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ABSTRACT

The rapid integration of renewable Distributed Energy Resources (DERs), partic-
ularly photovoltaic (PV) systems using Voltage Source Converters (VSCs), into
primary distribution networks poses significant challenges for maintaining voltage
stability and power quality. This thesis examines the voltage impacts of VSC-based
PV systems in high-DER environments, focusing on steady-state overvoltage and
Rapid Voltage Change (RVC). A comprehensive simulation framework is developed
using the IEEE 8500-node test feeder in CYMDIST to analyze the effects of PV
placement, feeder impedance (R/X ratio), and loading conditions on voltage pro-
files and RVC due to sudden drops in PV output. Two mitigation strategies—fixed
power factor (PF) operation and Volt-VAR operation, both leveraging smart in-
verter capabilities—are evaluated under high, medium, and low load conditions
with high PV penetration. The study first applies fixed PF operation to assess
voltage impact mitigation, followed by a practical Volt-VAR curve with appropriate
settings for performance comparison. Results show that steady-state voltage rise
is most severe during low load conditions, while RVC is most pronounced during
peak load, underscoring the need to evaluate both phenomena across diverse load
scenarios. PV placement near substations significantly reduces both steady-state
voltage rise and RVC, especially in feeders with high R/X ratios. Fixed PF oper-
ation exhibits limited effectiveness in dynamic conditions due to its static nature,
whereas Volt-VAR operation, aligned with IEEE 1547-2018 standards, effectively
mitigates voltage violations by dynamically adjusting to a non-unity power factor,
maintaining steady-state voltage within ANSI C84.1 limits (114-126 V) under vary-
ing conditions. These findings highlight the importance of strategic PV placement
and advanced smart inverter technologies in supporting high PV penetration while
ensuring grid reliability. This research offers practical guidance for utilities to study
DER impacts across various loading scenarios and select effective mitigation strate-
gies, while guiding developers in choosing site locations to minimize voltage impact
mitigation costs, emphasizing the critical role of smart inverter capabilities for both
stakeholders.

Keywords: Distributed Energy Resources (DERs), IEEE 8500-Node Test Feeder,
Photovoltaic (PV) Systems, Power Quality, Primary Distribution System, Rapid
Voltage Change (RVC), Reactive Power Control, Smart Inverter Control, Volt-VAR
Operation, Voltage Rise, Voltage Source Converter (VSC).
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CHAPTER ONE: INTRODUCTION

1.1 Background

The integration of renewable energy sources (RES) into modern power distribution
systems has accelerated significantly, driven by global efforts to reduce carbon emis-
sions and enhance energy sustainability. Among these, Photovoltaic (PV) systems
and Battery Energy Storage Systems (BESS), interfaced through Voltage Source
Converters (VSCs), have emerged as key Distributed Energy Resources (DERs)
within primary distribution networks. These VSC-based DGs offer substantial ben-
efits, including reduced reliance on fossil fuels and improved grid flexibility to han-
dle fluctuating demand. However, their intermittent generation profiles introduce
pronounced challenges in voltage regulation, particularly in the context of high pen-
etration levels. Two critical issues dominate: steady-state voltage rise due to ex-
cess power injection during low demand, and Rapid Voltage Change (RVC), often
manifesting as voltage flicker, caused by abrupt fluctuations in PV output from
environmental or grid-related factors. Addressing these phenomena is essential to
ensure grid stability, power quality, and compliance with operational standards in

contemporary distribution systems.

1.2 Problem Statement

The rapid integration of distributed energy resources (DERs), such as photovoltaic
(PV) systems, into modern distribution systems has introduced significant chal-
lenges in maintaining voltage stability and power quality. As DER penetration
increases, primary distribution networks face two prominent issues: overvoltage and
voltage flicker. Overvoltage occurs when excessive active power from Voltage Source
Converter (VSC)-based Distributed Generations (DGs), particularly PV systems, is
injected into feeders with high impedance, especially during low-load conditions.
This phenomenon is exacerbated in long radial feeders, typical of U.S. utility sys-
tems operating at 12.47 kV, where the voltage rise can exceed acceptable limits,
such as those defined by ANSI C84.1 (114-126 V). Additionally, sudden drops in
DER output—caused by environmental factors like cloud cover or system faults—
lead to rapid voltage changes (RVC), manifesting as voltage flicker at customer
premises. This flicker, often exceeding IEEE 1547-2018 limits (< 3%), negatively
impacts power quality and poses operational challenges for utilities. Traditional mit-

igation approaches, such as upgrading infrastructure or deploying additional voltage



regulation devices, often impose substantial financial burdens on PV developers,
making them cost-prohibitive. Consequently, there is a pressing need to investigate
the root causes of these voltage issues, considering factors like PV placement, feeder
impedance (e.g., R/X ratio), and loading variations, while exploring advanced mit-
igation strategies, such as Volt-VAR operation with smart inverters, to ensure grid

reliability and stability in high-DER environments.

1.3 Scope of this Thesis

This research focuses on analyzing the voltage impacts of Voltage Source Converter
(VSC)-based Distributed Energy Resources (DERs), specifically photovoltaic (PV)
systems, within primary distribution systems, using the IEEE 8500-node test feeder
as a realistic simulation framework to represent large-scale networks. The study
examines voltage regulation challenges under three distinct loading scenarios—Peak
(100%), Normal (60%), and Off-Peak (15%)—with a constant PV output of 10 MVA
across all cases to simulate worst-case conditions, ensuring that mitigation strategies
developed for extreme scenarios, where voltage rise and rapid voltage changes (RVC)
are most pronounced, remain robust across intermediate operating states, despite
real-world variations in PV generation and feeder loading due to environmental and
temporal factors. The scope is limited to steady-state phenomena, excluding tran-
sient dynamics, focusing on persistent voltage regulation issues such as overvoltage
and RVC during extreme loading conditions and maximum PV output. This work
involves evaluating the effectiveness of advanced mitigation strategies, specifically
fixed power factor (PF) and Volt-VAR operations as smart inverter capabilities, with
fixed PF applied first to assess voltage impact mitigation, followed by the imple-
mentation of a practical Volt-VAR curve with appropriate settings for performance
comparison, highlighting Volt-VAR’s effectiveness due to its ability to dynamically

adjust the reactive power injection/absorption.

The scope of this study is further refined to focus exclusively on the voltage impacts
of PV systems exporting power to the grid, rather than incorporating Battery Energy
Storage Systems (BESS) within VSC-based DGs. A key aspect of this research is the
analysis of Rapid Voltage Change (RVC), where frequent drops in PV output due to
cloud coverage can significantly affect voltage at the Point of Interconnection (POI)
and regulating devices, potentially exceeding RVC limits. For this purpose, the
study prioritizes the specific impact of PV generation. While BESS could also export
power similarly to PV, its charging scenario deviates towards a load interconnection

study, necessitating an emphasis on undervoltage conditions and known charging



limits—areas outside this thesis’s focus on overvoltage and flicker from DG export.
Moreover, in practical applications, developers often pair BESS with PV (e.g., DC-
coupled BESS charged by co-located PV systems), minimizing direct grid impact
during charging. Thus, this study concentrates on PV exporting to the grid as the

primary case, with BESS charging impacts deferred to future research.

1.3.1 Objectives of the Thesis

This thesis aims to address the voltage regulation challenges posed by high Dis-
tributed Energy Resource (DER) penetration in distribution systems through the

following objectives:

« To analyze the combined impact of PV location, feeder impedance,
and feeder loading conditions on voltage rise and flicker: This objec-
tive focuses on quantifying the effects of photovoltaic (PV) placement, feeder
impedance (specifically the R/X ratio), and loading conditions on steady-state
overvoltage and Rapid Voltage Change (RVC) in large-scale networks. Using
the IEEE 8500-node test feeder as the simulation platform in CYMDIST, the
study examines Peak, Normal, and Off-Peak scenarios to understand how these

factors interact and exacerbate voltage issues.

« To evaluate voltage impact mitigation using fixed power factor (PF)
operation and practical Volt-VAR operation with appropriate set-
tings, comparing their effectiveness as smart inverter capabilities:
This objective focuses on assessing voltage impact mitigation by first apply-
ing fixed PF operation, a smart inverter capability, to establish a baseline for
managing voltage violations in high-DER environments. Subsequently, a prac-
tical Volt-VAR curve with suitable settings—such as deadband width, VAR
limits, and regulation region—is implemented to dynamically adjust reactive
power, leveraging the smart inverter’s ability to operate at a non-unity power
factor as needed. The study compares the performance of these two mitiga-
tion strategies using simulation results on the IEEE 8500-node test feeder,
validating their effectiveness in maintaining grid voltage stability during high

PV penetration scenarios.

1.4 Thesis Organization

This dissertation is structured into six chapters, followed by References and Appen-

dices, systematically addressing the voltage regulation challenges posed by Voltage



Source Converter (VSC)-based Distributed Energy Resources (DERs) in primary

distribution systems. Below is a brief outline of each chapter and its contents:

o Chapter 1: Introduction provides an overview of the integration of renewable
energy sources, specifically photovoltaic (PV) systems, into modern distri-
bution networks. It introduces the key challenges of voltage rise and rapid
voltage changes (flicker), defines the problem statement, outlines the scope
and objectives of the thesis, and discusses its limitations. The problem state-
ment, detailed in Section 1.2, highlights the critical voltage stability issues in
high-DER environments.

o Chapter 2: Literature Review reviews existing research, standards, books re-
lated to the integration of renewable Distributed Generations (DGs), par-
ticularly photovoltaic (PV) systems, into distribution networks, focusing on
voltage stability and power quality challenges. It explores the impact of high
DGs penetration on voltage regulation, including overvoltage and rapid volt-
age changes (RVC), and evaluates mitigation strategies such as energy storage,
reactive power support, and smart inverter-based fixed PF and Volt-VAR op-
erations. The chapter also introduces the IEEE 8500-node test feeder as a
benchmark for large-scale analysis, identifies gaps in the literature regarding
the combined effects of PV placement, R/X ratio, and loading conditions, and

outlines how this thesis addresses these gaps using CYMDIST simulations.

o Chapter 3: Theoretical Background establishes the theoretical framework for
voltage impact analysis. It explores the causes and effects of voltage flicker
and voltage rise, supported by mathematical models, and discusses mitigation
strategies, encompassing both conventional and advanced inverter-based tech-
niques. The chapter provides a detailed comparison of reactive power compen-
sation methods defined by IEEE 1547-2018, including Constant Power Factor
(PF), Volt-VAR, Watt-VAR, Constant Reactive Power, and Volt-Watt opera-
tions, evaluating their operational principles and suitability for high-DER pen-
etration scenarios. It also explains the rationale for focusing on Constant PF
and Volt-VAR operations in this study, as these methods are widely adopted
by local standards for mitigating voltage violations, offering a practical basis

for performance evaluation in subsequent chapters.

o Chapter 4: Methodology describes the research design and simulation setup.
It details the IEEE 8500-node test feeder model, case study scenarios based



on PV placement and loading conditions, evaluation metrics, simulation pa-
rameters in CYMDIST, and the development of Volt-VAR operation settings,

providing a structured approach to achieving the thesis objectives.

Chapter 5: Results and Discussion presents the simulation results for steady-
state voltage and rapid voltage change (RVC) analyses conducted on the IEEE
8500-node test feeder using CYMDIST. It discusses the impacts of PV place-
ment, loading conditions, and R/X ratios on voltage profiles, highlighting the
distinct behavior of voltage rise and RVC across different scenarios. The chap-
ter evaluates the effectiveness of fixed power factor (PF) and Volt-VAR oper-
ations as smart inverter capabilities for voltage impact mitigation, with fixed
PF applied first to establish a baseline, followed by a practical Volt-VAR curve
with appropriate settings for performance comparison. Volt-VAR operation is
shown to be highly effective due to its dynamic adjustment to a non-unity
power factor, while fixed PF exhibits limitations under varying loading con-
ditions. Additionally, the chapter provides an integrated analysis of steady-
state and dynamic voltage impacts, emphasizing the need for simulataneous
analysis, and proposes future research directions to enhance grid stability in

high-DER networks.

Chapter 6: Conclusion and Recommendation synthesizes the study’s key find-
ings, highlighting the effectiveness of placing PV systems near substations
to mitigate steady-state overvoltage and the critical role of smart inverter
controls in managing high PV penetration while ensuring grid reliability. It
emphasizes the distinct behavior of voltage rise and RVC under various load-
ing conditions, underscoring the need to evaluate impacts across all scenarios.
The chapter details the performance comparison of fixed power factor (PF) and
Volt-VAR operations as smart inverter capabilities, with fixed PF applied first,
followed by a practical Volt-VAR curve, demonstrating Volt-VAR’s superior
effectiveness due to its dynamic non-unity power factor adjustment. It offers
practical recommendations for engineers and utilities, including strategic PV
placement, adoption of Volt-VAR operation, and adaptive control strategies,
while proposing future research directions—such as exploring adaptive Volt-
VAR settings, BESS integration, and real-world feeder studies—to address

evolving grid challenges.



o The References section lists all cited works, providing a comprehensive bibli-
ography of standards, journal articles, Books and technical reports relevant to

voltage regulation and DER integration.

o The Appendices include supplementary data, such as system modeling infor-
mation and simulation settings to support the findings of the thesis. Addition-
ally, the section includes the Conference Paper publication confirmation and

plagiarism report to further verify the integrity of the research.



CHAPTER TWO:LITERATURE REVIEW

The integration of renewable Distributed Generations (DGs), particularly photo-
voltaic (PV) systems, into distribution networks has gained significant momentum
globally, driven by the need for sustainable energy solutions. However, this rapid
adoption introduces complex technical challenges, especially in maintaining voltage
stability and power quality. A substantial body of research has explored these is-
sues, focusing on the interaction between DGs and existing network infrastructure,

as well as the development of mitigation strategies.

Awad et al. [1] investigate the impact of high DG penetration on the operation
of under-load tap changers (ULTCs) in Canadian rural distribution feeders, using
OpenDSS simulations. Their study highlights how variable DG output leads to
rapid voltage fluctuations, straining ULTC tap operations designed for slow load
variations. They conclude that DG concentrations near ULTC secondary terminals
exacerbate tap operations, while constant power factor (PF) mode offers a practical
trade-off between simplicity and effectiveness in reducing tap changes, compared to
more complex modified ULTC controllers. Similarly, Hamza et al. [2] provide a com-
prehensive overview of PV integration effects on low-voltage distribution networks
(LVDNS), emphasizing overvoltage as a critical concern. Their analysis compares
mitigation strategies such as energy storage systems (ESSs), load shedding meth-
ods (LSM), reactive power support (RPS), active power curtailment (APC), on-load
tap changers (OLTCs), reactive power compensation (RPC), and hybrid methods
(HMs). They note that while ESSs enhance reliability and voltage regulation, their
high installation costs are a drawback, whereas RPC and HMs, though effective,

involve significant expenses due to FACTS devices and coordination complexities.

Haque and Wolfs [3] review the global expansion of PV systems, reaching 177 GW
by 2014, and their impact on low-voltage (LV) networks with high R/X ratios.
They categorize mitigation techniques into commercially available (e.g., OLTCs)
and emerging methods (e.g., VAr control of PV inverters, distributed batteries,
FACTS controllers), concluding that FACTS devices, particularly unified power flow
controllers (UPFCs), are more effective, though VAr control is limited by current
standards, and batteries are cost-prohibitive. Petinrin and Shaaban [4] examine the
voltage variations caused by reverse power flow from renewable generation, advo-
cating for smart grid technologies like demand-side integration (DSI) and energy

storage (ES) to mitigate these issues with minimal network reinforcement. Their



work suggests that coordinating voltage control devices with renewable generation

could improve voltage profiles, though further investigation is needed.

Sharma et al. [5] propose a method to reduce overvoltage-induced PV curtailment in
distribution networks by leveraging reactive power support from battery and smart
PV inverters, focusing on an 11-kV feeder in South Australia. Their approach prior-
itizes reactive power from battery inverters to mitigate overvoltage without affecting
active power flow, activating PV inverter response modes (as per Australian stan-
dard AS/NZS 4777.2.2020) only when battery support is insufficient. Simulation
results demonstrate that this method can eliminate overvoltage events and active
power curtailment when a high percentage of PV systems (> 50%) are paired with
batteries, reducing financial losses for utilities. They also find that lowering the
source bus voltage during high solar radiation periods further mitigates overvoltage
issues, offering a complementary strategy for voltage regulation in high PV pene-

tration scenarios.

Balogun et al. [6] conduct a systematic review and bibliometric analysis on the coor-
dination of smart inverter-enabled distributed energy resources (DERs) for optimal
PV and battery energy storage system (BESS) integration in modern distribution
networks. Their study emphasizes the role of smart inverters in enhancing voltage
stability through grid support functions like Volt/VAr control. They identify opti-
mal inverter settings and strategic PV-BESS placement as key factors in mitigating
voltage violations and increasing PV hosting capacity. The authors also highlight
research gaps, such as the need for robust algorithms to enable dynamic DER coordi-
nation and better integration with legacy grid systems, suggesting future directions

for improving grid stability in high-DER scenarios.

The IEEE 8500-node test feeder, as introduced by Arritt and Dugan [7], serves as
a critical benchmark for the power systems analysis community, offering a realistic
and challenging radial distribution feeder for large-scale studies. Comprising ap-
proximately 8500 nodes and 4800 buses, this test feeder incorporates typical North
American medium voltage (MV) distribution elements such as multiple feeder regu-
lators, per-phase capacitor control, and feeder secondaries, making it an ideal plat-
form for evaluating voltage regulation and power flow under complex conditions.
Developed to address the limitations of smaller test cases like the 123-node feeder,
the 8500-node system enables researchers to assess the scalability of distribution
analysis methods, particularly for unbalanced systems and high-penetration renew-

able scenarios. Its potential for advanced applications, including voltage and VAR



control simulation, further underscores its relevance to modern grid challenges, pro-
viding a robust foundation for studies on the impacts of distributed energy resources
(DERs) like photovoltaic (PV) systems on voltage stability.

Seguin et al. [8] develop a handbook for distribution engineers, addressing impacts of
high-penetration PV (1-5 MW) on overload, voltage, reverse power flow, protection,
and circuit configuration. Their study process, validated with case studies, proposes
mitigation measures using PV inverters, though specific thresholds depend on utility

standards.

The circuit voltage limits during steady-state analysis should remain within the ac-
ceptable 114-126 volt range (120-volt base) at the distribution transformer’s high
side during normal operation, ensuring reliable customer service. These voltage lim-
its are described in ANSI C84.1 [9], which provides the American National Standard
for electric power systems and equipment voltage ratings. This framework supports
the evaluation of voltage stability under varying conditions, a critical aspect for

assessing the impact of high PV penetration in distribution networks.

The IEEE 1547-2003 standard [10] initially lacked requirements for reactive power
capability, prohibiting DERs from regulating voltage at the point of common cou-
pling (PCC). However, the updated IEEE 1547-2018 standard [11] mandates voltage
regulation through reactive power adjustments, reflecting the need for DERs to sup-
port larger-scale integrations. Fuchs and Masoum [12] provide a foundational text
on power quality in distribution systems, offering insights into voltage rise and flicker

mitigation, which remain relevant for modern high-DER networks.

Varma [13] explores the impacts of high-penetration solar PV systems, noting that
by 2050, PV systems could provide 35% of global electricity generation. The study
details the adverse effects of PV integration on both transmission and distribu-
tion systems, such as voltage instability and frequency deviations, and introduces
smart inverter developments that enable reactive and active power control to mit-
igate these issues. In a subsequent chapter, Varma [14] elaborates on key smart
inverter functions, including reactive power exchange at zero active power output
and ramp rate control, which allows DERs to adjust active power in response to
voltage deviations, ensuring grid stability. Varma [15] further discusses the model-
ing and control of three-phase smart PV inverters, focusing on power and control
circuit constituents, which are critical for accurate power flow analysis in high-DER

networks.



Varma [16] introduces the concept of PV-STATCOM, a technology that leverages
PV inverters as STATCOMSs during nighttime or system disturbances, providing
dynamic voltage regulation and power factor correction. The applications of PV-
STATCOM in distribution systems are explored by Varma [17], demonstrating its
effectiveness in reducing line losses and supporting grid voltage control, particularly
during daytime disturbances when active power can be curtailed for STATCOM
operation. In transmission systems, Varma [18] highlights PV-STATCOM’s role
in improving power transfer capacity, damping power oscillations, and mitigating
fault-induced delayed voltage recovery, with case studies showing its simultaneous

support for frequency response and oscillation damping.

Varma [19] examines the role of smart inverters in increasing the hosting capacity of
PV systems in distribution networks, presenting methodologies for selecting optimal
inverter settings and showcasing field implementations that enhance grid reliability.
Additionally, Varma [20] addresses the coordination of smart PV inverters with
conventional voltage control equipment, noting potential interactions with FACTS
controllers and the importance of autonomous PCC voltage control through active
and reactive power exchange. Finally, Varma [21] discusses emerging trends in
smart PV inverters, including grid-forming capabilities and financial compensation
mechanisms for grid support functions, which could significantly enhance overall

grid stability:.

Wan et al. [22] propose a two-layer adaptive control strategy for distributed PV
systems in low-voltage distribution networks, addressing the limitations of rigid
control methods. Their approach adjusts active and reactive power reference values
based on grid demands and PV regulation capabilities, using single and compound
control modes to adapt to diverse scenarios. A case study validates this strategy,
demonstrating improved grid support and stability under varying conditions, offering

a flexible framework for DER integration.

Sitompul et al. [23] enhance Volt-VAR control by incorporating voltage sensitivity
in grid-connected PV systems, addressing voltage rise at the point of common cou-
pling (PCC) due to reverse power flow. Their method adjusts reactive power based
on changes in PCC voltage caused by PV active power, ensuring the voltage profile
remains within desired limits even under high PV output. This approach demon-
strates the potential of adaptive Volt-VAR control to improve voltage stability in

high-penetration scenarios.
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Despite these contributions, several gaps persist in the existing research. The com-
bined effects of PV placement, feeder R/X ratio, and loading conditions on voltage
rise and rapid voltage changes (RVC) have received limited attention. The impact
of these factors on the point of interconnection (POI) and regulating devices, such
as OLTCs and voltage regulators, remains underexplored. Furthermore, detailed
analyses in large-scale systems are scarce, particularly using the IEEE 8500-node
test feeder with accurate commercial load flow software like CYMDIST, limiting
the applicability of findings to real-world complexities. Many researchers currently
rely on the 123-node test feeder as a “large” system to test methods for distribu-
tion power flow and analysis; however, its small scale fails to prove scalability to
realistic large systems, underscoring the need for a more robust benchmark like the

8500-node test feeder to evaluate impacts on distribution systems comprehensively.

This thesis addresses these gaps by investigating the integrated impact of PV loca-
tion, feeder R/X ratio, and varying loads (Peak, Normal, Off-Peak) on voltage rise
and flicker, utilizing the complex IEEE 8500-node test feeder for a comprehensive
study in CYMDIST. Unlike other software packages such as ETAP, PSS/ADEPT,
and OpenDSS, CYMDIST holds a significant market share among utilities and con-
sulting firms for distribution system analysis, excelling in DER integration with its
comprehensive and user-friendly features, ensuring accurate and practical analysis.
This work offers actionable recommendations for selecting Volt-VAR, operation set-
tings, enhancing grid stability in real-world applications. It also provides practical
insights into mitigating voltage issues in high-DER networks by comparing the per-
formance of Volt-VAR operation with fixed PF operation as mitigation strategies,

validating their effectiveness through simulations to ensure grid reliability.
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CHAPTER THREE:THEORETICAL BACKGROUND

3.1 Voltage Impact Analysis

3.1.1 Voltage Flicker: Causes and Impact

Voltage flicker, interchangeably referred to as Rapid Voltage Change (RVC) in subse-
quent sections of this paper, denotes short-term voltage fluctuations in distribution
systems arising from rapid variations in PV generation. These fluctuations primarily
stem from two sources: sudden shading due to cloud coverage, which induces abrupt
reductions in PV output and corresponding power swings, and grid faults, such as
short circuits or line tripping, which prompt immediate PV disconnections and sig-
nificant voltage drops. The magnitude of these changes can be approximated as
AV = %RX’AQ [12], where R and X are the feeder resistance and reactance, AP
and AQ) represent the changes in active and reactive power due to PV variability, and
V,, is the nominal voltage. The impacts of voltage flicker are multifaceted, degrading
power quality by causing perceptible flickering in lighting systems, which diminishes
customer satisfaction, and inducing malfunctions in sensitive industrial and medical
equipment due to voltage instability. Furthermore, sustained flicker levels exceeding
thresholds, such as the 3% limit at the Point of Interconnection (POI) specified by
IEEE Std 1547-2018 [11], may result in regulatory non-compliance, exposing PV
owners to penalties and necessitating robust mitigation measures to maintain grid

reliability.

3.1.2 Voltage Rise: Causes and Impact

Voltage rise occurs when excess active power from PV systems is injected into the
grid, exceeding local demand. This phenomenon is particularly significant in weak
rural distribution feeders, where high impedance amplifies voltage deviations. The
effect of connecting distributed generation systems on the voltage of a distribution

network is explained in [4].
Figure 3.1 shows a simple distribution system with both load and PV generation.

The voltage change along a feeder without external generation (PV) can be expressed

as:

RinPrL+XinQL

AV =V1-Va= v
2

(3.1)
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Figure 3.1: Distribution system with load and PV generation.

where P; and () are the active and reactive power loads, and Ryy and Xy

represent feeder impedance.

When a PV system is connected to the distribution network, the voltage equation

modifies to:

Rin(Pr—Ppy) + Xin(Qr —Qpy)
V5

AV =Vi— V= (3.2)

When the generation from PV systems exceeds the power consumed by the load
(i.e., Ppy > Ppr), the AV given by Equation 3.2 becomes negative, indicating that
the voltage at the load side becomes higher than that at the source side. This results
in a voltage rise, which may violate grid standards such as IEEE Std 1547-2018 [11]
and ANSI C84.1 [9].

This voltage rise is more pronounced when the PV is interconnected further away
from the source, as the values of R;xy and Xy are higher in those cases. Con-
sequently, a PV system connected close to the source causes minimal voltage rise,
whereas the same system placed at the end of the network may lead to serious over-
voltage issues. This phenomenon is further explained and validated in the Results

and Discussion section.

Various strategies have been developed to address these issues, ranging from tra-
ditional methods to advanced inverter-based techniques. The following section ex-
plores these mitigation strategies, focusing on their theoretical principles and appli-

cability in high-DER penetration scenarios, such as those analyzed using the IEEE
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8500-node test feeder under varying loading conditions (Peak, Normal, Off-Peak)
and PV placement configurations, as detailed in Chapter FOUR.

3.2 Conventional Mitigation Strategies

Traditional voltage regulation in distribution systems relies on methods such as ca-
pacitor banks, installation of new voltage regulators and network reinforcements.
Capacitor banks provide reactive power compensation to support voltage levels but
lack the dynamic response needed to handle rapid variations in PV output, such
as those caused by cloud transients. This can lead to over- or under-compensation,
potentially failing to maintain voltages within the ANSI C84.1 standard range of
114-126 V (on a 120 V base) used in this study. Network reinforcements, such as up-
grading to larger conductors or adding voltage regulators, reduce feeder impedance
or step down the voltage and enhance voltage control. However, these solutions are
often cost-prohibitive, particularly for large-scale systems like the IEEE 8500-node
test feeder with extended primary conductor lengths, and may discourage investment

in renewable energy projects like PV DERs.

3.3 Smart Inverter Capability and Regulatory Requirement

Advanced mitigation strategies leverage the capabilities of smart inverters to dy-
namically regulate voltage through reactive and active power control. The IEEE
1547-2018 standard, titled "IEEE Standard for Interconnection and Interoperabil-
ity of Distributed Energy Resources with Associated Electric Power System Inter-
faces," marks a significant evolution in DER requirements [11]. Unlike the IEEE
1547-2003 standard, which prohibited DERs from actively regulating voltage at the
Point of Common Coupling (PCC) and did not mandate reactive power capabilities
[10], IEEE 1547-2018 requires DERs to support voltage regulation through reactive
power adjustments. This shift addresses the growing penetration of DERs, which
increases the demand on utilities to manage reactive power for transformer support

and maintain stable voltages at the PCC.

This study evaluates advanced inverter-based methods using the IEEE 8500-node
test feeder, considering diverse loading conditions (Peak, Normal, Off-Peak) and
PV placement scenarios (near and far from the substation). While IEEE 1547-2018
defines multiple reactive power control modes—including Constant Power Factor
(PF), Volt-VAR, Volt-Watt, Watt-VAR, and Constant Reactive Power—this the-

sis focuses on Constant PF and Volt-VAR operations. These methods are selected
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because they are widely adopted by local standards and regulations for mitigat-
ing voltage violations, offering a practical basis for comparing their effectiveness in

maintaining grid stability.

3.3.1 Reactive Power Capability of Inverters

The reactive power capability of a DER defines its ability to inject or absorb re-
active power, directly impacting the effectiveness of voltage regulation strategies.
According to IEEE 1547-2018, this capability is represented by a P-Q (active power
vs. reactive power) curve, as shown in Figure 3.2 [11]. The curve illustrates the
relationship between active power (P) and reactive power (Q), constrained by the
DER’s rated apparent power (Spated ), Where Spated = 1/ P? + Q2. The horizontal axis
represents active power output up to the rated active power (Prateq), while the verti-
cal axis shows reactive power, with positive values indicating injection (over-excited)

and negative values indicating absorption (under-excited).
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Figure 3.2: Reactive power capability of DER as per IEEE 1547-2018

The DER must have the ability to supply reactive power (in an over-excited state)
and consume reactive power (in an under-excited state) when its active power output
is at or above the minimum steady-state active power threshold (Ppiy), or 5% of
its rated active power (Ppateq, measured in kW), whichever value is higher. IEEE
1547-2018 defines the reactive power injection/absorption capability for Category B
DER to be minimum 44% of Siated-



The outer boundary of the P-Q curve represents the apparent power limit (Syated)-
For active power outputs of at least 20% of Prateq, the DER must inject or ab-
sorb reactive power up to 44% of Siateq (i-€., £0.44 - Siateq). For active power
between 5% and 20% of Prateq, the reactive power capability scales linearly as
0.44 - Syateq X 0-2%;%(1’ reducing to +0.111- Spateq at 5% of Prateq. The standard al-
lows active power curtailment to prioritize reactive power delivery within the S;ateq

limit, ensuring voltage regulation takes precedence.

3.4 Advanced Mitigation Strategies

Smart inverters employ various reactive power compensation methods to mitigate
voltage violations, as defined by IEEE 1547-2018. These methods include Constant
Power Factor (PF), Volt-VAR, Volt-Watt, Watt-VAR, and Constant Reactive Power
operations, each utilizing distinct mechanisms to regulate voltage by adjusting re-
active power, active power, or both, in response to grid conditions. This subsection
provides a theoretical overview of these methods, comparing their operational princi-
ples and suitability for high-DER penetration scenarios. However, this thesis focuses
on Constant PF and Volt-VAR operations, as these are the most commonly imple-
mented methods in local standards by most of the utilities for addressing voltage

violations, with their practical performance evaluated in Chapter FIVE.

3.4.1 Constant Power Factor Operation

Constant Power Factor (PF) operation involves the inverter maintaining a fixed
power factor by adjusting reactive power output proportionally to its active power
production. At higher active power levels, the inverter injects or absorbs more reac-
tive power, while at lower levels, the reactive power exchange decreases accordingly.
IEEE 1547-2018 specifies a default power factor of unity (1.0), meaning no reactive
power is exchanged unless the setting is adjusted, typically to a value between 0.95
and 1.00 leading or lagging [11]. Smart inverters support adjustable power factors

ranging from +0.8 to 1.0, allowing flexibility in reactive power management.

To mitigate voltage violations, the inverter can operate at a non-unity power factor
that absorbs reactive power (lagging PF), counteracting the voltage rise caused by
active power injection. This method is effective in scenarios with high PV pene-
tration, particularly when PV systems are located far from the substation, as it
increases reactive power absorption with rising active power output. Constant PF

operation is straightforward to implement, requiring minimal dynamic control, but
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its static nature limits its ability to adapt to varying grid conditions, potentially

leading to over- or under-compensation.

3.4.2 Volt-VAR Operation

Volt-VAR operation enables smart inverters to dynamically regulate voltage by ad-
justing reactive power output based on the measured voltage at the Point of Inter-
connection (POI). A generic Volt-VAR curve, as shown in Figure 3.3, consists of

three distinct regions, each governing the inverter’s behavior under different voltage

conditions.
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Figure 3.3: Volt-VAR Curve Explanation

1. Max VAR Injection: If the voltage at the monitored location falls in this

region, the inverter will inject the maximum VAR of which it is calibrated.

2. VAR Regulation Region: If the voltage at the monitored location falls in
this region, the inverter will inject VAR as per the slope. Understanding this
region is important as the inverter will try to find an equilibrium point in this

region while injecting VAR. The details are discussed in the following section.

3. Dead-Band: If the voltage at the monitored location falls in this region,
the inverter will operate with unity PF and will not exchange VAR with the
grid. The deadband is desired to be kept larger to prevent the inverter from
continuous operation. The continuous operation of the inverter in the VAR
regulation region might cause possible heating and other unforeseen problems.

One should be careful while selecting the deadband, considering all the possible
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operating characteristics to avoid possible malfunction of the inverter due to

excessive heating.

The Volt-VAR characteristic, as defined by IEEE 1547-2018, follows a piecewise
linear curve with four key points (V1,Q1 to Vi,Q4), expressed in per-unit (p.u.)
voltage and percentage of the DER’s available reactive power capability, as shown
in Figure 3.4 [11]:

(Vi.Qy)

Dead Band
i

Vi  (V3,Qa) : : Voltage (p.u.)

Absorption / under-excited | Injection /[ over-excited
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Reactive Power (% of Stated Capability)

L J

Figure 3.4: IEEE example of voltage-reactive power characteristic

(V1, Q1): At Vi p.u, the DER injects the maximum capacitive reactive
power (1) to raise the voltage.

(V2, Q2): V5 marks the lower deadband boundary, where Q2 = 0%, with no

reactive power adjustment.

(V3, Q3): V3 is the upper deadband boundary, with Q3 = 0%.

(V4, Q4): At V4 p.u., the DER absorbs the maximum inductive reactive
power (Q4) to lower the voltage.

The deadband between V5 and V3 prevents reactive power adjustments for minor
voltage deviations, while outside this range, reactive power adjusts linearly to sup-
port voltage regulation. IEEE 1547-2018 mandates that @)1 and Q4 be at least 44%

of the inverter’s nameplate apparent power rating for Category B performance [11].

Volt-VAR operation is highly effective for mitigating voltage violations due to its
dynamic response to voltage changes. However, it is constrained by the 44% reactive

power capability limit, which may be insufficient in extreme scenarios, and requires
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careful coordination with legacy devices like capacitor banks and voltage regulators

to avoid operational conflicts, such as hunting behavior.

Further details on the Volt-VAR curve and operating point selection are provided
in Chapter FOUR.

3.4.3 Watt-VAR Operation

Watt-VAR operation adjusts reactive power output based on the inverter’s active
power production, following a predefined characteristic curve as shown in Figure 3.5
[11]:
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Excited

(P5Q5)

Active Power | (P1,Q5) (0,0 (P, Q1) (P2, Qo) P3  Active Power
(Absorption) P, (P,Q5) ' (Ge;eration)

P.
| Absorption/ (G
[ under Excited

Figure 3.5: IEEE example of active power-reactive power characteristic

In a typical Watt-VAR curve, reactive power output scales with active power. For
example, at low active power levels (e.g., below 20% of Prateq - P2 in Figure 3.5),
reactive power output may be zero, while at full active power (Piateq) - (Ps in Figure
3.5), the inverter absorbs the maximum reactive power (e.g., 44% of the nameplate
rating - Qg in Figure 3.5) to mitigate voltage rise. This method is effective when
voltage violations correlate with active power injection, as it automatically adjusts
reactive power absorption without requiring voltage measurements. However, its
reliance on active power output means it may not respond effectively to voltage
violations that are not directly tied to active power levels, such as those caused by

grid conditions or load variations.

For PV systems interconnecting to the grid, the primary concern is often voltage
violations, which can occur due to the intermittent nature of PV generation and its
impact on the distribution system. In such scenarios, a control method that directly
monitors voltage and adjusts reactive power to compensate for deviations—such as
Volt-VAR operation—offers a more effective approach to voltage regulation com-

pared to Watt-VAR. Volt-VAR operation dynamically responds to real-time voltage
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measurements at the Point of Interconnection (POI), injecting or absorbing reac-
tive power to maintain voltage within acceptable limits, as defined by standards
like ANSI C84.1. This direct voltage-based control makes Volt-VAR more suitable
for addressing the voltage challenges associated with PV integration, ensuring grid

stability even under varying operating conditions.

3.4.4 Constant Reactive Power Operation

Constant Reactive Power operation, another method defined by IEEE 1547-2018,
involves the inverter maintaining a fixed level of reactive power injection or ab-
sorption, regardless of active power output or system voltage [11]. This mode is
typically used in scenarios where a consistent reactive power contribution is needed
to support the grid. However, its lack of dynamic adjustment makes it less suit-
able for scenarios with variable PV output or fluctuating grid conditions, as it may
lead to over- or under-compensation, potentially exacerbating voltage violations in

high-DER penetration systems.

3.4.5 Volt-Watt Operation

Volt-Watt operation regulates voltage by adjusting the inverter’s active power out-
put based on the measured voltage at the POI. Unlike Volt-VAR, which manipulates
reactive power, Volt-Watt curtails active power as voltage increases, directly reduc-
ing the contribution to voltage rise. The Volt-Watt characteristic, as defined by
IEEE 1547-2018, is shown in Figure 3.6 [11]:
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Figure 3.6: IEEE example of voltage-active power characteristic
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Typically, the inverter operates at full active power (Prateq) Up to a voltage threshold
(e.g., 1.05 p.u.). Beyond this threshold, active power is linearly reduced to a min-
imum (e.g., 0% of Prateq) at a higher voltage (e.g., 1.10 p.u.), mitigating excessive
voltage rise. This method is effective in high PV penetration scenarios where active
power injection significantly contributes to voltage violations. Since Volt-Watt op-
eration does not rely on reactive power, it avoids the 44% reactive power capability
limit specified by IEEE 1547-2018. This method can result in higher risk of ac-
tive power curtailment during abnormal circuit configurations. However, curtailing
active power reduces energy export, potentially leading to economic losses for PV

owners.

Although the reactive power modes described earlier cannot be used simultaneously,
the volt-watt mode can be activated alongside one of these reactive power control
modes. Generally, the starting point of the watt-var curve, denoted as Vi, is set
after the boundary of the reactive power absorption region on the Volt-VAR, curve
(i.e Vy in the Figure 3.4). That means volt-watt mode can be activated when the

available reactive power capability of inverter can’t resolve the voltage violations.

3.4.6 Selection Criteria for Reactive Power Compensation Methods

Selecting the appropriate reactive power compensation method for mitigating volt-
age violations depends on several criteria, including effectiveness, adaptability, in-
verter constraints, coordination with legacy devices, and practical considerations.
These criteria are evaluated in the context of the IEEE 8500-node test feeder with
high PV penetration, focusing on maintaining voltages within the ANSI C84.1 range
of 114-126 V (120 V base).

1. Effectiveness in Voltage Regulation: The primary objective is to mitigate
voltage violations effectively. Constant PF operation is effective for consistent PV
output scenarios but lacks dynamic response to varying conditions. Volt-VAR op-
eration excels due to its ability to adjust reactive power based on real-time voltage
measurements, as demonstrated in Chapter FIVE. Volt-Watt control directly ad-
dresses voltage violations by curtailing active power but does not utilize reactive
power, limiting its versatility. Watt-VAR is effective when voltage issues correlate
with active power but may underperform otherwise. Constant Reactive Power op-

eration provides steady support but is less effective in dynamic scenarios.

2. Adaptability to Varying Grid Conditions: Constant PF and Constant

Reactive Power operations lack adaptability, as their fixed settings do not respond
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to real-time changes across loading conditions (Peak at 100%, Normal at 60%, Off-
Peak at 15%). Volt-VAR operation adapts effectively by adjusting reactive power
based on voltage, while Volt-Watt control is limited to mitigate extreme overvoltage
scenarios. Watt-VAR adapts moderately but it lacks the use of reactive power

capability of modern smart-inverters and curtails the active power output of the PV

DER instead.

3. Inverter Capability Constraints: IEEE 1547-2018 mandates a 44% reactive
power capability limit for Category B performance, affecting Constant PF, Volt-
VAR, Watt-VAR, and Constant Reactive Power methods [11]. Volt-VAR provides
precise control within this limit, while Volt-Watt avoids reactive power constraints
but at the cost of active power curtailment. Watt-VAR and Constant Reactive
Power may underperform at low active power levels (below 20% of Prateq), Where

reactive power capability scales down.

4. Coordination with Legacy Utility Devices: Constant PF, Watt-VAR, Volt-
VAR and Constant Reactive Power’s static or active power-based adjustments may
trigger unnecessary tap changes in legacy devices like voltage regulators, increas-
ing wear. risks conflicts with slower mechanical devices if not properly tuned, as
observed in simulations where regulator taps were locked. Volt-Watt has minimal
direct interaction with reactive power devices but may indirectly affect regulator

operation.

5. Practical Implementation and Economic Considerations: Constant PF
and Constant Reactive Power are the simplest to implement but may lead to active
power curtailment, reducing PV owner revenue. Volt-VAR requires sophisticated
settings but offers superior regulation without sacrificing active power, as shown in
Chapter FIVE. Volt-Watt is simple but economically disadvantageous due to active
power curtailment. Watt-VAR is moderately complex for voltage control as voltage
is not directly monitored for fine control, with economic impacts depending on active

power export.

Table 3.1 summarizes the evaluation of these methods based on the selection criteria.
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Table 3.1: Comparison of Reactive Power Compensation Methods

Criterion Constant PF Volt-VAR Volt-Watt ‘Watt-VAR Constant Q
Effectiveness Moderate High High Moderate Low
Adaptability Low High Moderate Moderate Low
Inverter Constraints Within 44% limit Within 44% limit No reactive power use | Within 44% limit | Within 44% limit
Coordination with Legacy Devices Poor Moderate (with tuning) Jood Poor Poor
Implementation Complexity Low High Low Moderate Low
Economic Impact Moderate (possible curtailment) Low High (active power loss) Moderate Moderate

Selected Methods: Volt-VAR operation is selected for the IEEE 8500-node test
feeder due to its effectiveness in mitigating voltage violations, adaptability to varying
conditions, and ability to utilize the full 44% reactive power capability. Constant
PF is suitable due to its simplicity to select the mitigation method without focusing

on much complexity with operating condition of the system.

This study focuses on Constant Power Factor (PF) and Volt-VAR operations, as
these methods are widely adopted by local standards for mitigating voltage vio-
lations. Their theoretical principles are discussed in this section, with practical

implementation and performance analyzed in Chapter FIVE.
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CHAPTER FOUR:METHODOLOGY

This chapter outlines the methodology employed to investigate voltage regulation
challenges in high-DER distribution networks, focusing on the integration of photo-
voltaic (PV) systems. The research approach is structured into three main phases:
data acquisition and scenario definition, voltage impact analysis, and mitigation de-
velopment and evaluation. The study leverages the IEEE 8500-node test feeder in
CYMDIST to simulate realistic large-scale distribution scenarios, enabling a com-
prehensive analysis of steady-state overvoltage and rapid voltage change (RVC).
The methodology aims to quantify the combined effects of PV placement, feeder
impedance (R/X ratio), and loading conditions, while developing and validating
practical mitigation strategies, such as Volt-VAR operation and fixed power factor

(PF) operation, to enhance grid stability.

The overall summary of the research methods is reflected in Table 4.1 below.

Study Steps
Data Acquisition and Scenario Definition
- Acquire IEEE 8500-node test feeder model and CYMDIST data

- Identify PV placement locations (Near and Far from Substation)

- Define study scenarios (Peak, Normal, Off-Peak loading)

i)

Voltage Impact Analysis

- Analyze steady-state voltage rise on the circuit

- Analyze the rapid voltage change effects on POI and regulators
- Assess voltage violations across different PV locations and

at different loading conditions

- Evaluate the worst scenario for PV interconnection comparing the
integrated voltage rise and RVC impact

i)

Mitigation Development and Evaluation

- Develop mitigation for voltage violations

(Fixed PF Operation and Volt-VAR operation settings)

- Compare Volt-VAR operation vs. fixed PF operation

- Validate mitigation effectiveness using simulation results

Figure 4.1: Methodology Outline for Voltage Regulation in High-DER Net-
works

24



4.1 System Modeling and Simulation Setup

This thesis employs the IEEE 8500-node test feeder as the primary simulation
platform to investigate voltage impacts across a radial primary distribution system
under varying PV locations and feeder loading conditions. Selected for its realis-
tic representation of large-scale North American medium voltage (MV) distribution
networks, the feeder includes approximately 8500 nodes and 4800 buses, featuring el-
ements such as multiple feeder regulators, per-phase capacitor control, and a 170km
primary conductor length, which pose significant challenges for voltage regulation
analysis. Its moderate difficulty in power flow solution and approximately 10% loss
at peak load (high side) make it an ideal test case for evaluating the scalability
and robustness of voltage impact assessments, particularly when integrating high
PV penetration levels. The feeder’s design, which supports the simulation of unbal-
anced systems and diverse loading scenarios (Peak, Normal, Off-Peak), aligns per-
fectly with the thesis objective to quantify the effects of PV placement and loading
variations on steady-state overvoltage and rapid voltage changes (RVC). Figure 4.2
shows the standard IEEE 8500-node test feeder with existing feeder regulating de-

vices.

== Regulator

@ Capacitor

., 900kvar
900kvar (controlled)
(controlled)

Figure 4.2: ITEEE 8500-node test feeder with existing devices
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The peak loading in the standard feeder is 11.836 MVA at 99.60% PF, which is
considered as 100% loading. Normal and off-peak loadings are considered 60% and
15% of the peak loading, respectively. The DG (PV) output is set at 10 MVA and is
modeled at a 12.47 kV voltage level along the feeder at two different locations: near
the substation and at the end of the feeder, as shown in Figure 4.3. The 10 MVA
PV output is assumed to represent High PV penetration, considering the generation
comparable to the peak load. The voltages presented in this study are based on a

standard base voltage of 120 V, which is considered the nominal voltage.
Simulation Details:

» Software: CYMDIST, Python (CYMPY libraries).

« DER Configurations: VSC-based PVs.

« DER Placement: Near Substation (Gyg) & Far from Substation (Grg).

» Loading Scenarios: Peak (100%), normal (60%), and off-peak (15%) condi-

tions.
 High PV Penetration Level

In this simulation setup, the VSC-based DG is modeled solely as a PV system ex-
porting 10 MVA to the grid, without explicitly incorporating BESS dynamics. This
choice is driven by the study’s focus on voltage impacts during DG export, partic-
ularly for Rapid Voltage Change (RVC) analysis, where frequent PV output drops
(e.g., due to cloud coverage) challenge voltage stability at the POI and regulating
devices. While BESS could similarly export power, its charging mode shifts the
analysis towards load interconnection studies, requiring exploration of undervoltage
scenarios and specific charging limits—beyond the scope of this research, which tar-
gets overvoltage and flicker from grid export. Additionally, real-world BESS projects
are often DC-coupled with PV, charging from co-located systems rather than the
utility grid, thus having minimal direct grid impact during charging. Consequently,
only PV export scenarios are simulated here, with BESS charging impacts reserved

for potential future studies.
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4.2 Case Study Scenarios

This study evaluates different PV placement scenarios under varying loading con-
ditions. Table 4.1 presents the case study scenarios analyzed, considering varying
loading conditions and different DG placement locations along the primary distri-

bution feeder.

Table 4.1: Case Study Scenarios Based on PV Placement and Loading

Conditions
Loading PV Placement Scenario Name

No PV (Off) (B) P-B
Peak (P) |PV Far from Substation (Ggg) P-Grg
PV Near Substation (Gxg) P-Gng

No PV (Off) (B) N-B
Normal (N) |PV Far from Substation (Ggg) N-Grs
PV Near Substation (Gxg) N-Gyg

No PV (Off) (B) O-B
Off-Peak (O) |PV Far from Substation (Gpg) O-Grg
PV Near Substation (Gxg) O-Gns

Figure 4.3 illustrates the two PV placement scenarios considered and the names and

locations of existing feeder regulating devices.

4.3 Evaluation Metrics

The impact of DG on distribution circuit voltage is evaluated through steady-state
and rapid voltage change (RVC or flicker) analyses. The steady-state analysis is
employed to verify that circuit voltage remains within the acceptable 114-126 volt
range (120-volt base) at the distribution transformer’s high side during normal op-
eration, ensuring reliable customer service. These voltage limits are established in
accordance with ANST C84.1 [9]. The rapid voltage change analysis assesses instan-
taneous voltage fluctuations (flicker) at the Point of Interconnection (POI) upon
sudden project output transitions (full to no output and vice versa), with a limit of
< 3%. This analysis also examines voltage changes at the substation and in-series
line regulators, requiring them to be < half of their bandwidths (typically 1.5 V).
The rapid voltage change (RVC) limits are in accordance with IEEE Std 1547-2018
[11].
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Figure 4.3: IEEE 8500-node test feeder with existing devices and new DG
(PV) locations.

o Voltage Rise Limit: Percentage voltage rise above the standard nominal
voltage (<5%)

o RVC Limit: Voltage flicker within limits at POI (<3%) and existing regu-
lating equipment (< half of the bandwidth).

The detailed workflows for these analyses are illustrated in the following sections.

4.4 Steady-State Voltage Analysis

Figure 4.4 presents the flowchart for the steady-state voltage analysis, outlining the
steps to assess voltage rise and violations using the CYMDIST "Load Flow Analysis’

module.
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Acquire IEEE 8500-node test
feeder model and CYMDIST data

Update Circuit Equipment settings as designed by
IEEE PES Test Feeder WG.

Model the 10 MVA PV Plant Near Model the 10 MVA PV Plant Far
to Substation (~1 mile). Gyg from Substation (-8 miles). Ggg

Load Flow Analysis with PV ON
with following Loading Scenarios
»> Peak (P)—100%
> < L Normal (N) — 60%

Off-Peak (0)— 15%
With Fixed With Volt-VAR
PF Operation Operation
f

Steady State Voltage —PASS
Compare the Effectiveness of

Fixed PF vs Volt-VAR
(Examine the worst PV placement
and Loading Condition)

Figure 4.4: Flowchart for Steady-State Voltage Analysis

- .r . -
[ Examine the Worst violation at specific V., > Vo + 5%

loading & Apply/change mitigation

4.4.1 Load Flow Parameters for Overvoltage Analysis

o Load flow method used in this study is: "Voltage Drop — Unbalanced"
o Convergence Parameters:

— Tolerance: 0.01%

— Iterations: 60

« Transformers, regulators & switchable cap-banks taps at normal operation.

4.5 Rapid Voltage Change (RVC) Analysis

Figure 4.5 depicts the flowchart for the rapid voltage change analysis, detailing the
process to evaluate flicker and voltage fluctuations using the 'Long Term Dynamics’

module.
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[ Acquire IEEE 8500-node test ]

feeder model and CYMDIST data

Update Circuit Equipment settings as designed by
IEEE PES Test Feeder WG.

Model the 10 MVA PV Plant Near Model the 10 MVA PV Plant Far
to Substation (~1 mile). Gyg from Substation (~8 miles), Ggg

| @

[ Model generation curve at 75% loss at ]

project pffor proposed project

Model generation curve Long-Term Dynamics Analysis with PV ON
at 75% loss at project (300s) with following Loading Scenarios
pf for proposed project Peak (P)— 100% .Normal (N) — 60%. Off-Peak (0)— 15%

POI?
& AV >BW/2
@ Sub/Line
Reg?

Rapid Voltage Change (RVC) —PASS
(Examine the worst PV placement and
Loading Condition)

Figure 4.5: Flowchart for Rapid Voltage Change Analysis

Examine the Worst violation at specific
loading & Apply/change mitigation

4.5.1 Load Flow Parameters for Voltage Flicker Analysis

The long term dynamics module of CYMDIST software is used for the RVC analysis

with following parameters.

Total Simulation Time: 300s

Simulation time step: 1s

Load flow method used in this study is: "Voltage Drop — Unbalanced'

Voltage change monitoring locations:
— PV POI
— Feeder and Line Regulators

o Transformers and regulators tap positions were locked at their respective tap

positions.

« Switchable cap-banks locked at their current state.
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Time (s) | P (%) | PF (%)
0 100 100.0
150 100 100.0
151 25 100.0
300 25 100.0

Table 4.2: PV Generation Curve Data

The snapshot of simulation settings is provided at the appendix section at the end

of this document.

4.6 The Volt-VAR Curve

To ensure stability, the Volt-VAR curve must be carefully designed to avoid hunting
(oscillatory behavior). The equilibrium point theory is used to select the operating
points on the curve, ensuring that the inverter’s reactive power response converges to
a stable voltage. The settings for the Volt-VAR curve are detailed in the simulation
setup, reflecting the practical constraints of the IEEE 8500-node test feeder and the
10 MVA PV system.

4.6.1 Finding the Equilibrium Point

In the VAR regulation region, the inverter would hunt for an equilibrium point once
it senses the voltage at the monitored location is outside of the deadband. Let’s

define some terms which will be used while discussing the topic.

Characteristic Slope: It is the slope of the curve for the required change in VAR
for per unit (1%) change in voltage, i.e., for a given loading of the circuit and at a
given location: the slope is the VAR required to change the voltage at the monitored
location by 1 unit (%). We will consider this as the ‘Characteristic slope’ for the
given condition. For example: say 1.5 MVAR is required to change the voltage at
the monitored location by 1.2 V or 1.0%; then the characteristic slope is 1.5 MVAR
or 1.0%. The figure 4.7 shows the volt-VAR curve with characteristic slope 1.
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Figure 4.6: Characteristic Slope

Here, 1.5 MVAR has nothing to do with the possible limit of VAR exchange (injec-
tion/absorption). The topic of concern here is the slope and not the limit itself. Say
for the above example: The circuit has the max VAR exchange limit as 2.5 MVAR
and if we wish to maintain the 1.0% slope, then the VAR regulation region needs to
be wide, 2V (see below).

2541.0 = 1.67% = 120+ 187 = 2v/

If we constrain the voltage change (AV') to 1.0% for the given VAR exchange limit
(2.5 MVAR), then the slope will increase.

Equilibrium Point: The figure 4.7 shows the different iterations/attempts of the

inverter to converge to the final equilibrium point.
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Figure 4.7: Finding Equilibrium Point

As seen in the figure 4.7, the slope is equal to the characteristic slope. Now, due
to a sudden change in loading, the voltage at the monitored location changes. For
the voltage at the monitored location between 1.00-1.02 pu (say 1.004), the point
corresponding to this voltage (1.004 pu) is shown as point 1 on the curve. Sensing
this voltage, the inverter will inject a little more than 80% of the VAR limit. With
VAR injected, the voltage at the POI will increase and will reach point 2. Here, the
inverter will reduce its VAR injection as per the slope to a minimum, resulting in the
voltage at point 1. In the succeeding attempt, the inverter will inject lesser VAR.
Suppose the inverter will inject less VAR corresponding to the voltage at point 3,
which will again increase the voltage as of point 4. In a similar fashion, eventually,
the inverter will find the equilibrium point where the injected VAR and the resulting
voltage lie on the same vertical line. That point corresponding to the equilibrium

(‘eq’ in the figure) in this case is at V' = 1.012pu. Here,

Avg(1.004,1.02) = 1.012pu

For this case, the equilibrium point is found at the midpoint as the VAR injected
and the voltage will fall on the same vertical line only for this value. Based on the

above arguments, we can say there always exists a characteristic curve with a unit

33



slope corresponding to the loading of the circuit at the given instant, which can be

compared against to confirm the possible equilibrium point of stable operation for

a sudden change in voltage.

The above-discussed theory assumes the continuum of VAR availability; however, in
a real case, there is a minimum step size the inverter can operate with, i.e., the VAR
availability can be considered as a discrete function of voltage. The figure below 4.8
shows the attempts of the inverter to find the stable operating point. The number
of attempts before finding the equilibrium will depend on the initial voltage at the

monitored location.
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Figure 4.8: Attempts for Equilibrium Point

If the VAR required cannot be found due to this, then the inverter would hunt for
the equilibrium and will constantly keep changing its VAR output. However, the
voltage change is too small to notice. This can be verified with simulation results

from CYMDIST. The figure below 4.9 shows the hunting observed.
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Long-Term Dynamics
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Figure 4.9: Hunting of Inverter

Curve with Higher Slope: If the chosen curve has a slope greater compared to the
characteristic curve, then the equilibrium point found will be nearer to the nearest
deadband limit. For example, illustrated in figure 4.7, the equilibrium point found
is at 1.012 pu. However, for a curve with a higher slope and the same initial voltage
(1.004 pu), the equilibrium point found will be more near to the lower deadband
limit (i.e., greater than 1.012 pu). If the initial voltage change is in the other VAR
regulation region (i.e., VAR absorption region), then the voltage will fall near to the

upper deadband limit compared to the characteristic slope.

Curve with Lower Slope: If the chosen curve has a lower slope compared to
the characteristic curve, then the equilibrium point found will be further from the
nearest deadband limit. For the example illustrated in figure 4.7, the equilibrium
point found is at 1.012 pu. However, for a curve with a lower slope and the same
initial voltage (1.004 pu), the equilibrium point found will be further away from the
lower deadband limit (i.e., smaller than 1.012 pu). If the initial voltage change is
in the other VAR regulation region (i.e., VAR absorption region), then the voltage
will go further away than the upper deadband limit compared to the characteristic

slope.

One important point worth noting is: The voltage will always converge in the VAR
regulation region. However, if the voltage is far beyond the nearest deadband limit
and the maximum VAR exchange would not drag the voltage into the regulation
region, then the DG will continue to operate with the maximum VAR exchanged,

with the resulting voltage lying in the maximum VAR exchange region. If the max
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VAR exchange results in the voltage falling into the VAR regulation region, then
the inverter will adjust its VAR output based on the slope of the curve.

4.6.2 Qn, Vn Selection
Extreme Points on the Volt-VAR Curve

A generic curve is shown in figure 4.10. The four points ABCD are needed to define
the nature of the curve. The height of AB implies the maximum VAR injection limit,
the length of BC implies the deadband, and the height of CD implies the maximum
VAR absorption limit. Generally, the height of AB and the height of CD are desired

to be kept equal to make the curve symmetric. However, it can be asymmetric if

needed.
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Figure 4.10: A typical Volt-VAR Curve

Section 4.6.1 suggests the location of the stable operating point will be found in
the VAR regulation region. From this fact, we can infer that the extreme point
A and D need to be the lower (114.0 V) and upper (126.0 V) allowable voltage
respectively. Generally, point A is selected higher than the lower allowable limit of
95% (generally 116.0 V or higher); however, the upper limit (point D) should not be
more than 105% (126.0 V) of the nominal voltage, considering a 10% voltage range.
The deadband should be the maximum allowable for a given set of requirements.

The slope and VAR limit can be determined as follows.
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Figure 4.11: Consideration of VAR Limit

Figure 4.11 shows the possible voltage at Peak (M) and at Off-Peak (N) without
other voltage regulating devices in action. Let’s consider a PV project which will
discharge, giving a full capacity of DG. For the worst-case scenario, we can consider
discharging the full PV output to the feeder in the off-peak case. With DG injecting
the maximum rated active power (discharging), the voltage will rise to Q. The VAR
absorption limit can be determined as the VAR required to drag the voltage at the
monitored location to the possible minimum such that no under-voltage is seen in
any part of the circuit. Similarly, if we consider DG (BESS) charging during the
peak load, the voltage will fall to P. The VAR injection limit can be determined
as the VAR required to raise the voltage at the monitored location to the possible
highest value such that no over-voltage is seen in any part of the circuit. This process
will give the maximum VAR limit in each case. The suggested VAR exchange limit
must be equal to or less than this VAR limit. While injecting or absorbing VAR for
the limit consideration, if an overload of any equipment is observed, then the VAR

less than the overload limit should be considered.

Minimizing the Tap Change of Voltage Regulators

The regulator action will be affected by the projects operating with Volt-VAR set-
tings. The location of the project (with Volt-VAR) also affects the voltage regulator
action. The idea is presented below with supporting justifications. Figure 4.12
shows the cumulative action of Volt-VAR operation and regulator. The regulator
will always try to keep the voltage in between its bandwidth (region m-n in figure
4.12).
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Figure 4.12: Volt-VAR operation along-with Regulator Action

Suppose the Volt-VAR operation is given to a DG very near to a voltage regulator.
The regulator will always try to bring the voltage in between its bandwidth. The
DG will respond faster to any voltage change; however, the DG will only bring the
voltage in the ‘Voltage convergence region’ For a given stable operating point ‘c’,
the regulator will increase its tap to bring the voltage in between the ‘m-n’ region.
Hence, for a lower voltage than point ‘m’, the regulator will change its tap as if there
is no Volt-VAR operation in the DG. The catch here is the regulator tap change will
remain unaltered if the DG’s Volt-VAR operation contains the voltage regulator
bandwidth in its operating region (deadband to be exact). If we wish not to let
the regulator tap change, it requires the Volt-VAR curve (ABCD) to be squished
in between the regulator bandwidth m-n, which won’t be a feasible solution as it
will significantly reduce the VAR-regulation and deadband region of the Volt-VAR
curve. The regulator action won’t be altered if the voltage falls (or stabilizes with
VAR exchange) in the region from ‘a’ to ‘m’ and from ‘n’ to beyond. The initial
voltage at point ‘e’ will stabilize above the deadband limit ‘C’. The voltage at points

‘d” and ‘e’ falling within ‘m-n’ won’t trigger the regulator to operate its taps.
g gg g
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Figure 4.13: Voltage profile of circuit (DG POI location)

Also, the DG POI will have a direct impact on curve selection. Figure 4.13 shows
a simplified voltage profile of a circuit. As seen in figure 4.13, the POI at location
POI-I results in a lower voltage profile (c-d) for the initial voltage profile (a-b).
However, if the POI is at POI-II, then the voltage at the monitored location (POI)
will fall in the deadband limit, and the DG will continue to operate with unity PF.

4.6.3 Summary on Volt-VAR Curve Parameters Selection Algorithm

The Volt-VAR curve, as shown in Figure 4.14, is defined by four key points (V1,Q1),
(V2,Q2), (V3,Q3), and (Vy,Q4), with a deadband between V5 and V3. The following
algorithm outlines the process for selecting these parameters to ensure stable voltage

regulation at the Point of Interconnection (POI).
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Figure 4.14: A typical Volt-VAR Curve

Algorithm 4.1: Volt-VAR Curve Parameters Selection process

Require: Nominal voltage Viom = 1.0 p.u., allowable voltage limits V;, = 0.95

p.u., Vg = 1.05 p.u., IEEE 8500-node test feeder model, Peak and Off-Peak
loading conditions.

Ensure: Volt-VAR curve parameters (V1,Q1), (V2,Q2), (V3,Q3), (Vi,Qu4).

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

: Step 1: Determine Extreme Voltage Points (1} and Vj)

Set V1 >0.99 p.u. (typically 0.99 p.u., or above V).

Set V4 <1.05 p.u. (typically 1.05 p.u., or below V).

Set Q1 = 44% of nameplate kVA rating (maximum reactive power injection).
Set Q4 = —44% of nameplate kVA rating (maximum reactive power
absorption).

Step 2: Perform Load Flow Analysis

Run load flow analysis on the IEEE 8500-node test feeder without PV.
Simulate Peak (100%) and Off-Peak (15%) loading conditions.
Record voltage at POI (Vpor) for both conditions.

Step 3: Define Deadband (V3 to 13)

Set Vier as the nominal voltage adjusted by average Vpor.

Set Bandwidth, BW (V3 — Vg): (VO—POI — VP—POI)

Define deadband: Vo = Vet — BW /2 p.u., V3 = Vier+ BW /2 p.u.
Set Q2 = )3 = 0 (no reactive power in deadband).

Step 4: Set VAR Regulation Region Width

Set injection region width: Vo — V)

Set absorption region width: Vj — V3

Adjust V1 and Vj to maintain symmetry while respecting limits.
Step 5: Ensure Stable Operating Point

Run load flow with PV and Volt-VAR operation enabled.

Verify operating point lies within VAR regulation regions.

If hunting occurs, adjust deadband or region width iteratively.
Step 6: Output Volt-VAR Curve Parameters

Return (V1,Q1), (V2,Q2), (V3,Q3), (Vi,Qu4).
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CHAPTER FIVE:RESULTS AND DISCUSSION

Voltage impact analysis was conducted using the CYMDIST distribution load flow
software to evaluate both steady-state and rapid voltage change (RVC) effects, en-
suring that the photovoltaic (PV) interconnection complies with established voltage
standards. This dual analysis is critical to assess the holistic impact of Voltage
Source Converter (VSC)-based PV systems on the distribution network, addressing
both long-term voltage stability and instantaneous voltage fluctuations (flicker) that

could affect grid reliability and equipment performance.

5.1 Steady-State Voltage Analysis Under Different Scenarios

A steady-state voltage analysis was performed to evaluate the project’s impact on
the distribution circuit voltage, ensuring it remains within the acceptable range of
114 to 126 volts (on a 120-volt base) as measured at the high side of the distribution
transformer during normal operation. This range, defined by ANSI C84.1 [9], ensures
acceptable voltages at all nodes under all anticipated load conditions, regardless of
PV operation. The analysis utilized the IEEE 8500-node test feeder, integrating a 10
MVA PV system under Peak (P), Normal (N), and Off-Peak (O) loading conditions,
with PV placements at no PV (B), far from the substation (Gpg), and near the
substation (Gyg).

The simulation results, presented in Figures 5.1, 5.2, and 5.3, illustrate the voltage
profiles across these scenarios without mitigation. These profiles reveal significant
variations influenced by PV location and loading conditions. Over voltage regions
(highlighted in green, exceeding 126 V) are prominently observed in the O — (Gpg)

case, as shown in Figure 5.4 ( 5.4c).
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Figure 5.1: Voltage Profiles for Base Case
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Figure 5.3: Voltage Profiles for Gg Case
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(a) P—GFS (b) N—GFS (C) O—GFS

Figure 5.4: Circuit Condition showing the Voltage Rise at G g for Different
Loading Conditions

Quantitative results, summarized in Table 5.1, indicate that without mitigation,
the Grg scenario exhibits significant overvoltage. Under Peak load, the maximum
feeder voltage reaches 128.23 V for Grg and 125.85 V for Gg. This overvoltage at
Grg is driven by the high feeder impedance, which amplifies the voltage rise from
the 10 MVA PV injection, as modeled by Equation 3.2. Under Normal load, voltages
escalate to 129.10 V at Grg and 125.57 V at G g, reflecting reduced demand that
exacerbates PV surplus effects. The most severe violation occurs during Off-Peak
conditions, where the feeder voltage at Gpg peaks at 130.15 V, exceeding the ANSI
C84.1 limit of 126 V, due to minimal load (15

Table 5.1: Voltage Impact Analysis — Different Scenarios

Scenarios | Mitigation Required Feeder V,,q:

P-B - 125.71'V
P-Grs -96.90% PF 128.23 V (Without Mitigation) / 125.56 V (With Mitigation)
P-Gyg None Required 125.85 V

N-B - 125.94 V
N-GFrgs -95.60% PF 129.10 V (Without Mitigation) / 125.85 V (With Mitigation)
N-Gns None Required 125.57 V

O-B - 125.27 V
O-GFs -93.20% PF 130.15 V (Without Mitigation) / 125.86 V (With Mitigation)
O-Gng None Required 125.58 V

45



Mitigation using a fixed PF approach reduces overvoltage effectively. For instance,
a PF of -96.90% at P-G g lowers the voltage to 125.56 V, and -93.20% at O-Grg
brings it to 125.86 V, both within limits. Figures 5.5 illustrate these mitigated
profiles, showing a consistent voltage profile below 126 V across all nodes. However,
the fixed PF method requires scenario-specific adjustments, with the most aggressive

setting (-93.20%) needed for the Off-Peak case due to its severe overvoltage.
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5.1.1 Advanced Mitigation: Volt-VAR Settings

As outlined in Chapter FOUR, Volt-VAR operation offers a dynamic alternative to
fixed PF mitigation. IEEE Std 1547-2018 [11] permits Distributed Energy Resources
(DERSs) to compensate up to 44% of their nameplate apparent power rating for

voltage regulation through reactive power injection or absorption.
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Figure 5.6: IEEE example of volt/VAR curve

The proposed Volt-VAR curve (with operation points in Volt-VAR curve as shown
in Figure 5.0), as depicted in Figure 5.7, is defined as follows:

Vi, Q1 = 0.99 pu(118.8V), +44%

V2,Q2 = 1.01 pu(121.2V),0%

V3,Q3 =1.03 pu(123.6V),0%

Vi, Q4 =1.05 pu(126.0V), —44%
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Figure 5.7: The proposed Volt-VAR curve.

Table 5.2 compares the proposed Volt-VAR settings with the default settings spec-
ified in IEEE 1547-2018. The proposed settings adjust the voltage thresholds to
better align with the ANSI C84.1 voltage limits (114-126 V) used in this study,
ensuring reactive power injection begins at a higher low-voltage threshold (118.8 V
versus 110.4 V) and absorption starts at a lower high-voltage threshold (126.0 V
versus 129.6 V). This results in a more conservative deadband (121.2 V to 123.6 V)
compared to the default (117.6 V to 122.4 V) with steeper regulation region slope,

maintaining voltage stability within acceptable limits.

Table 5.2: Comparison of Default and Proposed Volt-VAR Settings

Parameter Default Settings (IEEE 1547-2018) | Proposed Settings
Vi 0.92 p.u. (110.4V) 0.99 p.u. (118.8 V)
Q1 +44% (injection) +44% (injection)
Vs 0.98 p.u. (117.6V) 1.01 p.u. (121.2 V)
Q2 0% 0%
Vs 1.02 p.u. (122.4V) 1.03 p.u. (123.6 V)
Q3 0% 0%
Vi 1.08 p.u. (129.6V) 1.05 p.u. (126.0 V)
Q4 -44% (absorption) -44% (absorption)
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Table 5.3 compares the PF requirements for fixed PF and Volt-VAR methods. Volt-
VAR requires slightly higher PF values (e.g., -97.22% vs. -96.90% for P-Gpg, -
94.83% vs. -93.20% for O-Gpg), reflecting its dynamic adjustment to feeder loading.
This adaptability ensures voltage remains below 126 V, as shown in Figures 5.8,

enhancing efficiency and supporting higher PV penetration.

Table 5.3: Voltage Impact Analysis — Different Scenarios with Advanced
Mitigation

Scenarios | Fixed PF Method | PF with Volt-VAR
P-B - -
P-Grg -96.90% -97.22%
P-Gys None Required -
N-B - -
N-Grg -95.60% -96.49%
N-Gpns None Required -
O-B - -
O-GFrg -93.20% -94.83%
O-Gng None Required -
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While Volt-VAR operation demonstrates superior performance in these simulations,
its practical implementation faces notable challenges. Inverter kVA capability lim-
itations, may limit effectiveness in scenarios with extreme voltage excursions or
when supporting large PV capacities, potentially requiring oversized inverters or
additional reactive power sources. Significant reactive power compensation along
with the active power injection may cause overloading of line devices between POI
and substation or undervoltage in the circuit during peak load conditions. Further-
more, coordination with legacy utility devices, such as switchable capacitors and line
voltage regulators, introduces complexity. In the IEEE 8500-node feeder, the rapid
response of smart inverters (e.g., adjusting VAR within miliseconds) contrasts with
the slower mechanical operation of regulators (e.g., tap changes over multiple sec-
onds), risking oscillatory behavior or tap wear if not synchronized. Although these
issues were not observed in the steady-state results here—due to locked tap settings
in CYMDIST—they highlight potential complexities during real-world deployment,

particularly in networks with extensive legacy infrastructure.

5.2 Voltage Flicker/RVC Analysis Under Different Scenarios

A Voltage Change Analysis was conducted to assess the instantaneous voltage fluc-
tuations (flicker) resulting from a sudden 75% drop in PV output, a scenario that
simulates the loss of the PV system. IEEE Std 1547-2018 [11] specifies that volt-
age flicker at the Point of Interconnection (POI) during transitions from full output
to no output (and vice versa) must not exceed 3%, while voltage changes at sub-
stations and in-series line regulators should remain within half their bandwidth,
typically < 1.5V. This analysis, performed using CYMDIST, evaluates the RVC
impact across Peak, Normal, and Off-Peak conditions at the PV POI and regulating
devices (Feeder Reg, LREG#2, LREG#3, LREG#4) for Gpg and G g scenarios.

Without mitigation, the RVC results, depicted in Figures 5.9 and 5.10, reveal sig-
nificant violations, particularly at Ggg. Table 5.4 shows that the PV POI at Gpg
experiences an RVC of 10.85% under Peak load, far exceeding the 3% limit, due
to high feeder impedance amplifying the sudden power drop. This is contrasted by
Gng, where the RVC is only 1.30% (Table 5.5), benefiting from lower impedance.
At regulating devices, Grg under Peak load shows a AV of 5.84 V at LREG#2,

exceeding the 1.5 V limit, indicating potential stress on voltage control equipment.
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Figure 5.9: Flicker/RVC Analysis for Gpg Scenarios (Without Mitigation)
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Table 5.4: Flicker/RVC Analysis — Without Mitigation (Gpg Scenarios)

Monitoring Location | AV (P-Gpg) | AV (N-Grg) AV (O-Gpg)|Limit
PV POI 10.85% 10.39% 7.31% 3%

Feeder Reg 0.00 V 017V 0.94 V 1.5V
LREG #2 5.84 V 5.06 V 1.75°V 1.5V
LREG #3 3.26 V 2.0V 0.19V 1.5V
LREG #4 1.85 V 143V 0.34 V 1.5V

Table 5.5: Flicker/RVC Analysis — Without Mitigation (Gyg Scenarios)

Monitoring Location|AV (P-Gyg)|AV (N-Gng)|AV (O-Gyg) | Limit
PV POI 1.30% 1.28% 0.97% 3%

Feeder Reg 0.29 V 023V 0.18 V 1.5V
LREG #2 1.99 V 193V 1.69 V 1.5V
LREG #3 1.84 V L7717V 1.61V 1.5V
LREG #4 1.82'V 1.7V 1.61 'V 1.5V

Mitigation was applied to address the worst RVC violation observed at P-Gpg
(10.85% at the PV POI), with results presented in Table 5.6 and Figure 5.11. The
strategy involved adjusting the PV system’s Power Factor (PF) to absorb reactive
power, reducing AV to within limits. At the PV POI, a PF of -98.20% lowered the
RVC to 2.72% for P-G g, and -99.00% reduced it to 2.77% for O-G g, both below
the 3% threshold. For LREG#2, where AV was initially 5.84 V, a PF of -99.20%
(P-Gpg) and -99.90% (O-Ggg) reduced it to 1.00 V and 1.06 V, respectively, meet-
ing the 1.5 V limit. Other regulators (Feeder Reg, LREG#3, LREG#4) required
no additional mitigation, with AV values ranging from 0.39 V to 1.30 V, well within

limits, indicating the upstream PF adjustments were sufficient.
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Table 5.6: Flicker/RVC Analysis — With Mitigation (P-Gpg and O-Gpg

Scenarios)

Monitoring | Mitigation AV Mitigation AV Limit
Location (P-Gps) |(P-Gpg)| (O-Gprg) |(O-Gpgg)

PV POI -98.20% PF | 2.72% |-99.00% PF | 2.77% 3%
Feeder Reg 1.30 V 1.19V |15V
LREG #2 [-99.20% PF| 1.00V [-99.90% PF| 1.06 V |15V
LREG #3 0.44 V 039V |15V
LREG #4 0.88 V 0.78V |15V
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Figure 5.11: Flicker/RVC Analysis for Gpg Scenarios (With Mitigation)

5.2.1 Effects of R/X Ratio

The voltage rise and RVC mechanisms are strongly influenced by the R/X ratio,

which varies with PV location. The voltage change is modeled as:

« Without PV:

_ RinFPr + XinQ1

AV =V, —
V=W-V V2
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« With PV:

P, — Ppy) + X1n(QL — Qpv)]
Va

R
AV = 13 — v = LN

When Ppy > P, a higher R/X ratio (e.g., 0.55 at Gpg) amplifies voltage rise and
RVC due to increased feeder impedance (Rpy and Xp).

Table 5.7: Effects of R/X ratios on Voltage Rise and RVC - Summary

Location R/X Value| Vmmax @ POI (Scenario) Max. AV @ POI (Scenario)
GFS POI 0.55 130.15 V (O-Gpg) 10.85% (P-Gg)
GNS POI 0.19 125.58 V (O-Gpg) 1.30% (P-Gns)

Table 5.7 shows that Grpg (R/X = 0.55) reaches a maximum voltage of 130.15 V
during O-Grg, exceeding the 126 V limit, while Gg (R/X = 0.19) peaks at 125.58
V, within limits. The higher R/X ratio at Gpg exacerbates both steady-state over-
voltage and RVC, particularly under low-load conditions. Furthermore, the analysis
reveals that both overvoltage and RVC are minimal in the GNS case, where the R/X
ratio is smaller (0.19) compared to the GFS case (0.55), highlighting the significant
influence of R/X ratio on voltage stability. Notably, RVC is worst during peak load-
ing conditions in the GFS case, with a maximum AV of 10.85%, while overvoltage
is most severe during peak loading, reaching 130.15 V, underscoring the interdepen-
dence of loading conditions, PV placement location (R/X ratio), and the need to
study RVC and steady-state voltage rise simultaneously. This interdependence is
critical because mitigation strategies that address voltage rise during off-peak con-
ditions may leave flicker unacceptable during peak load, necessitating a balanced

approach to ensure grid reliability across all operating scenarios.

Recommendation: Strategic PV placement near the substation (Gyg) is recom-

mended to minimize voltage impacts, leveraging lower impedance and R/X ratios.

5.3 Integrated Analysis and Discussion

The integrated analysis of steady-state voltage and RVC/flicker reveals a complex
interplay of factors influencing PV integration. Steady-state overvoltage is most
severe at G pg during Off-Peak conditions (130.15 V, Table 5.1), driven by excess PV
power against minimal load, amplified by the high R/X ratio (0.55). Mitigation with
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fixed PF (-93.20%) or Volt-VAR (-94.83%) effectively reduces this to 125.86 V and
maintains voltage below 126 V across all nodes (Figures 5.5 and 5.8). Conversely, the
worst RVC violation occurs at P-Gpg (10.85%, Table 5.4), due to high impedance
and power variability during a 75% PV drop. Mitigation with PF adjustments lowers
RVC at the PV POI and at existing regulating devices, meeting the 3% and 1.5 V
limits (Table 5.6, Figure 5.11).

This divergence highlights that steady-state and dynamic voltage issues peak under
different conditions—Off-Peak for overvoltage and Peak for RVC—necessitating a
simultaneous analysis for both effects. Fixed PF provides a straightforward solu-
tion but lags the ability of scenario-specific tuning, while Volt-VAR offers dynamic
adaptability, slightly increasing PF (e.g., -97.22% vs. -96.90% for P-Grg) but opti-
mizing reactive power use across loading conditions. The R/X ratio’s role is critical,
with Gpg’s 0.55 ratio exacerbating both phenomena compared to Gyg’s 0.19, un-

derscoring the importance of PV placement.

These findings suggest that PV integration strategies must account for both steady-
state and dynamic impacts to ensure compliance with standards (e.g., ANSI C84.1,
IEEE 1547-2018) and grid reliability. The success of mitigation at Grg indicates
that smart inverter controls can support high PV penetration, but placement near

the substation (G yg) remains optimal to minimize voltage challenges.
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CHAPTER SIX: CONCLUSION AND RECOMMENDATION

This thesis has investigated the voltage impacts of Voltage Source Converter (VSC)-
based Distributed Energy Resources (DERs), specifically photovoltaic (PV) systems,
in primary distribution networks, addressing the critical challenges of steady-state
overvoltage and rapid voltage change (RVC). Through simulations on the IEEE
8500-node test feeder using CYMDIST, the study analyzed the effects of PV place-
ment, feeder impedance (R/X ratio), and loading conditions on voltage stability, re-
vealing that placing PV systems near substations significantly reduces both steady-
state voltage rise and RVC (Vijpax at POl in O-G g case = 125.14 V and RVC,
AViax at POl in P-G g case = 1.30%), maintaining voltage profiles within ANSI
C84.1 limits (114-126 V) and RVC within IEEE 1547-2018 limits, even at high PV
penetration levels for the given test feeder, while placement far from the substa-
tion introduced severe voltage violations (Vipax at POI in O-Gpg case = 130.15 V
and RVC, AVpax at POl in P-Gpg case = 10.85%), necessitating increased mit-
igation efforts. Both fixed power factor (PF) and Volt-VAR operations, as smart
inverter capabilities, were evaluated, with fixed PF applied first to assess voltage
impact mitigation, followed by a practical Volt-VAR curve with appropriate settings
for performance comparison, demonstrating that Volt-VAR operation, aligned with
IEEE 1547-2018 standards, is highly effective due to its ability to dynamically adjust
to a non-unity power factor, whereas fixed PF operation showed limited adaptability
under dynamic load variations due to its static nature. The study highlights the
distinct behavior of voltage rise and RVC, with steady-state voltage rise being most
severe during low load scenarios (Vipax at POl in O-Gpg case = 130.15 V) and RVC
most pronounced during peak load (AV at POI in P-Gpg case = 10.85%, under-
scoring the necessity of evaluating VSC-based PV system impacts across all loading

scenarios to ensure comprehensive voltage management in high-DER networks.

For engineers and utilities aiming to enhance grid reliability in high-DER distribu-
tion networks, strategic PV placement near substations is recommended to minimize
steady-state voltage rise and RVC, leveraging lower feeder impedance and R/X ra-
tios to maintain voltage stability. Additionally, utilizing smart inverter capabilities
to implement constant power factor operation or adopting Volt-VAR operation, us-
ing practical settings such as a deadband between 121.2 V and 123.6 V and reactive
power limits of £44% of the inverter’s nameplate rating, can mitigate voltage viola-
tions and support high PV penetration cost-effectively, offering a robust alternative

to traditional infrastructure upgrades. Furthermore, developing adaptive control
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strategies that adjust smart inverter settings based on real-time feeder conditions
can further optimize voltage regulation dynamically across diverse load scenarios,

ensuring long-term grid stability.

Despite these findings, challenges remain in optimizing Volt-VAR settings for diverse
feeder configurations, necessitating future research into adaptive Volt-VAR strate-
gies that integrate real-time monitoring and machine learning for predictive control
to enhance voltage regulation, while addressing inverter capability limitations (e.g.,
the 44% reactive power constraint) and coordination with legacy devices like switch-
able capacitors and line voltage regulators to mitigate risks of hunting behavior. In-
vestigating the combined effects of multiple DERs, such as PV systems and Battery
Energy Storage Systems (BESS), particularly the voltage effects of BESS charging
on undervoltage conditions, can complement the current focus on PV export and
provide a more holistic understanding of VSC-based DG integration. Additionally,
conducting thermal overload analyses to assess infrastructure constraints when PV
systems are far from the substation (Grg), and performing studies using real-world
utility feeders with time-series data and distributed smaller-scale PV systems, will
improve the accuracy and applicability of these findings, further strengthening the

resilience of modern grids for sustainable renewable energy integration.
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APPENDIX A: SYSTEM MODELLING DATA

10 MVA PV Modelling in CYMDIST

The following figures provide supplementary data, including PV Inverter, Trans-

former, and ECG modelling used in the analysis in this thesis.
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Figure A.12: PV GSU Transformer Modelling
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Figure A.13: PV Inverter Modelling
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Figure A.14: ECG Modelling
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Figure A.15: ECG Modelling - continued

Existing Feeder Devices Settings

The following figures provide supplementary data, including Feeder Devices Settings

and simulation settings, to support the analysis in this thesis.
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Figure A.16: Substation Transformer Settings

1L.5%%

1L 5%

Close a/ Trip at_|Total Cap. kvar |Cap. kvar A_|Cap. kvar B [Cap. kvar C_|[KV __[Losses [Interrupting rating
Network Id Section Id |Equipment Id |Phase |status From Node [Bank Type  [Type  |cap. Control |(kVAR) (kvar) (kvar) (kvar) (kvar) (KVLN) [(kw) | (A) Confi
8500-NODE TEST FEEDER | CAPBANK1 |CAPBANK1 (ABC _|Connected |R42247 Single-phase |Switched |Var 200/ -300 900.0 300.0| 300.0 300.0| 7.20] 0.0 600.0{Yg
8500-NODE TEST FEEDER | CAPBANKO | CAPBANKO ABC _|Connected |R42246 Single-phase |Switched |Var 150/ -226 1200.0] 400.0} 400.0 400.0| 7.20] 0.0 600.0{Yg
8500-NODE TEST FEEDER _ [CAPBANK2 | CAPBANK2 ABC _|Connected |R20185 Single-phase |Switched |Var 150/ -225 900.0 300.0] 300.0 300.0) 7.20] 0.0 600.0{Yg
8500-NODE TEST FEEDER | CAPBANK3 |CAPBANK3 ABC |Connected |R18242 Three-phase |Fixed Manual N/A 900.0) 300.0] 300.0 300.0] 7.20] 0.0} 600.0{Yg
Figure A.17: Capacitors in the feeder - settings
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Figure A.18:

Regulators in the feeder - settings
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Abstract

This paper investigates the voltage regulation challenges posed by Voltage Source Converter (VSC)-based Photovoltaic
(PV) Distributed Energy Resources (DERs) in primary distribution systems, focusing on voltage rise and rapid voltage
changes (flicker). Utilizing the IEEE 8500-node test feeder, the study analyzes the impacts of PV placement (near
the substation, Gys, and far from the substation, Grs), loading conditions (Peak, Normal, and Off-Peak), and feeder
impedance (R/X ratio) under steady-state conditions. Key findings reveal that voltage rise is most severe during
Off-Peak loads at Grg, reaching 130.15 V and exceeding ANSI C84.1 limits, while flicker peaks at 10.85% under
Peak loads at Grs, breaching IEEE Std 1547-2018 thresholds. The analysis highlights the heightened vulnerability of
Grs due to higher R/X ratios (0.55 versus 0.19 at Gys), underscoring the importance of PV placement and loading
conditions in grid stability. These insights recommend interconnecting DERs closer to substations to lower the chances
of voltage disturbances in the primary distribution system.

Keywords

Voltage Source Converter (VSC), Distributed Energy Resources (DERs), Distributed Generations (DGs), Photovoltaic
(PV) Systems, Battery Energy Storage Systems (BESS), Voltage Rise, Voltage Flicker, Rapid Voltage Change (RVC),
Volt-VAR Optimization (VVO), Smart Inverter Control, Primary Distribution System, Power Quality, Reactive Power
Control, Point of interconnection (POI), IEEE 8500-Node Test Feeder.

1. Introduction

1.1 Background

The integration of renewable energy sources (RES) into
modern power distribution systems has accelerated
significantly, driven by global efforts to reduce carbon
emissions and enhance energy sustainability. Among
these, Photovoltaic (PV) systems and Battery Energy
Storage Systems (BESS), interfaced through Voltage
Source Converters (VSCs), have emerged as key
Distributed Energy Resources (DERs) within primary
distribution networks. These VSC-based DGs offer
substantial benefits, including reduced reliance on fossil
fuels and improved grid flexibility to accommodate
variable loads. However, their intermittent generation
profiles introduce pronounced challenges in voltage
regulation, particularly in the context of high
penetration levels. Two critical issues dominate this
domain: voltage rise, resulting from excess power
injection during periods of low demand, and rapid
voltage changes, often manifesting as voltage flicker,
triggered by abrupt fluctuations in PV output due to
environmental or grid-related factors. Addressing these
phenomena is essential to ensure grid stability, power
quality, and compliance with operational standards in

contemporary distribution systems.

1.2 Related Work and Literature Review

A substantial body of research has investigated the
voltage regulation challenges associated with Voltage
Source Converter (VSC)-based Distributed Generations

(DGs), particularly Photovoltaic (PV) systems, in
distribution networks. Awad et al. [1] explored the
mechanisms underlying voltage rise in

high-PV-penetration scenarios, demonstrating that
excessive active power injection into weak distribution
feeders, marked by elevated impedance, leads to
significant overvoltage, especially under low-load
conditions. Similarly, Hamza et al. [2] assessed the
impact of PV power surplus on voltage profiles,
identifying substantial deviations in rural feeders with
long lines and high impedance during periods of
reduced demand. On the topic of rapid voltage changes,
Haque and Wolfs [3] conducted a thorough examination
of voltage flicker, linking these fluctuations to sudden PV
output variations induced by cloud cover, which degrade
power quality and affect sensitive equipment in
distribution systems. Sharma et al. [4] proposed a
method to reduce overvoltage-induced PV curtailment
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in distribution networks by leveraging reactive power
support from battery and smart PV inverters, focusing on
an 11-kV feeder in South Australia. = Fuchs and
Masoum [5] provide a foundational text on power quality
in distribution systems, offering insights into voltage rise
and flicker mitigation, which remain relevant for modern
high-DER networks.

Recent studies have also emphasized the role of network
parameters in these phenomena. Petinrin and
Shaaban [6] analyzed the influence of feeder impedance
and PV location on voltage rise, noting that placements
farther from substations exacerbate voltage deviations
due to higher resistance and reactance. Seguin et al. [7]
further highlighted the significance of loading
conditions and feeder topology, identifying peak and
off-peak scenarios as critical periods for flicker and
overvoltage, respectively, in high-DER networks. Despite
these contributions, a detailed investigation into the
combined effects of PV placement, feeder impedance
(e.g., R/X ratio), and varying loading conditions on
voltage rise and flicker, particularly in large-scale
distribution systems like the IEEE 8500-node test feeder,
remains underexplored. This study addresses this gap by
focusing on these factors to deepen the understanding of
voltage challenges in modern distribution networks with
significant DER integration.

1.3 Objectives and Scope

This study concentrates on the voltage impact analysis of
Voltage Source Converter (VSC)-based Distributed
Generations (DGs), specifically PV systems, within
primary distribution systems. The primary objectives are
to examine the causes and consequences of voltage rise
under various feeder conditions, assess their
steady-state implications, and evaluate the effectiveness
of mitigation strategies. The analysis employs the IEEE
8500-node test feeder as a simulation framework,
providing a realistic representation of large-scale
distribution networks. Three distinct loading
conditions—Peak, @ Normal, and Off-Peak—are
considered, reflecting 100%, 60%, and 15% of the feeder’s
peak load, respectively, with PV output maintained at a
constant full capacity of 10 MVA across all scenarios.

In practice, PV generation varies with environmental
factors, and feeder loading fluctuates over time.
However, this study intentionally adopts fixed values for
both PV output and loading in each scenario to represent
worst-case conditions. The rationale is that mitigating
voltage rise under these extreme cases—where PV
generation is maximized and loading ranges from
minimal to peak—ensures the proposed solutions
remain effective across intermediate operating states.
The scope is thus limited to steady-state phenomena,

excluding transient dynamics, to focus on persistent
voltage regulation challenges. By identifying the causes
and effects of voltage rise and rapid voltage changes and
evaluating their implications under varying operating
conditions, this work aims to deliver practical
engineering insights for enhancing grid reliability in
modern distribution systems with high DER penetration.

1.4 Voltage Impact Analysis

1.4.1 Voltage Flicker: Causes and Impact

Voltage flicker, interchangeably referred to as Rapid
Voltage Change (RVC) in subsequent sections of this
paper, denotes short-term voltage fluctuations in
distribution systems arising from rapid variations in PV
generation. These fluctuations primarily stem from two
sources: sudden shading due to cloud coverage, which
induces abrupt reductions in PV output and
corresponding power swings, and grid faults, such as
short circuits or line tripping, which prompt immediate
PV disconnections and significant voltage drops. The
magnitude of these changes can be approximated as
AV = (R-AP+ X -AQ)/Vy, [5], where R and X are the
feeder resistance and reactance, AP and AQ represent
the changes in active and reactive power due to PV
variability, and V;, is the nominal voltage. The impacts of
voltage flicker are multifaceted, degrading power quality
by causing perceptible flickering in lighting systems,
which diminishes customer satisfaction, and inducing
malfunctions in sensitive industrial and medical
equipment due to voltage instability. Furthermore,
sustained flicker levels exceeding thresholds, such as the
3% limit at the Point of Interconnection specified by
IEEE Std 1547-2018 [8], may result in regulatory
non-compliance, exposing PV owners to penalties and
necessitating robust mitigation measures to maintain
grid reliability.

1.4.2 Voltage Rise: Causes and Impact

Voltage rise occurs when excess active power from PV
systems is injected into the grid, exceeding local demand.
This is particularly significant in weak rural distribution
feeders, where high impedance amplifies voltage
deviations. The effect of connection of distributed
generation systems on the voltage of a distribution
network is explained in paper [6].

Figure 1 shows a simple distribution system with both
load and PV generation.

The voltage change along a feeder without external
generation (PV) can be expressed as:

_ RynPr+ XinQL

AV =V -V,
1 2 v

(€8]

where Pr, Qr are the active and reactive power loads, and
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PV DER

Subststaion

Grid Vo Transformer Vy V,

Figure 1: Distribution system with load and PV
Generation.

Rrn, Xin represent feeder impedance.

When a PV is connected in the distribution system, the
voltage equation modifies to:

AV =Vi—Vp= (Rin (P — Ppy) + XN (Qr — Qpv)) ©
V2

Now, when the generation from PV systems is higher than
the power consumed by the load, AV given by equation
2 becomes negative, or in other words, the voltage at the
load side becomes higher than that at source side. That
means, when Ppy > Pj, the feeder experiences voltage
rise, violating grid standards such as IEEE Std 1547-2018
[8] and ANSI C84.1 [9].

This voltage rise is more prominently seen when the PV is
interconnected further away from the source, because at
those cases the value of Ry and Xy are high. So, when
a PV system is connected close to the source, it does not
cause much rise in voltage but the same system placed
at the end of the network may cause serious overvoltage
issues. This phenomenon is further explained and proved
in the Results and Discussion Section.

1.4.3 Mitigation Strategies

Various strategies have been developed to address
voltage regulation challenges in distribution systems
with Voltage Source Converter (VSC)-based Photovoltaic
(PV) Distributed Energy Resources (DERs). This study
exclusively employs non-unity power factor (PF)
mitigation to evaluate the level of intervention required
across different scenarios, such as mitigating rapid
voltage changes (RVC) under Peak load with PV far from
the substation (P-Grs) and voltage rise during Off-Peak

load with PV far from the substation (O-Ggg).

Conventional methods, including capacitor banks, offer
reactive power compensation but are limited by their
lack of dynamic adaptability, rendering them less
suitable for rapidly varying PV outputs. Network
reinforcements, such as upgrades to thicker conductors
and voltage regulators, provide a structural solution but
are often prohibitively expensive, potentially
discouraging investment in renewable energy initiatives

like PV DERs. Fixed power factor operation, specifically
non-unity PE enables DERs to operate at a
predetermined lagging power factor, allowing the
consumption of reactive power to reduce voltage
deviations, as illustrated by the relationship in Equation
2, where absorbing reactive power decreases the second
term, thereby lowering voltage rise. However, this
approach can curtail active power output, imposing
economic burdens on PV owners to resolve grid
violations, such as those observed in P-Grg RVC and
O-Gps voltage rise scenarios. Advanced techniques, such
as Volt-VAR Optimization (VVO), which dynamically
adjust reactive power, are not implemented in this study
but could provide more efficient mitigation options.

2. Methodology

2.1 System Modeling and Simulation Setup

This study uses the IEEE 8500-node test feeder as a
benchmark system to analyze voltage regulation
challenges in large-scale distribution networks. This
realistic test feeder, containing approximately 8500
nodes and 4800 buses, enables rigorous assessment of
power flow, loss minimization, and grid stability, making
it a valuable tool for evaluating smart inverter control
and Volt-VAR optimization strategies in modern
high-DER environments.

Existing Switchable
0O g

s Cap-banks

10 MVA PV at the
End of Feeder (Gs)-
(~8 miles from

Substation) ‘s _ \

Feeder Reg

10 MVA PV Near
Substation (Gys)
(~1 mile from Substation)

Y

Figure 2: IEEE 8500-node test feeder with Existing
Devices and New DGs (PV) Location.

Simulation Parameters:

 Software: CYME, Python (CYMPY libraries).

* DER Configurations: VSC-based PV and BESS.

* Loading Scenarios: Peak, normal, and off-peak
conditions.

* 100% PV Penetration Level

The Peak Loading in the standard feeder is at 11.836 MVA
at 99.60% PE which is considered as 100% loading.
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Normal & off-Peak Loading are considered 60% & 15% of
the peak loading respectively. The DG (PV) output is
considered as 10 MVA and is modelled at 12.47 kV
voltage level along the feeder at two different locations:
near the substation and along the end of the feeder, as
shown in the Figure 2. The 10 MVA PV output is assumed
as 100% PV penetration considering the Generation
equal to the Peak Load. The voltages shown in this paper
will be on the standard base voltage of 120 V, which is
considered as the nominal voltage.

2.2 Case Study Scenarios

The study evaluates different PV placement scenarios
under varying loading conditions. Table 1 presents the
case study scenarios analyzed considering varying
loading condition and different DGs placement location
along the primary distribution feeder.

Table 1: Case Study Scenarios Based on PV Placement
and Loading Conditions

Loading PV Placement Scenario Name
No PV (Off) (B) P-B
Peak (P) | PV Far from Substation (Ggs) P-Grs
PV Near Substation (Gys) P-Gns
No PV (Off) (B) N-B
Normal (N) | PV Far from Substation (Grs) N-Grs
PV Near Substation (Gys) N-Gns
No PV (Off) (B) O-B
Off-Peak (O) | PV Far from Substation (Ggs) O-Grs
PV Near Substation (Gys) 0O-Gns

Figure 2 illustrates the two PV placement scenarios
considered and the name and location of existing feeder
regulating devices.

2.3 Evaluation Metrics

The DG’s impact on distribution circuit voltage was
evaluated through steady-state and voltage change
(flicker) analyses. The steady-state analysis was used to
verify that circuit voltage remained within the acceptable
114-126 volt range (120-volt base) at the distribution
transformer’s high side during normal operation,
ensuring reliable customer service. The voltage limits are
in accordance with ANSI C84.1 [9]. The rapid voltage
change analysis assessed the instantaneous voltage
fluctuations (flicker) at the Point of Interconnection
(POI) upon sudden project output transitions (full to no
output and vice versa), with a limit of < 3%. This analysis
also examined voltage changes at the substation and
in-series line regulators, requiring them to be < half of
their bandwidths (typically 1.5 V). The rapid voltage
change (RVC) limits are in accordance with IEEE Std
1547-2018 [8].

* Voltage deviations: Percentage voltage rise above

the standard nominal voltage (<5%)

e Power quality improvements: Voltage flicker
within limits at POI (<3%) and existing regulating
equipment (< half of the bandwidth).

3. Results and Discussion

3.1 Voltage Impacts Under Different Scenarios
The simulation results, derived from the IEEE 8500-node
test feeder under Peak, Normal, and Off-Peak loading
conditions, reveal distinct voltage profiles for VSC-based
PV integration. These profiles, illustrated in Figures 3, 4,
5,6,7,8,9,10, and 11, highlight the steady-state voltage
impacts across PV placement scenarios—no PV (B), PV
far from the substation (Ggs), and PV near the substation
(Gns) without mitigation.
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Figure 3: P-B Voltage profile without mitigation.
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Figure 4: P-Grs Voltage profile without mitigation.
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Figure 5: P-Gys Voltage profile without mitigation.

Under Peak load conditions, the maximum feeder
voltage without mitigation reaches 128.23 V for Grs and
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Figure 6: N-B Voltage profile without mitigation.
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Figure 8: N-Gys Voltage profile without mitigation.
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Figure 9: O-B Voltage profile without mitigation.
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125.85 V for Gys, as summarized in Table 2. This
overvoltage, particularly at Grs, is attributed to the high
impedance of long feeders amplifying the effect of excess
PV power injection, as modeled in Equation 2. For
Normal load conditions, voltages escalate to 129.10 V at
Grs and 125.57 V at Gy, reflecting increased sensitivity
to PV surplus due to reduced demand. In Off-Peak
conditions, the most severe voltage rise occurs, with a
maximum of 130.15 V at Grs, exceeding ANSI C84.1
limits (114-126 V on a 120 V base) [9], due to minimal
load offsetting the constant 10 MVA PV output. These
results underscore the critical influence of feeder loading
and PV location on voltage stability, with Grs
exacerbating overvoltage due to higher R/X ratios, as
detailed in Table 5.

3.2 Voltage Flicker/RVC Analysis Under Different
Scenarios

The Rapid Voltage Change (RVC) analysis, conducted
without mitigation, examines instantaneous voltage
fluctuations resulting from a 75% drop in PV output, as
depicted in Figures 12, 13, 14, 15, 16, and 17. This
analysis focuses on voltage changes at the PV Point of
Interconnection (POI) and feeder regulating devices
(Feeder Reg, LREG#2, LREG#3, LREG#4) under Peak,
Normal, and Off-Peak conditions.

Under Peak load, Grs exhibits the highest RVC at the PV
POI, reaching 10.85%, significantly exceeding the 3%
limit specified by IEEE Std 1547-2018 [8], as shown in
Table 3. This is attributed to the increased impedance
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Table 2: Voltage Impact Analysis — Different Scenarios

Loading Condition|Scenarios|Mitigation Required to Pass Feeder V4
P-B - 125.71V
Peak (P) P-Ggg -96.90% PF 128.23 V (Without Mitigation) / 125.56 V (With Mitigation)
P-Gys None Required 125.85V
N-B - 125.94V
Normal (N) N-Grs -95.60% PF 129.10 V (Without Mitigation) / 125.85 V (With Mitigation)
N-Gys None Required 125.57V
O-B - 125.27V
Off-Peak (0) O-Grs -93.20% PF 130.15 V (Without Mitigation) / 125.86 V (With Mitigation)
0-Gps None Required 125.58 V
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Figure 12: P-Grs Voltage Change at PV POI, Feeder Reg,
LREG#2, LREG#3, and LREG#4 during 75% drop of PV.

Long-Term Dynamics

0 10 20 30 40 %0 €0 7O B 90 00 1D 120 1I0 10 150 WO T 180 190 200 290 720 F0 20 20 260 210 70 200
Time (s)

VBase (HIT2977_PY_POLGNS_NEAR 58)
VBasa (LREG,3)
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Figure 15: N-Gy;s Voltage Change at PV POI, Feeder Reg,
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Figure 16: O-Gps Voltage Change at PV POI, Feeder Reg,
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and power variability at the feeder end, amplifying
sudden drops in PV generation. At Gys, the RVC is
mitigated to 1.30%, reflecting lower impedance and
proximity to the substation. Similar trends are observed
under Normal and Off-Peak loads, with Grs showing
10.39% and 7.31% RVC at the POI, respectively,
compared to 1.28% and 0.97% at Gys. At feeder
regulating devices, voltage changes remain within 1.5V
(half the bandwidth) for most scenarios, except at Grg
under Peak load, where LREG#2 experiences 5.84 V,
indicating potential regulatory stress.

Table 3: Flicker/RVC Analysis — Without Mitigation (Grs
Scenarios)

Monitoring Location AV (P-Ggs) | AV (N-Gps) | AV (0-Grs) | Limit
PV POI 10.85% 10.39% 7.31% 3%

Feeder Reg 0.00V 017V 094V 15V
LREG #2 5.84V 5.06 V 1.75V 1.5V
LREG #3 3.26 V 270V 0.19V 1.5V
LREG #4 1.85V 1.43V 0.34V 1.5V

Table 4: Flicker/RVC Analysis — Without Mitigation (Gys
Scenarios)

Monitoring Location | AV (P-Gys) |AV (N-Gys) | AV (0-Gys) Limit
PV POI 1.30% 1.28% 0.97% 3%

Feeder Reg 0.29V 0.23V 0.18V 15V
LREG #2 1.99V 1.93V 1.69V 1.5V
LREG #3 1.84V 1.77V 1.61V 1.5V
LREG #4 1.82V 1.75V 1.61V 1.5V

These findings suggest that PV placement at Ggg
heightens susceptibility to flicker, particularly under
high-load conditions, due to the combined effects of
feeder impedance and PV power dynamics. The R/X
ratio, as summarized in Table 5, further explains this
behavior, with Grs’s 0.55 ratio contributing to greater
voltage sensitivity compared to Gys’s 0.19 ratio.

Table 5: Summary table for relation of PV Location, R/X
ratio and feeder loading

Location R/XValue | Vmax Value @ POI (Scenario)
Grs POI 0.55 130.15V (O-Grps)
Gys POI 0.19 125.14V (0O-Gys)

3.3 Key Observations from Case Studies

The analysis, guided by the voltage rise model in
Equation 2, provides critical insights into the voltage
regulation challenges of Voltage Source Converter
(VSC)-based Photovoltaic (PV) systems within the IEEE
8500-node test feeder. The following observations,
derived from simulation results, highlight the influence
of feeder characteristics and operational conditions on
voltage behavior:

¢ Peak Load Conditions: PV systems located far
from the substation (Grs) exhibit the highest rapid
voltage change (RVC) at the Point of
Interconnection (POI), reaching 10.85% under
Peak load, as documented in Table 3. This
heightened flicker susceptibility is attributed to
increased feeder impedance and power variability,
amplifying sudden PV output drops. In contrast,
PV near the substation (Gys), as documented in
Table 4 shows a reduced RVC of 1.30%, reflecting
lower impedance and proximity to the source, with
a maximum feeder voltage of 125.85V, as noted in
Table 2.
Normal Load Conditions: Under Normal load,
Grg continues to demonstrate elevated RVC
values, reaching 10.39% at the POI, while Gys
maintains lower fluctuations at 1.28%, per Tables 3
and 4. Steady-state voltages at Grs peak at 129.10
V, and at Gys at 125.57 V, indicating persistent
voltage rise sensitivity to PV placement and
reduced demand, as detailed in Table 2.
e Off-Peak Load Conditions: During Off-Peak
conditions, voltage rise is most severe at Grs, with
a maximum feeder voltage of 130.15 V, exceeding
ANSI C84.1 limits (114-126 Von a 120 V base) [9],
as shown in Table 2. This overvoltage results from
excess PV power injection against minimal load,
exacerbated by the higher R/X ratio of 0.55 at Grs
compared to 0.19 at Gys, per Table 5. RVC at Grg
is reduced to 7.31%, while Gys shows only 0.97%,
indicating lower flicker risk near the substation.

These observations, supported by Tables 2, 3, 4, and 5
emphasize the critical role of PV placement, feeder
impedance (R/X ratio), and loading conditions in
determining voltage rise and flicker severity, providing a
foundation for strategic DER interconnection to enhance
grid reliability.

4. Conclusion

This paper presented the voltage regulation challenges
from Voltage Source Converter (VSC)-based Photovoltaic
(PV) Distributed Energy Resources (DERs) in primary
distribution systems using the IEEE 8500-node test
feeder. It was revealed that the voltage rise peaks at
130.15 V during Off-Peak conditions at Grg, exceeding
ANSI C84.1 limits, while flicker reaches 10.85% under
Peak load at Grgs, surpassing IEEE Std 1547-2018
thresholds. PV placement far from the substation (Grs)
worsens both issues due to higher R/X ratios (0.55 vs.
0.19 at Gns), whereas proximity to the substation (Gys)
lowers the impact. These findings highlight the need to
study the steady-state voltage rise and RVC of PV DERs
simultaneously at all feeder loading conditions and
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recommend connecting DERs closer to substations to
reduce the likelihood of voltage disturbances and
enhance grid stability.
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