phase angle
into this category.
Represents a bus where a generator
is connected. The real power output Real Power Reactive
Generator
is controlled via the prime mover, (P) and Power (Q)
Bus (PV
) and the voltage magnitude is Voltage and voltage
Bus
maintained by the generator's Magnitude phase angle
excitation system.
2.4.2 Mathematical Formulation of Power Flow Equations

The mathematical model for the power flow problem is derived from

fundamental circuit theory, specifically Kirchhoff's Current Law applied at each node

of the power system. For a multi-bus network, this relationship is systematically

expressed using the bus admittance matrix ( Ygys), which relates the vector of bus

current injections (1) to the vector of bus voltages (V).

I=Yy,V

(2.1)
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For any given bus i in an n-bus system, the injected current I, is the sum of the

1

currents flowing from that bus into the connected branches:

I, = Zl YUVJ (2.2)
=

However, in power flow studies, the specified quantities are typically real and reactive

power injections, not currents. The complex power injected into bus i is defined as:

Si:B+jQi:I/i1: (2.3)
where I is the complex conjugate of the injected current /,. Rearranging this equation
yields an expression for the current injection in terms of power and voltage:

[i :B_{Qi
V.

1

(2.4)

By substituting this expression for current back into the nodal admittance equation,
we formulate the fundamental power flow equations. These equations relate the
specified powers at each bus to the bus voltages throughout the network.

F-JO _~

= ZYUV, (2.5)

i j=1

To facilitate an iterative solution, these complex equations are typically expressed in

polar coordinates. Let the voltage at bus i be V, =|Vl.|4§,. and the element of the
admittance matrix between bus i and bus j be Y, = Y,/‘ZHU By substituting these
polar forms into the power flow equation and separating the real and imaginary parts,
we arrive at the final set of non-linear, coupled algebraic equations that must be

solved:

Real Power Injection Equation:

B = YNV ;] coste,~6,-6,) 26
=
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Reactive Power Injection Equation:

9 :Zn:|ViHVJHYii‘Sin(5i_5J_9U) 2.7)
=

This system of non-linear equations forms the core of the power flow
problem. Due to their non-linearity and the coupling between variables, an analytical
solution is not feasible for any practical power system. Therefore, iterative numerical
methods are required to find the unknown voltage magnitudes |V| and angles & that
satisfy these equations within a specified tolerance.

2.4.3 Computational Algorithm of the Newton-Raphson Load Flow

The implementation of the Newton-Raphson method follows a
structured, iterative procedure. The algorithm begins with an initial guess and
repeatedly refines the solution until the power mismatches at all buses fall below a
specified convergence tolerance. The detailed computational steps are as follows:

Step 1: Initialization

e Construct the system's bus admittance matrix, Y, , from the line and transform
impedance data.

e Assume an initial voltage profile for all buses. A "flat start" is commonly used,
where the voltage magnitude is set to 1.0 p.u. and the phase angle is set to 0°
for all PQ and PV buses. The slack bus voltage is fixed at its specified value.

e Set the iteration counter, &, to 0 and define the convergence tolerance, ¢.

Step 2: Calculate Power Mismatches

e Using the bus voltage values from the current iteration, |V|(k) and &%,
calculate the real power injection ( P*?) for all buses except the slack bus, and
the reactive power injection (Q™) for all PQ buses using the power flow

equations.

o Compute the power mismatch vectors by subtracting the calculated powers

from the specified (scheduled) powers:



15

APl_(k) = pree _pl_(k) (2.8)
AQi(k) — Qe Qi(k) (2.9)

1

Step 3: Check for Convergence

e Find the maximum absolute value among all elements of the power mismatch

vectors.

e If max max(|AP

,AQ|)<8 the solution has converged. The algorithm

terminates the iterative loop and proceeds to Step 7. Otherwise, continue to

the next step.
Step 4: Compute the Jacobian Matrix

e (alculate the elements of the four sub-matrices of the Jacobian, j(k), using

the partial derivative formulas and the voltage values from the current

k
iteration, |V|( " and o® .

(k)
AP LA T || A9 (2.10)
AQ(k) Jz(/;) Jélzf) A|V|(k) ’

oP
J,, = —=: This sub-matrix relates changes in real power injections to
00

changes in bus voltage angles. The diagonal and off-diagonal elements are
given by:

o Off-diagonal (i # k)
OP, :
£=—|Vl_||Vk||Yik|sm(0ik+5k—5l.) (2.11)
k

o Diagonal (i =k)

oP .
a_é::Z;|K|‘I/j“I@‘s1n(Qj+5_,—5;) (2.12)
J#i
o
ol

changes in bus voltage magnitudes. The diagonal and off-diagonal

o J,= : This sub-matrix relates changes in real power injections to

elements are:
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o Off-diagonal (i # k)

op
o]
o Diagonal (i =k)

:|K||Yik|cos(0ik+5k_é;) (2.13)

a])l n .
5=2|K||Xi|cos(6’ii)+Z_;‘I/j“);‘cos(&.}. +8, - 5i) (2.14)
’ i
00 : . . . N
Iy =$: This sub-matrix relates changes in reactive power injections to

changes in bus voltage angles. The diagonal and off-diagonal elements are:

o Off-diagonal (i # k)

%:—|Vi||Vk||Yik|cos(9ik+5k—5,») (2.15)
25,

o Diagonal (i =k)

00, &
2SI leoscd, +6,-5) 210
Vs

oQ

J. ==
= o

: This sub-matrix relates changes in real power injections to

changes in bus voltage magnitudes. The diagonal and off-diagonal
elements are:
o Off-diagonal (i = k)
]
ol
o Diagonal (i =k)

~V||¥, |sin(8, + 5, - ,) (2.17)

00, : . i
a—gl = _2|Vi||Yii|Sln(‘9ii)_Z‘VJHYIY‘SIH(% +5j ~0i) (2.18)
‘ j=1

i . .
J#i

Step 5: Solve for Voltage Corrections

e Solve the system of linear equations to find the voltage correction vector.

AP L[ Ap®
{A|V|(k)}:[t](k)] {AQ(")} (2.19)
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Step 6: Update Voltages and Iterate

e Update the voltage magnitudes and angles for the next iteration:

SED — 50 L A5® (2.20)
|V|(k+1) = |V|(k) +A|V|(k) (2.21)
e Increment the iteration counter, k = k+1, and return to Step 2 to begin the next

iteration.
Step 7: Final Calculations

e Once convergence is achieved, use the final bus voltage solution to calculate
the real and reactive power injections at the slack bus.
e Calculate the real and reactive power flows on all transmission lines and

transformers, as well as the power losses in each component.

2.5 Voltage Stability Indices: L-index and Others (Comparison)

To address the many concerns with voltage stability (VS) that occur as a result
of renewable energy integration, instruments for assessing system stability are required.
Numerous research has looked into these techniques, one of which is the voltage
stability indices (VSI). VSl is used to compare the current operating state of the system
to the voltage collapse point; in other words, it indicates how close the system's
voltage stability is to collapsing. VSI can also detect important buses and analyze the
stability of transmission lines.

Voltage stability index is classified into three types based on the calculation
method: system parameters (variable)-based, Jacobian matrix-based, and phasor
measurement units (PMU)-based. Each type has characteristics. The Jacobian matrix-
based approach can be used to calculate the voltage collapse point and load margin.

The system parameters (variable)-based method is used to identify weak buses or
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places that need to be assessed, and it considers the line loadability limit. The PMU-
based technique, which relies on local measurements and Thevenin impedance
computations, is used to monitor voltage stability indices rather than to anticipate

instability. Table 2.2 shows a comparison of various VSls.

Table 2.3 Comparison of Voltage Stability Indices

Example
Index Advantages Disadvantages References
Application
The L-Index can
be easily
(Karn et al.,
implemented in IEEE 10, 14,
2023; Kessel &
real-time 39, 118 test
Not suitable for Glavitsch, 1986;
L-index monitoring system., the
dynamic analysis Ram & M, 2016;
systems. Identify WSCC 9 bus
Ramanareddy,
strong/weak system
2011)

buses using L-

index coeff.

Table 2.3 Comparison of Voltage Stability Indices (Continued)
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Example
Index Advantages Disadvantages References
Application
The Fast Voltage
Stability Index
(FVSI) can identify
"weak buses" that Low efficiency
are close to for large systems
(Isaiah et al.,
FSVI voltage collapse  requires multiple  IEEE 30-bus )
2015
based on index power flow
values iterations.
approaching 1.00.
The calculation is
straightforward.
The calculations
are extensive and
It can accurately
complex, making
estimate the
it unsuitable for (Danish et al,,
Jacobian- collapse point
real-time - 2019; Yadav et
based and Voltage

Stability Margin
(VSM).

monitoring and
not ideal for
identifying weak

buses/lines.

al., 2024)

Table 2.3 Comparison of Voltage Stability Indices (Continued)
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Example
Index Advantages Disadvantages References
Application
It offers high The Thevenin-
accuracy, based (local)
excellent real- method has a
time drawback in that
performance, and parameter (Yadav et al,,
PMU-
the ability to changes between - 2024; Zaheb et
based

perform online
monitoring,

providing alerts

two
measurement

periods can lead

al., 2020)

before voltage to inaccurate

collapse occurs. estimations.

Based on Table 2.3, the L-index is suitable for selecting buses for BESS
installation due to its simplicity and ability to identify weak buses in the system. the
L-index, introduced by (Kessel & Glavitsch, 1986) who investigated power system
voltage stability and presented a novel analytical method based on the Indicator L,
which assesses voltage stability on a scale from 0 (no load) to 1 (voltage collapse). The
method reliably forecasts voltage stability limits and identifies important nodes prone
to voltage collapse. Radial network designs provided the best voltage stability, whereas
increasing transmission capacity and optimizing system topology increased the
Indicator L and overall system stability. Furthermore, selecting node locations with
higher Indicator L values helped to improve the voltage stability of the power
distribution system. This study provides useful information for building and operating

power systems to ensure voltage stability and avoid voltage collapse.
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2.6  Conventional Voltage Control Methods (STATCOM, Capacitor,
Tap Changer)

Once the weak bus has been identified through the L-index, enhancing the
system's voltage stability (VS) requires system control to guarantee that it operates
correctly. One way to accomplish this is by voltage regulation. Voltage levels in the
electrical system can be maintained within acceptable limits by controlling the voltage,
enhancing stability and reliability. Several approaches for voltage regulation have been
investigated, including STATCOM, capacitor banks and tap-changing transformers. The
primary premise of voltage regulation is to provide reactive power to the system in

order to increase the voltage to normal levels. (Soni & Gaur, 2018)

Table 2.4 Comparison of Conventional Voltage Control Methods

Device Principle Advantages Disadvantages References

STATCOMs are
better suited for

short-term stability

issues.
Reactive effective voltage (Jain et al,,
It involves
power regulation and 2006; Taylor,
STATCOM high costs and
compensation designing both 2003; Xu & Li,
investment.
(VSC) linear and 2014)
nonlinear
controllers to
manage load
voltage effectively
Mechanically
Reactive switched capacitor Slow (Swe et al,,
Capacitor
) power banks are effective  response, not 2011; Taylor,
Banks
compensation for long-term for transients 2003)

voltage stability
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Table 2.4 Comparison of Conventional Voltage Control Methods (Continued)

Device Principle Advantages Disadvantages References
Adjust
Tap- (Swe et al,,
transformer  Continuous voltage Slow,

Changing 2011; Taylor,

winding adjustment mechanical wear
Transformer 2003)
ratio

From the three presented methods of voltage control, each method has its
own advantages and disadvantages. However, the aforementioned voltage control is
still not suitable for power systems with high levels of renewable energy penetration.
Therefore, in the next section, we will present a voltage control method using Battery

Energy Storage Systems (BESS).

2.7 Battery Energy Storage System (BESS) for Voltage Regulation

Battery Energy Storage Systems (BESS) are devices that can store, or supply
energy as needed. One of their key advantages is their ability to help manage load and
fluctuating renewable energy, which gives BESS an edge over voltage control as
mentioned in the previous section. The primary function of BESS is to store excess
energy when electricity production exceeds demand. Conversely, if the system
experiences an energy shortage, BESS can help supply energy and can respond quickly
to changes. (Zhang & Srivastava, 2021)

Several studies have investigated methods to address voltage regulation issues
in distribution networks with high PV penetration. (Wang et al.,, 2016) proposed a
coordinated control strategy for distributed energy storage systems (ESS) to regulate
voltages in low-voltage (LV) distribution networks with high PV penetration. Their
approach involves coordinating the power outputs of ESS based on distributed control

and localized state-of-charge (SoC) management. Simulation results demonstrated that
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the proposed method effectively maintains voltages within specified ranges during
daily operations and enhances system stability.

In another approach, (Alam et al., 2013) addressed the impacts of rooftop solar
PV on voltage profiles and proposed a new strategy for charging and discharging
distributed energy storage systems to mitigate these effects. Their method utilizes the
available capacity of storage devices to reduce voltage rise during peak PV generation,
mitigate voltage fluctuations due to sudden changes in PV output, and support evening
peak loads by discharging stored energy. Simulation results showed that this strategy
effectively miticates negative impacts of PV, supports peak-time load demand, and
optimizes the utilization of storage capacity.

Furthermore, (Zeraati et al., 2016) proposed a coordinated control strategy for
battery energy storage systems (BESS) to address voltage rise and drop issues in low
voltage distribution networks with high photovoltaic (PV) penetration. The research
highlights the challenges of voltage regulation due to reverse power flow from PV
systems. The proposed strategy combines local droop-based control with distributed
consensus algorithms to manage the charge and discharge of BES. Two consensus
algorithms are employed: the Weighted Consensus Control (WCC) algorithm, which
allocates BES participation based on capacity, and the Dynamic Consensus Control
(DCQ) algorithm, which adjusts participation based on the state of charge (SoC) to
prevent saturation or depletion. Simulation results using real data from a radial
distribution feeder demonstrate the effectiveness of the approach in maintaining

voltage within permissible limits and optimizing the use of storage capacity.

2.8 Voltage Droop Control and Its Variants (Adaptive, Fuzzy, etc.)
One method of controlling BESS is voltage droop control. This control method

allows for the adjustment of the power supplied or received as needed. Adaptive

droop control and fuzzy logic-based droop control have been developed to enhance

performance, prevent battery saturation, and improve system resilience.
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Method Principle Strengths Example References
The CIGRE B4
dc erid test
system, A 6-
bus
Smooth
distribution (Rouzbehi et
power-sharing,
Linear feeder and a al,, 2015;
Conventional no oscillations
adjustment by 13-bus Wang et al,,
Droop Keeps feeder
deviation distribution 2016; Zeraati
voltages inside
network, a et al,, 2016)
limits
realistic 7-bus
LV radial
feeder
modeled.
Sustains SoC,
Dynamic
Adaptive eases (Tan et al,,
coefficient -
Droop generator 2020)
adjustment
burden
Cuts voltage
deviation,
avoids Test on a
Fuzzy logic- (Chen et al,,
overload simplified LV
Fuzzy Droop based 2017; Jamroen
Holds voltage microgrid
adaptation et al,, 2018)
band, simulated.
prevents
saturation

Therefore, voltage droop control is crucial for managing BESS to achieve

maximum efficiency and is suitable for power systems with high renewable energy
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fluctuations, such as wind energy with its inherent uncertainty or solar energy, which
also exhibits variability. The adaptability of droop control makes it the best and most

appropriate choice.

2.9 State of Charge (SoC) Management in BESS

One important aspect of using BESS is considering the SoC. If neglected, it may
result in the system's inability to control voltage effectively. There are several research
studies that examine BESS with a focus on SoC. (Ota et al.,, 2012) investigated an
autonomous distributed Vehicle-to-Grid (V2G) control scheme designed to integrate
electric vehicles (EVs) into the power grid while satisfying users' scheduled charging
requirements. They proposed a V2G control that utilizes frequency deviation at the
plug-in terminal to provide distributed spinning reserves, enabling EVs to respond
quickly and synchronously to grid fluctuations. The study examined the impact of SoC
balance control, scheduled charging requests, and battery characteristics on V2G
performance. Results showed that the proposed scheme effectively contributes to grid
frequency regulation without compromising user convenience or interfering with
traditional load frequency control by thermal power plants. The smart charging control
ensures that EVs meet their scheduled charging demands while leveraging idle plug-in
times for V2G operations.

(Jamroen et al., 2018) presented an adaptive droop-based control of BESS for
voltage regulation in microgrids with high PV penetration. Their strategy aims to
eliminate voltage rise caused by peak PV generation and voltage drop due to PV
intermittency or high loading conditions. By employing fuzzy logic to adjust the droop
coefficient based on allowable voltage deviation limits and the SoC of the BESS, the
proposed control strategy enhances performance and avoids undesired battery
saturation. Simulation studies demonstrated the effectiveness of the method in

regulating voltages within allowable limits and improving system resilience.
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In controlling BESS, the SoC should be managed to ensure continued operation.
These research studies have explored methods for restoring the SoC to enable efficient
continued use. (Liu et al.,, 2013) explored decentralized Vehicle-to-Grid (V2G) control
systems for primary frequency regulation, emphasizing charging demands of electric
vehicles (EVs). They proposed two strategies: the Battery SoC Holder (BSH) and Charging
with Frequency Regulation (CFR). The BSH maintains the battery SOC while participating
in frequency regulation, while CFR combines scheduled charging and frequency
regulation. Simulation results on a two-area interconnected system, including wind
power integration, demonstrated that these methods effectively enhance frequency
stability and meet charging demands. The study concluded that decentralized control
offers greater flexibility and efficiency compared to centralized approaches, improving
both system stability and EV battery management.

(Jamroen & Sirisukprasert, 2022) proposed a voltage regulation strategy using
BESS with SoC management optimized by a self-learning particle swarm optimization
(SLPSO) algorithm. The study addresses voltage deviations in distribution networks with
high PV penetration. The proposed strategy employs an adaptive droop characteristic
to manage voltage deviations while considering SoC constraints. SoC management is
designed to restore SoC to nominal levels by compensating BES power based on
restoring power and restriction coefficient characteristics. The SLPSO algorithm
optimizes the operation of BES by balancing voltage regulation and SoC restoration.
Simulation results demonstrate that the proposed strategy outperforms existing
methods, achieving up to 12.09% improvement in performance by effectively

maintaining voltage within permissible limits and optimizing SoC management.

2.10 Optimization Techniques for BESS Control (PSO, Fuzzy, Multi-
objective)
Optimal control of BESS is essential for maximizing their benefits in voltage

regulation. Optimization techniques such as PSO, fuzzy logic, and multi-objective
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optimization are commonly used to determine the best locations for BESS installation

and to optimize their control strategies

Table 2.6 Optimization Techniques for BESS

Technique Principle Strengths Example References
Population-  Simple to PSO fine-tunes
based search code, few the V-P / V-Q
that updates hyper- droop-control
particle parameters slopes of BESS-
“velocity” & * Fast equipped soft-
(Ding et al,,
PSO “position” convergence open-points in a
2024)
toward the on nonlinear multi-time-scale

global-best
and
personal-best

solutions.

problems «
Easily
hybridised with

other methods

voltage-control
scheme for a 33-
bus distribution

network.

Rule-based
inference
using
linguistic
variables and

Fuzzy
membership

Logic
functions; no
precise
mathematical
model

needed.

» Handles
uncertainty
and imprecise
measurements
« Can embed
expert
knowledge
directly
« Very fast real-
time

computation

Type-2 fuzzy-
losic direct-
power control of
a PV-Battery
inverter; provides
voltage
regulation and
frequency
support in a
micro-grid
prototype,
outperforming

classical PI.

(Maroua et al,,
2024; Zainal
Abidin & A.

Danapalasingam,

2022)




Table 2.6 Optimization Techniques for BESS (Continued)

28

Technique Principle Strengths Example References
Simultaneous
optimizaation
of conflicting
* Yields trade-
goals (losses, Distributionally-robust
off solutions
voltage model-predictive
instead of a (Duan et
deviation, control allocates BESS
single point al., 2024; Li
Multi- cost, risk) capacity while
« Can et al., 2024;
objective producing a minimising operating
incorporate Wang et
Pareto front; cost and CVaR-based
uncertainty al., 2024)

selection via

decision

criteria (CVaR,

fuzzy ranking,

etc.).

(stochastic,

robust, DRO)

voltage-violation risk on

an |IEEE-37 feeder.

2.11 Research Gap and Motivation

Despite the extensive research on voltage stability assessment and control,

several gaps remain in the literature, particularly in the context of distribution networks

with high renewable energy penetration:

Limitations of Traditional Voltage Control Methods: Traditional methods

such as capacitor banks and tap-changing transformers may not be sufficient to address

the voltage fluctuations caused by intermittent renewable energy sources.

Application for BESS for Voltage Control: While BESS has been shown

to be effective for voltage regulation, there is a need for more research on the optimal

control strategies for BESS in distribution networks with high renewable penetration.
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. BESS Siting Considerations: The optimal placement of BESS in
distribution networks is a complex problem that depends on various factors, including
network topology, load profiles, and renewable energy generation patterns.

. Joint SoC Restoration and Voltage Deviation: Most studies focus on
either voltage regulation or SoC management, but there is a need for integrated control
strategies that consider both objectives simultaneously.

. Multi-Objective Optimization Frameworks: Multi-objective optimization
techniques can be used to balance competing objectives such as voltage regulation
and SoC management but there is a need for more research on the application of
these techniques to BESS control in distribution networks.

. Test Cases and Validation: Many studies rely on small test systems or
simplified models, but there is a need for more research on the validation of BESS
control strategies in large distribution networks with high renewable penetration.

Therefore, there is a need for a comprehensive framework that:

a) Utilizes the L-index for optimal BESS placement, considering the specific
characteristics of distribution networks with high renewable penetration.

b) Employs an adaptive droop control strategy that adjusts the BESS
output based on the SoC and voltage deviation.

) Integrates SoC restoration as a primary objective alongside voltage
deviation minimization.

d) Evaluates the performance of the proposed framework on standard
distribution networks over a 24-hour period under high renewable energy penetration
scenarios.

This research proposes an integrated approach combining L-index, BESS
Adaptive Droop, and FMOO-PSO to address these gaps and provide a comprehensive
solution for voltage stability enhancement in distribution networks with high renewable

energy penetration.
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2.12 Summary and Research Contribution

This chapter has provided a comprehensive review of the literature on voltage
stability assessment and control, highlighting the challenges posed by renewable
energy integration and the potential of BESS for voltage regulation. The review has
identified several gaps in the literature, including the need for more research on
optimal BESS control strategies, BESS sitting considerations, joint SoC restoration and
voltage deviation, multi-objective optimization frameworks, and test cases and
validation. The following chapters will present the proposed framework for voltage
stability enhancement in distribution networks with high renewable energy
penetration, which aims to address these gaps and provide a comprehensive solution

for voltage stability management.



CHAPTER IlI
MICROGRID VOLTAGE STABILITY INDICES IMPROVEMENT USING
PARTICLE SWARM OPTIMIZATION

3.1 Introduction

In section 2.2, voltage stability was presented. When the system integrates with
renewable energy, it is evident that renewable energy affects the power system,
especially in terms of voltage. Therefore, tools for monitoring the system's voltage
stability are necessary to assess its stability. In section 2.4, a tool for evaluating VS is
proposed, which is VSI. There are various VSls used differently in this study, the L-index
is presented because its calculation is not complex. It is suitable for rapid monitoring
as it can compute using data from load flow analysis directly.

In this study, L-index values are used to detect the weakest buses in the
electrical power system, with lower values suggesting better voltage stability. Each
load bus is assigned a unique L-index depending on the power network's admittance
characteristics. Using PSO, the ideal generator voltage that minimizes the L-index value
is found. Finally, PV curves for the system's weakest buses are created to assess overall

system performance.

3.2 L-index

The L-index predicts the occurrence of electrical collapse and provides a
simple method for calculating and identifying weak buses in the power system. As a
result, it is an adaptable tool for increasing system stability. The L-index is computed

using the following equation:



32

I, =Y 7V, (3.1)

bus bus’ bus

Furthermore, since the system comprises multiple buses, they can be incorporated

into a matrix representation.

I€ ySE  yeL[ye
e e
I€=YVe+Yevh (3.3)
I* = YIOVE 4+ ylyt (3.4)
After performing further mathematical manipulations, Eq. (3.2) can be reformulated

and expressed as Eq. (3.5) to (3.7).

VL — [YLL ]-IIL y [YLL]-IYLGVc (35)
IG - YGL[YLL]-IIL +(YGG _YGL[YLL]-]YLG)VG (36)
As a result, Eq. (3.5) and (3.6) can be expressed in matrix form.
{VG :| ={ ([;IY l]_[ -1 GG -[YGI ]_ [Y; —’I IG}|: IG} (3'7)
I YOL[Y !y Ly Sl yLl[1yl6 ||y

By rearranging the aforementioned matrix, we obtain:

VL ZLL FLG IL
el vy
GL

FLG -YLL-IYLG (3.9)
i=g V
L=1-)F -t (3.10)

Before calculating the L-Index, the voltage values for each system bus and the
Y-bus admittance matrix must be determined using the Newton-Raphson Load Flow
(NRLF) approach. Finally, the required matrix is obtained by converting it from the Y-
bus. The L-Index value is then computed using Eq. (3.10). It should be emphasized
that the L-Index is solely determined for loaded buses. Furthermore, an L-Index value
around 1 implies that the related bus is the weakest, which could result in a voltage
collapse in the system. In contrast, a bus with an L-Index value near to zero is

considered to be the most reliable.
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The P-V curve, or Power-Voltage curve, is a graphical tool used to show how

the voltage at a specific bus change as the real power (P) supplied to that bus

increases. To create this curve, the load at the chosen bus gradually increased in small

steps. After each increase, a load flow calculation is performed to determine the new

voltage at that bus. This process continues until the load flow calculation can no

longer find a solution, which indicates the system has reached its stability limit or is

about to experience voltage collapse. The calculation can be done according to the

graph details as fig. 3.1.

Select a target bus (e.g., the bus with the highest L-

index or a bus of interest).

A 4

steps (increase by 1 kW ).

Increase the real power load (P) at the target bus in |

A 4

Calculate the load flow (using the Newton-Raphson
Load Flow method) to determine the voltage (V) at
the target bus for each step.

Repeat until the load
flow solution fails to

converge (diverge)

A 4

Record the P and V values obtained in each step.

A 4

Create the P-V curve using the recorded P and V
data, with the x-axis representing P (real power at
the bus) and the y-axis representing V (voltage at the
bus).

Figure 3.1 PV curve procedure
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3.4  Voltage Stability Improvement Using PSO

PSO is a well-known metaheuristic algorithm inspired by birds' flocking behavior
during food looking for. It iteratively explores the solution space by altering particle
positions, integrating individual and shared experiences to determine the personal and
global optimal positions. This technique incorporates velocity updates and seeks to
arrive at a perfect solution.

PSO has emerged as a promising approach to improving voltage stability in
microgrid systems. It accomplishes this by identifying the best generator bus voltages
to reduce the L-index, a key indicator of the voltage stability margin. PSO's inherent
characteristics such as its simplicity, computational efficiency, and adaptability make it
appropriate for this application.

The fitness function that minimizes the L-index value of the weakest bus can
be mentioned as,

minimize f(x})=max{L-index}, (3.11)

The computation of velocity and position is performed using the following equations:
VT = wvl + e (pBest! —x!) +c,r, (gBest' —x!) (3.12)
X =xl v (3.13)

In this case, the population of particles reflects the generator voltage values. The

generator voltage is listed as 0.95 and 1.05 per unit, respectively. Fig 3.2 depicts the

proposed PSO-based computational approach for improving VSI.
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Initialize Set of Generator’s Voltage as PSO Population

}

Run NRLF for each population and compute L-index

}

Compute Velocity and Position

}

Find fitness function each particle and then get pBest and gBest

}

A

Update population

Max iteration

Figure 3.2 Computation Procedure

3.5 Results and Discussion

This section presents the results of the proposed method applied to the IEEE
33-bus distribution system. The analysis is segmented into four distinct cases, which
are detailed below.

o |EEE 33-bus base case

e |EEE 33-bus with L-index improvement

e |EEE 33-bus modified

e Modified IEEE 33-bus system with L-index improvement

3.5.1 IEEE 33-bus base case
Figure 3.3 depicts the base case of the IEEE 33-bus system, which

consists of one slack bus and 32 load buses, with the slack bus voltage set to 1.0 per
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unit (p.u.). Fig 3.4 shows the L-Index values calculated for each bus in the system. Bus
18 has the greatest L-Index value, making it the weakest bus in the network. Bus 2 has
the lowest L-Index value, indicating it is the strongest bus. Bus 18's elevated L-Index
value indicates a significant susceptibility to voltage collapse in the system.
Furthermore, Fig 3.5 depicts the PV curve for Bus 18, demonstrating that voltage

collapse occurs when the real power loading hits 2,672 kW.

19 20 21 22

Figure 3.3 IEEE 33-bus system
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Figure 3.4 L-index of IEEE 33-bus base case
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Using the proposed method, the best generator voltage at the slack bus

is calculated to be 1.05 per unit. Figure 3.6 demonstrates that in this improved system,

the L-index values have decreased. Bus 18 is the weakest bus, while Bus 2 remains the

strongest in the network. However, when compared to the prior scenario, the buses'

L-index values are significantly lower. Figure 3.7 depicts the PV curve of the modified

system, which shows that Bus 18's maximum loading capability has increased to 3,072

KW.

L-index
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Figure 3.6 L-index of IEEE 33-bus with L-index improvement
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Figure 3.7 PV-curve of IEEE 33-bus system with L-index improvement

3.5.3 IEEE 33-bus modified

In this case, the IEEE 33-bus system is modified by installing four
distributed generators (DGs) at buses 18, 22, 25, and 31, with power outputs of 1.075
MW, 0.36 MW, 0.93 MW, and 0.92 MW, respectively. The locations for DG installation
are selected based on the lowest L-index value in each branch, while the DG capacities
are determined according to the total power demand of each branch. For the microgrid
(MG) case study, Bus 1 is disconnected from the main power grid. The voltage at all
generator buses is set to 1 p.u., and Bus 18 is designated as the slack bus, as illustrated
in Fig. 3.8.

Figure 3.9 shows the L-index of the modified IEEE 33-bus, similarly Bus
8 is a weaker bus, while bus 17 is a stronger bus. As observed, the weak bus is the
farthest bus from the power sources. On the other hand, the strong bus is the nearest
to the power sources. Fig 3.10 shows the PV-curve of bus 8, The maximum loading
capability is 1,100 kWw.

From table 3.1, in the base case, the voltage magnitude at bus 1 is set
to 1.0 per unit, resulting in a maximum L-index of 0.1072 and a power output at the
slack bus of 3.926 MW. After applying PSO, the voltage magnitude increases at bus 1

to 1.05 per unit, the maximum L-index is reduced to 0.0954, indicating an improvement
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in voltage stability. Additionally, the power at the slack bus slightly decreases to 3.9035
MW.

This demonstrates that optimizing the voltage magnitude using PSO can
effectively reduce the maximum L-index, thereby enhancing the voltage stability of
the system. The slight reduction in power at the slack bus also suggests a more efficient
power flow, as losses may be reduced. Overall, the results confirm that the proposed
method can improve system stability with minimal impact on the overall power

supplied by the slack bus.

Figure 3.8 Modified IEEE 33-bus system
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Figure 3.9 L-index of modified IEEE 33-bus.
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Figure 3.10 PV-curve of modified IEEE 33-bus.

Table 3.1 Comparison of IEEE 33-bus Base Case and L-index Improvement Results

Voltage Power at Slack
Case Bus Max L-index
Magnitude Bus (MW)
IEEE 33-bus
1 | 0.1072 3.926
base case
IEEE 33-bus
with L-index 1 1.05 0.0954 3.9035
improvement

3.5.4 Modified IEEE 33-bus system with L-index improvement
In this case, PSO is used to find the optimal solution for the objective,
which is to minimize the maximum L-index of the buses. The optimization is performed
by adjusting the voltage levels of generator buses or designated buses, with the voltage
search space constrained within the standard voltage limits of 0.95 to 1.05 p.u. The
test is conducted on a modified power system, based on the same configuration as

Case 3, making the system under study effectively resemble a microgrid.
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Figure 3.11 depicts the L-index values for each bus of the modified IEEE
33-bus system. When compared to previous cases, L-index values are significantly
lower, indicating that voltage stability has improved. Bus 8 is established as a weak
bus, whereas Bus 17 remains the strongest bus in the network.

Figure 3.12 shows the PV curve for the improved IEEE 33-bus system
following the L-index optimization. The investigation shows that the system's maximum
loading capacity has increased to 1,260 kW, indicating its ability to handle higher
loading levels. This increase in loading capacity shows the system's increased stability,
demonstrating the successful result of the proposed optimization strategy in reinforcing
voltage stability.

Table 3.2 presents a comparison between the IEEE 33-bus Modified case
and the case where the L-index is improved by increasing the voltage magnitude at
buses 18, 22, 25, and 33 from 1.00 pu to 1.05 pu.

In the base case, where the voltage magnitude at these four buses is
set to 1.00 pu, the maximum L-index is 0.0249, and the power at the slack bus is
3.2596 MW. After increasing the voltage magnitude at buses 18, 22, 25, and 33 to 1.05
pu, the maximum L-index decreases to 0.0225, indicating an improvement in voltage
stability. Additionally, the power at the slack bus slightly decreases to 3.2354 MW,
suggesting a reduction in system losses and a more efficient power supply.

These results demonstrate that optimizing the voltage magnitude at
selected buses can effectively reduce the maximum L-index, thereby enhancing the
voltage stability of the system. The slight reduction in slack bus power also indicates
improved system efficiency. Overall, the proposed method improves system stability

without negatively impacting the overall power supply.



42

L-index of all bus
0035 N s B B B B B B B B B S | T

003+ 1

0.025 - —
Max L-index

002~ 7

L-index

0.015}
001+~ 1

0.005 — 1

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
BUS

Figure 3.11 L-index of modified IEEE 33-bus system with L-index improvement.
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Figure 3.12 PV-curve of modified IEEE 33-bus system with L-index improvement.

Table 3.2 Comparison of IEEE 33-bus Modified Case and Modified IEEE 33-bus system

with L-index improvement Results

Voltage Power at Slack
Case Bus Max L-index
Magnitude Bus (MW)
18 1.00
I[EEE 33-bus 22 1.00
0.0249 3.2596
Modified 25 1.00

33 1.00
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Table 3.2 Comparison of IEEE 33-bus Modified Case and Modified IEEE 33-bus

system with L-index improvement Results (Continued)

Voltage Power at Slack
Case Bus Max L-index
Magnitude Bus (MW)
Modified IEEE 18 1.05
33-bus system 22 1.05
0.0225 3.2354
with L-index 25 1.05
improvement 33 1.05

Table 3.3 demonstrates that the system’s voltage stability has
improved, as indicated by the lower L-Index values. The reduction in L-Index values
significantly enhances system stability during the optimization process. It is important
to note that the table does not include L-Index values for PV buses, since the L-Index
calculation is only applicable to load buses. In the IEEE 33-bus base case, Bus 1 is
identified as a PV bus, while in the modified IEEE 33-bus system, Buses 18, 22, 25, and
33 are classified as PV buses.

When analyzing system stability, it is evident that in the base case, Bus
18 consistently exhibits the highest L-Index value, followed by Buses 17, 16, and 15.
This suggests that Bus 18 is the least reliable and has the greatest potential to
contribute to system instability. In the modified IEEE 33-bus system, Bus 8 has the
highest L-Index value, indicating similarly low reliability. If an abnormal event occurs,
there is a high likelihood that voltage collapse would originate from this bus.

Therefore, to ensure system stability, special attention should be given
to Bus 18 in the base case and Bus 8 in the modified case. Improving the operational
conditions of these buses is crucial for maintaining the overall stability of the IEEE 33-
bus system.

Additionally, the PV curves indicate that the modified IEEE 33-bus

system achieves the highest level of stability, as it can accommodate a greater load
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capacity compared to the other cases analyzed. This improvement highlights the
effectiveness of the proposed optimization strategy in enhancing voltage stability

within the system.

Table 3.3 Comparing L-index value

L-index
IEEE 33-bus
IEEE 33-bus with
BUS IEEE 33-bus IEEE 33-bus Modified with L-
L-index
base case Modified index
improvement
improvement

1 - - 0.013538 0.012246
2 0.003004 0.002708 0.013538 0.012246
3 0.017498 0.015742 0.014334 0.012964
4 0.025411 0.022832 0.016056 0.014515
5 0.033364 0.029944 0.017475 0.015794
6 0.053276 0.047698 0.020685 0.018688
7 0.057172 0.051161 0.022083 0.019952
8 0.072771 0.064999 0.024913 0.022498
9 0.080183 0.071556 0.024711 0.022318
10 0.087129 0.077691 0.023974 0.021655
11 0.088143 0.078586 0.023783 0.021484
12 0.089917 0.080151 0.023296 0.021046
13 0.097415 0.086758 0.01994 0.018023
14 0.100304 0.089300 0.017937 0.016216
15 0.102096 0.090877 0.015424 0.013949
16 0.103813 0.092386 0.012216 0.011053
17 0.10646 0.094713 0.003944 0.003572
18 0.107227 0.095386 - -

19 0.003527 0.003181 0.013009 0.011769
20 0.00723 0.006535 0.007095 0.006424
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Table 3.3 Comparing L-index value (Continued)

L-index
IEEE 33-bus
IEEE 33-bus with
BUS IEEE 33-bus IEEE 33-bus Modified with L-
L-index
base case Modified index
improvement
improvement

21 0.007993 0.007225 0.004864 0.004405
22 0.008698 0.007864 - -

23 0.021172 0.019053 0.012484 0.011293
24 0.028149 0.025332 0.007876 0.00713
25 0.031696 0.028521 - -

26 0.055454 0.049636 0.020612 0.018622
27 0.058377 0.052235 0.020373 0.018407
28 0.071425 0.063818 0.018922 0.017099
29 0.081028 0.072323 0.01744 0.015762
30 0.085367 0.076160 0.016048 0.014506
31 0.090123 0.080360 0.008235 0.007452
32 0.091174 0.081288 0.005073 0.004592
33 0.091500 0.081576 - -

From the comparison table 3.4 of the 33-bus distribution system under
different scenarios, the base case, L-index improvement, network modification, and
network modification combined with L-index improvement it is evident that both L-
index and network improvements have a significant impact on system performance.

In the base case, the system exhibits a total power loss of 0.2110 MW
and a power supply from the slack bus of 3.926 MW. When the L-index improvement
is applied, the power loss decreases to 0.1804 MW, and the power supplied by the
slack bus is reduced to 3.2596 MW. This demonstrates that L-index improvement can

significantly reduce system losses and enhance the efficiency of power delivery.
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In the Modification case, when both network modification and L-index
improvement are applied together, the results are optimal. The power loss is
minimized to 0.1804 MW, and the slack bus power is reduced to 3.2596 MW, which is
the lowest value among all studied cases.

Additionally, the total generation power required tends to decrease as
the system is improved, reflecting a reduction in system losses and overall energy
savings.

Based on these results, it can be concluded that the combination of L-
index and network improvements provides the highest efficiency for the distribution
system. This approach effectively reduces power losses and the burden on the slack

bus, thereby enhancing the overall performance of the power distribution network.

Table 3.4 Comparison Real Power All Cases

Total Total
Power at Total
Power Power
Case Slack Bus  Generation
Loss Load
(Mw) Power (MW)
(Mw) (MW)
I[EEE 33-bus base case 0.211 Bnreh\5 3.926 3.926
IEEE 33-bus with L-index
0.1885 3.715 3.9035 3.9035
improvement
IEEE 33-bus modified 0.2046 3.055 1.6196 3.2596
Modified IEEE 33-bus system
0.1804 3.055 1.5954 3.2354

with L-index improvement

3.6 Chapter Summary

This chapter demonstrates that improving both the L-index and the network
configuration in the IEEE 33-bus distribution system can greatly enhance the system’s
overall performance. By applying these two strategies together, the system experiences

the lowest power losses and the least burden on the slack bus compared to all other



ar

scenarios studied. This means that not only is the system more efficient, but it also
saves more energy overall.

A key finding is that certain buses specifically Bus 18 in the original system and
Bus 8 in the modified system are the most vulnerable points in terms of voltage
stability. These buses have the highest L-index values, which makes them the most
likely spots for voltage instability or even collapse if something goes wrong. Therefore,
focusing on improving the conditions at these buses is essential for keeping the whole
system stable.

The chapter also highlights the results from the PV-curve analysis, which shows
that the L-index improvement can handle a higher load before reaching its stability
limit. This is a clear sign that the proposed optimization methods are effective at

making the system more robust.



CHAPTER IV
VOLTAGE DEVIATION IMPROVEMENT IN ACTIVE DISTRIBUTION
NETWORK USING BETTERY ENERGY STORAGE SYSTEM
OPTIMAL VOLTAGE DROOP CONTROL

4.1 Introduction

From Chapter 3, once the voltage stability of the system has been assessed
using the L-index, which is a tool capable of identifying weak buses, the weak buses
identified by the L-index become the locations where BESS is installed. This chapter
proposes methods for voltage control to enhance system stability and reliability. In
section 2.5, there are three methods of voltage control: STATCOM, capacitor banks,
and tap-changing transformers. Each method has its own advantages and
disadvantages but is still not suitable for systems with renewable energy, as such
systems require energy storage and the ability to supply or absorb real power.
Therefore, in section 2.6 and 2.7, a method of voltage control using BESS is proposed.

This study provides a way to solve the impact of renewable energy on VD of
the Active Distribution Network (AND). The optimum BESS management is achieved by
adopting a Voltage Droop Control (VDC) approach that employs BESS to charge and
discharge energy into the system. The adaptive droop control approach was chosen
for BESS management because it allows the droop coefficient to be chosen as desired
and appropriate, as well as taking into account the SoC level. In addition, the PSO is
used to get the most appropriate droop coefficient value for battery control. The IEEE
33-bus test system was chosen as a test system because it is a distribution system with

voltage levels lower than the standard criterion, making it acceptable for testing.
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4.2  BESS with Adaptive Droop Control
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Figure. 4.1 BESS configuration

The BESS configuration is shown in Fig. 4.1, which includes the following main
elements: a battery for storing energy, a battery energy management system for
controlling BESS operation, and a power converter for energy conversion.

In this study, we focus on the battery and its energy management system. This
study presents a method for controlling battery operations to resolve the VD issue.
The battery can either provide or receive active power from the grid. When the BESS
supplies active power to the grid, the voltage level rises, whereas when it absorbs
active power from the grid, the voltage level drops. Thus, the BESS’s operation can
affect the voltage when the active power changes. Therefore, effective BESS operation
relies heavily on battery energy management. According to a review, Fig. 4.2 shows
that the VDC has three modes: (1) Mode 1 (Fixed Voltage): Keeps the voltage at a
predetermined level and allows the battery power to adjust as needed, (2) Mode 2
(Fixed Power): Keeps the battery’s power output constant, (3) Mode 3 (Droop Control):
Uses a droop coefficient to determine how much power the battery delivers or

consumes depending on the grid voltage.
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This study uses the droop control method (Mode 3) to regulate battery
operation because it can adjust the droop coefficient, allowing the voltage level to be
freely regulated. Fig. 4.3 illustrates the operating concept as follows:

« 1: If the bus voltage of the battery exceeds the maximum voltage (V.. ), the battery
will charge the maximum power into the system.

« 2: If the bus voltage value of the battery is less than the maximum voltage (V,,.)
but larger than the maximum voltage thresholds (¥V;*), the battery will charge power
based on VD, which is governed by the droop coefficient.

« 3: If the battery's bus voltage value falls within the range of the minimum voltage
thresholds (1™") and the maximum voltage thresholds (¥,"*) or the deadband range,
the battery will not charge or discharge at all.

« 4: If the bus voltage value of the battery is larger than the minimum voltage (V. )
but less than the minimum voltage thresholds (¥,;"™), the battery will discharge the
power based on VD, which is governed by the droop coefficient.

« 5: If the battery's bus voltage value is less than the minimum voltage (V. ), it will
discharge the maximum power back.

It can be represented mathematically as an equation given below:

—Frgs T T
kBES,c(SoC)AV if thrlnax < Vk <p™
Pye =10 ifym <y <y (4.1)
kBES,d(SaC)AV if Vmin < Vk < Vﬂrmmn
P ify, <y
AV =V, -V, (4.2)

Since the battery may be saturated, it cannot be utilized further, causing the
system to have a VD value that exceeds the required limit. As a result of the

investigation, the SoC level was examined, as shown in the equation below.

0 if 0 <SoC < SoC,,,

k — K K end (SoC—-SoC ;) (4 3)
BES.d i i .
, max > min P aTem if SOCmin <SoC <1
” min
Kmax + Kmine o 1
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Figure 4.3 Adaptive VDC strategy
0 if SoC,_, < SoC<1
koo = K o (50Cnu—500) . (4.4)
BES ¢ K mmen(,(Some = 1f 0 <SoC <SoC,_ .
Kmax + Kmine A ) 1
1

SoC() = SoC(t=1)~— j P, ()t (4.5)

ks ., charging
droop = , - . (46)

ke 4» discharging
n,, charging @7
n= :
n,, discharging

The control of the BESS using VDC can be modeled into the Newton-Raphson load

flow analysis through the following equations:
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Py + B =B = Y [V, (G, cos 6, + B, sin6 )] =0 @8)
j=1

As shown in Equation (4.8), the real power output of the BESS, denoted as
P,.s , which is obtained from the VDC strategy, is incorporated into the NRLF's power
equations. This allows for the calculation of bus voltages after the contribution from
the BESS has been integrated into the system. A negative P, value indicates that the
battery is charging, while a positive P, value indicates that the battery is discharged.

When evaluating & it is discovered that this value is related to the

droop’

determination of K K

max ’ min 7

SoC, and 7 As a result, while examining (4.1), (4.3), and
(4.4), it can be represented in Fig. 4.4 and 4.5. From Fig. 4.4, it has been discovered
that as the SoC of the battery increase, the k

sis.q vValue gradually increases, the

kyes. value gradually decrease. This is because adaptive droop management is
intended to protect the battery's functionality, which increases the SoC range,
resulting in less charging and discharging. On the other hand, a low SoC level in the
battery causes it to charge more and discharge less. The aforementioned relationship

leads to the design of K., K., and n values, demonstrating that K, and K

max min ax

will have a relationship with the desired power output, and 7z will be the factor
determining the battery's power distribution, which is related to SoC, as shown in Fig.

4.5.
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Figure 4.4 The Relationship between SoC and kg, with the SoC is within the range
of SoC, ., and SoC,_,.
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4.3 PSO Based Voltage Deviation Improvement

This study aims to minimize the system's total voltage deviation (TVD) through
the objective function. By reducing the TVD, the stability of the power system can be
greatly enhanced. The objective function employed in this study is shown in the

following equation.
N
minimize TVD =Y (V;, =V,)) (4.9)
k=1

and the constraints are defined as follows:

n

P — pld — Z][nrfj(G,g. cos 6, + B, sind,)] =0 (4.10)
=

Q7 = V.V (G, sind, B, cos6,)] =0 (@.11)
j=l

V. <V, <V__ (4.12)

SoC . <SoC<SoC, (4.13)

PBES,min S BES S PBES,max (414)

kg;:i"];,d < kBES,d < k;?;,d (4-15)

SR TP (4.16)

BES ,c BES ¢ BES ¢
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The working equation of PSO is as follows Eq. (3.12) and Eq. (3.13).
where x, is the population of particles that represent the adjust exponent of &

BES .,d

and kg, ., which are n, and n,, respectively. The proposed PSO-based VD

improvement computational procedure is illustrated in Fig 4.6.

Obtain network data

!

Initialize each PSO particle i ( 1y, 1,)

|

Obtain kdmop and P, . of BESS

'

Solve load flow and compute objective function (TVD)

!

obtain gBest and pBest]

A

4

Update PSO particle by (3.12) and (3.13)

No

Max iteration

Figure 4.6 The PSO based BESS optimal VDC computation procedure
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4.4  BESS Selection Criteria and Sizing

The selection of buses and sizing for BESS installation is based on two main
criteria. The bus locations for BESS installation are determined using the L-index, which
identifies the buses most susceptible to voltage collapse. These are considered the
weakest buses in the system and require the most attention. In the IEEE 33-bus system,
there are four branches: Branch 1 includes buses 7-18, Branch 2 includes buses
19-22, Branch 3 includes buses 23-25, and Branch 4 includes buses 26—33. This means
that a total of four BESS units are needed. Based on the L-index calculation from table
3.3, the optimal buses for BESS installation are buses 18, 22, 25, and 33, as these have
the highest L-index values in each branch. The installation will be considered from the
base case only.

The size of each BESS is determined by the total load of each branch. The total
loads are as follows: Branch 1 has a total load of 1.075 MW, Branch 2 has 0.36 MW,
Branch 3 has 0.93 MW, and Branch 4 has 0.92 MW. For effective voltage control, it is
desirable for the BESS to operate continuously, maintaining voltage stability at all
times. Therefore, the SoC of the BESS should be set at 0.5, allowing it to absorb energy
from PV and wind sources when available, and discharge energy back to the system
when generation is low. In this study, the maximum and minimum SoC levels are set
at 0.8 and 0.2, respectively, which are considered optimal for BESS operation. This
means that only 0.3 p.u. of the SoC is usable, so the BESS capacity must be larger than
the total load of each branch. The resulting BESS sizes are as follows: 4.25 MW at bus
18, 1.75 MW at bus 22, 3.5 MW at bus 25, and 3.5 MW at bus 33. The system with
renewable energy and BESS is shown on Fig. 4.7.

Similarly, for the IEEE 69-bus system, BESS and renewable energy sources are
installed at buses 27, 35, 46, 50, 52, 65, 67, and 69, with capacities of 1.75 MW, 0.5
MW, 0.75 MW, 2.75 MW, 0.25 MW, 5.75 MW, 0.25 MW, and 0.25 MW, respectively, is

shown on Fig. 4.8.



57

o
%

kg L“’
R LN

N
Ber
‘?
| 5

|
T

. &5
% e T

|
N
|
FEFFFRRRRRRRRRR

_O‘ﬁ!-
EENEr-. VD

o

U

€

S B N I

X
%

Sau

SRR TR

~FREF

TFTFF -

R

>FL"J

W

Figure 4.7 The modified IEEE 33-bus with PV and wind power penetration and BESS

‘F"‘XJ“

AE

#%%%1

ST RR

Figure 4.8 The modified IEEE 69-bus with PV and wind power penetration and BESS



58

In this study, photovoltaic (PV) and wind power, as renewable energy sources,
were integrated into the IEEE 33-bus and IEEE 69-bus distribution networks. The sizing
of the renewable energy (RE) sources was determined by simulating overvoltage
conditions in the power system. This was achieved by incrementally increasing the
output of the RE sources and observing whether the voltage magnitude exceeded the
specified limit of 1.05 p.u. As a result, the optimal size of the RE sources was found to
be 1.25 MW for the IEEE 33-bus system and 1 MW for the IEEE 69-bus system. The PV

and wind profiles for these systems are shown in Figure 4.9. (Renewables.ninja).
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Figure 4.9 The PV and Wind profile 24 hour

4.5 Results and Discussion

The test was conducted on the IEEE 33-bus system, which includes one
generator bus and 32 load buses, where bus 1 is designated as the slack bus. The
system's voltage restrictions range from 0.95 to 1.05 p.u. The system contains 3.715
MW of real power load and 2.3 MVar of reactive power load. The substation's nominal
voltage is configured at 13.8 kV, with the transformer at bus 1 having a capacity of 3

MW.
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Table 4.2 also provides the study’s parameters, which were evaluated and
adjusted as needed, mostly through trial and error. The variable 7 specifies how
quickly the battery can charge or discharge. A larger n allows faster charging or
discharging when the BESS SoC is near its maximum or minimum, whereas a smaller
n slows charging or discharging when the SoC is near the nominal level. Therefore, we
conducted trials to adjust these ranges, as illustrated in Fig 4.5.

The test is divided into three scenarios, as follows:

 case I: IEEE 33-bus base case,

« case ll: modified IEEE 33-bus with PV and wind power penetration, and

» case lll: modified IEEE 33-bus with PV and wind power penetration and
BESS with optimal VDC.

4.5.1 |EEE 33-bus base case.

An initial test was conducted on an IEEE 33-bus distribution system. The
voltage of each bus in the system ranges from 0.9038 p.u. to 1.0000 p.u., and the TVD
is 1.8047 p.u. This significant deviation indicates that the bus voltages are not within
the typical standard range of 0.95 p.u. to 1.05 p.u. The bus with the lowest value is
Bus 18. Consequently, the lower-voltage bus should be prioritized to prevent power

system instability, which could potentially lead to blackouts.

Table 4.2 Specification of the BESS

Parameter Specification
Range of the adjust exponent (7)) 0.1 to 20
The maximum power of battery ( Pyre 4.25 MW
The maximum droop coefficient (K, ) 2182.03

The minimum droop coefficient (K. ) 0.1

Nominal Voltage (V) 1.00 p.u.
Battery capacity (E) 4.25 MWh
The maximum voltage (V.. ) 1.05 p.u.

The minimum voltage (V.. ) 0.95 p.u.
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Table 4.2 Specification of the BESS (Continued)

Parameter Specification
Maximum state of charge (SoC,,.) 0.8 p.u.
Minimum state of charge (SoC_. ) 0.2 p.u.

4.5.2 Modified IEEE 33-bus with PV and wind power penetration

In this study, PV and wind power, as renewable energy sources, were
integrated into an IEEE 33-bus distribution network. A total of 1.25 MW of PV and wind
power was installed at buses 8, 12, 28, and 33. As a result of these renewable energy
installations, the system’s real power from RE is 6 MW. It was observed that the system
voltage ranged from 0.9854 p.u. to 1.0223 p.u. and that TVD was 0.2610 p.u. These
findings indicate that high levels of renewable energy penetration affect the power
system, causing overvoltages when there is excess power from renewable energy
sources and significant voltage fluctuations that negatively affect the electrical
network. Therefore, appropriate energy management strategies should be

implemented.

4.5.3 Modified IEEE 33-bus with PV and wind power penetration and
BESS with optimal VDC.

In case lll, the proposed method incorporates a battery into the system
and employs PSO to optimize the system to obtain the best value that minimizes TVD.
The PSO parameters are configured as follows w ranges from 0.1 to 1.1, both ¢, and
c,are set to 1.49 and the maximum iterations is 50, which was selected through
multiple trial runs. It was observed that the values generally start to converge around
50 iterations, so this value was set accordingly. The results show that the voltage levels
on all buses in the system are within the prescribed range, with TVD being 0.2440 p.u.
This adjustment was made using the variables presented in Table 4.3, specifically the

values of the adjust exponent (7), droop coefficient (k,

roop

) and regulating power (
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P,.¢) for each battery. The sign of P, for each value indicates whether the battery
is charging or discharging. Specifically, a negative sign denotes that the BESS is charging,
whereas a positive sign signifies that it is discharging.

Figure 4.10 illustrates the voltage profile for all three scenarios, showing
that the proposed method maintains the voltage profile within the specified range
through efficient battery charging and discharging. Table 4.4. depicts the 3 scenarios of
TVD, indicating that the proposed method also produces the best results by reducing
VD compared to case 1 and 2. Furthermore, Fig. 4.11 shows the convergence plot of
the proposed PSO-based BESS optimal VDC. it is clear that the value of the objective
function progressively converges toward the optimal solution. Fig. 4.12 presents the
results of 30 trials conducted using the proposed method that have the average value
is 0.2440, standard deviation value is 0.0000, maximum value is 0.2440 and minimum
value is 0.2440. The low standard deviation of the objective function values indicates
that they are closely clustered, suggesting that the results obtained from PSO algorithm
are reliable. The runtime of the proposed method was evaluated over 30 runs on a
computer equipped with an AMD Ryzen 5 6600H CPU (3.30 GHz up to 4.50 GHz) and
16 GB of RAM. On average, the method took 54.38 seconds to complete, with a
standard deviation of 1.94 seconds. The minimum runtime observed was 52.70
seconds, while the maximum reached 58.28 seconds. Thus, although the PSO method
typically requires about 54.38 seconds, it can occasionally take as long as 58.28
seconds, likely due to unfavorable random initializations delaying convergence. These

results are illustrated in Figure 4.13.



62

Voltage Profile Comparison
10677771717 T T T T 1

T T T T T T T T T T T T T I
Uepertiatosy | | | L | | | J_ 1 1 1l L L Ll Jd J d L oL L 1\-Case 1: Base Case
|l Case 2: With RE
1.04 - [ case 3: Optimized -
102+ 7 i

Voltage (p.u.)
o
[{e]
oo

0.96

g 8 2 _B_-EB_-H -
0.94
0.9:

0.
1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Bus Number

N

©

Figure 4.10 Comparative Voltage Profile of modified IEEE 33-bus system

Table 4.3 Adjust exponent, Droop coefficient and BEES regulating power of BESS

Bus with
Battery k Foes SoC
n droop (MW)
Installed
18 0.1000 0.1031 -0.0023 0.5005
22 20.0000 39.6160 -0.5250 0.8000
25 0.1000 0.1031 -0.0002 0.5001

33 20.0000 39.6160 -0.0000 0.5000




Table 4.4 Adjust exponent, Droop coefficient and BEES regulating power of BESS

Scenarios TVD (p.u.)
IEEE 33-bus base case 1.8047
Modified IEEE 33-bus with PV and wind power
0.2610
penetration
Modified IEEE 33-bus with PV and wind power
0.2440
penetration and BESS with optimal VDC.
Best Function Value: 0.24398
0.2446
0.24457
0.2444 -
T 02043}
E 0.2442 -
0.2441
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Figure 4.11 the convergence plot of the proposed PSO-based BESS optimal VDC
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Figure 4.12 the result of 30 trials of the proposed method
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Figure 4.13 The result of 30 trials of the computation time

4.5.4 Sensitivity Analysis of Renewable Energy Placement and Sizing

To further evaluate the robustness and practical applicability of the
proposed BESS optimal voltage droop control, this section presents a sensitivity
analysis. The primary results demonstrated that the control strategy was highly
effective for a specific system configuration, successfully reducing the Total Voltage
Deviation (TVD) to 0.2440 p.u. in Case lll. However, in real-world distribution networks,
the placement and sizing of both Renewable Energy (RE) sources and the BESS units
can vary significantly. Therefore, this analysis investigates the performance of the
control algorithm when the system configuration deviates from the baseline case. The
objective is to determine if the proposed method remains effective under sub-optimal
conditions.

To establish the baseline for this analysis, renewable energy, including
PV and wind power, was integrated into the IEEE 33-bus distribution system. The
configuration includes two 1 MW wind turbine generators on buses 18 and 24; three 1
MW PV systems on buses 5, 21, and 31; and four 500 kW PV systems on buses 8, 12,
28, and 33. Additionally, four 2 MWh BESS units were installed at buses 18, 21, 24, and

32, with their placement determined through a trial-and-error process show in figure
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4.14. In this configuration with high RE penetration but without BESS control, the
system voltage ranged from 1.0000 p.u. to 1.0534 p.u.

In this scenario, the results show that the voltage levels on all buses in
the system are within the prescribed range, with the total voltage deviation (TVD) being
0.0385 p.u. This adjustment was made using the variables presented in Table 4.5,

specifically the values of the adjust exponent (n), droop coefficient (k and

droop )
regulating power ( Py, ) for each battery.

As shown in Figure 4.15, our proposed method keeps the voltage profile
within the required range through efficient battery charging and discharging. Table 4.6

further demonstrates that this method provides the best outcome, reducing voltage

deviation more effectively than the other two cases.

B —EEEFEEFE
Ly | L PR ]
SN e ey ey e ryry ey Py ey ny ey ey v
g

Figure 4.14 The modified IEEE 33-bus with PV and wind power penetration and BESS

in sensitivity analysis case
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Figure 4.15 Comparative Voltage Profile of modified IEEE 33-bus system in sensitivity

analysis case

Table 4.5 Adjust exponent, Droop coefficient and BEES regulating power of BESS in

sensitivity analysis case

Bus with
PBES
Battery N
n droop (MW)
Installed
18 13.6531 12.3498 -0.6591
22 17.1637 67.4965 -0.6139
25 5.8498 16.0991 -0.0627

33 0.1000 19.5058 -0.5282
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Table 4.6 Adjust exponent, Droop coefficient and BEES regulating power of BESS in

sensitivity analysis case

Scenarios TVD (p.u.)

IEEE 33-bus base case 1.8047

Modified IEEE 33-bus with PV and wind power

0.6879
penetration in sensitivity analysis case
Modified IEEE 33-bus with PV and wind power
penetration and BESS with optimal VDC in 0.0385

sensitivity analysis case

4.6 Chapter Summary

This chapter introduces a method for enhancing VS in an active distribution
network by installing BESS at weak buses, which were previously identified using the
L-index method. The study utilizes an adaptive voltage droop control strategy to
manage the BESS, which adjusts its operation based on the battery's SoC to improve
efficiency and prevent saturation. To determine the optimal control parameters, PSO
is employed to minimize TVD across the system.

The proposed methodology was tested on the IEEE 33-bus system under three
scenarios: a base case, a case with high penetration of renewable energy (PV and wind),
and a final case that included the BESS with optimized control. The results
demonstrated that while the integration of renewables alone caused significant voltage
fluctuations, the implementation of the BESS with optimal VDC successfully
maintained the voltage profile within the acceptable range of 0.95 to 1.05 p.u. The
PSO algorithm proved effective and reliable in finding the optimal parameters, as
evidenced by the consistent results over 30 trial runs and the clear convergence of

the objective function. A sensitivity analysis further confirmed that the proposed
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control strategy remains robust and effective even when the placement and sizing of

renewable sources and BESS units are altered.



CHAPTER V
BESS VOLTAGE REGULATION CONSIDERING SoC RESTORATION

5.1 Introduction

This chapter proposes a management strategy for SoC Restoration of BESS to
eliminate saturation concerns and produce optimal VD in ADN. It begins by presenting
an overview technique for calculating SoC Restoration and control strategies. Then the
chapter defines the objective function for evaluating the effectiveness of the suggested
solutions and includes numerous case studies that demonstrate the practical
application of SoC restoration in real-world circumstances.

Effective management of SoCs can greatly enhance voltage profiles and
minimize voltage drift by using advanced control methods and optimization
techniques. The insights shared here play a vital role in the ongoing conversation about
enhancing the stability of today's energy networks, particularly as we see a rise in the

use of renewable energy sources.

5.2  SoC Restoration Formulation

SoC restoration is the process of bringing the SoC level back to the nominal
level to enable more efficient operation.

From equation Eg. (4.1), the equation for the discharge and charge of the BESS
can be rewritten considering SoC restoration, as shown in Eq. (5.1).

PBESS = PBES + PSaC (5.1)

The principle is to check the remaining SoC level compared to the nominal SoC as

follows: If the SoC is between 0 and 0.45, the battery will charge to increase the SoC
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level for future operations. Meanwhile, if the SoC is between 0.55 and 1, the battery
will discharge to prevent the SoC level from becoming too high and causing battery

saturation. This operation can be represented by Eq. (5.2) and Eq. (5.3).

0 if 0 < SoC < 0.55
])SoC d= ])SoC maxl)SoC minendX(Sac_O.S) . (52)
P +P s (50C=05) 1 if0.55<SoC< 1
SoC,max SoC,min
0 if0.45 < SoC < 1
IDSUC c = ])SOC maxl)SOC minen(’A(O'S_SOC) . (53)
P P oo (03-500) _| if 0 <SoC <0.45
SoC ,max SoC,min
P, ., discharge
})Snc :{ | Be (54)
Py, charge

As shown in Equation (4.8), after the voltage deviation has been reduced, the
BESS aims to maintain its SoC within an appropriate range typically between 0.45 and
0.55 for effective voltage control. This consideration allows the BESS operation to be
further modeled and integrated into the NRLF analysis. Consequently, the bus voltage

can be recalculated with this updated model, as expressed in Equation (5.5).

-I-Pkgen _Pkload _Z[V;V](ij CcoS ij +Bkj sin 9’?/)] =0 (5.5)

Jj=1

P

BESS

5.3  Objective Function
5.3.1 PSO Based TSoC Improvement
In this study, an additional objective function will be introduced to
maintain the SoC level at the nominal level. The objective function used in the study

is illustrated in the following equation.
N
minimize TSoC = ) "([SoC, - SoC,|) (5.6)
k=1

This objective is to reduce the sum deviation of SoC from the nominal

level. Reducing this deviation will allow BESS to control the voltage continuously,



71

thereby improving the system's performance. The working equation of PSO is following
Eqg. (3.12) and Eg. (3.13). where x, is the population of particles that represent the

adjust exponent of P ., and P

oc.c» Which are n, and n

respectively. The

cs

proposed PSO computational procedure is illustrated in Fig 5.1.

5.3.2 PSO Based TVD Improvement
From Eq. (4.9), the equation is as follows:

N
minimize TVD =) (V, ;) (5.7)

k=1

The proposed PSO computational procedure is illustrated in Fig 4.5. The

constraints are defined as follows Eq. (4.10) — Eq. (4.16).

5.4 FMOO-based PSO

In this study, the FMOO-based PSO algorithm uses a linear Max-Min method.
This approach sets the boundaries using the maximum and minimum values of each
objective, creating a straight-line trade-off region between the two goals (Muangkhiew,
2022).

The two main objectives in this study are:

e Minimizing TVD (Total Voltage Deviation)

e Minimizing TSoC (Total State of Charge deviation)

The FMOO-based PSO helps find the best balance between these two
competing objectives. It is searching for the most suitable solution that offers a good
trade-off between reducing TVD and TSoC.

Based on the objective functions in Eq. (5.6) and Eqg. (5.7), membership
functions are created, as shown in Fig. (5.2) and Fig. (5.3). These functions help measure
how well each solution meets the objectives. The functions can be expressed as

follows:



Obtain network data

v

Initialize each PSO particle i(}’ldy, ncg )

v

—> Obtain P . of BESS

v

Solve load flow, then compute current SoC by Eq. (4.5) and then
calculate Objective Function (TSoC)
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v

Update PSO particle by Eq. (3.12) and Eq.(3.13)

Max iteration

Figure 5.1 The PSO based BESS optimal TSoC computation procedure
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membership function for Eq. (5.6)

1,

TSoC_  —TSoC(x)
TSoC, —TSoC. .~
0

membership function for Eq. (5.7)

Hisoe(X) =

1,
TVD,  —TVD(x)
X)= s
IL[TVD( ) TVDmaX - TVDmin
0

73

if TSoC(x)<TSoC,..
if TSoC,. <TSoC(x)<TSoC,, (5.8)

if TSoC(x)>TSoC,

if TVD(x)<TVD,,

if TVD

min

<TVD(x) <TVD.,.. (5.9)

if TVD(x)=TVD, .

The optimum fuzzy function can be obtained as follows:

Maximize z¢, = min { f,(X), fyy (%)} (5.10)

The proposed computational procedure for the FMOO-based PSO is illustrated

in Fig. 5.4.

Hrsoc
A

Satisfied Condition

Hgoc (%) =

ISoC . —TSoC(x)
TSoC,, —TSoC,.,

Unsatisfied Condition
» 7SoC

TSoC ..

ISoC,,.

Figure 5.2 The Fuzzy membership function of total SoC deviation
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Figure 5.3 The Fuzzy membership function of total voltage deviation

5.5 PSO Parameter Selection and Tuning

For the PSO process, it is essential to carefully tune several key parameters to
ensure optimal performance. These parameters include the self-adjustment weight,
social-adjustment weight, inertia weight range, maximum number of iterations, and the
size of the swarm. Each of these factors plays a significant role in determining both the
quality of the solution and the computational efficiency of the optimization process.
To systematically ‘investigate the effects of these parameters, we conducted a
comprehensive full factorial exploration, as detailed in Table 5.1. This exploration
covered a total of 1,176 different parameter combinations, allowing us to thoroughly
assess the impact of each setting. The results of this extensive study are summarized
and presented in Figure 5.5 and Table 5.2, providing valuable insights into the
parameter configurations that yield the best performance.

In the proposed method, a battery is integrated into the system, and PSO is
utilized with the specific objective of minimizing the total voltage deviation . Through
numerous trial runs and iterative adjustments, the PSO parameters were ultimately set

as follows: the inertia weight was varied within the range of 0.3 to 0.7,
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Each particle’s personal best (pBest) and the swarm’s global best
(gBest) are updated based on the current solutions, helping guide
the search in future iterations.

v
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Figure 5.4 The FMOO-based PSO computation procedure
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while both the self-adjustment weight and the social-adjustment weight were assigned
values of 1 and 2, respectively. Additionally, the maximum number of iterations was
fixed at 100, and the swarm size was also set to 100.

In addition, the minimization of the total SoC deviation was also considered.
For this objective, the inertia weight was varied within the range of 0.1 to 1.1, while
the self-adjustment weight and the social-adjustment weight were set to 1 and 2,
respectively. This configuration resulted in an optimal objective function value of
0.90023, with a computation time of 20 seconds, as illustrated in Figure 5.6 and table
5.3.

For the Fuzzy Multi-objective approach, the inertia weight varied from 0.1 to
0.9, and both the self-adjustment weight and the social-adjustment weight were set
to 2. This setup yielded an optimal objective function value of 0.8924, with a
computation time of 30 seconds, as shown in Figure 5.7 and table 5.4.

These parameter values were selected based on their consistent ability to
deliver optimal results across multiple experimental runs. With this carefully chosen
configuration, the PSO algorithm was able to achieve the best possible outcome for
the given objective function, effectively minimizing the total voltage deviation within

the system.

Table 5.1 PSO Parameter Ranges for Testing

Parameter Symbols Values in Test Set
Self-Adjustment Weight ¢ [1.1, 1.0, 0.9, 0.8, 0.7, 0.6]
Social Adjustment Weight ¢, [0.1, 0.2, 0.3, 0.4]

Inertia Range w [1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0]
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Table 5.2 PSO Parameter for TVD objective

78

Parameter Symbols Settings
Self-Adjustment Weight ¢ 1
Social Adjustment Weight c, 2
Max Inertia Range o 0.7
Min Inertia Range - 0.3
Max Iteration - 100
Swarm Size - 100
Table 5.3 PSO Parameter for TSoC objective
Parameter Symbols Settings
Self-Adjustment Weight ¢ 1
Social Adjustment Weight c, 1.5
Max Inertia Range o 0.6
Min Inertia Range - 0.2
Max Iteration a 100
Swarm Size - 100
Table 5.4 PSO Parameter for Fuzzy Multi-objective
Parameter Symbols Settings
Self-Adjustment Weight g 2
Social Adjustment Weight c, 2
Max Inertia Range . 0.6
Min Inertia Range - 0.4
Max Iteration - 100

Swarm Size -

100
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5.6  Results and Discussion
The operation will be tested using the IEEE 33-bus and IEEE 69-bus distribution
system, where scenarios of voltage rise, and voltage drop will be simulated to observe
the performance of the proposed method. Furthermore, the tests are divided into 2
comparative cases as follows:
« case 5.5.3.1 modified IEEE 33-bus with PV and wind power penetration
and BESS considering SoC restoration results
« case 5.5.3.2: modified IEEE 69-bus with PV and wind power penetration
and BESS considering SoC restoration results
5.6.1 modified IEEE 33-bus with PV and wind power penetration and
BESS considering SoC restoration results
In this case six scenarios considered, in which RE sources with a total
capacity of 1.25 MW and BESS were installed at bus 18, 1.75 MW at bus 22, 3.5 MW at
bus 25, and 3.5 MW at bus 33. The scenarios are as follows:
e Scenario 1 Wind power only: 1.25 MW wind, no PV installed

e Scenario 2 0.25 MW PV and 1.00 MW wind
e Scenario 3 0.50 MW PV and 0.75 MW wind
e Scenario 4 0.75 MW PV and 0.50 MW wind
e Scenario 5 1.00 MW PV and 0.25 MW wind
e Scenario 6 PV only: 1.25 MW PV, no wind installed

5.6.1.1 Scenario 1 Wind power only: 1.25 MW wind, no PV installed
In this study, the IEEE 33-bus distribution system was modeled with the
integration of four 1.25 MW wind turbines installed at buses 18, 22, 25, and 33. Notably,
no PV generation was included in this scenario, allowing for a focused assessment of
the impact of wind power alone. Each wind turbine site was equipped with a BESS,
which was managed by a FMOO-based PSO controller. The controller was designed to

optimize the “adjust-exponent” parameter, as detailed in Table 5.5, in order to
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balance two key objectives: minimizing TVD across the network and maintaining the
TSoC among the BESS units within acceptable limits.

Figure 5.9 illustrates the operational profile of the BESS at bus 18 over
a 24-hour period. Due to the variable nature of wind generation, the power supplied
to the grid fluctuates throughout the day, occasionally leading to over-voltage
conditions, particularly during hours 8-10 and at hour 18. Figure 5.8 provides a detailed
BESS Operation at a single time point to illustrate this multi-objective control. The
process begins with the bus voltage at a high of 1.0278 p.u. At this moment, the FMOO
based PSO controller determines a net power action by balancing two simultaneous
objectives. As shown in the middle plot, the primary objective of voltage control
requires a significant charge action (-0.2834 p.u.), while the secondary objective of
restoring the SoC towards its 0.5 reference (from an initial 55.03%) calls for a discharge
action (0.1277 p.u.).

The controller synthesizes these conflicting requirements into a single
net charging action. This resulting net action effectively reduces the bus voltage to its
final value of 1.0158 p.u., as shown in the "After Control" bar. The impact on the State
of Charge, detailed in the right-hand plot, reflects this combined action. While the
charging component for voltage control alone would raise the SoC to 61.70%, the
actual net operation results in a final SoC of 58.70%. This demonstrates the controller's
ability to successfully mitigate the over-voltage condition while simultaneously
managing the battery's state of charge, ensuring it remains prepared for future grid
events.

The effectiveness of the FMOO based PSO approach is further
demonstrated in Figures 5.10 and 5.11. For example, at hour 15, the maximum and
minimum TVD values obtained from single-objective optimizations are 0.4939 p.u. and
0.3023 p.u., respectively. The FMOO solution achieves a TVD of 0.3686 p.u., which lies
between these extremes. Similarly, for the TSoC metric, the maximum and minimum
values are 0.2353 and 0.0029, while the fuzzy solution yields 0.0832. These results

indicate that the controller successfully balances the trade-off between voltage
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regulation and battery state-of-charge management, avoiding excessive deviation in
either objective.

Overall, the findings confirm that the proposed FMOO based PSO
controller enables robust voltage regulation and effective energy management in a
wind-only scenario. By maintaining the BESS state of charge near the midpoint, the
system ensures that storage resources are consistently available, contributing to the
stability of the distribution network. This approach demonstrates the potential for
integrating renewable energy sources with advanced control strategies to enhance the

performance of modern power systems.

BESS Operation Story at a Single Time Point at Bus 18
1. Voltage lion Result 2. BESS Power Action

3. Impact on State of Charge
T T T

100

1.0278

0.1277
Discharge

Power (p.u.)

10158

State of Charge (%)
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L '
Before Conlrol After Control Faor Voltage Control For SoC Restoration Initial After V-Ctrl Final

Figure 5.8 Overview of BESS Operation for Voltage Support scenario 1
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Figure 5.9 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus
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Table 5.5 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO

algorithm scenario 1

Power
Hour Control Bus n SoC
(MW)
18 16.2303 -0.3373 0.5803
Voltage 22 12.1134 -0.0828 0.6034
Deviation 25 0.1000 -0.0005 0.5002
33 18.8230 -0.0498 0.4500
8
18 0.1000 0.1272 0.5503
22 0.1000 0.1275 0.5305
SoC Deviation
25 34116 0.0000 0.5002
¥ 0.1000 0.0000 0.4500
18 13.1980 -0.2834 0.6170
Voltage 22 12.5637 -0.0737 0.5727
Deviation 25 0.1000 -0.0006 0.5003
29 20.0000 -0.1098 0.4814
9
18 0.1000 0.1277 0.5870
22 0.1000 0.1271 0.5000
SoC Deviation
25 8.1443 0.0000 0.5003
33 17.1891 0.0000 0.4814
18 13.1198 -0.1071 0.5254
Voltage 22 19.9961 -0.2595 0.8000
Deviation 25 0.1000 -0.0003 0.5006
33 0.1000 -0.0000 0.4600
18
18 0.1000 0.0000 0.5254
22 3.9865 0.3270 0.6131
SoC Deviation
25 4.4869 0.0000 0.5006

33 0.1000 0.0000 0.4600
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5.6.1.2 Scenario 2 0.25 MW PV and 1.00 MW wind

By adding a small photovoltaic (PV) system just 0.25 MW per site
alongside the existing 1.00 MW wind turbines, the overall renewable generation profile
now shows two distinct peaks. The first is a PV-driven rise between 9:00 AM and 3:00
PM, while the second, a wind-dominated peak, occurs in the early evening around 7:00
to 8:00 PM. At bus 18, these peaks push the voltage up to about 1.0255 p.u.

During peak generation periods, the BESS is set to charge,
helping to pull the voltage back within acceptable limits, ensuring the voltage stays
close to its nominal value throughout the entire 24-hour period, as illustrated in Figure
5.12. However, the controller is equally effective during times of low generation. To
illustrate the controller's versatility, Figure 5.13 presents a BESS Operation during a
moment of under-voltage at bus 18. At this specific time, the voltage has dropped to
0.9791 p.u. The FMOO PSO controller determines a net power action by balancing two
conflicting objectives. The primary response to correct the under-voltage is to
discharge power into the grid (0.9531 p.u.). Simultaneously, with the initial SoC slightly
high at 51.99%, the secondary objective of SoC restoration calls for a charging action
(-0.4225 p.u.) to move it closer to the 50% target. The controller synthesizes these
opposing needs into a net discharge command, which successfully raises the bus
voltage to 1.0134 p.u. The impact of this balanced action on the SoC is shown in the
richt-hand plot while discharging for voltage control alone would have caused the SoC
to plummet to 29.56%, the actual net operation results in a more moderate final SoC
of 39.51%. At the most challenging time around 9:00 AM the single-objective
optimization methods produce a maximum TVD of 0.1541 p.u. and a minimum of
0.0880 p.u., while the fuzzy logic controller lands somewhere in between at 0.1070
p.u. Similarly, the TSoC ranges from 0.0036 to 0.3842 across the single-objective runs,
with the fuzzy controller achieving a more balanced result of 0.1129 as shown in
Figures 5.14 and 5.15.

These results highlight how the algorithm tuned using PSO

effectively balances performance by selecting an optimal #, detailed in Table 5.6. In
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summary, while the small addition of PV slightly increases the evening over-voltage, it
has little effect on midday conditions. The proposed controller continues to manage

voltage effectively throughout the day.
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18 Scenario 2
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BESS Operation Story at a Single Time Point at Bus 18
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Figure 5.13 Overview of BESS Operation for Voltage Support scenario 2

Voltage Deviation Comparison case 2

1.2
AN
VDFuEy "\
= =1 VDmax ! A
1- VD [ \ ]
............ bin ! .
I N\
’ A Y
0.8r ! b
1

Voltage Deviation(p.u.)
o [=}
E =N (=]

Hour

Figure 5.14 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage

Deviation scenario 2



0.6

057

SoC Deviation(%)
o o
w =N

e
[av]
T

0.1F

- — — SoC
ma:

SoC

Fuzzy

X

1

State of Charge Deviation Comparison case 2

10

15
Hour

25

88

Figure 5.15 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC

Deviation scenario

2

Table 5.6 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO

algorithm scenario 2

Power
Hour Control Bus n SoC

(MW)
18 20.0000 0.4132 0.4028
Voltage 22 0.1000 -0.0004 0.5005
Deviation 25 19.9967 0.0000 0.5000
33 0.1000 0.0020 0.4235

6
18 1.4877 -0.1358 0.4347
22 0.1000 0.0000 0.5005
SoC Deviation

25 0.1000 0.0000 0.5000
33 4.1943 -0.1413 0.4639
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Table 5.6 Optimal adjust-exponent values obtained with the fuzzy multi-objective

PSO algorithm scenario 2 (Continued)

Power
Hour Control Bus n SoC
(MW)
18 15.6228 -0.2392 0.5471
Voltage 22 0.1000 -0.0012 0.6097
Deviation 25 0.1000 -0.0005 0.5002
33 0.1000 -0.0006 0.4641
9
18 0.1202 0.0000 0.5471
22 1.6964 0.1399 0.5297
SoC Deviation
25 20.0000 0.0000 0.5002
B3 0.1000 0.0000 0.4641
18 19.1362 0.9531 0.2956
Voltage 22 0.1000 -0.0007 0.5004
Deviation 25 1.4836 0.0016 0.5000
29 0.2062 0.0036 0.3718
20
18 8.2757 -0.4225 0.3951
22 0.1000 0.0000 0.5004
SoC Deviation
25 19.4877 0.0000 0.5000
33 6.0080 -0.1994 0.4287

5.6.1.3 Scenario 3 0.50 MW PV and 0.75 MW wind
From Figure 5.16, Increasing the PV rating to 0.50 MW shifts more
of the generation to the middle of the day, creating a noticeable voltage hump
between 9:00 and 11:00 AM. Although the evening wind peak is still present, it’s now
less dominant. Over-voltage conditions first occur at hour 10, reaching a value of 1.0266
p.u. The BESS steps in to absorb this excess energy and later discharges in the late
afternoon to bring its SoC back to the target level. The BESS Operation for this scenario

at hour 10 is detailed in Figure 5.17. At this moment, the system faces a significant
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over-voltage of 1.0237 p.u. due to high solar generation. The controller's multi-
objective logic weighs two powerful, conflicting actions: To correct the high voltage, a
very strong charging action is required (-1.0313 p.u.). Conversely, to restore the already
high initial SoC of 55.73% back towards the 50% target, a strong discharge action is
needed (0.9226 p.u.).

The controller balances these opposing demands, resulting in a
small net charging action. This nuanced response successfully lowers the voltage to
1.0153 p.u. while preventing severe overcharging of the battery. The right-hand plot
starkly illustrates this trade-off: while the voltage control component alone would
have driven the SoC to a critical level of 80.00%, the final, balanced action results in
an actual SoC of just 58.29%.

Figures 5.18 and 5.19, along with Table 5.7, illustrate how the
system operates under these new conditions using PSO. At hour 10, the TVD ranges
from a maximum of 0.1258 p.u. to a minimum of 0.0861 p.u., while the fuzzy logic
controller produces a well-balanced result of 0.1080 p.u. For SoC, the values span
from 0.0213 to 0.3503 p.u., with the fuzzy controller again settling at 0.1093 p.u.

In short, increasing the solar share shifts the primary voltage
regulation challenge to midday. However, the fuzzy PSO-based control scheme

handles this transition smoothly, staying well within its operational limits.
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BESS Operation Story at a Single Time Point at Bus 18
1. Voltage Result 2. BESS Power Action

3. Impact on State of Charge
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Figure 5.17 Overview of BESS Operation for Voltage Support scenario 3
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State of Charge Deviation Comparison case 3
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Table 5.7 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO

algorithm scenario 3

Power
Hour Control Bus n SoC

(MW)
18 20.0000 0.1614 0.3794
Voltage 22 0.1000 -0.0002 0.5008
Deviation 25 20.0000 0.0000 0.5000
33 20.0000 0.3470 0.3454

6
18 0.1000 -0.1277 0.4094
22 18.2114 0.0000 0.5008
SoC Deviation

25 0.1000 0.0000 0.5000

33 10.6838 -0.3655 0.4498
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Table 5.7 Optimal adjust-exponent values obtained with the fuzzy multi-objective

PSO algorithm scenario 3 (Continued)

Power SoC
Hour Control Bus n
(MW)

18 18.6100 -1.0313 0.8000

Voltage 22 17.4886 -0.2413 0.6475

Deviation 25 0.1000 -0.0004 0.5004

33 19.4789 -0.0690 0.4777

11

18 8.7942 0.9226 0.5829

22 7.6169 0.2582 0.5000

SoC Deviation

25 0.1111 0.0000 0.5004

¥ 12.4026 0.0000 0.4777

18 20.0000 0.0864 0.3353

Voltage 22 0.1000 -0.0003 0.5002

Deviation 25 0.1000 0.0016 0.4995

29 17.2260 0.3607 0.3496

20

18 0.1000 -0.1283 0.3654

22 20.0000 0.0000 0.5002

SoC Deviation
25 0.1000 0.0000 0.4995
33 0.1000 -0.1281 0.3862

5.6.1.4 Scenario 4 0.75 MW PV and 0.50 MW wind
From figure 5.20 and figure 5.21, When PV generation becomes
dominant at 0.75 MW the feeder begins to experience sustained over-voltage for
several hours, particularly between 9:00 AM and noon, with the voltage peaking around
1.0281 p.u. To manage this, the BESS is required to charge over a longer period, pushing
its SoC closer to the upper limit. Later in the day, the system discharges to restore the

SoC to its reference level.
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Figures 5.22 and 5.23, along with Table 5.8, present the system’s
performance under these conditions, optimized using PSO. At the most critical time,
hour 10, the TVD ranges from a maximum of 0.1289 p.u. to a minimum of 0.0859 p.u.,
while the fuzzy controller achieves a balanced value of 0.1019 p.u. The SoC varies
between 0.0002 and 0.3734 p.u., with the fuzzy solution settling at 0.1388 p.u.

Even with the heavier PV loading, the controller effectively limits
the voltage rise and ensures that no single battery becomes fully saturated,

demonstrating the robustness of the fuzzy PSO-based approach.

BESS Operation Story at a Single Time Point at Bus 18

1. Voltage Result 2. BESS Power Action 3. Impact on State of Charge
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Figure 5.20 Overview of BESS Operation for Voltage Support Scenario 4
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Voltage with RE at bus 18
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Table 5.8 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO

algorithm scenario 4

Power SoC
Hour Control Bus n
(MW)
18 20.0000 0.1473 0.3571
Voltage 22 0.1000 0.0000 0.5000
Deviation 25 0.1000 0.0012 0.4991
33 15.9882 0.1572 0.3965
6
18 0.1000 -0.1280 0.3872
22 0.2599 0.0000 0.5000
SoC Deviation
25 20.0000 0.0000 0.4991
¥ 0.1000 -0.1275 0.4329
18 17.2894 -0.2783 0.5312
Voltage 22 19.5058 -0.4024 0.8000
Deviation 25 0.1000 -0.0006 0.5002
29 0.1000 -0.0008 0.4696
10
18 0.1000 0.0000 0.5312
22 4.7576 0.3902 0.5771
SoC Deviation
25 20.0000 0.0000 0.5002
33 1.9742 0.0000 0.4696
18 4.0004 0.1300 0.2000
Voltage 22 7.3837 0.0000 0.5007
Deviation 25 0.1000 0.0020 0.4983
33 14.8233 0.9138 0.2000
21
18 0.1000 -0.1300 0.2306
22 14.1961 0.0000 0.5007
SoC Deviation
25 16.4983 0.0000 0.4983
33 8.9480 -0.9507 0.4716
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5.6.1.5 Scenario 5MW PV and 0.25 MW wind

From figure 5.24 and 5.25, With 1.00 MW of PV and only a small
contribution from wind (0.25 MW), renewable generation becomes heavily
concentrated around midday. As a result, the feeder voltage rises above 1.0 p.u. as
early as 9:00 AM and peaks around 1.0321 p.u. near solar noon. Since wind generation
in the evening is minimal, the BESS mainly discharges after 4:00 PM to bring its SoC
back into balance.

Figures 5.26 to 5.27 and Table 5.9 present the system’s behavior
and optimization results using PSO. At hour 11, which is representative of peak solar
input, the TVD ranges from a maximum of 0.1184 p.u. to a minimum of 0.0821 p.u.,
while the fuzzy controller achieves a more moderate value of 0.0965 p.u. The SoC
varies from 0.0156 to 0.3721 p.u., with the fuzzy solution settling at 0.1575 p.u.

These results confirm that the BESS fleet can still handle a PV-
dominated generation profile, though it comes at the cost of more intense cycling

during midday hours.

BESS Operation Story at a Single Time Point at Bus 18

1. Voltage Regulation Result 2. BESS Power Action 3. Impact on State of Charge
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Figure 5.24 Overview of BESS Operation for Voltage Support Scenario 5
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Voltage Deviation Comparison case 5
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Table 5.9 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO

algorithm scenario 5

Power SoC
Hour Control Bus n
(MW)
18 20.0000 0.0849 0.3326
Voltage 22 0.1000 0.0000 0.5000
Deviation 25 0.1000 0.0014 0.4987
33 10.8639 0.0430 0.4117
3
18 0.1000 -0.1283 0.3628
22 19.9287 0.0000 0.5000
SoC Deviation
25 20.0000 0.0000 0.4987
¥ 0.1000 -0.1273 0.4481
18 19.8917 -0.4420 0.5556
Voltage 22 20.0000 -0.4937 0.7830
Deviation 25 0.1000 -0.0006 0.5002
29 0.1000 -0.0009 0.4503
10
18 20.0000 0.1414 0.5223
22 4.5422 0.3461 0.5852
SoC Deviation
25 0.1000 0.0000 0.5002
33 19.6330 0.0000 0.4503
18 20.0000 0.7256 0.2000
Voltage 22 4.9004 0.0000 0.5024
Deviation 25 0.1000 0.0023 0.4989
33 0.1162 0.8371 0.2000
19
18 0.1000 -0.1300 0.2306
22 15.9159 0.0000 0.5024
SoC Deviation
25 0.1206 0.0000 0.4989
33 8.6168 -0.8910 0.4546
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5.6.1.6 Scenario 6 PV only: 1.25 MW PV, no wind installed

From figure 5.28 and 5.29, In the PV-only scenario, the entire
1.25 MW of renewable output is concentrated during daylisht hours, resulting in a
single, broad over-voltage plateau between 9:00 AM and 2:00 PM, peaking at around
1.0363 p.u. During this period, all BESS units charge aggressively, driving their SoC close
to the upper limit. A staged discharge follows in the late afternoon, gradually bringing
each battery back to around 0.50 by sunset.

Figures 530 to 5.31 and Table 5.10 present the system’s
response under this condition, optimized using PSO. At peak hour 11 the TVD ranges
from a maximum of 0.2729 p.u. to a minimum of 0.0816 p.u., with the fuzzy controller
achieving a more balanced result of 0.1128 p.u. SoC values vary from 0.0033 to 0.4279
p.u., and the fuzzy solution settles at 0.0724 p.u.

Despite the intense midday stress, the fuzzy multi-objective PSO
controller is able to maintain voltages within acceptable limits for most of the day.
However, slight under-voltage is observed during hours 20 and 21, likely due to the
limited BESS capacity being unable to support voltage at those late hours. Even so,
the controller successfully prevents long-term SoC drift, highlighting the resilience of
the control strategy even in a scenario powered entirely by solar energy.

BESS Operation Story at a Single Time Point at Bus 18
1. Voltage lion Result 2. BESS Power Action

Lo 3. Impact on State of Charge
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Figure 5.28 Overview of BESS Operation for Voltage Support Scenario 6
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Voltage with RE at bus 18
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Voltage Deviation Comparison case 6
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Table 5.10 Optimal adjust-exponent values obtained with the fuzzy multi-objective

PSO algorithm scenario 6

Power SoC
Hour Control Bus n
(MW)
18 0.6991 0.1300 0.2000
Voltage 22 20.0000 0.0000 0.5000
Deviation 25 0.1000 0.0017 0.4984
33 12.7077 0.1534 0.4335
3
18 0.1000 -0.1300 0.2306
22 18.1804 0.0000 0.5000
SoC Deviation
25 0.1000 0.0000 0.4984
¥ 19.6737 -0.1736 0.4831
18 0.1000 -0.0032 0.3923
Voltage 22 0.1000 -0.0013 0.5014
Deviation 25 0.1000 -0.0007 0.5002
29 0.1000 -0.0010 0.5003
10
18 20.0000 -0.3777 0.4812
22 2.4770 0.0000 0.5014
SoC Deviation
25 19.9587 0.0000 0.5002
33 0.1000 0.0000 0.5003
18 20.0000 0.1300 0.2000
Voltage 22 0.4581 0.0000 0.5011
Deviation 25 0.1000 0.0028 0.4986
33 13.4846 0.9379 0.2000
19
18 0.1000 -0.1300 0.2306
22 9.3085 0.0000 0.5011
SoC Deviation
25 0.1000 0.0000 0.4986

33 8.6705 -0.9005 0.4573
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5.6.2 modified IEEE 69-bus with PV and wind power penetration and
BESS considering SoC restoration results
In this case five scenarios considered, in which RE sources with a total
capacity of 1.00 MW were installed at buses 27, 35, 46, 50, 52, 65, 67, and 69 and
BESS with capacities of 1.75 MW, 0.5 MW, 0.75 MW, 2.75 MW, 0.25 MW, 5.75 MW, 0.25
MW, and 0.25 MW, respectively. The scenarios are as follows:

e Scenario 1 Wind power only: 1.00 MW wind, no PV installed
e Scenario 2 0.25 MW PV and 1.00 MW wind

e Scenario 3 0.50 MW PV and 0.75 MW wind

e Scenario 4 0.75 MW PV and 0.50 MW wind

e Scenario 5 PV only: 1.00 MW PV, no wind installed

The IEEE 69-bus system is a standard benchmark for distribution
network studies, featuring 69 buses at a base voltage of 12.66 kV, with total loads of
3,801 kW and 2,694 kVAR, and a base apparent power of 10 MVA. Its minimum voltage
is 0.9097 pu at bus 54, highlighting voltage drop issues. Compared to the IEEE 33-bus
system, it is larger and more complex, making it ideal for testing advanced control
strategies like BESS.

The results in Tables 5.11 and 5.12 show that the Fuzzy Multi-objective
PSO algorithm effectively balances TVD and TSoC. Its fuzzy multi-objective PSO
controller simultaneously handles system uncertainties and optimizes for multiple
objectives, ensuring a balanced and adaptive response. This leads to better voltage
regulation and BESS utilization, maintaining both voltage stability and SoC.

Figures 3.32 to 3.36 show how the BESS manages voltage control under
different scenarios. The BESS absorbs excess energy during high solar or high wind
output to prevent overvoltage and discharges during low renewable periods to support
voltage levels. These results demonstrate that, with the proposed algorithm, the BESS
effectively regulates voltage and improves distribution system reliability an essential

function for modern grids with high renewable integration.
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Table 5.11 The Maximum, Minimum, and Fuzzy Multi-Objective of Voltage Deviation

Minimum Maximum
Scenarios Fuzzy TVD
TVD TVD
Scenario 1 Wind power only: 1.00
0.4704 0.4997 0.6334
MW wind, no PV installed
Scenario 2 0.25 MW PV and 1.00
0.5705 0.5949 0.7395
MW wind
Scenario 3 0.50 MW PV and 0.75
0.6766 0.7043 0.8492
MW wind
Scenario 4 0.75 MW PV and 0.50
0.7792 0.8141 1.0094
MW wind
Scenario 5 PV only: 1.00 MW PV,
0.8979 0.9285 1.0874

no wind installed

Table 5.12 The Maximum, Minimum, and Fuzzy Multi-Objective of SoC Deviation

Minimum Maximum
Scenarios Fuzzy TSoC
TSoC TSoC
Scenario 1 Wind power only: 1.00
0.0827 0.3873 1.7769
MW wind, no PV installed
Scenario 2 0.25 MW PV and 1.00
0.1183 0.3563 1.7613
MW wind
Scenario 3 0.50 MW PV and 0.75
0.0904 0.3719 1.8434
MW wind
Scenario 4 0.75 MW PV and 0.50
0.0886 0.3486 1.8023
MW wind
Scenario 5 PV only: 1.00 MW PV,
0.0514 0.3379 1.8232

no wind installed
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5.7 Chapter Summary

This chapter builds upon the previous chapter by introducing a more advanced
control strategy for BESS that simultaneously manages voltage deviation and the
battery's SoC. A key focus is the implementation of a SoC restoration mechanism,
which ensures the BESS maintains an optimal charge level to guarantee its continuous
availability for voltage regulation.

To address the competing objectives of minimizing TVD and TSoC, FMOO based
on PSO was developed. This approach allows for a balanced trade-off between grid
support and battery health. The methodology was rigorously tested on both the IEEE
33-bus and IEEE 69-bus systems under various scenarios with different combinations
of PV and wind energy penetration.

The results consistently demonstrated the effectiveness of the FMOO-PSO
controller. In all scenarios, the system successfully mitigated over-voltage during
periods of high renewable generation and corrected under-voltage during low
generation, while simultaneously guiding the SoC of the batteries back towards their
nominal levels. The fuzzy multi-objective approach proved superior to single-objective
optimization by finding a balanced solution that prevents excessive deviation in either
voltage or SoC, thereby enhancing the overall reliability and resilience of the

distribution network.



CHAPTER VI
CONCLUSION

This research developed and validated a comprehensive framework to
enhance voltage stability in distribution networks with high renewable energy
penetration. It began by refining the L-index method to efficiently identify weak buses
prone to voltage instability, which helped guide the strategic placement of BESS.

Next, an adaptive voltage-droop control scheme was designed for BESS, where
the droop parameters dynamically adjust based on the battery’s SoC. Using PSO, the
controller reduced voltage deviation and significantly cut power oscillations in the
batteries.

To ensure long-term battery health alongside grid support, a FMOO layer was
incorporated. This balanced minimizing voltage deviations with restoring SoC,
successfully keeping battery charge within initial levels while voltage profiles improved
when compared to only renewable energy.

While the study focused on steady-state analysis and used simplified battery
aging models, it showed practical benefits by targeting only critical buses, avoiding
unnecessary BESS deployment, and enabling implementation on commercial power
converters.

In conclusion, this research demonstrates that integrating L-index-based siting,
PSO-optimized adaptive droop control, and SoC-aware multi-objective dispatch
provides an effective and practical solution to voltage stability challenges in
renewable-rich distribution systems.

A key practical application of this integrated framework lies in its direct
applicability to the day-ahead operational planning of BESS, transforming grid

management from a purely reactive to a proactive and predictive model. By utilizing
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day-ahead forecasts for renewable generation and load demand, grid operators
can employ the developed tools to formulate an optimized 24-hour operational
schedule. In essence, this work provides not just a solution for voltage stability, but a
comprehensive scheduling methodology that enhances grid reliability while ensuring
the operational and economic viability of energy storage assets in modern power

systems.
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APPENDIX A
The BESS Operating Result
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APPENDIX B

Energy Profile for Test Simulation

Table B.1 Load profile

Hour Load (p.u.) Hour Load (p.u.) Hour Load (p.u.)

1 0.6300 9 0.5132 17 0.5979
2 0.5864 10 0.5174 18 0.6374
3 0.5611 11 0.5200 19 0.8881
4 0.5348 12 0.5330 20 1.0000
5 0.5404 I3 0.5506 21 0.9697
6 0.5936 14 0.5676 22 0.9192
7 0.5490 15 0.5897 23 0.8459
8 0.5139 16 0.5986 24 0.7669

Table B.2 PV profile, rated 0.25 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kw) (kw)
1 0.0000 9 135.7000 17 14.3000
2 0.0000 10 172.2000 18 0.0000
3 0.0000 11 185.2000 19 0.0000
a4 0.0000 12 186.3000 20 0.0000
5 0.0000 13 175.6000 21 0.0000
6 0.9000 14 154.4000 22 0.0000
7 29.1000 15 119.9000 23 0.0000
8 76.0000 16 70.1000 24 0.0000
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Table B.3 PV profile, rated 0.50 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kw) (kw)
1 0.0000 9 271.3000 17 28.5000
2 0.0000 10 344.4000 18 0.0000
3 0.0000 11 370.4000 19 0.0000
4 0.0000 12 372.6000 20 0.0000
5 0.0000 13 351.2000 21 0.0000
6 1.8000 14 308.9000 22 0.0000
7 58.3000 15 239.7000 23 0.0000
8 152.0000 16 140.3000 24 0.0000

Table B.4 PV profile, rated 0.75 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kW) (kw)
1 0.0000 % 407.0000 17 42.8000
2 0.0000 10 516.7000 18 0.0000
3 0.0000 11 555.6000 19 0.0000
a4 0.0000 12 558.9000 20 0.0000
5 0.0000 13 526.8000 21 0.0000
6 2.6000 14 463.3000 22 0.0000
7 87.4000 15 359.6000 23 0.0000
8 227.9000 16 210.4000 24 0.0000
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Table B.5 PV profile, rated 1.00 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kw) (kw)
1 0.0000 9 542.6000 17 57.1000
2 0.0000 10 688.9000 18 0.0000
3 0.0000 11 740.8000 19 0.0000
4 0.0000 12 745.2000 20 0.0000
5 0.0000 13 702.4000 21 0.0000
6 3.5000 14 617.8000 22 0.0000
7 116.5000 15 479.5000 23 0.0000
8 303.9000 16 280.6000 24 0.0000

Table B.6 PV profile, rated 1.25 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kW) (kw)
1 0.0000 % 678.3100 17 71.3390
2 0.0000 10 861.1150 18 0.0000
3 0.0000 11 926.0140 19 0.0000
a4 0.0000 12 931.4830 20 0.0000
5 0.0000 13 877.9420 21 0.0000
6 4.3820 14 772.2040 22 0.0000
7 145.6720 15 599.3430 23 0.0000
8 379.9020 16 350.7060 24 0.0000
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Table B.7 Wind profile, rated 0.25 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kw) (kw)
1 138.4000 9 163.5000 17 133.2000
2 125.2000 10 154.4000 18 172.1000
3 117.3000 11 135.1000 19 190.4000
4 113.5000 12 112.7000 20 188.0000
5 115.0000 13 95.0000 21 182.1000
6 115.8000 14 90.2000 22 178.3000
7 135.4000 15 97.5000 23 162.5000
8 158.2000 16 111.5000 24 148.4000

Table B.8 Wind profile, rated 0.50 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kW) (kw)
1 276.8000 % 327.0000 17 266.4000
2 250.4000 10 308.8000 18 344.3000
3 234.5000 11 270.1000 19 380.8000
4 226.9000 12 225.5000 20 376.0000
5 230.0000 13 190.1000 21 364.2000
6 231.5000 14 180.4000 22 356.5000
7 270.8000 15 194.9000 23 325.0000
8 316.5000 16 223.1000 24 296.7000
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Table B.9 Wind profile, rated 0.75 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kw) (kw)
1 415.1000 9 490.5000 17 399.5000
2 375.5000 10 463.2000 18 516.4000
3 351.8000 11 405.2000 19 571.2000
4 340.4000 12 338.2000 20 564.0000
5 345.0000 13 285.1000 21 546.3000
6 347.3000 14 270.6000 22 534.8000
7 406.2000 15 292.4000 23 487.5000
8 474.7000 16 334.6000 24 445.1000

Table B.10 Wind profile, rated 1.00 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kW) (kw)
1 553.5000 % 654.0000 17 532.7000
2 500.7000 10 617.6000 18 688.5000
3 469.1000 11 540.3000 19 761.7000
a4 453.9000 12 450.9000 20 752.0000
5 460.1000 13 380.2000 21 728.4000
6 463.0000 14 360.9000 22 713.0000
7 541.5000 15 389.9000 23 650.0000
8 633.0000 16 446.1000 24 593.4000
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Table B.11 Wind profile, rated 1.25 MW

Generation Generation Generation
Hour Hour Hour
(kw) (kw) (kw)
1 691.8920 9 817.5140 17 665.8940
2 625.8990 10 771.9730 18 860.6840
3 586.3450 11 675.3310 19 952.0810
4 567.3650 12 563.6320 20 939.9630
5 575.0730 13 475.2160 21 910.5220
6 578.7850 14 451.0680 22 891.2850
7 676.9350 15 487.3670 23 812.5470
8 791.1880 16 557.6670 24 741.7850
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Figure C.1 IEEE 33-bus system data

Table C.1 Line parameter of IEEE 33-bus test system

From Bus To Bus R(p.u.) X(p.u.)
1 2 0.0575 0.0298
2 3 0.3076 0.1567
3 a4 0.2284 0.1163
a4 5 0.2378 0.1211
5 6 0.5110 0.4411
6 7 0.1168 0.3861
7 8 1.0678 0.7706
8 9 0.6426 0.4617
9 10 0.6489 0.4617

—
o

11 0.1227 0.0406




Table C.1 Line parameter of IEEE 33-bus test system (Continued)
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From Bus To Bus R(p.u.) X(p.u.)
11 12 0.2336 0.0772
12 13 0.9159 0.7206
13 14 0.3379 0.4448
14 15 0.3687 0.3282
15 16 0.4656 0.3400
16 17 0.8042 1.0738
17 18 0.4567 0.3581
2 19 0.1023 0.0976
19 20 0.9385 0.8457
20 21 0.2555 0.2985
21 22 0.4423 0.5848
3 23 0.2815 0.1924
23 24 0.5603 0.4424
24 25 0.5590 0.4374
6 26 0.1267 0.0645
26 27 0.1773 0.0903
27 28 0.6607 0.5826
28 29 0.5018 0.4371
29 30 0.3166 0.1613
30 31 0.6080 0.6008
31 32 0.1937 0.2258
32 33 0.2128 0.3308




Table C.2 Power parameter of IEEE 33-bus test system
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Bus Type P(MW) Q(Mvar)
1 slack 0.0000 0.0000
2 PQ 0.1000 0.0600
3 PQ 0.0900 0.0400
4 PQ 0.1200 0.0800
5 PQ 0.0600 0.0300
6 PQ 0.0600 0.0200
7 PQ 0.2000 0.1000
8 PQ 0.2000 0.1000
9 PQ 0.0600 0.0200
10 PQ 0.0600 0.0200
11 PQ 0.0450 0.0300
12 PQ 0.0600 0.0350
13 PQ 0.0600 0.0350
14 PQ 0.1200 0.0800
15 PQ 0.0600 0.0100
16 RS 0.0600 0.0200
17 PQ 0.0600 0.0200
18 PQ 0.0900 0.0400
19 PQ 0.0900 0.0400
20 PQ 0.0900 0.0400
21 PQ 0.0900 0.0400
22 PQ 0.0900 0.0400
23 PQ 0.0900 0.0500
24 PQ 0.4200 0.2000
25 PQ 0.4200 0.2000
26 PQ 0.0600 0.0250
27 PQ 0.0600 0.0250
28 PQ 0.0600 0.0200




Table C.2 Power parameter of IEEE 33-bus test system (Continued)

148

Bus Type P(MW) Q(Mvar)
29 PQ 0.1200 0.0700
30 PQ 0.2000 0.6000
31 PQ 0.1500 0.0700
32 PQ 0.2100 0.1000
33 PQ 0.0600 0.0400




IEEE 69-bus system test data

APPENDIX D

Figure D.1 IEEE 69-bus system data

Table D.1 Line parameter of IEEE 69-bus test system

From Bus To Bus R(p.u.) X(p.u.)
1 2 3.12e-05 7.487e-05
2 3 3.12e-05 7.487e-05
3 a4 9.359e-05 0.00022461
4 5 0.00156605 0.00183434
5 6 0.02283567 0.01162997
6 7 0.02377779 0.01211039
7 8 0.00575259 0.00293245




Table D.1 Line parameter of IEEE 69-bus test system (Continued)
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From Bus To Bus R(p.u.) X(p.u.)
8 9 0.00307595 0.00156605
9 10 0.05109948 0.01688966
10 11 0.01167988 0.0038621
11 12 0.04438605 0.01466848
12 13 0.0642643 0.02121346
13 14 0.0651378 0.02152542
14 15 0.0660113 0.02181243
15 16 0.01226637 0.00405551
16 17 0.02335976 0.0077242
17 18 0.00029324 9.983e-05
18 19 0.02043979 0.00675711
19 20 0.01313987 0.00434252
20 21 0.02131329 0.00704412
21 22 0.0008735 0.00028701
22 23 0.00992665 0.00328185
23 24 0.02160653 0.00714394
24 25 0.04671953 0.01544215
25 26 0.01927305 0.00637028
26 27 0.01080639 0.00356885
27 28 0.00027453 0.00067384
28 29 0.00399312 0.00976443
29 30 0.02481975 0.00820462
30 31 0.00437996 0.00144751
31 32 0.02189978 0.00723753
32 33 0.05234733 0.01756974
33 34 0.10656644 0.03522682
34 35 0.09196659 0.03040388
35 36 0.00027453 0.00067384




Table D.1 Line parameter of IEEE 69-bus test system (Continued)
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From Bus To Bus R(p.u.) X(p.u.)
36 37 0.00399312 0.00976443
37 38 0.00656993 0.00767428
38 39 0.00189673 0.00221493
39 40 0.00011231 0.00013102
40 a1 0.04544048 0.0530898
41 42 0.01934168 0.02260481
42 43 0.00255809 0.00298236
43 a4 0.00057401 0.00072375
44 45 0.00679455 0.00856649
a5 46 5.615e-05 7.487e-05
46 a7 0.00021213 0.0005241
av 48 0.0053096 0.01299636
48 49 0.01808135 0.04424254
49 50 0.00512867 0.01254714
50 51 0.00579003 0.00295117
51 52 0.02070808 0.00695053
52 53 0.0108563 0.00552798
53 54 0.01266568 0.00645139
54 55 0.01773196 0.0090282
55 56 0.01755102 0.00894085
56 57 0.09920412 0.03329889
57 58 0.04889702 0.01640924
58 59 0.01897981 0.00627669
59 60 0.02408976 0.0073124
60 61 0.03166421 0.01612847
61 62 0.00607703 0.00309467
62 63 0.00904692 0.00460457
63 64 0.04432989 0.02257986




Table D.1 Line parameter of IEEE 69-bus test system (Continued)
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From Bus To Bus R(p.u.) X(p.u.)
64 65 0.06495062 0.03308052
65 66 0.01255338 0.00381218
66 67 0.00029324 8.735e-05
67 68 0.04613304 0.01524873
68 69 0.00029324 9.983e-05

Table D.2 Power parameter of [EEE 69-bus test system
Bus Type P(MW) Q(Var)
1 slack 0.0000 0.0000
2 PQ 0.0000 0.0000
3 PQ 0.0000 0.0000
4 PQ 0.0000 0.0000
5 PQ 0.0000 0.0000
6 PQ 0.0026 0.0022
7 PQ 0.0404 0.0300
8 PQ 0.0750 0.0540
9 PQ 0.0300 0.0220
10 PQ 0.0280 0.0190
11 PQ 0.1450 0.1040
12 PQ 0.1450 0.1040
13 PQ 0.0080 0.0055
14 PQ 0.0080 0.0055
15 PQ 0.0000 0.0000
16 PQ 0.0455 0.0300
17 PQ 0.0600 0.0350
18 PQ 0.0600 0.0350
19 PQ 0.0000 0.0000
20 PQ 0.0010 0.0006




Table D.2 Power parameter of IEEE 69-bus test system (Continued)
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Bus Type P(MW) Q(Var)
21 PQ 0.1140 0.0810
22 PQ 0.0053 0.0035
23 PQ 0.0000 0.0000
24 PQ 0.0280 0.0200
25 PQ 0.0000 0.0000
26 PQ 0.0140 0.0100
27 PQ 0.0140 0.0100
28 PQ 0.0260 0.0186
29 PQ 0.0260 0.0186
30 PQ 0.0000 0.0000
31 PQ 0.0000 0.0000
32 PQ 0.0000 0.0000
33 PQ 0.0140 0.0100
34 PQ 0.0195 0.0140
35 PQ 0.0060 0.0040
36 PQ 0.0260 0.0186
37 PQ 0.0260 0.0186
38 PQ 0.0000 0.0000
39 PQ 0.0240 0.0170
40 PQ 0.0240 0.0170
41 PQ 0.0012 0.0010
42 PQ 0.0000 0.0000
a3 PQ 0.0060 0.0043
44 PQ 0.0000 0.0000
a5 PQ 0.0392 0.0263
46 PQ 0.0392 0.0263
a7 PQ 0.0000 0.0000
48 PQ 0.0790 0.0564




Table D.2 Power parameter of IEEE 69-bus test system (Continued)
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Bus Type P(MW) Q(Var)
49 PQ 0.3847 0.2745
50 PQ 0.3847 0.2745
51 PQ 0.0405 0.0283
52 PQ 0.0036 0.0027
53 PQ 0.0043 0.0035
54 PQ 0.0264 0.0190
55 PQ 0.0240 0.0172
56 PQ 0.0000 0.0000
57 PQ 0.0000 0.0000
58 PQ 0.0000 0.0000
59 PQ 0.1000 0.0720
60 PQ 0.0000 0.0000
61 PQ 1.2440 0.8880
62 PQ 0.0320 0.0230
63 PQ 0.0000 0.0000
64 PQ 0.2270 0.1620
65 PQ 0.0590 0.0420
66 PQ 0.0180 0.0130
67 PQ 0.0180 0.0130
68 PQ 0.0280 0.0200
69 PQ 0.0280 0.0200
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Abstract— This paper provides a strategy for improving
microgrid voltage stability indices (VSI) using particle swarm
optimization (PSO). The L-index value is used to assess the
weak bus of the system. The IEEE 33-bus system is used for
evaluating the proposed method, including four cases as follows;
the IEEE 33-bus base case, the IEEE 33-bus with L-index
improvement, the IEEE 33-bus as microgrid (MG), and the
modified IEEE 33-bus as microgrid with L-index improvement.
For VSI improvement, PSO is utilized to determine the
generator bus voltages for minimizing the L-index. The
proposed method can successfully minimize the L-index for both
conventional distribution networks and MG systems, from the
simulation results.

Keywords— Voltage Stability, weak bus, L-index, PV-curve,
optimization

I. INTRODUCTION

The electrical system operation has changed significantly
in recent years. This is due to an increment in distributed
energy resources (DERs) that drives the distribution networks
to the active distribution network (ADNs) or microgrids
(MGs) [1]. An MG is a small system that combines multiple
generators and loads. In the MG system, most of the energy
used is from Renewable energy resources include solar cells,
wind power, and so on [2]. MG operation can help the system
in terms of reliability by reducing the cost of producing
electricity [3]. However, maintaining stability in the MG
system is critical for both voltage and frequency stabilities. A
microgrid system's operating mode has a significant impact
on its performance and dependability. MG operating modes
are classified into two types: grid-connected and isolated. In
grid-connected mode, the MG system connects to the main
grid and can exchange power and energy with it. In isolated
mode, the microgrid is detached from the main grid, and
supplying the load by its own distributed energy resources.
MG systems may face abnormal conditions while
transitioning from = grid-connected to isolated mode.
Specifically in terms of voltage stability. As a result, having
the right tools and methodologies is critical for ensuring
voltage stability in isolated MG systems [4]. As a result,
rigorous monitoring and oversight are required to ensure that
the electrical system is as stable as feasible [5]. The Countries
that experienced voltage collapse and long-term power
outages are occurs include Bangladesh, the United States,
Japan, and Canada [6-7]. From history, it can be observed that
no matter how complex the system that the voltage collapse
can happen.

Voltage stability is a fundamental feature of power system
functioning, and it refers to an electrical network's ability to

979-8-3503-8359-1/24/$31.00 ©2024 IEEE

maintain a stable and appropriate voltage profile under various
operating conditions [8]. Voltage is a basic element in an
electric power system that must be controlled within specific
parameters to ensure the dependable and secure delivery of
electricity to users. Voltage instability occurs when voltage
levels in the electrical grid deviate significantly from their
nominal values, which can cause a variety of problems such
as voltage sags, voltage collapses, and even blackouts. The
overall stability and dependability of the electrical system may
be significantly impacted by this [9].

The voltage stability index (VSI), provides a sufficiently
precise and more pragmatic approach to assessment, enabling
the representation of stability analysis in a straightforward
manner [10]. There are many indicators proposed to forecast
or detect voltage collapse in the power system. Phanikumar
and Kanta Rao use the model analysis method and sensitive
method to observe the stability of the power system [11].
Reference [12] employs the fast voltage stability index to
detect weak lines and weak buses. In addition, reference [13]
determines the weak bus using the L-index. Vadivelu shows
how to calculate the maximum load capacity of an electrical
system using a line voltage stability index, such as the fast
voltage stability index [14]. Salama and Vokony examine and
analyze several voltage stability indexes, including the line
index and bus index, presenting benefits, drawbacks, and
calculation formulas [15].

This paper uses the L-index values to determine which bus
in the system is the weakest. The voltage stability improves
with a lower L-index value. Each load bus contains its own L-
index based on the power network admittance characteristic.
By using particle swarm optimization (PSO), the optimal
generator voltage that minimizes the L-index value can be
obtained. Finally, PV curves for the weakest buses of the
system are determined to evaluate the system performance.

The paper is structured as follows: Section 1 addresses an
introduction Section 2 illustrates the L-index computation
Section 3 contains the proposed technique Section 4 provides
and discusses the simulation results and Section 5 gives the
conclusion.

II. L-INDEX

In this study, the L-index is used to predict the incidence
of electrical collapse and it is a simple technique for
calculating and identifying weak busses. therefore, it is a tool
that may be improved to increase system stability. Using the
following equation:
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Before determining the indicator L, evaluate the current
flow in the system using the following equation:

Loy = YoiVis (&)

And because the system includes multiple buses, we can
consider them in the matrix.

IG Y(‘.G YGI. VG

= @

IL YLG YLL VL
1€ = YVE + Yyt ©)
IL = YDGV(; + YLLVL @)

Where lG is current at generator bus, lL is current at load

G. L
bus, V" is voltage at generator busand V" is voltage at load
bus After some mathematical manipulation, equation (2) can
be written as equations (5)—(7).

Vi = [YLL]-IIL _[YLL ]-lYL(;v(; )
IG _ YG].[YI.L ]-l Il. + (Y(K; - YGI,[YLL ]-l YLG )VG (6)
Equations (5) and (6) in matrix form
L LL -1 LL 1y LG L
MEE R L I LA
l 8 Y .|YLL ]~I Y(-(. _Y(-LlyLL lrlyL(,- V(.

Rearranging the above matrix we get,

[VL} [ZLL FLG i||: lL ]
= ®)
I¢ K, Y| V€

Fie =Y Y ©
=y

L,=1-> F -4 (10)
=l 4

Where,

&is the total number of generators,

LJ is the L-index value of the bus,
V, is the voltage at the generator bus,

V', is the voltage at the load bus /
I is the element of the K} ; matrix obtained by (9) [16].

Y;, and Y, are the submatrix of Y,

bus that rearranged to
represent the correlation between load buses and between load

and generator buses, respectively.

Prior to computing the L-Index, the voltage values for each
system bus and Y-bus must be known. These are computed
using the Newton-Raphson load flow (NRLF) method. Next,

the matrix FLG is obtained by converting it from Y-bus. Then

(10) is used in order to obtain the value of the L-Index. Note
that the L-Index holds the value for only load buses.
Furthermore, if the L-Index value is closest to 1, it indicates
that the bus is the weakest bus and could potentially cause the
voltage collapse to the system. Conversely, the most powerful
bus is indicated by the L-Index value closest to 0.

TII. VOLTAGE STABILITY IMPROVEMENT USING PSO

PSO is a well-known metaheuristic approach inspired by
birds flocking to find food. It iteratively searches the solution
space by adjusting particle positions until it discovers the
best-known and global best positions, with the goal of finding
an optimal solution. as well as velocity updates [17].

PSO emerges as a potential method for improving voltage
stability in microgrid systems. It accomplishes this by
determining the appropriate generator bus voltage to reduce
the L-index, which is a critical indicator of the voltage stability
margin. PSO's intrinsic features, such as simplicity,
computational efficiency, and adaptability, make it ideal for
use in this case.

The objective function or fitness function to minimize the
L-index value of the weakest bus can be written as,

minimize f(x}) = max {L-index}, (11)
and the following equations are used to compute velocity and
position,

1+1
vl

=wv, +c 1, (pBest] —x!)+c,r,(gBest, —x]), (12)

xt=xl +v.

i

(13)
Where,

pBest is the best value of each particle, where pBest used
to update the population,

gBest is the best value of all particles,
{ and [ +1 is the iteration,

V. is the velocity for particle 7,

¢ and C,is a constant numbers,

7 and F; is a random parameters,
Wis inertial weight, and

X, is the population of particles that represent the generator's

voltage values. The lowest and top limits of the generator's
voltage are 0.9 and 1.1, respectively. The proposed PSO based
VSI improvement computational procedure is illustrated in
Fig. 1.

Another crucial instrument for assessing the stability of a
system is the PV curve. PV curve is obtained by step-wise
increasing the real power loading of the selected bus and
calculating the load flow to obtain the bus voltage. The
computational step is repeated until the load flow is infeasible.
Then, the plot between the bus real power load and the bus
voltage or PV curve can represent the voltage collapse
characteristic of the system [18].
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/ Initialize Set of Generator's /
/ Voltage as PSO Population

Run NRLF for each population and
compute L-index

set initial parameter and initial
position for PSO

Compute Velocity and Position ‘

v

Find fitness function each particle
and then get pBest and gBest

‘ Update population by PSO

Max iteration

l yes

Stop

no

Fig. 1. Computation Procedure

IV. RESULTS AND DISCUSSION

This section displays the results of the suggested approach
on the IEEE 33-bus system. It is separated into four cases, as
shown below.

19 20 2 2

Fig. 2. IEEE 33-bus system
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Fig. 4. PV-curve of IEEE 33-bus base case
A. IEEE 33-bus base case

As illustrated in Fig. 2, the base case IEEE 33-bus system
consists of one slack bus and 32 load buses, with the voltage
value at the slack bus set to 1 p.u.

Figure 3 depicts the L-Index values of each bus. Bus 18
provides the most L-Index value, so it is the weak bus.
Meanwhile, bus 2 resulted in lower L-Index value and,
therefore, it is a strong bus. Bus 18 has the highest possibility
of voltage collapse of this system. Figure 4 shows the PV-
curve of bus 18, where the voltage is collapsed at 1854.9 kW
of power leading.

B. [EEE 33-bus with L-index improvement

With the proposed method, the optimal value for the
generator voltage at the slack bus is 1.1 p.u.

Figure S shows that in this optimized system, the L-index
value is reduced. Bus 18 is still a weak bus, as is Bus 2, which
is still a strong bus. However, when compared with the
previous case, the L-index value is lower. Figure 6 shows the
PV curve of the optimized system. The maximum loading
capability of bus 18 is increased to 2355.3 kW.
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Fig. 6. PV-curve of IEEE 33-bus system with L-index improvement
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C. [EEE 33-bus Modified

Fig. 7. Modified IEEE 33-bus system

In this case, the IEEE 33-bus system is modified by
adding three distributed generators (DGs) at buses 3, 9, and
31 with power generators of 1.9 MW, 0.95 MW, and 1.69
MW, respectively [19]. Bus 1 is disconnected from the main
power grid for the MGs case study. The values of the voltages
at all generator buses are set to 1 p.u. Bus 3 is set to slack bus.

Figure 8 shows the L-index of the modified IEEE 33-bus,
similarly Bus 18 is a weaker bus, while bus 2 is a stronger
bus. As observed, the weak bus is the farthest bus from the
power sources. On the other hand, the strong bus is the
nearest to the power sources. Figure 9 shows the PV-curve of
bus 18, The maximum loading capability is 3852.9 kW.
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Fig. 11. PV-curve of modified IEEE 33-bus system with  L-index

improvement.

D. Modified IEEE 33-bus system with L-index
improvement.

Figure 10 depicts the L-index values for each bus in the
modified IEEE 33-bus system. The L-index value has
decreased significantly when compared to previous cases.
Bus 18 is a weak bus, while Bus 2 is a strong bus.

Figure 11 shows the PV curve of the modified IEEE 33-
bus system with L-index improvement. It is found that in this
case, the maximum loading is increased to 4698.9 kW,
indicating that the system can handle a higher loading level.
this system is very stable.

From Table 1, it is found that for systems voltage stability
has been improving, with a reduction of the L-Index values.
This reduction in L-Index values significantly improves
system stability by the optimization process. The L-index
values that are not presented in the table are those at the PV
bus, where the L-index computation solely applies to bus
loads. The PV buses are IEEE 33-bus base case system bus 1
and IEEE 33-bus Modified system buses 3, 9, and 31. In
assessing the system stability, bus 18 emerges with the
highest L-index value. This observation implies that bus 18
is the least reliable and possesses the greatest potential to
induce system instability. Consequently, to uphold system
stability, particular attention should be directed towards bus
number 18 within the system. Addressing or optimizing the
conditions associated with Bus 18 becomes critical in
preserving the overall stability of the IEEE 33-bus system.

The PV curves also show that the modified IEEE 33-bus
system is the most stable, as it can handle the highest load
compared to other cases.
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Fig. 9. PV-curve of modified IEEE 33-bus.
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TABLEL ~ COMPARING L-INDEX VALUE
L-index
BUS | JEEE 33-bus | TEEE33-bus | 1ppp 33 bus Ibﬁfdfﬁ:f
base case :':Z' "f‘;:'"":' Modified | with Lindex
Improl’ﬂnell'
1 - B 0.001772 0.00219
2 | 0003004 | 0002458 | 0001772 0.00219
3| 0017498 | 0.014244 - -
4 | oo02s4n 0020637 | 0.001415 0.00195
s | 0033364 0.02704 0002505 | 0.003562
6 | 0053276 | 0042984 | 0.004789 0.00692
7 | 0051172 | 0046085 | 0.004961 0.008352
8 | 0012771 0.05846 0.002968 | 0.005789
9 | 0080183 | 0.064309 R -
10 | 0087129 | 0069775 | 0001415 0.00195
11| 0088143 | 0070571 0002505 | 0.003562
12 | 0089917 | 007196 | 0004789 0.00692
13 | 0097415 | 0077838 | 0004961 | 0008352
14 | 0100304 | 0080097 | 0002968 | 0005789
15 | 010209 | 0081497 | 0017461 | 0014241
16 | 0103813 | 0082837 | 0018828 | 0015352
17 | 0.10646 0084901 0021021 | 0.017133
18 | 0107227 | 0085498 | 0021628 | 0017626
19 | 0003527 | 0002885 | 0002313 0.00286
20 | 000723 0005937 | 0006068 | 0.007512
21 | 0007993 | 0006564 | 0.006841 0.008471
22 | 0008698 | 0007145 | 0007558 | 0.009361
2 | 0021172 | 0017244 | 0003574 | 0004428
24 | 0028149 | 0.022928 0.01038 0.012882
25 | 0031696 | 0025812 | 0013806 | 0.017149
26 | 0055454 | 0.044721 0005074 | 0007212
27 | 0058377 | 0047049 | 0.005345 0.00751
28 | 0071425 | 0057412 | 0006137 | 0.008081
29 | 0081028 | 0065007 | 0006387 | 0.008205
30 | 0085367 | 0.068429 0.00597 0.007742
31| 009123 | 0072171 . &
32 | 0091174 | 0072997 | 0000907 0.00112
33 0.0915 0073253 | 0001192 | 0.001471

V. CONCLUSION

The proposed PSO based VSI improvement was tested
with the IEEE 33-bus system, under the conventional
distribution system, and modified to the MG system. The
primary objective is to identify the bus exerting the most
significant influence on system instability, utilizing the L-
index. The results demonstrated that the proposed method
could reduce the L-index of the system's weakest bus.,
leading to voltage stability improvement and loading
capability increment. In future work, additional factors of

voltage regulation could be studied using data from the
reliable L-index as a consistent bus selection criterion to
maintain system stability.
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This work proposes the implementation of battery energy storage system (BESS)
management for voltage regulation in the active distribution network (ADN). The primary
goal is to minimize the overall voltage deviation of all buses in the power system.
Adaptive droop control is employed to regulate BESS and optimize the efficiency of
battery operation. In order to enhance the performance of the battery energy storage
system, the study employs particle swarm optimization (PSO) to identify the most
effective control parameters. To validate the efficacy of the proposed methodology, its
performance is examined utilizing an I[EEE 33-bus distribution system by testing scenarios
both with and without renewable energy sources such as photovoltaic panels and wind
turbines. The results demonstrate that the approach extensively decreases the voltage
deviation in three scenarios, including with/without BESS. The optimization of BESS

management can effectively confine the voltage within the established range of 0.95 —
1.05 and minimize the voltage deviation of all buses to a minimum of 0.0385 p.u.
Consequently, this leads to an enhancement in the voltage profile, power quality, and

system dependability.

1. INTRODUCTION

Voltage stability in the electrical system is extremely
important and must be prioritized. In modern distribution
network (DN), renewable energy is currently increasing
rapidly, due to the increase in photovoltaic (PV) and wind
power. Therefore, many DNs have been transformed into
active distribution network (ADNs). The main issue with
renewable energy is the discontinuity of the energy that can
be generated [1]. These are the challenges that make ADN
voltage control more difficult. One of the key indices for
voltage stability is voltage deviation (VD). It measures the
difference of voltage value from the nominal value. If it
exceeds the specified standard, it may have an impact on
system efficiency or even causec damage to electrical
equipment [2-4]. As a result, many tools have been
developed over time to help maintain voltage stability,
including transformer load tap changes, shunt capacitor
banks, and STATCOM [5]. These tools help to enhance the
stability of the electrical system. For example, Sarithumu et
al. [6] developed a strategy to regulate voltage in networks
with a high level of renewable energy penetration, making
the use of traditional tools or methods ineffective, Thus, a
technique utilizing on-load tap changer voltage regulation
was devised for voltage control. According to Abedini et al.
[7], shunt capacitor banks can give a good solution for
voltage profile problems in power systems by delivering
reactive power to the system, but they still have the problem

of transient signals, which might impact sensitive devices.
According to Gurav and Mittal [8], STATCOM can supply
fast reactive power, but it is not always effective due to the
trial-and-error control strategy in controller configuration.
Similarly, Xu and Li [9] claimed that classical STATCOM
control should not be used in engineering or the real world,
despite the fact that it has the advantage of providing fast
reactive power.

As mentioned, most conventional devices still have
several limitations compared to battery energy storage
system (BESS), such as fast response, which can bring more
benefits than just voltage regulation. As a result, the usage
of BESS is intriguing and has great promise for controlling
voltage in power systems and resolving VD issues [10].
BESS has several operating functions, for example, energy
arbitrage that provides lowering electricity cost, peak
shaving for reducing the peak demand, and even store the
excess energy for utilizing in the shortage period [11]. In
addition, BESS can also regulate the system frequency and
voltage [12]. However, for batteries to function optimally,
they must be properly managed or controlled. Several
research ~studies have explored battery management
strategies. Mohammed et al. [13] focus on improving the
sizing of a stand-alone hybrid energy system that consists of
three components: PV, diesel generator, and BESS. Saini
and Gidwani [14] use BESS as an alternative load for
charging and discharging. The objective is to minimize
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yearly energy losses, alleviate reverse power flow, and
resolve overvoltage challenges in an IEEE 69-bus system
integrated with PV. Tamrakar et al. [15] suggest employing
BESS to replace outdated equipment like on-load tap
changer capacitor banks. To improve system dependability,
Zhang et al. [16] presents a multi-agent system-based
control approach for energy storage and PV inverters. Alam
et al. [17] presents a novel charge and discharge control
scheme that takes into account the status of the charging
current. Considering the impact of solar cells in the system
in terms of energy efficiency, the storage is utilized to catch
the extra energy produced by PV during the PV peak and
store it for peak load support. Tandon et al. [18] discovered
the optimal allocation of BESS to increase system
performance while taking into account load volatility,
renewable energy sources, and network constraints.
Alzahrani et al. [19] used BESS in a system with high PV
deployment to explore system loss and power quality issues,
employing a  genetic algorithm-based placement
methodology. Wang et al. [20] proposed employing BESS
to address voltage instability issues in low-voltage grids
with high rooftop PV penetration, considering the state of
charge (SoC). Rouzbehi et al. [21] proposed a generalized
voltage droop (GVD) control approach to address the
voltage rise issue. GVD operates in three modes: fixed
voltage control, fixed active power control, and traditional
voltage droop control (VDC), all of which can be changed
using the GVD characteristic of a voltage regulation
inverter. Zeraati et al. [22] employed BESS to handle
various voltage difficulties, such as voltage rise, and
presented a collaboration between a local droop-based
control approach for battery installation size and a
distributed control system to manage SoC performance to
prevent battery saturation. Chen et al. [23] suggested a fuzzy
logic-based adaptive droop controller to alter the droop
coefficient, resulting in a compromise between DC. Jamreon
and Sirisukprasert [24] presented a voltage control
technique integrating battery energy storage with SoC
management. The battery control employs adaptive droop
control as a power supply controller, as well as self-learning
particle swarm optimization (PSO) to optimize the
operational performance of BESS. Jamroen et al. [25]
proposed an adaptive droop-based method that takes into
account the SoC system to manage the functioning of BESS
in a low voltage (LV) system. The objective is to mitigate
voltage rise caused by high solar penetration by enhancing
voltage regulation and power-sharing efficiency using fuzzy
logic.

The literature rescarch revealed that the current
instability of renewable energy poses a variety of issues.
This study presents a solution to mitigate the impact of
renewable energy on VD in ADN. The optimum BESS
management is achieved by adopting a VDC approach that
employs BESS to charge and discharge energy to the
system. The adaptive droop control approach was chosen for
BESS management because it allows the droop coefficient
to be chosen as desired and appropriate, as well as taking
into account the SoC level. In addition, the PSO is used to

get the most appropriate droop coefficient value for battery
control. The IEEE 33-bus test system was chosen as a test
system because it is a distribution system with voltage levels
lower than the standard criterion, making it acceptable for
testing.

The following sections of this paper are organized as
follows: Section 2 presents a mathematical analysis of BESS
management. Section 3 provides an explanation of the
voltage regulation technique developed with the PSO
algorithm. Section 4 details the simulation analysis and
results, while Section 5 concisely summarizes the
conclusion.

2. BESS WITH ADAPTIVE VOLTAGE DROOP
CONTROL

o m
f \ EJ'
Grid

Battery 3nd Battery Energy Management

mnmn

Fig. 1. BESS configuration

The BESS configuration is shown in Fig. 1, which
includes the following main elements: a battery for storing
energy, a battery energy management system for controlling
BESS operation, and a power converter for energy
conversion.

In this study, we focus on the battery and its energy
management system. This study presents a method for
controlling battery operations to resolve the VD issue. The
battery can cither provide or receive active power from the
grid. When the BESS supplies active power to the grid, the
voltage level rises, whereas when it absorbs active power
from the grid, the voltage level drops. Thus, the BESS’s
operation can affect the voltage when the active power
changes. Therefore, effective BESS operation relies heavily
on battery energy management. According to a review, Fig.
2 shows that the VDC has three modes: (1) Mode 1 (Fixed
Voltage): Keeps the voltage at a predetermined level and
allows the battery power to adjust as needed, (2) Mode 2
(Fixed Power): Keeps the battery’s power output constant,
(3) Mode 3 (Droop Control): Uses a droop coefficient to
determine how much power the battery delivers or consumes
depending on the grid voltage.

This study uses the droop control method (Mode 3) to
regulate battery operation because it can adjust the droop
coefficient, allowing the voltage level to be freely regulated
[24], [26]. Fig. 3 illustrates the operating concept as follows:
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« 1: If the bus voltage of the battery exceeds the maximum

voltage (V,

max
into the system.
« 2: If the bus voltage value of the battery is less than the

), the battery will charge the maximum power

maximum voltage (V,

max

) but larger than the maximum

voltage thresholds (7;™), the battery will charge power

based on VD, which is governed by the droop coefficient.
« 3: If the battery's bus voltage value falls within the range

of the minimum voltage thresholds ( V™ ) and the

maximum voltage thresholds ( V™ ) or the deadband

range, the battery will not charge or discharge at all.
« 4: If the bus voltage value of the battery is larger than the

minimum voltage ( V,

min

) but less than the minimum

voltage thresholds ( ;™ ), the battery will discharge the
power based on VD, which is governed by the droop
coefficient.

« 5: If the battery's bus voltage value is less than the

4
min

minimum voltage ( / ), it will discharge the maximum

power back.

It can be represented mathematically as an equation given
below:

B

BES .lf l/’ Z Vm;x(
7 max max
kE.‘LI\'_‘(Sn(‘)Al/ if V(h < V: <V

PBL‘S =<0 if V‘hmm < V, < V“;]n;m 10
kBEs_d(sur)AV it V™ <V, <Vg"
Fygs if ¥, < pmin
AV =V, -V, 0]

Since the battery may be saturated, it cannot be utilized
further, causing the system to have a VD value that exceeds
the required limit. As a result of the investigation, the SoC
level was examined, as shown in the equation below.

if0<SoC < SoC,,,

0
ppsa = K K (Se-50Cu)

% “:*A e if SoC,,, <SoC < 1 3)
max lnme ‘ Rt
0 ifSoC,,. < SoC<1 4)
s =) KK S0 80.80C <80C.
, 1 ©)
SoC(t) = SoC(t—1) ﬁfj P, (t)dt
kyps > charging
Kioor =V k. " dischargi (©)
BEs,q» d1Scharging

n_, charging
n= - . )
n,, discharging
V(pu)
Fixed Voltage
r 1
I I
I |
I I
I I
| I
I I
I I
| |
P 0 P... i
V(pu)
A
Fixed Power
-P_. 0 ) P..

Fig. 2. VDC strategies

When evaluating &, . it is discovered that this value is

roop
SoC',and N
As a result, while examining (1), (3), and (4), it can be

represented in Fig. 4 and 5. From Fig. 4, it has been
discovered that as the SoC’ of the battery increase, the

kypsy value gradually increases, the Ky . value

related to the determination of K, , K

min *

gradually decrease. This is because adaptive droop
management is intended to protect the battery's
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Fig. 3. Adaptive VDC strategy

functionality, which increases the SoC” range, resulting in
less charging and discharging. On the other hand, a low
SoC level in the battery causes it to charge more and
discharge less. The aforementioned relationship leads to the

design of K K., and 7 values, demonstrating that

max * min
Kma\ and Kmm
power output, and 72 will be the factor determining the

battery's power distribution, which is related to SoC , as
shown in Fig. 5.

will have a relationship with the desired

3. PSO BESED VOLTAGE DEVIATION
IMPROVEMENT

PSO is a well-known metaheuristic method that mimics
bird group’s foraging activity. It accomplishes this by
altering the locations of particles in search space, directing
them toward the best solution discovered, similar to birds
following the individual closest to a food source until the
food is reached. Consequently, PSO is adept at determining
optimal settings by iteratively updating particle positions.

Fig. 4. The Relationship between SoC and K, with the

SoC is within the range of S0C

min

and SoC -

Fig. 5. The Relationship between So(C" and 71 with the

So(C is within the range of S()Crm and SoC s

Each parameter or particle updates its position iteratively
until reaching the optimal value. The highest-performing
value identified within the swarm is termed the global best,

or gBest | while the best value found by an individual
particle is known as the personal best, or pBest, [27]. This

study uses PSO to change the adjustment exponent and
calculate the droop efficient value, which is connected to
battery operation, leading to the most efficient procedure
based on the defined objective function.

This study aims to minimize the system's total voltage
deviation (TVD) through the objective function. By
reducing the TVD, the stability of the power system can be
greatly enhanced. The objective function employed in this
study is shown in the following equation.

N
minimize 77D = " (¥, - ;) ®
i=1

and the constraints are defined as follows:
N
P =P =Y VY, (G, cos O, + B, sin0,)|=0  (9)
j=1
N
OF" =00 =3 WV, (G, sinf,— By cos6,)] =0 (10)

Pl

Vg N Ve an
SoC.. < SoC < SoC,,.. (12)
PBES,min = PBES = }7BES.mnx (1‘;)
Kges.a <Kpesy <kpgsa (14)

Kppse < Kpps.e < Ko (15)

The working equation of PSO is as follows:
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vt =wv! + e (pBest! —x!)+c,n,(gBest' —x!)  (16)

i

1+1
X =

i

X +v an
where X; is the population of particles that represent the

adjust exponent of k., and k which are 1, and

BES,c *

n, , respectively. The proposed PSO-based VD

improvement computational procedure is illustrated in Fig.
6.

4. RESULTS AND DISCUSSION

The test was conducted on the IEEE 33-bus system,
which includes one generator bus and 32 load buses, where
bus 1 is designated as the slack bus. The system's voltage
restrictions range from 0.9 to 1.1 p.u. The system contains
3.715 MW of real power load and 2.3 MVar of reactive
power load. The substation's nominal voltage is configured
at 13.8 kV, with the transformer at bus 1 having a capacity
of 3 MW. [28], [29]. In the simulation, the experiment is
conducted as a single fixed-load test.

Table 1 also provides the study’s parameters, which were
evaluated and adjusted as needed, mostly through trial and
error. The battery size was selected by using trial-and-error
to adjust parameters, so they suit the operation of the IEEE
33-bus power system under both non-renewable and
renewable energy conditions. From these trials, it was found
that a 2 MWh size is appropriate for this system. The
variable 7 specifies how quickly the battery can charge or
discharge. A larger 7 allows faster charging or discharging
when the BESS SoC is near its maximum or minimum,
whereas a smaller 72 slows charging or discharging when
the BESS SoC is near the nominal level. Therefore, we
conducted trials to adjust these ranges, as illustrated in Fig
5.

The test is divided into three scenarios, as follows:

« case I: base case,

« case II: modified IEEE 33-bus with PV and wind power
penetration, and

« case III: modified IEEE 33-bus with PV and wind
power penetration and BESS with optimal VDC.

The system with renewable energy and BESS is shown
on Fig. 7.

4.1 IEEE 33-bus base case

An initial test was conducted on an IEEE 33-bus
distribution system. The voltage of each bus in the system
ranges from 0.9038 p.u. to 1.0000 p.u., and the TVD is
1.8047 p.u., This significant deviation indicates that the bus
voltages are not within the typical standard range of 0.95 p.u.
to 1.05 p.u. The bus with the lowest value is Bus 18.
Consequently, the lower-voltage bus should be prioritized to
prevent power system instability, which could potentially
lead to blackouts.

X A
4 Obtai kd /
/ tain network data
// ‘ /
/ //'
// Initialize each PSO particle i ( 1, 1) 7
L ) /
> Obtain Ky, and Py of BESS

’ Solve load flow and compute objective function (TVD)

v

’ obtain pBest| and gBest

v

’ Update PSO particle by (16) and (17)

¥

Max iteration

Fig. 6. The PSO based BESS optimal VDC computation
procedure

Table 1. Specification of the BESS

Parameter Specification
Range of the adjust exponent (1, , 1) -100 to 100
The maximum power of battery ( Pyyq ) 2MW

The maximum droop coefficient ( K i) 250

The minimum droop coefficient (K ;. ) 0.1
Nominal Voltage ( Vo ) 1.00 p.u.
Battery capacity (/5) 2 MWh
The maximum voltage ( Vnmx ) 1.10 p.u.
The minimum voltage ( me ) 0.90 p.u.
Maximum state of charge (S0C, ) 0.8 p.u.
Minimum state of charge (SOC ) 02pu
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4.2 Modified IEEE 33-bus with PV and wind power
penetration

In this study, PV and wind power, as renewable energy
sources, were integrated into an IEEE 33-bus distribution
network. Two 1 MW wind turbine generators were installed
at buses 18 and 24. Additionally, three 1| MW PV systems
were deployed at buses 5, 21, and 31, while four 500 kW PV
systems were positioned at buses 8, 12, 28, and 33 [30]. As
aresult of these renewable energy installations, the system’s
real power increased to 10.715 MW. It was observed that the
system voltage ranged from 1.0000 p.u. to 1.0534 p.u. and
that TVD was 0.6879 p.u. These findings indicate that high
levels of renewable energy penetration impact the power
system, causing over voltages and significant voltage
fluctuations that negatively affect the electrical network.
Therefore, appropriate energy management strategies
should be implemented.

4.3 Modified IEEE 33-bus with PV and wind power
penetration and BESS with optimal VDC.

In case III, the proposed method incorporates a battery
into the system and employs PSO to optimize the system to
obtain the best value that minimizes TVD. The PSO
parameters are configured as follows W ranges from 0.1 to

1.1, both ¢, and ¢, are set to 1.49 and the maximum

iterations is 100, which was selected through multiple trial
runs. It was observed that the values generally start to
converge around iterations 20-50, so this valuc was sct
accordingly. A 2 MWh battery has been installed on buses
18, 21, 24, and 32. The results show that the voltage levels
on all buses in the system are within the prescribed range,
with TVD being 0.0385 p.u. This adjustment was made
using the variables presented in Table 2, specifically the
values of the adjust exponent ( 72 ), droop coefficient (k

droop

) and regulating power ( Py ) for each battery. The sign of

Pyps for each value indicates whether the battery is

charging or discharging. Specifically, a negative sign
denotes that the BESS is charging, whereas a positive sign
signifies that it is discharging.

Figure 8 illustrates the voltage profile for all three
scenarios, showing that the proposed method maintains the
voltage profile within the specified range through efficient
battery charging and discharging. Table 3. depicts the 3
scenarios of TVD, indicating that the proposed method also

Fig. 7. The modified IEEE 33-bus with PV and wind
power penetration and BESS

produces the best results by reducing VD compared to case
1 and 2. Furthermore, Fig. 9 shows the convergence plot of
the proposed PSO-based BESS optimal VDC. it is clear that
the value of the objective function progressively converges
toward the optimal solution. Fig. 10 presents the results of
30 trials conducted using the proposed method that have the
average value is 0.0409, standard deviation value is 0.0052,
maximum value is 0.0524 and minimum value is 0.0385.
The low standard deviation of the objective function values
indicates that they are closely clustered, suggesting that the
results obtained from PSO algorithm are reliable. The
runtime of the proposed method was evaluated over 30 runs
on a computer equipped with an AMD Ryzen 5 6600H CPU
(3.30 GHZ up t0 4.50 GHz) and 16 GB of RAM. On average,
the method took 774.45 seconds to complete, with a standard
deviation of 178.33 seconds. The minimum runtime
observed was 591.81 seconds, while the maximum reached
1490.75 seconds. Thus, although the PSO method typically
requires about 774.45 seconds, it can occasionally take as
long as 1490.75 seconds, likely due to unfavorable random
initializations delaying convergence. These results are
illustrated in Figure 11.

Table 2. Adjust exponent, Droop coefficient and BEES

regulating power of BESS
Bus with P
Battery n kdronp BES
Installed Mw)
18 9.7258 12.3498 -0.6591
21 13.6507 67.4965 -0.6139
24 10.2878 16.0991 -0.0627
32 10.7010 19.5058 -0.5282
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Table 3. Adjust exponent, Droop coefficient and BEES

regulating power of BESS
Scenarios TVD (p.u.)
IEEE 33-bus base case 1.8047
Modified lEEE_ 33-bus with PV and wind 0.6879
power penetration
Modified IEEE 33-bus with PV and wind
power penetration and BESS with optimal 0.0385
VDC.
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Fig. 8. Comparative Voltage Profile of modified IEEE 33-
bus system

ey Best Function Value: 0.0385178

0.14 =

012t
o
S
T 01}
e
S
€oo0s}
=
w

006+

b
004f =
0.02 4 d : e
0 50 100 150 200 250

Iteration

Fig. 9. the convergence plot of the proposed PSO-based
BESS optimal VDC
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Fig. 10. The result of 30 trials of the proposed method
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Fig. 11. The result of 30 trials of the computation time

5. Conclusion

This paper introduces a voltage regulation approach
utilizing BESS management, tested on an IEEE 33-bus
power distribution system. The primary goal is to determine
the power value that will minimize TVD. The BESS
management employed in this work is VDC, which is
responsible for optimizing battery performance and
responding to changes in electrical loads. In addition, the
PSO approach is employed to determine the settings for
BESS control. The results of this study indicate that the
proposed method significantly reduces VD, resulting in a
more stable power supply. Reducing voltage variation is
critical for sustaining power quality and reliability across the
power system.

ABBREVIATIONS
P The electrical power that a battery
25y charges or discharges
pria The maximum power that the battery
BE can suppl
pply.
droop The droop coefficient
k The droop coefficient controls energy
BES,c

charge.
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Kpps s The droop coefficient controls energy ¢ and ¢, Constant numbers
' discharge.
AV voltage deviation rand 7, Random parameters
v, Bus voltage w Inertial weight
. X The population of particles 7
v Nominal voltage ’ OB P
TVD Total voltage deviation B Active power generated atbus &
y The maximum voltage thresholds pload Active power consumed by the load at
k bus &
: The minimum voltage e .
min g Qi Reactive power generated at bus &
max The maximum voltage s Reactive power consumed by the load at
o
: ; bus A&
K _— The maximum droop coefficient )
(’K:/ Conductance between bus & and /
K. The minimum droop coefficient
B ’ Susceptance between bus & and j
n The adjust exponent 4 ! J
n, The adjust exponent for "‘BES,d ki Phase angle difference between bus & and ]
n, The adjust exponent for Ky . ACKNOWLEDGEMENTS
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