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Abstract

As electricity demand continues to increase and environmental challenges from
conventional power generation persist, a worldwide shift toward renewable energy
sources (RESs) has been initiated. Saudi Arabia, with its advantageous geographical
location, presents exceptional potential for solar photovoltaic (PV) integration. This
natural advantage positions the country as an ideal adopter of solar PV, facilitating
its path toward reduced reliance on fossil fuels.

While the shift toward renewable energy offers significant benefits, it also
introduces complexities to power grid stability due to the inherent limitations of RESs
in providing sufficient strength and inertia support. Successful integration requires
adapting existing grid infrastructure and developing innovative solutions.

This dissertation addresses the emerging challenges associated with reduced
grid strength and inertia. It primarily focuses on the implications of full solar
PV integration, where conventional generators are entirely replaced within the
Saudi Electricity Company (SEC) grid. The research explores several solutions,
including implementing synchronous condensers (SynCons) to enhance grid strength
by improving short-circuit capacity and inertia, ensuring stable voltage and frequency
regulation. Protection systems were adapted to address the reduced fault current
associated with solar PV integration. Using the short-circuit ratio (SCR) as a strength
index, findings indicate that an SCR increase of 3 with SynCons significantly improved

system stability and post-disturbance recovery. These insights offer adaptable



strategies and practical approaches to enhance grid resilience, supporting power

systems worldwide in their transition to RESs.
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Chapter 1

Introduction

1.1 Background

With the growth in electricity demand and the environmental challenges caused
by traditional generation, the transition toward renewable energy sources (RESs)
is being observed worldwide [1, 2]. This shift aims to decrease reliance on traditional
energy sources that depend on fossil fuels for electricity generation and utilizes the
significant advantages of RESs. As part of this global development, the energy sector
of Saudi Arabia experiences significant changes by shifting from its historical reliance
on conventional power generation methods towards sustainable and green alternatives
(3, 4]. The country’s Vision 2030 concentrates on diversifying energy sources by
achieving 58 GW of renewable energy capacity. This movement aims to reduce its
heavy reliance on fossil fuels for electricity generation [5].

Saudi Arabia has an advantageous geographical location, exceptionally well suited
for solar power integration. It receives more than 2100 kWh/m? of solar radiation
annually [6]. This natural potential makes the country a highly suitable adopter of
solar power in its transition towards RESs. Several solar energy projects have already

been initiated, with more under development [7, 8]. This change in the energy sector



is expected to have major positive economic and environmental implications, forming
the foundation for a more sustainable and diversified future.

While the transition of power grids to RESs offers valuable benefits, it also
introduces new complexities in maintaining stability and reliability [9, 10, 11]. This
integration requires the adaptation of existing grid infrastructure, as well as the
development of innovative technologies and strategies [9, 11]. Addressing these
challenges is crucial for ensuring a successful and sustainable shift to a renewable

based energy system.

1.2 Motivation

The integration of inverter-based resources (IBRs) such as solar photovoltaic (PV)
systems presents unique challenges [12, 13, 14, 15]. Unlike traditional synchronous
generators (SGs), solar PV systems have intermittent power output and distinct fault
current characteristics due to their reliance on power electronic devices [9, 10, 11].
Inverters typically produce much less fault current compared to traditional generators,
making fault detection in IBR-dominated grids challenging, as fault current levels
often do not differ significantly from normal operating conditions [12, 14]. Moreover,
power flow analyses indicate that increasing PV generation along with the retirement
of SGs directly weakens voltage stability [16, 17, 18]. Furthermore, the reduced
available inertia in power grids, which are increasingly powered by IBRs lacking the
rotational components found in SGs, raises significant concerns about overall system
robustness [11, 12, 19]. This issue is further compounded by the inherent limitations
of IBRs in providing essential reactive power compensation, which is crucial for
maintaining grid stability during contingencies [10, 11].

Several studies have investigated various aspects of the impact on power system
strength following the integration of RESs [20, 21, 22]. The reduction in system
strength primarily depends on the levels of fault current within the power network.

Replacing SGs with IBRs leads to decreased fault current levels due to the limited



short-circuit current characteristics of IBRs, introducing a significant concern for
the effectiveness of existing protection systems [13, 14, 15, 20]. Extensive studies
(23, 24, 25, 26] have assessed system strength in the context of IBRs. Several studies
(27, 28, 29, 30] have investigated the impact of energy storage on enhancing electric
grid stability. Similarly, the use of Flexible AC Transmission Systems (FACTS)
[31, 32, 33, 34] has been explored for their potential to improve these aspects of power
systems. Additionally, synchronous condensers (SynCons) [19, 35, 36, 37, 38, 39] have
been used to increase short-circuit capacity levels and inertia, further contributing
to system robustness. Also, advanced inverter control strategies [40, 41] have been
recognized for significantly enhancing both the dynamic performance and overall
reliability of power systems by improving power quality and providing essential grid
support services during disturbances, highlighting their importance in modern power
system operations. With the ongoing research focused on advanced grid modeling
and real-time monitoring, there is a growing potential to develop more advanced
and integrated approaches. These solutions aim not only to address the immediate
challenges of grid stability and security, but also to ease the way for a more resilient
and sustainable energy future.

This dissertation addresses the emerging challenges that reduce power system
strength and proposes solutions, with a focus on the transition of the Saudi Electricity
Company (SEC) system to a fully integrated solar PV grid. It provides insights and
methodologies that can be adapted to other power systems globally, enhancing the
global energy sector by improving grid stability and security. The successful adoption
of RESs is key to achieving the ambitious goals of countries worldwide, particularly
for nations like Saudi Arabia, which aim for a sustainable future less dependent on

fossil fuels.

1.3 Research contributions

The specific objectives of this dissertation are outlined below:



Developing five case studies based on the original Saudi model by progressively
replacing SGs with solar PV at increments of 20%, 40%, 60%, 80%, and 100%
using the Power System Simulator for Engineers (PSS/E).

Investigating the impact on short circuit capacity (SCMVA) and system

strength indicators with gradual solar PV integration.

Analyzing and determining the hosting capacity of IBRs under different solar

PV penetration levels.

Assessing the impact of incremental solar PV integration on voltage and
frequency responses during contingencies, and its influence on fault current

magnitudes relevant to protection system performance.

Conducting a weak grid analysis to identify potential bus locations that require

support for the implementation of SynCons.

Evaluating how SynCons improve SCMVA and fault current levels within the
grid.

Determining the optimal size and capacity of SynCons to strengthen system

robustness at various locations.

Investigating the role of SynCons in mitigating voltage stability issues to

enhance grid resilience under various load conditions.

Studying the impact of adding a transmission line on voltage stability under

high solar PV penetration.

Examining the impact of relocating solar PV near central loads on voltage

stability under high solar PV penetration.

Conducting a comparison study on the impact of Static Synchronous Compen-
sator (STATCOM) and SynCons in mitigating fault-induced delayed voltage

recovery (FIDVR) issues in the Saudi power grid.

4



e Exploring the effectiveness of SynCons in enhancing frequency stability, espe-

cially in scenarios under high renewable energy integration.

e Studying the impact of adding a transmission line on frequency stability under

high solar PV penetration.

e Examining the impact of relocating solar PV near central loads on frequency

stability under high solar PV penetration.

e Evaluating protection system enhancement by analyzing changes in fault current
levels at the Point of Interconnection (POI) before and after the implementation

of SynCons.

1.4 Dissertation Organization

This dissertation is organized as outlined below:

e Chapter 2: provides an overview of global solar PV generation and a
background on the Saudi Arabian power grid. It introduces power system
strength and explains how the integration of RESs impacts grid robustness,
focusing on key indicators such as short circuit ratio (SCR) and weighted short
circuit ratio (WSCR) to establish a foundation for evaluation. The chapter
includes a comprehensive review that highlights the differences in short circuit
behavior between synchronous machines (SMs) and IBRs, emphasizing their
distinct characteristics and effects on the grid. Additionally, it introduces the
International Electrotechnical Commission (IEC) 60909, a globally recognized
standard for calculating short circuit capacity. Finally, the chapter discusses
the challenges posed by weak system strength, focusing on the implications
for voltage and frequency stability, along with the necessary adaptations in

protection systems.



e Chapter 3: provides a comprehensive evaluation of the impact of increasing
solar PV penetration on the strength of the Saudi power grid. It begins with
an introduction that clarifies the significance of this analysis. The chapter
then explores the effects of higher solar PV integration on system strength,
focusing on changes in SCMVA levels. The analysis extends to how these
penetration levels influence key system strength indicators such as SCR and
WSCR. The chapter also examines the hosting capacity of IBRs, evaluating
how the increase in solar PV capacity impacts the ability of the grid to manage
additional power. Further, it explores the influence of solar PV integration
on voltage and frequency stability at different penetration levels. The chapter
concludes by examining the effect of this integration on the protection system

and exploring potential improvements for more robust protection solutions.

e Chapter 4: focuses on the role of SynCons in enhancing power system strength.
The chapter begins by setting the stage for a detailed exploration of this
topic. It then explains the principles and applications of SynCons, providing a
foundational understanding of their functions and significance in power systems.
The chapter progresses to discuss SynCons modeling, exploring the technical
aspects and methodologies involved in accurately representing these components
in system analyses. Furthermore, it introduces an examination of how SynCons
can enhance the strength of power grids, including both the methodology used
for integrating SynCons and the subsequent results. Overall, this chapter
provides a thorough overview of SynCons, from their basic principles to their

practical implications in enhancing power system strength.

e Chapter 5: begins with an introduction, followed by a discussion on the
basics of voltage stability. It outlines the methods used to analyze voltage
stability, such as PV and QV curves, and explores load classifications, including
static and dynamic loads. The methodology section is followed by results

and discussions of several case studies, including testing the highest solar PV



penetration before the voltage response becomes unstable, analyzing voltage
instability using SynCons with static load and composite load, comparing the
performance of SynCons and STATCOM in mitigating voltage instability during
a FIDVR event, and evaluating the impact of adding more transmission lines

and relocating solar PV on voltage stability under high solar PV penetration.

Chapter 6: starts with an introduction and a discussion on the basics of
frequency stability. It then examines frequency stability behavior, followed
by the methodology, results, and discussions of several case studies. These
include determining solar PV penetration limits on frequency response, testing
frequency response as SynCons gradually increase the SCR, and evaluating the
impact of adding a transmission line and relocating solar PV near central loads

under high solar PV penetration.

Chapter 7: examines the challenges and solutions associated with power
system protection in the context of increasing solar PV integration. It highlights
the fundamental role of protection systems, the impact of the shift from
traditional SGs to IBRs, and the proposed solutions to ensure a reliable and

secure system.

Chapter 8: summarizes the key findings of the research, discusses their
implications for the Saudi power grid and the broader field of power systems,
and proposes directions for future research to further advance the integration

of renewable energy sources.



Chapter 2

Literature Review

2.1 Global Overview of Solar Photovoltaic Power
Generation

The high demand for oil initiated interest in solar technology as an alternative to fossil
fuels. This marked a historical turning point, setting the stage for the rapid evolution
of solar technology observed today [42]. RESs, including solar PV, are recognized in
the modern energy sector for their collective role in decreasing reliance on fossil fuels
and promoting sustainability. According to IRENA annual review report, the global
installed capacity for electricity generation using solar PV has reached a remarkable
1,055.61 GW, with 189 GW of this capacity being added in 2022 alone [43].
However, despite its significant adoption, solar PV technology faces several
challenges. Its reliance on sunlight leads to variability in power output, making it less
predictable and consistent than fossil fuel-based power plants [44]. This intermittency,
combined with the fact that solar PV systems are connected to the grid via power
electronic devices, presents distinct challenges that will be discussed later in this

chapter.



2.2 Saudi Arabia Power Grid

The Saudi electric grid is operated by SEC and divided into four main regions:
central, western, eastern, and southern. This segmentation corresponds to regional
operational divisions within the SEC, with each region serving independently [45].
There are 477 power generating units distributed across these areas, with the eastern
and western regions together contributing 74% of the total national electricity
production, as detailed in Table 2.1 [46]. The transmission system consists of high-
voltage lines ranging from 110 kV to 380 kV and covers approximately 93,400 circuit
kilometers across the country [45]. Furthermore, the distribution network, operating
at voltages below 110 kV, extends over 786,419 circuit kilometers, ensuring efficient
power delivery to end-users [46].

Historically, the SEC has relied on oil and natural gas for power generation through
thermal units. However, the Saudi government recognized the need for renewable
energy projects as shown in Table 2.2, marking a significant shift towards green
energy and reduced fossil fuel dependence [47]. This transition is further illustrated
in Figure 2.1 as a percentage of the total electricity generation sources [47].

In the summer of 2022, the Saudi power grid reached a new peak demand
of 65,800 MW. This increase was driven by factors such as population growth,
industrial expansion, and the gradual adoption of electric vehicles, which is expected
to accelerate in the coming years. Figure 2.2 presents a typical summer week load
profile published by the Saudi Water and Electricity Regulatory Authority [46]. The
integration of solar PV requires additional infrastructure, including energy storage
systems, to meet power demand during periods without sunlight. The solar generation
profile, the power required to charge energy storage, and the power needed for other
mitigation solutions such as SynCons and STATCOMs are depicted in the load profile
presented in Figure 2.3.



Table 2.1: GW Capacity at the Saudi power grid by Region for 2022

Region Capacity (GW)
Central Region 17.1
Western Region 324
Eastern Region 34.3
Southern Region 6.7
Total 90.0

Table 2.2: Solar PV Projects in Saudi Arabia

Project Capacity (MW)
Layla Solar PV Project 80

Wadi Al Dawaser Solar PV Project 120

Saad Solar PV Project 300

Ar Rass Solar PV Project 700
Sakaka Solar Power Plant in Al-Jouf 300
Total 1500
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2.3 Evaluation of Power System Strength

Power system strength is a critical metric for assessing the impact of IBRs integration.
It reflects the ability of electrical grids to maintain stable operation and recover
effectively from significant disturbances [11]. The Australian Energy Market
Commission offers an alternative perspective, identifying system strength in terms
of voltage regulation, with fault level serving as a key indicator [16]. Higher fault
levels are associated with smaller voltage variations across the network following
a disturbance, indicating a more resilient and robust power system [16]. A grid
with high system strength can more effectively integrate IBRs, ensuring better power
quality and maintaining voltage within the desired limits [11, 16]. In contrast, low
system strength can result in unstable power conditions, voltage fluctuations, reduced
fault ride-through capabilities, and delayed restoration of voltage and frequency after
disturbances [13, 14, 48, 49, 50].

In traditional power systems, SGs are known for their significant contribution
to system strength, as they can produce currents much higher than their rated
capacity during a fault [48]. This characteristic makes them a primary source of
system strength in conventional power grids. However, as RESs are integrated into
power grids, SGs are often replaced, leading to a reduction in fault current levels
and the overall strength of the system [16, 49]. To assess the impact of IBRs on
power system strength, various evaluation methods are employed. For example,
the North American Electric Reliability Corporation (NERC) utilizes the SCR as
a strength indicator, recommending that a POI maintain an SCR of 3 or higher to
ensure adequate strength [49]. Assessing system strength using an index like SCR is
essential for understanding the implications of retiring fossil fuel generators and for

determining the necessary enhancements to maintain grid resilience and stability.
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2.3.1 Power System Strength Indicators

This section introduces the methodologies used to assess the system strength of power
grids, which are critical for ensuring stable and reliable operation. It highlights
key indicators that measure the ability of a grid to withstand and respond to
disturbances, particularly focusing on the SCR and WSCR. These metrics are crucial
in evaluating how well a power system can handle faults and maintain operational

stability, particularly as the integration of RESs continues to grow [50].

2.3.1.1 Short Circuit Ratio (SCR)

SCR is defined as the ratio between the SCMVA and the rated power of the electronic
equipment at the POI [25]. This index measures system strength or fault levels at

the POI. The SCR is mathematically expressed as follows:

SCR = Ssemve (2.1)
Prvw

Where Sscava represents the MVA capacity of the grid before connecting the IBR,
and Pryw denotes the rated power in MW from the solar PV at the POIs. An SCR
value below a certain threshold, typically considered low, might prompt the need for

additional measures to strengthen the grid.

2.3.1.2 Weighted Short Circuit Ratio (WSCR)

To obtain more accurate results and account for the full interactions among IBRs
at the POI, the Electric Reliability Council of Texas (ERCOT) has adopted the
WSCR method to evaluate the strength of a power system [51]. WSCR is the ratio
between short circuit capacity and rated Pryw considering the integration of all IBRs

connected to a single POI and defined as follows:

Weighted Ssomva SN Ssomvai X Pruwi

WSCR = (sz\il Pmez‘> (Zfil PRmWZ'>2
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Where N is the number of solar PV plants and 7 is the plant index [49].

2.3.2 Analysis of Short Circuit Current Characteristics

This section provides a foundation for understanding the principles and differences
in short circuit current characteristics across traditional generation systems and
RESs. It shows the various responses and impacts these characteristics have on grid
stability and protection systems. Detailed analyses of SMs and IBRs are provided in
subsequent sections, highlighting their unique behaviors and contributions to short

circuit dynamics.

2.3.2.1 Synchronous Machines

During a short circuit at the terminals of SMs, the initial current can surge to a value
significantly higher than its rated current before gradually decreasing to a steady-
state level [52]. A key feature of the construction of SM is its external DC source,
which supplies the field winding with the necessary excitation current [52, 53]. The
fault current, as shown in Figure 2.4, shows two unique characteristics: a rapidly
decreasing initial frequency, followed by slower stabilization, and a direct current
component that declines exponentially over several cycles [52, 53]. During a fault,
the external DC source continuously supplies excitation current, maintaining field
winding voltage. Meanwhile, the turbine (or prime mover) maintains its rotation,
inducing voltage in the stator winding [52, 53]. As a result, a sustained fault current
is generated until the fault condition is cleared. The significant short circuit current

produced by SMs directly increases the initial short-circuit capacity, emphasizing

their substantial role in supporting system strength and enhancing grid resilience.
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Figure 2.4: Synchronous machine short-circuit current [54].
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2.3.2.2 Inverter Based Resources

IBRs, such as solar PV systems, have distinct response characteristics during short
circuit events compared to SMs. This difference arises because IBRs connect to
the electric network using solid-state power conversion devices, whereas SMs have
inductive characteristics due to their rotating mechanisms and continuous field
excitation [52]. As a result, during a short circuit, the fault currents in IBRs,
primarily controlled by inverters, decrease more rapidly compared to those in SMs.
This rapid decrease occurs because IBRs cannot maintain fault current through
electromagnetic behavior as SMs do [52, 54]. During grid short circuit events, the
response of PV systems is determined by the design of their inverters [52, 55]. In
normal operation, PV systems deliver their maximum power from the PV panels.
However, during a fault where the current exceeds the maximum capacity, a typical
inverter protects its electronic components from thermal overload by shutting down,

unless it is programmed to ride through faults [55].

2.3.3 Short Circuit Current Analysis Standard

Short circuit current analysis helps understand how electrical systems respond to
stress conditions and in identifying potential weaknesses in power grid design. Several
standards have been published that provide a foundation for evaluating and upgrading
existing infrastructure for higher efficiency. Due to the impact of RESs on system
strength and the need for mitigation methods to address this impact, understanding
short circuit components is essential to ensure the grid can maintain operational

reliability with high levels of RES penetration.

2.3.3.1 IEC 60909 Standard

IEC 60909 provides guidelines for calculating and measuring the generated short-

circuit current waveform at specific locations in a power grid. Equations 1.1 and 1.2
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introduced the SCR and WSCR, respectively. Using WSCR as an example, it can be
calculated based on the IEC 60909 standard [56, 57, 58, 59].

WSCR — ZZ]\LI IZ’L X Pmei

2
(sz\il Pmei)

Where Sy, is the initial symmetrical short-circuit capacity of bus ¢ at the POI in

(2.3)

MVA. Pgrywi denotes the maximum power output capacity of the IBR installed at
bus 7 in MW. The initial symmetrical short circuit capacity Sy, is calculated using
the following equation [54, 56, 57, 58, 59]:

Sl =3 x I x V! (2.4)

busi

Where I}, is the root mean square (RMS) value of the alternating current (AC)
component at bus ¢ at the POI in KA, and V., is the rated voltage of bus i at the

POI in KV. The initial AC component of the short-circuit current can found when

applying a three-phase short circuit event as follows [54, 56, 57, 58, 59]:

C(max -V C’max Vs
Il;/z’ — < bu51) — busi (25)

V3.7, VR + X2

Where:

Cmax : 18 the voltage factor, ranging between 0.9 and 1.1,
Z,. : represents the impedance at the fault location during a short-circuit event,
Ry, : represents the total resistance connected in series of a single phase,

X}, : represents the total reactance connected in series of a single phase.
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2.4 Challenges of High Renewable Resources Pen-
etration on System Strength and Protection

This section explores the critical distinctions between SMs and IBRs, and their
implications for grid stability and protection systems. One key distinction is the
contribution to grid inertia. The rotating mass found in SGs inherently provides
physical inertia, which is important for stabilizing grid frequency during sudden
changes in load or generation [10, 11]. This physical inertia acts as a buffer,
maintaining frequency stability by storing and releasing kinetic energy [10]. In
contrast, IBRs, being solid-state devices, do not possess this physical inertia [11, 16].
As a result, maintaining frequency stability in grids with a high concentration of IBRs
becomes a significant challenge. Moreover, managing reactive power is essential for
voltage regulation in power systems [53, 60]. SGs can effectively generate or absorb
reactive power due to their electromechanical nature, aiding in voltage regulation
[53]. However, inverters generally have limited capabilities in this regard, which can
lead to difficulties in maintaining voltage stability [60]. Another critical difference
lies in fault current capabilities. SGs are capable of supplying high fault currents,
facilitating clear fault detection within the grid, while inverters typically generate
limited fault currents, making fault detection more challenging in grids dominated by
IBRs [52]. The response of systems with high IBR penetration to short circuit events
can strain the capabilities of existing protection systems. This situation necessitates

modifications and enhancements to ensure effective detection and isolation of faults.

2.4.1 Voltage Stability

Voltage stability is defined as the ability of the system to sustain consistent voltage
levels at all bus locations following a disturbance [61]. The integration of IBRs
requires a robust system that can handle sudden increases in power demand, enhance

power quality, and maintain voltage within desirable limits [11, 60]. In fact, reactive
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power compensation and voltage control limits are significant influencers in the
domain of voltage stability [53, 60, 62, 63]. The dynamic response of IBRs to voltage
disturbances is determined by the employed control strategies, which, if not properly
designed, can sometimes lead to instability events known as voltage collapse [62].
For instance, the inverter might reduce its output to protect itself during a fault,
potentially worsening a low-voltage situation [55]. IBRs typically contribute less to
system short-circuit capacity compared to traditional SGs, resulting in slower voltage
recovery after faults and, consequently, reduced voltage stability. Chapter 5 in this
dissertation provides a comprehensive investigation into mitigating voltage instability

when high levels of solar PV are integrated into the Saudi electric grid.

2.4.2 Frequency Stability

Frequency stability is defined as the ability to maintain a consistent frequency during
operation and return to a steady state after a major disruption that causes a mismatch
between supply and demand [61]. Inertia, in power systems, represents the kinetic
energy provided by rotational force within the grid [10, 64]. IBRs, such as solar PV,
differ from traditional generators since they lack rotating components [10, 11]. A
power system with high inertia is less likely to experience large frequency deviations
after an unexpected loss of generation or load, while systems with low inertia are
more sensitive to these changes, leading to a higher rate of change of frequency
(RoCoF) [11]. Chapter 6 in this dissertation provides a comprehensive investigation
into enhancing frequency stability when high levels of solar PV are integrated into

the Saudi electric grid.

2.4.3 System Protection

Protection in power systems is primarily focused on the detection and isolation of
faults to ensure the safety, reliability, and efficiency of the electrical network [65].

IBRs present new challenges in the field of system protection [13, 52, 66, 67, 68].
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As previously mentioned, IBRs and SGs have significantly different fault current
characteristics, which impact the performance of protection schemes [52, 54]. One
critical aspect is the reduced fault current contribution from IBRs compared to
conventional generators, which may affect the sensitivity and selectivity of over-
current protection devices [14, 69]. This reduction in fault current can lead to delayed
or even failed detection of faults, posing a risk to system stability and equipment
safety [11]. Additionally, IBRs are configured to disconnect in the event of a short
circuit to prevent thermal overload at their terminals [55, 66]. Chapter 7 of this
dissertation explores system protection at SEC, focusing on the impact caused by

IBRs and potential solutions to enhance fault detection and isolation in grids with

high IBR penetration, ensuring both operational safety and system reliability.

2.5 Grid Strength Solutions

To enhance the ability of power grids to resist and recover from disturbances,
several solutions can be implemented to increase the inherent strength of the system
and improve its ability to respond to varying load and generation conditions.
Considerations include enhancing physical infrastructure and improving operational

strategies, as outlined below:

Add synchronous condensers.

Add transmission lines.

Overdesign inverters with high short-circuit capability.

Reduce IBR output or power curtailment.

Improve IBR control.
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Chapter 3

Analyzing the Impact of Solar PV
Integration on the Power System

Strength, Inertia, and Protection

3.1 Introduction

This chapter investigates the impact of gradually increasing solar PV penetration on
system strength, with a specific focus on how replacing SGs with IBRs affects the
SCMVA. As solar PV penetration increases, the dynamics of SCMVA levels change,
reflecting the adaptive nature of the power grid. This shift influences system strength
indicators such as the SCR and WSCR, essential metrics for assessing grid stability
and resilience.

Additionally, a widely recognized method for determining the maximum power
that IBRs can generate at a POI is referred to as 'Hosting Capacity’. This concept
refers to the maximum capacity that a specific location on the power grid can
accommodate without exceeding predefined system strength requirements. NERC
employs the SCR as an indicator of grid strength. It suggests maintaining an SCR of

at least 3 at any given location to ensure adequate system robustness. By assessing
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hosting capacity, planners can determine the acceptable amount of power that IBRs
can produce at a POI while maintaining the desired SCR level, thereby ensuring that
the preferred level of grid stability is maintained.

The analysis further extends to examine the effects of increasing solar PV
penetration on voltage, frequency, and fault current responses. Understanding these
factors is significant for recognizing the broader implications of solar PV integration,
as power system stability and protection are fundamental to the overall health and

efficiency of the electric grid.

3.2 Evaluating Power Grid Strength with Incre-
mental Increases in Solar PV Penetration

The investigation begins by examining the baseline scenario with 0% solar PV
penetration, gradually increasing to a full 100% penetration. This incremental
analysis allows for a comprehensive understanding of how sequential changes in solar

PV penetration affect the SCMVA and strength indicators.

3.2.1 Impact on Short Circuit MVA levels

As previously indicated in Chapter 2, SCMVA levels are affected by the reduction in
fault current due to the distinct characteristics of IBRs compared to SGs. The highest
SCMVA level occurs when the power system operates entirely with conventional
generation, as illustrated in Figure 3.1. Conversely, as solar PV is incrementally
integrated into the grid, the SCMVA begins to decrease as presented in Figures 3.2
to 3.6. For a better understanding of this effect, Figures 3.7 to 3.11 present the
ASCMVAY%, which represents the percentage variation in SCMVA from the original
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Figure 3.1: SCMVA at the base case with 0% solar PV penetration.
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Figure 3.2: SCMVA reduction with 20% solar PV penetration.
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Figure 3.3: SCMVA reduction with 40% solar PV penetration.
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Figure 3.4: SCMVA reduction with 60% solar PV penetration.
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Figure 3.5: SCMVA reduction with 80% solar PV penetration.
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Figure 3.6: SCMVA reduction with 100% solar PV penetration.
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Figure 3.7: ASCMVAY% with 20% solar PV penetration.
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Figure 3.8: ASCMVAY% with 40% solar PV penetration.
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Figure 3.9: ASCMVAY% with 60% solar PV penetration.
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Figure 3.10: ASCMVA% with 80% solar PV penetration.
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Figure 3.11: ASCMVAY% with 100% solar PV penetration.
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case (0%PV), given in Equation 3.1 as follows [70]:

SCMVAintegrated case ~ SCMVAbase case
SCMVAbase case

ASCMVAY% = (3.1)

More detailed data for all buses within the Saudi power grid model can be seen

in Tables A.1 to A.17 in Appendix A.

3.2.1.1 Influence on system strength indicators (SCR & WSCR)

In Chapter 2, the SCR and WSCR were introduced and defined in Equations 2.1 and
2.2 respectively. These indicators are directly tied to SCMVA capacity. A decrease
in SCMVA has a direct and significant effect on these indicators, highlighting their
importance in maintaining grid strength. To illustrate this, Figures 3.12 to 3.17
show how solar PV integration influences the SCMVA, and as a result negatively
impacts SCR across different bus locations in the Saudi power grid. Similarly,
Figures 3.18 and 3.19 depict the impact of solar PV integration on WSCR at

different regions, offering a comparative view of its effects.

3.2.2 Inverter-Based Resources Hosting Capacity

Hosting capacity plays a crucial role in integrating IBRs into power grids. It
determines the maximum new generation capacity that the current grid can support
without requiring significant infrastructure upgrades or compromising reliability. This
metric is a core factor for strategic planning, ensuring that any added IBRs are
compatible with the existing capabilities of the power grid. Understanding hosting
capacity is essential to avoid operational issues like frequency and voltage instability,

thereby facilitating a smoother transition to renewable energy sources.
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Figure 3.12: SCMVA reduction at bus 11390 (Central region).

SCR for Bus 11390 Located at Central Region

SCR

D

1 1 1 1
0%PV 40%PV 60%PV 80%PV 100%PV
PV Percentage

Figure 3.13: SCR decline vs. different solar PV penetration levels at bus 11390.
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Figure 3.14: SCMVA reduction at bus 30384 (eastern region).
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Figure 3.15: SCR decline vs. different solar PV penetration levels at bus 30384.
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Figure 3.16: SCMVA reduction at bus 22980 (western region).
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Figure 3.17: SCR decline vs. different solar PV penetration levels at bus 22980.
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Figure 3.18: WSCR decline vs. different solar PV penetration levels.
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To determine the hosting capacity, the desired SCR that a grid planner aims to
maintain must first be established. Figures 3.20 to 3.25 illustrate the maximum
rated power that IBRs with various solar PV penetration can generate without causing
the SCR to fall below 3. From these figures, it can be concluded that as solar PV
penetration increases, the hosting capacity becomes lower. Furthermore, Equation
3.2 presents the formula for calculating hosting capacity as follows:

Short Circuit MVA;

Hosting C ity. (P = 3.2
osting Capacity, (Praw) Desirable Short Circuit Ratio (3.2)

where ¢ is the bus number and hosting capacity is in MW.

3.2.3 Inverter-Based Resources Hosting Capacity

The concept of hosting capacity is important in the integration of IBRs into power
grids. It determines the maximum new generation capacity, such as solar PV, that
the current grid can support without requiring significant infrastructure upgrades or
compromising reliability. This metric is a core factor for strategic planning, ensuring
that any added IBRs are compatible with the existing capabilities of the power grid.
Understanding hosting capacity is essential to avoid operational issues like frequency
and voltage instability, thereby facilitating a smoother transition to renewable energy

sources.

3.2.4 Voltage Response Impact with Incremental Increases

in Solar PV Penetration

As previously discussed, the limited reactive power compensation capability of IBRs
complicates their ability to enhance proper voltage recovery post-disturbance. Unlike
traditional SGs, which inherently provide both active and reactive power support,
IBRs often require additional control mechanisms or external devices to manage

reactive power effectively. As a result, when disturbances occur, IBRs may struggle
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Figure 3.20: Hosting capacity in the Saudi grid with 0% solar PV penetration.
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Figure 3.21: Hosting capacity in the Saudi grid with 20% solar PV penetration.
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Figure 3.22: Hosting capacity in the Saudi grid with 40% solar PV penetration.
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Figure 3.23: Hosting capacity in the Saudi grid with 60% solar PV penetration.
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Figure 3.24: Hosting capacity in the Saudi grid with 80% solar PV penetration.
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Figure 3.25: Hosting capacity in the Saudi grid with 100% solar PV penetration.
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to provide the necessary reactive power to stabilize voltage levels. This limitation
becomes clearer as these resources become more dominant, leading to a gradual
decline in the ability of the grid to swiftly recover voltage to steady-state levels
post-contingency. The increased reliance on IBRs without sufficient reactive power
support can result in delayed voltage recovery or even voltage collapse under certain
conditions, as illustrated in Figure 3.26. This emphasizes the importance of carefully

managing the integration of solar PV and other IBRs to ensure grid stability [71].

3.2.5 Frequency Response Impact with Incremental Increases

in Solar PV Penetration

The inertia provided by spinning SGs plays a critical role in compensating for power
losses following a contingency, ensuring the stability and resilience of the power grid.
As indicated in Chapter 2, the increased adoption of IBRs, which lack rotational
components, notably reduces available inertia within the network. This reduction
weakens the ability of the grid to resist changes in frequency, making it more subject
to deviations during disturbances. As IBRs continue to integrate into power grids
and reduce SCMVA levels, they also impact the frequency response. The reduction in
inertia requires faster and more advanced compensation devices to prevent significant
frequency dips and effectively restore stability. Figure 3.27 illustrates the frequency

response as the integration of solar PV increases [72].

3.2.6 Protection System Impact with Incremental Increases

in Solar PV Penetration

As previously indicated, the reduction in fault current associated with IBRs
integration creates significant challenges for protection system components. Lower

current levels can make fault detection difficult, as they may be closer to normal
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3Phase Short Circuit at transmission line (380KV)
For Different Solar PV Penetration
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Figure 3.26: Voltage response to a contingency with different levels of solar PV
penetration.
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Frequency Response with the Largest Generator Trip
For Different Solar PV Penetration
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Figure 3.27: Frequency response to a contingency with different levels of solar PV
penetration.
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operating conditions, making it harder for protection relays to accurately distinguish
between regular load behavior and fault situations where tripping is necessary.
Inverters are equipped with terminal protection to prevent overheating, and will
immediately disconnect during a short-circuit event unless they are properly pro-
grammed and controlled to ride through faults [55]. This immediate shutdown can
negatively impact system stability if not managed correctly, particularly in scenarios
with high IBR penetration. Figure 3.28 illustrates the fault current during a 3-phase
short-circuit event, comparing scenarios with SGs and IBRs. Figures 3.29 and 3.30

indicate how fault current levels decrease as IBRs integration increases [55].
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Figure 3.28: Fault current responses for different cases.
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Fault Current at Various Buses as Solar PV Penetration Increases
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Figure 3.29: Fault current reduction as solar PV increase.
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Figure 3.30: Fault current reduction among different solar PV penetration levels.
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Chapter 4

The Role of Synchronous
Condensers in Power System

Improvement

4.1 Introduction

In recent years, the prominence of SynCons has grown significantly in the electricity
generation sector [73, 74]. This shift is largely driven by the accelerated retirement
of traditional SGs and the growing reliance on RESs, which have introduced new
challenges in maintaining the robustness and stability of power systems [9, 12, 18,
20, 73]. Among the key challenges are reductions in short-circuit capacity, declines
in system inertia, and a lack of reactive power compensation [10, 11, 12, 74]. In
response, the deployment of SynCons has significantly expanded, as they offer a
promising solution to these stability issues. SynCons can generate reactive power and
provide both high short-circuit capacity and system inertia, making them significant

components in modern power grids [75].
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4.2 Operation Principle and Applications

SynCon, a form of synchronous motor, operates without a mechanical load such as
a turbine [75, 76]. Their essential function is to regulate voltage levels and improve
the power factor (PF) within the electrical grid [75, 77]. This is accomplished by
dynamically producing or consuming reactive power in response to grid conditions
[75, 77]. SynCons can operate in two modes, similar to synchronous motors, as
depicted in Figure 4.1 [78, 79, 80].

Typically, SynCons are operated in an over-excited mode, resulting in a leading PF
[78]. In this mode, they supply reactive power to the grid, enhancing voltage support
and stability. Conversely, when SynCons operate in an under-excited mode, they
display a lagging power factor, thereby absorbing reactive power from the electrical
system [81]. The mathematical characterization of SynCons is governed by the

following differential equations, which describe their dynamic behavior [53, 78]:

do
= (W — ws) (4.1)
dw 1
—=—(—-P.— D 4.2
= (=P~ Dw) (12)
dE;, 1 ) N
W = T_éo(_Eq — (Xd — Xd)Zd + Efq) (43)

where 0 is the rotor angle relative to the stator, w is the rotor angular velocity,
w, is the synchronous speed, P, represents the electrical power output, Dy is the
damping coefficient, T is the time constant of rotating inertia, E is the transient
electromotive force along the g-axis, X, and X/, are the synchronous reactance and
transient reactance along the d-axis, iq is the d-axis current component, and Ey is
the field excitation voltage [53, 78].

In steady-state operation, the SynCons adhere to the following algebraic relation-

ships [53, 78]:
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Figure 4.1: Operating characteristics of synchronous condenser modes.
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E) = v, + Ryig + Xlia (4.4)
0= Vd + Raid - X;Zq (45)

Here, vq and v, are the d-axis and g-axis components of stator voltage, R, is the
stator resistance, and X/ is the transient reactance along the g-axis [53, 78]. These
equations are essential for the synchronization process and for ensuring that SynCons
contribute effectively to voltage regulation and power factor correction within the
power system. Several key features and applications of SynCons are summarized as

follows:

e Voltage control: One of the key advantages of SynCons is their ability to
maintain voltage stability in power systems through effective reactive power
management. They control voltage levels by producing or absorbing reactive

power based on the need of the grid [77, 79].

e Inertia sustaining: SynCons are equipped with a rotating mass and inherently
possess rotational inertia, which is essential in stabilizing grid frequency. This
inertia plays a critical role during fluctuations in power demand or supply, as

it helps in smooth out the RoCoF [82, 83, 84].

e Enhancement of short-circuit current and capacity: SynCons signifi-
cantly increase the short-circuit capability of power systems. They can provide
robust support by delivering substantial short-circuit currents when a fault
occurs. This capability is crucial for maintaining the stability of the power grid
and ensuring the effective operation of protection mechanisms. The enhanced
short-circuit current ensures that protection devices like circuit breakers and
relays can efficiently identify and isolate faults, thus securing the electrical

components [74, 82, 85, 86, 87].
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e Fault-ride through capability: SynCons play a crucial role in enhancing the
fault ride-through capability by assisting the power system in maintaining stable
operation during and immediately after transient disturbances. This capability
is critical for ensuring grid resilience and continuity, minimizing disruptions, and
enhancing the overall reliability of the power system during sudden electrical

faults [74, 82, 88, 89, 90].

4.3 Synchronous Condenser Modeling

SynCons are designed as SMs without a governor or prime mover. The automatic
voltage regulator (AVR) is responsible for adjusting and managing the voltage levels
of the SynCons [76]. Several excitation systems are available in PSS/E. The silicon-
controlled rectifier excitation (SCRX) system was used to model the SynCons, as
shown in the block diagram in Figure 4.2 [91].

The exciter is a bus-fed type, featuring a lead/lag filter with time constants
of 1 and 10 seconds, respectively, and an exciter time constant of 0.050 seconds.
The parameters in the block diagram are explained in Table 4.1, which provides
a description of variables in the SCRX excitation system [91]. Additionally, the

appropriate ratings for the excitation system are illustrated in Table 4.2.

4.4 Enhancement of Power Grid Strength with
Synchronous Condensers

This section presents three scenarios illustrating how SynCons contribute to increasing
the robustness and resilience of the power grid by adding SCMVA at their installation
points. As detailed in Chapter 2, increasing SCMVA can enhance grid strength
indicators such as SCR and WSCR, as they are directly proportional to the available
fault capacity.
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Figure 4.2: SCRX excitation system block diagram.

Table 4.1: Description of Variables in the SCRX Excitation System
Variable | Description
Ee Compensated terminal voltage.
Vieference | Voltage regulator reference.
Vs Output voltage of the Power System Stabilizer (PSS).
VoEerL Output from the overexcitation limiter.
VueL Output from the underexcitation limiter.
% Gain reduction ratio.
Ty Time constant.
K Exciter gain.
Tg Time constant.
Eazimum | Maximum field voltage output.
Einimum | Minimum field voltage output.
Cywiten | Voltage source switch
Eyq Field voltage output.
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Table 4.2: The ratings of the synchronous condenser

Parameter Value
Rated Voltage 13.8 kV
Rated capacity 10-280 MVA
Inertia Constant (H) 19s
Frequency 60 Hz
Max Rated Reactive Power | -10 MVar : 280 MVar
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4.4.1 Methodology

This subsection introduces three scenarios to observe and analyze the gradual
contribution of SynCons. Given that WSCR and SCR are indicators of power system
strength, the integration of SynCons will be evaluated using SCR as the primary
strength index for simplicity. As outlined in Equation 2.1, to increase the SCR by 1,
the SCMVA contribution from the SynCon must be increased by an amount equivalent
to the rated power Pryw at the installed inverter in the POI.

Depending on the need and purpose, SynCons can be installed at the POls, along
transmission lines, or even near inductive loads. In this study, SynCons will be
installed at the POIs where solar PV inverters are located, with the aim of increasing
the SCMVA and overall power system strength. The rating of each condenser may
vary from one location to another, depending on factors such as the specific impact
occurring at that location following the integration of IBRs. The Newton-Raphson
Power Flow (NRPF) method was applied to assess the system’s response to various
disturbances and identify bus locations with the highest priority for reactive power
compensation and inertia support. The "Active Power-Voltage’ (PV) and 'Reactive
Power-Voltage’ (QV) curves are additional analytical tools used to identify weak grid
locations [53].

Building upon this methodology, the study further investigates three specific case
studies, each designed to incrementally increase the SCR and assess the corresponding
impact on grid strength. The first case study focuses on enhancing the SCR by
1, requiring an increase in the SCMVA contribution from SynCons equivalent to
the system’s rated power at the POI. The second case study explores the effects of
doubling the SCMVA relative to Pruvw, effectively raising the SCR by 2. The third
and final case study examines the implications of a more substantial increase in the
SCR by 3. Each of these studies offers insights into the adaptable benefits of SynCons
in enhancing power system strength and stability under varying conditions of SCR

enhancement.
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4.4.2 Results and Discussion

This section presents and discusses the findings from the three case studies conducted
to evaluate the impact of incremental increases in the SCR through the integration

of SynCons.

e Case Study A (Increasing the SCR by 1): Increasing the SCR by 1,
achieved by adding SCMVA equivalent to Prvw at the POI, caused difficulties
in solving the power flow following a contingency, as the network failed to
converge in a grid powered entirely by solar PV. This indicates the need for
a higher SCMVA after such disturbances. Table 4.3 lists the SCMVA added
for several buses across the Saudi model, while Figure 4.3 shows ASCMVA%

improvements as a percentage of the base case (0%PV).

e Case Study B (Increasing the SCR by 2): Doubling the SCR to 2 by
enhancing the SCMVA to twice the amount of Pryw at the POI resulted in
notable improvements in the short circuit capacity. Table 4.3 lists specific
buses and the corresponding SCMVA increases across different regions, while

Figure 4.4 shows a map with ASCMVA% enhancements of the base case.

e Case Study C (Increasing the SCR by 3): Tripling the SCMVA relative
to Prmw at the POI to achieve an SCR increase of 3 resulted in notable
improvements in short circuit capacity. Although the SCMVA enhancements
did not restore the system to base case levels prior to solar PV integration, the
improvements were still substantial, highlighting the effectiveness of SynCons in
enhancing the grid’s capabilities under high renewable integration conditions.
Table 4.3 provides a detailed breakdown of the SCMVA increases at various
strategic buses within the Saudi model. Moreover, Figure 4.5 illustrates
ASCMVAY% improvements, while Figure 4.6 shows the WSCR improvement
for Case C.

62



Table 4.3: SCMVA levels corresponding to increased SCR with 100% solar PV

integration for buses located in different regions

SCMVA SCMVA to | SCMVA to | SCMVA to
Bus SCMVA No SynCons Increase Increase Increase

Number | atbase | iribution | SCRby 1 | SCRby2 | SCR by 3
11324 2025.02 669.69 869.68 1069.67 1269.66
11345 2609.21 878.35 1078.32 1278.29 1478.27
11364 2241.98 701.33 901.24 1101.18 1301.14
11374 1198.15 432.12 632.07 832.04 1032.02
13100 1248.66 464.24 664.12 864.06 1064.02
21272 1584.48 463.61 663.56 863.54 1063.52
29720 1284.23 365.21 565.17 765.15 965.14
29721 1692.88 463.12 663.08 863.05 1063.03
29723 1749.21 463.15 663.1 863.08 1063.06
29823 1151.15 332.42 532.39 732.38 932.38
31716 1884.45 527.21 727.18 927.16 1127.15
31721 2465.68 760.24 960.24 1160.24 1360.23
31725 1516.03 086.12 786.08 986.05 1186.04
31772 2823.15 836.59 1036.59 1236.59 1436.59
31780 1692.18 650.15 850.14 1050.13 1250.13
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Figure 4.3: ASCMVA improvements as a percentage of the base case (case A).
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Figure 4.4: ASCMVA improvements as a percentage of the base case (case B).
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ASCMVA% Improvement for Case C
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Figure 4.5: ASCMVA improvements as a percentage of the base case (case C).
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Figure 4.6: WSCR improvement for Case C.
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Chapter 5

Mitigating Voltage Instability in
the Saudi Electric Grid for Solar

Power Integration

5.1 Introduction

With the continuous growth of RESs, voltage stability has become increasingly
important in power system operation and planning. Essentially, it is defined as
the ability of the grid to maintain acceptable voltage levels across all buses during
normal operations and after disturbances [53, 61]. The significance of voltage stability
becomes particularly clear when we consider the potential consequences of voltage
collapse, such as blackouts and damage to electrical equipment [92, 93, 94]. These
risks highlight the need for robust solutions to secure voltage levels under a variety
of conditions.

Traditionally, SGs have played a key role in ensuring voltage stability by providing
inherent voltage support and reactive power compensation. However, as the power
grid transitions toward higher integration of IBRs, such as solar PV systems, new

challenges arise. Moreover, the electric grid in Saudi Arabia has experienced
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significant growth in load demand and complexity over the last decade, increasing
the risk of voltage stability issues. This chapter examines the challenges of high IBRs
penetration and explores methods to enhance grid stability and system reliability

through several case studies.

5.2 Problem Statement

The shift from synchronous-based generation to IBRs introduces significant challenges
to voltage stability in modern power grids. Even during faults, SGs continuously
supply excitation current from their external DC source, maintaining field winding
voltage. Meanwhile, the turbine maintains its rotation, inducing voltage in the stator
winding, resulting in a sustained fault current until the fault condition is cleared.
This sustained fault current is critical for stabilizing voltage during disturbances.

In contrast, solar PV systems rely on power electronics that lack the inherent
ability to contribute high fault currents during disturbances. The inverters used in
solar PV reduce their output during faults to protect themselves, further reducing
the grid’s short-circuit capacity and weakening its ability to recover from voltage
sags. This loss of fault current and reactive power support from SGs leads to voltage
instability, where the grid struggles to maintain voltage levels during disturbances,

resulting in a higher risk of voltage collapse.

5.3 Basic of Voltage Stability

The fundamental concept of voltage stability can be illustrated using a simple two-

bus system, as shown in Figure 5.1. The real power (P) and reactive power (Q)

transfer from the generator bus to the load are given by the following equations:
EV

P = Tsin@) (5.1)
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Gen Load
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Figure 5.1: Simple two bus system.
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—Vv? EV
Q= e +7cos(5) (5.2)

where:

e I = FE/} is the voltage at the generator side,
e V=V /0 is the voltage at the load side,

e X is the neglected impedance of the line,

e ) is the voltage phase angle difference between the sending and receiving ends.

5.3.1 Voltage stability analysis methods

Various methods are employed to analyze voltage stability, particularly in the context
of full solar PV integration, which significantly impacts grid operating conditions.
Among the widely used techniques are the NRPF, ’Active Power-Voltage’ (P-V)
curve, and 'Reactive Power-Voltage’ (Q-V) curve. These methods are instrumental
in assessing voltage stability and providing valuable insights for identifying weak bus

locations [53, 95, 96].

5.3.1.1 Newton-Raphson Power Flow (NRPF)

The NRPF method is one of the most widely used techniques for solving power
flow problems in large-scale electrical power systems [96]. As the grid transitions
from conventional generation to one powered by solar PV, NRPF becomes crucial for
assessing voltage stability. By analyzing the voltage deviations obtained through
NRPF, as illustrated in Table 5.1, it is possible to identify buses that may
require additional support to maintain stability. This information is valuable when
integrating large-scale solar PV, as it guides the strategic placement and sizing of
compensation devices, ensuring the grid can resist the new operational conditions

imposed by high levels of renewable energy penetration.
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Table 5.1: Voltage responses for several buses obtained from NRPF analysis.

Bus Number Pre-Contingency Post-Contingency
Voltage Response (PU) | Voltage Response (PU)
13231 1.00 0.66
13246 1.00 0.68
11362 0.99 0.69
11377 1.01 0.72
29726 1.00 0.77
13288 1.00 0.78
13119 1.01 0.79
13115 1.01 0.81
11330 1.00 0.82
21535 0.98 0.84
29716 1.00 0.84
11401 1.02 0.85
22990 1.00 0.86
20976 0.98 0.87
21272 1.00 0.90
21274 1.00 0.90
21276 1.00 0.90
21278 1.00 0.90
30738 1.02 0.95
30411 1.02 0.95
20219 1.00 0.95
13297 1.00 0.96
20217 1.00 0.96
21297 1.00 0.97
21516 1.02 0.97
21584 1.02 0.97
21586 1.02 0.97
21588 1.02 0.97
21590 1.02 0.97
21562 1.03 0.98
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5.3.1.2 PV Curve

The P-V curve is a critical tool in voltage stability analysis, illustrating the
relationship between the active power transferred and the corresponding bus voltage.
By plotting this curve, engineers can determine the maximum power transfer
capability before voltage instability or collapse occurs. The curve typically presents
a distinctive "nose” point, beyond which any further increase in power demand leads
to a sharp voltage drop, indicating instability [53, 97]. The P-V curve is essential
for determining stability margins under varying load conditions, identifying critical
loading points, and assessing how different load types affect voltage stability as seen

in Figure 5.2 [95].

5.3.1.3 QV Curve

The Q-V curve is another essential tool in voltage stability analysis, depicting the
relationship between reactive power and voltage at a specific bus, as shown in Figure
5.3. This curve provides insights into the reactive power support required to maintain
voltage levels within acceptable limits [53]. By plotting the Q-V curve, it is possible
to determine voltage sensitivity to changes in reactive power, thereby identifying
weak buses subject to instability. The Q-V curve is particularly useful for assessing
the reactive power compensation needed, especially in the presence of dynamic loads
like induction motors [95, 98]. The Q-V curve also evaluates the effectiveness of
compensation devices, such as STATCOMs and SynCons, in mitigating voltage
drops and maintaining stability, which is especially important in systems with high

variability, such as those with large-scale RESs.

5.3.2 Classification of Load

Voltage stability within a power grid is significantly influenced by both the demand
and complexity of the loads it serves [95, 98]. As load demand increases, particularly

during peak consumption periods, the strain on the power system get worse,
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potentially leading to voltage drops and instability [98]. The complexity of loads
including residential, commercial, and industrial consumers adds another layer of
challenge, as each load type has unique characteristics that impact the overall voltage
profile [99]. For instance, industrial loads often involve large motors and machinery
that can cause sudden and substantial changes in power demand, whereas residential
loads typically shows more gradual and predictable patterns. The integration of
RESs, such as solar PV systems, further complicates the voltage stability context
as previously explained. Understanding the relationship between load demand, load
complexity, and voltage stability is essential for developing strategies to maintain

stable and reliable power system operations.

5.3.2.1 Static loads

Static loads, which draw a constant amount of power regardless of voltage variations,
typically include resistive elements such as incandescent lighting and simple heating
devices that presents predictable and linear characteristics [100]. These loads are
relatively simple to model and manage due to their steady power consumption
patterns. Figure 5.4 illustrates the relationship between voltage and power
consumption for the three main types of static loads, which can be categorized as

follows [101, 102]:

e Constant Power (P): These loads maintain constant power consumption

regardless of voltage variations.

(5.3)

1=+ (5.4)

e Constant Current (I): These loads draw a constant current irrespective of
voltage changes.

(5.5)

P=V-I (5.6)
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Figure 5.4: Static load characteristics.
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e Constant Impedance (Z): These loads have a fixed impedance, meaning their

power consumption varies with the square of the voltage.

P=— (5.7)

The static load model equation is given by:

P=F ((71 (%)2 + (%) +C; <%>0> (5.8)

where:

P is the power consumption at voltage V,
Py is the nominal power consumption at the nominal voltage Vj,
C1, sy, C5 are the coefficients for constant impedance, current, and power components,

respectively.
The constraint is given by:
Cy+Cy+C5=1 (5.9)

5.3.2.2 Dynamic loads

Dynamic models of electrical components such as motors play a crucial role in
accurately capturing the voltage response during system disturbances. Composite
models are particularly effective as they integrate both static and dynamic loads,
offering a more comprehensive representation of real-world systems. However, these
models often introduce significant non-linearities, with phenomena like motor stalling
and inrush currents posing challenges to voltage stability analysis [101, 102, 103, 104].

One of the most commonly used composite load models in the PSSE library is the

CLOD model shown in Figure 5.5 [91].
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This model represents a variety of loads including motors and transformers, as detailed
in Table 5.2. The CLOD model is particularly useful in scenarios where detailed
load information is unavailable, yet the dynamic behavior of components such as
induction motors remains critical for accurate analysis. By simulating these dynamic
behaviors, CLOD provides valuable insights into system performance under various
operating conditions.

In addition to CLOD, the CIM5 dynamic load model is also used to represent
induction motors. This model effectively simulates the stall of motors during system
disturbances [101], enhancing the accuracy of system stability assessments. The main
purpose is to have a robust framework for analyzing the complex interactions between
different load types and system dynamics, enabling more reliable voltage stability

studies.

5.4 Methodology

This section outlines the methodology used to mitigate voltage instability after
transitioning the Saudi grid to fully solar PV. Dynamic simulations were performed
using PSSE to analyze grid stability under several disturbances, including short
circuits, generator trips, and transmission line outages. A weak grid analysis was
conducted to identify locations or buses with significant reductions in SCMVA, based
on results from NRPF, P-V, and Q-V curve analyses.

Short circuit calculations followed the IEC 60909 standard method, as introduced
in Chapter 2, to evaluate the SCMVA. The voltage stability analysis included both
static and dynamic load models to ensure a comprehensive assessment of system
performance under various load conditions.

To mitigate voltage instability, SynCons were primarily employed, with a compar-
ative case analysis involving STATCOMSs to evaluate their relative effectiveness. The
overall methodology and analysis steps are shown in the detailed flowchart in Figure

5.6.
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Table 5.2: CLOD Load Model Elements [91].

Load Component Composition
Large Motor (LM) J

Small Motor (SM) J+1
Discharge Lighting (DL) J+2
Transformer Saturation (TS) J+3
Constant Power (CP) J+4
Kp J+5
R J+7
X J+8
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Figure 5.6: Voltage stability methodology.
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The voltage stability testing, evaluation, and mitigation strategies were performed

under different scenarios, categorized into several distinct cases as follows:

e Case A: Determining the solar PV penetration limit for stable voltage
response:
This case determines the penetration limit before voltage response becomes

unstable (No mitigation applied).

e Case B: Testing voltage stability with SynCons under three scenarios:
In each scenario, the SCR is increased by a specific value. Static loads are

applied along with different types of contingencies [71].

e Case C: Evaluating voltage stability using composition load models:
In this case, the CLOD composition load model is applied under various types

of contingencies.

e Case D: Comparing the performance of SynCons and STATCOMs
during an FIDVR event:
This case compares the performance of SynCons and STATCOMs during short

circuit events that cause voltage drops leading to an FIDVR event.

e Case E: Investigating the impact of adding transmission lines on
voltage stability with high solar PV penetration:
This case investigates how adding more transmission lines at weak locations can

improve the voltage response.

e Case F': Investigating the impact of relocating solar PV near central
loads on voltage stability with high solar PV penetration:
This case evaluates how relocating solar PV near central loads mitigate voltage

stability at weak locations.

These cases were proposed and analyzed to identify the most effective solutions

for enhancing voltage stability in the Saudi electric grid post-transition to solar PV.
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5.5 Results and Discussion

This section present the result and discussion for the cases proposed and indicated in

the methodology section.

5.5.1 Case A: Determining the solar PV penetration limit

for stable voltage response

This case examines the maximum level of solar PV penetration before voltage
instability occurs, without applying any mitigation solutions. Two contingencies were
introduced: a three-phase short circuit on a 380 kV transmission line and the tripping
of the largest generator. With 60% solar PV penetration, the voltage response to
both events remained stable, and the overall performance was evaluated as highly
satisfactory. Detailed results for each contingency are presented in Figures 5.7 and
5.8.

At 80% solar PV penetration, the system was tested under a short circuit event.
Stability became difficult to maintain, with challenges in returning to steady-state
conditions, as shown in Figure 5.9.

Finally, a scenario with 100% solar PV penetration was tested under a short
circuit event on a 13.8 kV distribution line, as shown in Figure 5.10. The system
became unstable, with power flow unable to converge due to a significant power
imbalance. This highlights the limitations of high PV penetration in the current grid

infrastructure when no stability solutions are implemented.

5.5.2 Case B: Test voltage instability using SynCon with

static load

This case study examines voltage instability using SynCons with static loads,
distributed as follows: I constant at 34%, P constant at 33%, and Z constant at

33%. The use of SynCons is intended to increase the SCR in three scenarios, allowing
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for better observation of improvements in voltage response. A short circuit event on

380 kV transmission line was applied in each scenario to analyze the voltage response.

e Scenario 1: in this case, SynCons increased the SCR by 1. However, the
network failed to converge due to power imbalance. The PSS/E output report

for this scenario is shown in Figure 5.11.

e Scenario 2: the SCR was increased by 2 through the resizing of SynCons. This
scenario showed unstable voltage response with high voltage fluctuations and
difficulties in returning to steady-state conditions post-contingency, as presented

in Figure 5.12.

e Scenario 3: the SCR was further increased by 3 using larger SynCons. This
adjustment resulted in an excellent voltage response, enabling the system to
return to normal operational conditions after the contingency, as seen in Figure

5.13.

Each scenario reflects the impact of increasing the SCR through both resizing the
capacity and strategic placement of SynCons, underlining their potential to enhance

grid stability under different levels of loading stress [71].

5.5.3 Case C: Test voltage instability using SynCon with

composition load

This case study examines testing voltage instability using SynCons with the
composition load model previously introduced (CLOD). The study focuses on a single
scenario where SynCons increase the SCR by 3. The percentage of each element in
CLOD is distributed as follow: Large Motors (15%), Small Motors (45%), Discharge
Lighting (0%), Transformer Saturation (20%), and Constant Power (6%), with
impedance parameters set at Kp = 1.25, R =0, and X = 0.10 [105]. Additionally, a
map locating the buses where the CLOD composition load was applied is presented

in Figure 5.14.
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two different contingencies were examined to test the voltage response as follow:
e Tripping of the largest generator as presented in Figure 5.15.

e A 3-phase short circuit occurring in the eastern region at a 380 kV transmission

line as shown in Figure 5.16.

The voltage response across both cases illustrated good overall stability when

SynCons contributed to increasing the SCR by 3.

5.5.4 Case D: Compare the performance of SynCon and
STATCOM during an FIDVR event

This analysis compares the performance of SynCon and STATCOM during an FIDVR
event. This phenomenon involves sustained voltage dips following a contingency,
which can lead to system instability [23]. This unstable condition largely results from
the behavior of induction motors, which may draw excessive current to maintain
power output under reduced voltage [106].

As discussed in Chapter 4, SynCon plays a key role in enhancing SCMVA and
managing voltage stability. Similarly, STATCOM, a widely recognized FACTS device,
provides reactive power compensation by generating or absorbing reactive power [107,
108]. Tt operates as a controlled voltage source, injecting reactive power by adjusting
the internal voltage amplitude based on the voltage at the point of common coupling
(PCC) [107, 108, 109]. It can supply its full rated current almost instantaneously
after a voltage change [109]. The STATCOM model available in PSSE is shown in
Figure 5.17 [91].

5.5.4.1 Creating the FIDVR event

To accurately simulate the FIDVR phenomenon, this study employs a combination
of CLOD and CIM5 load models, which are particularly effective in capturing the

stalling behavior of motors after a contingency. The scenario involves a three-phase
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short circuit event occurs at various 380 kV transmission lines, with the fault being
cleared after 5 cycles.

The CLOD model was configured as detailed in Table 5.3. CIM5 model settings
were based on the PSSE Program Application Guide Volume 2, using motor ratings
of 40 to 50 MVA to simulate large motor behavior [110]. This approach allows the
simulation to capture how large motors respond under stress conditions.

Figure 5.18 illustrates the FIDVR event in the absence of any mitigation
solutions, presenting a delayed voltage recovery lasting several seconds before
stabilizing within 5% of the initial pre-contingency level. This scenario shows how
heavy load modeling can create an FIDVR even, highlighting the significant challenges

to voltage stability after a contingency when no mitigation methods are implemented.

5.5.4.2 Comparison between SynCon and STATCOM in Mitigating
FIDVR

The purpose of this section is to compare the performance of SynCon and STATCOM
in mitigating an FIDVR event. Figure 5.19 illustrates a case comparison when the
fault location is very close to the compensation devices. As shown in the figure,
Scenario A presents the voltage response without any mitigation method, where the
voltage dropped to almost 0 PU. In Scenario B, the SynCon showed an immediate
fault current contribution, positively affecting the voltage response and illustrating
its fault current contribution capability. Conversely, Scenarios C and D, representing
STATCOMSs rated at 200 MVA and 300 MVA respectively, showed no improvement,
as the STATCOMs became blocked when the voltage dropped below the configured
threshold value due to the close distance of the fault.

Figure 5.20 presents the voltage response when the fault location is slightly
further from the compensation devices. In this scenario, the voltage drop reached
approximately 0.34 PU without any mitigation method. Since the configured voltage
threshold value of the STATCOM is below 0.34 PU, the device was able to contribute,

enhancing the voltage response, as shown in Scenario C.
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Table 5.3: CLOD Load distribution percentage.

Load Component Composition presentage (%)
Large Motor (LM) 65
Small Motor (SM) 15
Discharge Lighting (DL) 0
Transformer Saturation (TS) 10
Constant Power (CP) 5
Kp 1.25
R 0
X 0.1

1.1

=
o
T

=
-..‘J
T

=
o
T

0.4

3Phase Short Circuit at transmission line (380KV) - Bus#31223

| FIDVR (Simple Case) |

e e e e e e s e e s e s e s s e e s e e s s e e s s e e E e s

0.3 ' '
0 2 4

6 8 10
Time (s)

Figure 5.18: FIDVR event without mitigation.

97



3Phase Short Circuit at transmission line (380KV)
Bus#49555 (Near Location)

1 _j/
0.8} 0.2 \
5“ 0.15
06
& 0.1
=
O
= 047 0.05 k
ﬂ 0.9 1 1.1 1.2
0.2r " Case A: No Mitigation
Case B: Adding STATCOM (200MVA)
Case C: Adding SynCon (200MVA)
v Case D: Adding STATCOM (300MVA)
u | T T T |
0 2 4 6 8 10

Time (s)

Figure 5.19: Comparison between STATCOM and SynCon in mitigating an FIDVR
event (Near fault location).
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Figures 5.21 and 5.22 illustrate the recovery times for SynCon and STATCOM,
respectively. The SynCon required 5.31 seconds to recover to the safe region (defined
as within 5% of the pre-fault voltage) and reached its final steady-state voltage after
7.00 seconds. Conversely, the STATCOM demonstrated faster performance, achieving
recovery to the safe region in 4.80 seconds and stabilizing at the final voltage in 5.50
seconds. While the SynCon experienced a smaller initial voltage dip due to its higher
fault current contribution, the STATCOM proved more effective in restoring voltage

levels quickly, making it preferable for faster recovery.

5.5.4.3 SynCon vs. STATCOM: Mitigating FIDVR as the Electrical

Distance Increases

The effectiveness of voltage compensation devices, such as SynCons and STATCOMs,
in mitigating FIDVR is heavily influenced by the electrical distance between the fault
location and the compensation devices. This electrical distance is calculated by the
Thevenin equivalent impedance between two buses in the grid [111, 112, 113]. As this
distance increases, the amount of fault current injected by these devices get reduced,
leading to a lower impact on voltage response.

Fault current injection is most efficient when the voltage compensation devices
are located closer to the fault, as the impedance between the fault and the devices
is lower. This lower impedance allows for greater fault current injection, thereby
improving the voltage response more effectively. Conversely, as the electrical distance
increases, the impedance rises, reducing the ability of these devices to significantly
influence the voltage response.

Since faults can occur at any point within the grid, the strategic placement of
SynCons and STATCOMs is crucial. Ideally, these devices should be placed where
they can inject a substantial amount of fault current, improving their impact on
voltage recovery.

To determine the electrical distance, or Thevenin impedance, between nodes ¢ and

j, a specific methodology is followed. First, the admittance matrix Y is constructed,
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then inverted to obtain the impedance matrix Z. The Thevenin impedance Z,L-t]hev is

calculated using the formula [113]:

Z3 = Zy + Zj; — 2745 (5.10)

where Z;; and Zj; are the diagonal elements of the impedance matrix at buses ¢
and j, respectively, and Z;; represents the off-diagonal terms. This calculation
provides the necessary impedance values to assess the optimal placement and expected
performance of voltage compensation devices in relation to fault locations within the
grid.

Figure 5.23 illustrates the current injection behavior of SynCon and STATCOM
devices under varying electrical distances. When the electrical distance is minimal, the
SynCon can instantly inject a substantial amount of fault current, which is determined
by its rated capacity, the difference between its internal and terminal voltages due to
the sudden change, and its sub-transient reactance. In contrast, at minimal electrical
distances, the STATCOM may block as the terminal voltage drops below its low-
voltage threshold, preventing current injection. However, as the electrical distance
increases and the terminal voltage stays within its set thresholds, the STATCOM can
rapidly provide its full capacity, preventing blocking. Meanwhile, the SynCon’s fault
current injection decreases as the electrical distance increases, due to the reduced
voltage difference between its internal and terminal voltages.

In summary, when the fault is very close to the compensation devices, SynCon
can inject a large amount of fault current, whereas STATCOM may be blocked
due to low voltage conditions. As the electrical distance from the fault location
to the compensation device increases, the fault current contribution from SynCon
reduces more significantly compared to STATCOM. This highlights the importance of
considering electrical distance when evaluating the effectiveness of these compensation

devices in enhancing grid stability and mitigating FIDVR.
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Figure 5.23: Fault current contribution of STATCOM vs. SynCon at different
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5.5.5 Case E: The impact of adding more transmission lines

on voltage stability with high solar PV penetration

Although solar PV installations are often concentrated near load centers to minimize
transmission losses, this study recognized that the geographical location of the entire
country is highly suitable for widespread solar PV adoption. As a result, SGs
were replaced with solar PV systems at the same locations across the grid. To
accommodate the specific demands of solar power, both load and generation capacities
were re-scaled to account for the energy needs of energy storage systems (ESSs) and
to anticipate a future expansion exceeding 60% of peak load. Notably, in the Southern
Operating Area (SOA), 40% of the total load is supplied from the Western Operating
Area (WOS) via long 380 kV transmission lines.

In an alternative scenario, the increased stress on these transmission lines due
to the rise in peak load was mitigated by adding an additional transmission line.
Specifically, a new circuit was installed between the Central Operating Area (COA)
and SOA. This additional infrastructure was intended to enhance the resilience of the
grid and responsiveness to load fluctuations.

The effectiveness of this strategy was evaluated by observing the system response
when the largest generation unit was tripped. The results, as shown in Figure
5.24, indicate an improvement in voltage response following the contingency. These
findings highlight the potential benefits of strategic transmission line expansion in
regions experiencing significant renewable energy penetration and increasing peak

load demands.
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Figure 5.24: Voltage response after adding a transmission line between bus COA
and SOA.
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5.5.6 Case F: The impact of relocating solar PV near
central loads on voltage stability with high solar PV

penetration

This part of the study examined the impact of relocating solar PV panels near central
loads in the SOA to improve voltage stability. By placing solar PV installations closer
to load centers, the distance over which power is transmitted is reduced, lowering
transmission losses and improving voltage stability under peak load conditions.

The effectiveness of this strategy was assessed based on its response to the tripping
of the largest generation unit. The results showed a slight improvement in voltage
response following the relocation of solar PV panels as presented in Figure 5.25.
These findings suggest that strategic placement of solar PV systems can enhance
voltage stability, particularly in regions with high renewable energy penetration and

significant peak load demands.
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Figure 5.25: Voltage response after relocating solar PV near central loads.
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Chapter 6

Enhancing Frequency Stability in
the Saudi electric Grid for Solar

Power Integration

6.1 Introduction

Frequency stability is a critical aspect of power system operation, particularly with
the recent rapid development and increased focus on RESs [10, 11, 12]. It refers to the
ability of the grid to maintain a consistent frequency under all operating conditions
[61]. Unstable events can lead to blackouts, load tripping, and damage to equipment
and infrastructure if stability is not properly managed [16, 55].

Traditionally, frequency stability was inherently supported by SGs, which regulate
frequency due to their rotating masses, as detailed in Chapter 2 [10, 114]. However,
the growing penetration of IBRs, such as solar PV systems, introduces new challenges.
These resources rely on power electronic converters, which lack the physical inertia
provided by SMs, making the grid more vulnerable to frequency deviations during

disturbances [10, 11].
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Under normal conditions, the acceptable range of frequency deviation is typically
between 59.97 Hz and 60.03 Hz [94]. Fluctuations within this range are common
due to load variations. However, during abnormal conditions such as the loss
of a generator, the frequency can deviate significantly, stressing the system and
necessitating the implementation of robust solutions.

SynCons are a key solution in maintaining frequency stability, as they provide
inertia similar to SGs and can enhance the ability of the system to respond to
frequency deviations [38, 64, 66, 74, 87, 88, 115]. Additionally, BESS can further
enhance the role of SynCons, helping to regulate frequency rapidly when needed
[116, 117, 118, 119, 120]. Given that BESS is primarily proposed in this study
to provide energy during night-time, their high cost must be justified by fulfilling
additional roles, such as enhancing stability. This chapter investigates frequency
stability with high IBR penetration and considers the role of SynCons in providing

inertia to regulate frequency and improve grid stability.

6.2 Problem statement

The integration of IBRs such as solar PV systems presents significant challenges to
maintaining frequency stability in modern power grids. Traditional SGs inherently
provide system inertia through their rotating masses, which naturally resist changes
in frequency during disturbances. This inertia plays a critical role in slowing down
the RoCoF after a fault, providing the operators time to respond.

In contrast, solar PV systems operate using power electronics that lack the
rotating masses necessary to contribute physical inertia. As a result, high levels
of solar PV integration can significantly reduce the overall system inertia, leading to
faster frequency deviations and an increased risk of frequency instability during grid
disturbances. Without sufficient inertia, the grid becomes more vulnerable to rapid
frequency fluctuations, raising the likelihood of under-frequency events and potential

load-shedding scenarios as shown in Figure 6.1.
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6.3 Basic of Frequency Stability

The relationship between power imbalance and frequency deviation is given by [53,

75, 121]:

Af = % /(APm _AP)dt (6.1)

where A f is the frequency deviation, H is the inertia constant, AP,, is the change in
mechanical power, and AP, is the change in electrical power.
The inertia constant, which measures the stored kinetic energy in the rotating

mass of the generator, is defined as:

C1Jw?

H=—
2 S,

(6.2)

where J is the moment of inertia, wy is the synchronous speed, and Sy is the system
base apparent power.

In the context of maintaining frequency stability, SynCons play a crucial role by
providing inertia to the system. When a disturbance occurs in the grid, such as a
sudden loss of generation or a spike in demand, the balance between generation and
load is disrupted, causing the system frequency to deviate from its nominal value [10].
The rotating mass of SynCons resists this frequency change by temporarily releasing

or absorbing kinetic energy.

6.3.1 Frequency Stability response behavior

The following metrics assist in understanding the frequency stability and the behavior

of the system during disturbances:

e Rate of Change of Frequency (RoCoF):
This metric measures the rate at which the frequency changes following a

disturbance. High RoCoF values indicate rapid frequency shifts, which can

112



destabilize the power system [53, 75, 121]. Monitoring RoCoF provides insight
into the immediate impact of a disturbance and the available inertia within the

system. It is presented as follow [53, 75, 121]:

a1
RoCoF = E = ﬁ(APm - A_Pe> (63)

where % is the rate of change of frequency, AP,, is the change in mechanical
power, and AP, is the change in electrical power. As shown in the RoCoF
equation, a higher inertia constant slows the rate of frequency change. This
dynamic response provides extra time for other frequency control methods to

respond effectively.

Frequency Nadir:

This is the lowest point to which the frequency dips following a disturbance,
occurring before any frequency control actions take effect. It indicates the
impact of the disturbance and can be used to evaluate the effectiveness of the

available inertia within the system

6.4 Methodology

This section outlines the methodology used to enhance frequency stability after

transitioning the Saudi grid to fully solar PV. The study was conducted in PSSE,

following the same procedure introduced for voltage stability in Chapter 5.

Frequency stability assessment, testing, and improvement were carried out using

the following case scenarios:

e Case A: Determining the solar PV penetration limit for stable
frequency response:

In this case, solar PV penetration in the Saudi model was gradually increased
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to determine the penetration limit before frequency response became unstable.

No mitigation methods were applied in this scenario.

Case B: Testing frequency response as synCons increase the SCR:

This case involved testing frequency stability in three scenarios where SynCons
were used to increase the SCR by specific values under different contingencies.
The goal was to evaluate how varying the SCR impacts frequency stability and

to assess the effectiveness of SynCons in maintaining system stability [72].

Case C: Impact of adding a transmission line on frequency stability
with high solar PV penetration:

This scenario investigated how adding a new transmission line to the grid impact
on frequency stability. The analysis focused on how the new line improves
power flow, reduces constraints, and helps maintain a stable frequency during

contingencies.

Case D: Impact of relocating solar PV near central loads on frequency
stability with high solar PV penetration:

This case evaluated the potential benefits of relocating solar PV panels closer
to central loads to enhance frequency stability. The study aimed to explore how

such relocations might influence system resilience and frequency performance.

6.5 Results and Discussion

6.5.1 Case A: Evaluating the Impact of Solar PV Penetration

on Frequency Stability

In this section, the frequency response of the Saudi electric grid is investigated as solar

PV gradually replaces SGs. The goal is to assess how increasing solar PV penetration

impacts the grid’s ability to maintain frequency stability following a disturbance.
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Initially, the frequency response was analyzed with a 60% solar PV penetration
under the scenario of tripping the largest generator. As shown in Figure 6.2, the
system’s frequency response was slow to recover, struggling to return to its pre-fault
values.

Additionally, as solar PV penetration increased to 80%, the frequency response
showed more significant challenges. Figure 6.3 illustrates that the system experi-
enced a worse frequency nadir and greater difficulty returning to a stable condition
after the contingency.

When the penetration level reached 100%, the frequency response became highly
unstable. The power flow could not converge after applying the contingency.
This instability highlights the limitations of operating a grid with 100% solar PV
penetration without adequate methods to enhance frequency stability. The lack
of physical inertia in solar PV systems has a significant impact on the RoCoF,
highlighting the need for effective mitigation strategies. Implementing solutions such
as SynCons or BESS could provide the necessary inertia and support to maintain the

desired stability.

6.5.2 Case B: Test frequency response when SynCons in-

crease the SCR Gradually

In this part of the study, the integration of SynCons is approached in three scenarios,

with each scenario increasing the SCR by a specific value.

6.5.2.1 Frequency Response when SynCons increase the SCR by 1:

In this case, the SynCons were used to increase the SCR by 1. However, the network

did not converge due to a lack of sufficient inertia and power imbalance [72].
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Figure 6.2: Frequency response with 60% solar PV with tripping the largest
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Frequency response with 80% solar PV penetration
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Figure 6.3: Frequency response with 80% solar PV with tripping the largest
generator.
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6.5.2.2 Frequency Response when SynCons increase the SCR by 2:

With the SCR increased by 2 using SynCons, the system struggled to return to a
steady-state condition after a unit trip, as shown in Figure 6.4. This indicates that

the inertia provided was still insufficient to stabilize the system [72].

6.5.2.3 Frequency Response when SynCons increase the SCR by 3:

When the SCR was increased by 3 with the help of SynCons, the overall performance
improved significantly. The frequency response was able to return close to its nominal
value after the contingency, settling at 59.99 Hz. This demonstrates that the inertia
contribution and the SCMVA provided by the SynCons effectively mitigated the
challenges introduced by the integration of solar PV, as illustrated in Figure 6.5
[72].

As previously noted, BESS plays a critical role in grids powered by renewable
energy. Given the high costs associated with BESS, it is crucial to maximize their
utility. BESS can further enhance active power compensation following a contingency
and improve frequency response, as shown in Figure 6.6. Additionally, Figure
6.7 highlights the respective contributions of SynCons, BESS, and inverters to the
frequency response and the RoCoF [71].

6.5.3 Case C: impact of adding a transmission line on

frequency stability with high solar PV penetration

This case investigates the effects of adding a new transmission line on frequency
response. In theory, adding a transmission line can enhance system stability by
improving power flow and mitigating constraints, which in turn helps to maintain
a more stable frequency during contingencies. Figure 6.8 illustrates the frequency

response before and after the transmission line was added.
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Figure 6.4: Frequency response Frequency response at 100% solar PV when SynCon
increase the SCR by 2 during a generator trip event.
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Frequency response when SynCons increase SCR by 3
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Figure 6.5: Frequency response at 100% solar PV when SynCon increase the SCR
by 3 during a generator trip event.
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Frequency Response when SynCons increase the SCR by 3
With the contribution of BESS
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Figure 6.6: Frequency response at 100% solar PV when SynCon increase the SCR
by 3 during a generator trip event (with the contribution of BESS).
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6.5.4 Case D: impact of relocating solar PV near central
loads on frequency stability with high solar PV pen-

etration
This case examines the impact of relocating solar PV panels closer to central
loads on frequency stability. This approach can reduce transmission losses, thereby

contributing to a more resilient frequency response. Figure 6.9 depicts the frequency

response after relocating the solar PV panels near center loads at the SOA.
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Figure 6.9: The Impact of relocating solar PV near central load on frequency
Response.
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Chapter 7

Improving the Protection System
in the Saudi Electric Grid for Solar

Power Integration

7.1 Introduction

The fundamental purpose of power system protection is to continuously monitor
and rapidly detect faults. This ensures that any issues are quickly identified
and addressed before they can expand into more significant problems [122]. The
continuous deployment of solar PV systems in power grids requires a focus on
protection technologies to maintain reliable and safe operating conditions [54]. As
indicated in Chapter 2, SGs in traditional generation can deliver substantial fault
currents that enable the rapid detection and isolation of faults, providing more
operational flexibility. However, the shift towards IBRs reduces this high fault level
benefit since they typically generate lower fault currents due to their limited over-

current capabilities [66]. This creates challenges in adopting conventional protection

mechanisms to detect and isolate faults accurately [66, 52, 54, 123, 124].
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To address the challenge of low fault current in grids with a high penetration
of IBRs, several innovative solutions have been proposed and developed [87, 88, 89,
123, 125]. One effective method is the use of adaptive relay settings that adjust
to improve fault detection in grids with high penetration of solar PV generation
[126]. Additionally, advanced inverter technologies are being developed to deliver
higher fault currents, improving the overall fault current capacity of the grid [41, 125].
Another valuable approach is the integration of mitigation devices such as SynCons
that provide substantial fault current support after grid disturbances [87, 88, 89].

Among these solutions, the integration of SynCons stands out as highly useful.
By injecting a high amount of fault current, SynCons ensure that protection systems
such as circuit breakers and relays function effectively, even in grids with a high
penetration of renewable energy sources. Therefore, adapting protection schemes to
accommodate the dynamic behavior of IBRs is crucial for ensuring continuous and
reliable operation.

This chapter focuses on facilitating the integration of RES and optimizing the
protection system in a fully solar PV power grid. It aims to determine the minimum
SCR required to ensure reliable operation of traditional protection schemes, using
SynCon as the fault current provider. By restoring sufficient fault current levels, this
approach makes conventional overcurrent protection systems effective once again,

addressing one of the key challenges posed by the shift to IBRs-powered grids.

7.2 Background

Overcurrent relays count on the magnitude of fault current to detect abnormal
conditions and activate circuit breakers. However, in scenarios involving IBRs, where
fault currents are typically lower, the performance of these relays can be restricted.
This may result in reduced sensitivity and selectivity, causing delays in fault detection,

improper fault isolation, or even failure to identify faults [122].
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In contrast, traditional SGs can deliver substantial fault currents during short-
circuit events, often exceeding their rated capacity by several times [52]. Such high
fault current levels are typically sufficient for overcurrent relays to detect and clear
faults within a few cycles. Figure 7.1 shows the current output of a standard SG
during a 3-phase short circuit event. As depicted, the SG can generate fault currents

up to 5.57 PU, ensuring a robust contribution that protective relays can reliably sense.

7.3 Problem Statement

As solar PV penetration increases, the fault current contribution decreases, making
fault detection by protective relays increasingly difficult. This gradual shift in short-
circuit current has significant implications for the reliability and stability of the power
system. Figure 7.2 illustrates the reduction in fault current as solar PV penetration
rises incrementally from 20% to 80%.

At 100% solar PV penetration, inverters are unable to supply substantial fault
current, creating significant challenges for overcurrent relays to operate effectively.
Figure 7.3 shows the behavior of a typical inverter during a 3-phase short-circuit
event. As shown, the inverter shuts down almost immediately when the fault occurs.
This lack of fault current disrupts the fundamental operation of overcurrent relays,

making it difficult to detect and isolate faults.

7.4 Methodology

This section describes the methodology used to enhance fault current levels through
the integration of SynCons, with the SCR serving as a metric for system strength.
The primary objective is to identify the required SCR that ensures fault current
levels comparable to those in traditional power grids. As outlined in Chapter 2, fault

current is directly proportional to SCR, meaning an increase in SCR will
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Figure 7.1: Injected current from a typical synchronous generator.
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Figure 7.2: Injected fault current with different solar PV penetration.

130



. Injected Current from Inverter

08 i

=

o
T

1

Current (pu)
o
=

02

D i i i i
0 2 4 6 8 10

Time (s)

Figure 7.3: Injected current from a typical inverter at 100% solar PV penetration.
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enhance fault current levels, making them sufficient to activate overcurrent relays and
ensuring reliable operation.

To address the reduction in fault current caused by RES integration, this study
uses instantaneous overcurrent relays (IOC). These relays are designed to detect faults
efficiently when the fault current exceeds a defined threshold. The time inverse
overcurrent relay model (TIOCR1) in PSSE was adjusted to function as an 1I0C
for this analysis.

The TIOCRI1 settings were modified to ensure accurate fault detection. The
pickup current threshold was set 10% above the nominal load current to prevent
unnecessary tripping under normal conditions. The tripping time was set to 0.04
seconds to guarantee rapid fault isolation.

To evaluate the incremental contributions of SynCons, three case studies were

conducted as follows:

e Case A: Increases the SCR by 1.
e Case B: Increases the SCR by 2.

e Case C: Increases the SCR by 3.

7.5 Results and Discussion

The simulation results provide valuable insights into how the system behaves as the
SCR is incrementally increased through the three case studies. Each case indicates

the impact of different levels of SCR on fault current.

e Case A: Increment in SCR by 1
This increment resulted in a fault current of approximately 2 PU, as illustrated
in Figure 7.4. Although this improvement enhances the fault current, the

overall level remains significantly lower compared to that of a conventional SG.
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e Case B: Increment in SCR by 2
Increasing the SCR by 2 resulted in a fault current of approximately 3.8 PU, as
depicted in Figure 7.5. This represents a significant improvement over Case
A. Nevertheless, the fault current still falls short of the levels typically observed

in conventional SG systems.

e Case C: Increment in SCR by 3
Increasing the SCR by 3 resulted in a fault current of approximately 5.75
PU, as depicted in Figure 7.6. This value slightly exceeds the fault current
typically delivered by an SG operating in a conventional generation system, as
previously shown in Figure 7.1. These results indicate that an SCR increase
of 3 significantly enhances fault current availability, reaching levels comparable
to traditional systems. Furthermore, Figure 7.7 highlights the relay’s tripping
time, which occurred within 0.04 seconds, indicating fast and reliable fault

detection.

While increasing fault current using SynCons has shown clear benefits, several
important factors must be considered for developing an effective protection strategy.
The primary goal of this study was to determine the minimum SCR necessary to
restore fault current to levels sufficient for traditional overcurrent relays to function
reliably in fully decarbonized grids. The findings suggest that an SCR increase of 3
provides fault current levels comparable to those in conventional systems, enabling
the continued use of traditional protection schemes.

It is crucial to recognize that the effectiveness of any protection strategy
depends not only on fault current levels but also on the choice of protection
schemes. Overcurrent protection, differential, and distance protection each have
different sensitivities and requirements for reliable operation. Moreover, proper
coordination between protective devices is essential to ensure selective tripping and
avoid unnecessary disruptions. Primary protection devices should operate first, with

backup devices prepared to operate if necessary.
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Figure 7.7: Fault current interruption time by over-current relay with SynCon
increasing SCR by 3.
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Additionally, any modifications to fault current levels and SCR must comply
with industry standards and regulatory guidelines, such as those provided by IEEE,
IEC, and local grid codes. These standards ensure that improvements to protection
schemes align with established best practices and safety requirements.

In conclusion, the integration of SynCons to increase SCR and fault current levels
is an effective solution for improving the reliability of overcurrent protection schemes
in grids with high solar PV penetration. By restoring fault current to sufficient levels,
traditional protection systems remain valid and functional, allowing for the continued
use of established protection strategies in fully decarbonized grids. However, further
research and a comprehensive approach that accounts for protection scheme selection,
device coordination, and compliance to regulatory standards are necessary for a robust

and reliable protection strategy.
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Chapter 8

Conclusion & Future Work

The primary aim of this dissertation is to enhance the strength and inertia of the
Saudi power grid following its full integration with solar PV systems.

The conclusions and summary of this dissertation include the following;:

e Analyzing the impact of solar PV penetration:
As solar PV replaces SGs, the SCMVA of the system gradually declines, leading
to insufficient levels that negatively affect the overall performance and stability
of the Saudi electric grid. Voltage stability is also impacted as the reduction
in SCMVA decreases reactive power compensation, raising the risk of voltage
instability. Additionally, frequency stability is affected since solar PV lacks the
physical inertia that SGs provide, making the system more prone to frequency
fluctuations. Hosting capacity depends on the desired SCR that operators aim
to maintain, along with the capacity of IBRs at the POI. As the rated active
power of inverters increases, system strength decreases further. Indicators such
as SCR and WSCR showed significant declines as SGs were retired, emphasizing

the urgent need for solutions to maintain grid stability.

e The role of SynCons in enhancing power system strength under fully
solar PV penetration:

SynCons significantly enhanced SCMVA by increasing fault current levels,
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thereby strengthening the grid. System strength indicators, such as SCR and
WSCR, reached optimal levels, meeting NERC and EROCT recommendations.
SynCons were implemented in three cases, with each case increasing SCR by
a specific value. Case C, which raised SCR by 3 and had the largest SynCon
capacity, resulted in the highest SCMVA improvements for the Saudi model.

Identify weak locations:

The analysis showed that the southern and northern regions of the Saudi
grid experienced more significant weaknesses compared to other operating
regions. Newton-Raphson power flow analysis identified buses in these areas
with substantial voltage drops. Further, the PV curve indicated that these
regions had more weak and mid-strength buses, showing a greater sensitivity to
active power increases. The QV curve highlighted a higher demand for reactive

power in these areas to maintain voltage stability, confirming their risk.

Voltage stability mitigation:

The highest level of solar PV penetration the Saudi grid could handle before
voltage stability became insufficient was 60%. SynCons needed to raise SCR
by 3 to achieve stable voltage response in a fully solar PV grid. Both static
and dynamic loads were used to test voltage stability under various loading
scenarios, proving that the case with an SCR increase of 3 maintained excellent

voltage response.

Comparison between SynCons vs. STATCOM in mitigating FIDVR:
The analysis shows that SynCons effectively reduce voltage dips, while STAT-
COM enables a faster recovery of voltage levels to the safe range, highlighting its
quick response capabilities in maintaining grid stability. However, when faults
occur close to the compensation devices, SynCons inject a higher fault current,
whereas STATCOM may become blocked under low voltage conditions. As the
electrical distance from the fault increases, the fault current contribution from

SynCons decreases more rapidly than that of STATCOM. This indicates the
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importance of electrical distance in assessing the effectiveness of these devices

in enhancing grid stability and mitigating FIDVR event.

Frequency stability enhancement:

The highest level of solar PV penetration before the system struggled to
return frequency to a steady-state condition was 60%. The best performance
was observed in the scenario where SynCons increased SCR by 3, showing
highly satisfactory frequency response. Additionally, the integration of battery
storage, which supplies energy during night-time, further supported SynCons

in mitigating rapid frequency fluctuations, yielding more better results.

Adding transmission lines:

Adding new lines increases the overall transmission capacity, allowing for higher
maximum power transfer during contingencies. This helps reduce congestion in
overloaded areas, enabling more efficient distribution of power across the grid.
Additionally, the new lines provide multiple pathways for power flow, improving
the ability to manage reactive power, which increase the power system strength.
Lastly, this approach decreases transmission losses by shortening the distance
electricity must travel and redistributing power flow, ultimately enhancing grid

efficiency.

Relocate solar PV near center loads:

Placing solar PV closer to demand centers reduces the distance that electricity
needs to travel, thereby minimizing transmission losses. Shorter transmission
distances lead to greater efficiency in energy delivery, enhancing overall grid
performance. Additionally, centralizing solar PV near load centers improves
voltage stability by providing power directly where it is most needed. This
reduces the strain on long-distance transmission lines and helps maintain more

stable voltage profiles, especially in regions prone to voltage drops.
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e Improve the protection system:
SynCons were found to inject significant fault current during short-circuit
conditions, allowing protection devices to operate more effectively and ensuring
reliable fault detection and clearance. The case that increased SCR by 3 showed
a sufficient increase in fault current, providing protection engineers with more
flexibility when designing protection schemes. Additionally, SynCons assisted
typical inverters that lack fault ride-through capability by injecting enough fault
current for detection by protection relays, ensuring grid reliability in scenarios

where solar PV inverters alone may not be sufficient.

Future Work

e Extending the analysis to include additional renewable sources, such as wind
energy, would provide a more comprehensive understanding of the challenges

facing the Saudi grid.

e A detailed methodology for calculating the inertia of the system will be
developed.

e Further studies should propose advanced protection schemes specifically de-

signed for grids with high levels of renewable energy integration.

e Exploring the economic implications of large-scale solar PV and energy storage

integration will be valuable for system planners.

e Investigating the impact of solar PV integration on the interconnected grid
between Saudi Arabia and neighboring countries could provide valuable insights
into cross-border power flows, grid stability, and potential economic benefits

from regional power trading.
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Appendix A

Short Circuit M VA Analysis with
Different Solar PV Penetration

A.1 Short Circuit MVA Reduction Across Buses

Table A.1: SCMVA reduction across buses (Part 1)

20% PV 40% PV 60% PV 80% PV 100% PV

Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA
(MVA) (MVA) (MVA) (MVA) (MVA)
11000 -0.51 -584.88 -586.02 -590.23 -711.46
11001 -0.51 -17.03 -18.41 -23.54 -711.46
11002 -0.51 -17.03 -18.41 -23.54 -711.46
11004 -0.51 -584.88 -586.02 -590.23 -711.46
11005 -0.83 -583.71 -585.50 -593.36 -703.02
11007 -0.68 -3.16 -4.73 -591.22 -682.26
11008 -0.83 -2.28 -4.11 -593.36 -703.02
11010 -0.68 -1.84 -3.33 -591.22 -682.26
11301 -2.96 -8.05 -14.51 -537.59 -1340.60
11302 -2.96 -8.05 -14.51 -537.59 -1340.60

Continued on next page
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Table A.2: SCMVA reduction across buses (Part 2)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
11303 | -2.96 -8.05 -14.51 -36.02 ~1340.60
11304 | -2.96 -510.18 -516.54 -537.59 | -1340.60
11305 | -1007.05 | -1011.92 | -1018.07 | -1038.28 | -1340.60
11306 | -2.96 -8.05 -516.54 53759 | -1340.60
11307 | -3.15 -1012.16 | -1018.70 | -1040.18 | -1358.26
11308 | -2.96 -8.05 51654 | -1038.28 | -1340.60
11309 | -2.96 -510.18 51654 | -1038.28 | -1340.60
11324 | -3.15 -8.57 -1018.70 | -1040.18 | -1358.26
11325 | -3.15 -8.57 -1018.70 | -1040.18 | -1358.26
11326 | -1006.97 | -1012.16 | -1018.70 | -1040.18 | -1358.26
11330 | -520.10 | -1042.83 | -1048.35 | -1085.39 | -1388.78
11331 | -518.06 -545.52 55072 | -1073.96 | -1335.89
11332 | -518.06 | -1038.32 | -1042.93 | -1073.96 | -1335.89
11333 | -413.91 -417.88 -828.12 -858.98 | -1130.20
11334 | -413.91 -417.88 -434.85 -858.98 | -1130.20
11336 | -421.44 -444.16 -462.93 91323 | -1158.31
11337 | -22.60 -836.81 -853.59 91323 | -1158.31
11338 |  -21.34 -44.07 ~453.49 -513.13 ~758.20
11341 | -9.14 -1034.20 | -1044.51 | -1102.37 | -1735.31
11342 | -9.14 -531.45 -542.18 -602.98 | -1735.31
11343 | -513.35 | -1034.20 | -1044.51 | -1102.37 | -1735.31
11344 | -9.14 -531.45 542.18 | -1102.37 | -1735.31
11345 | -513.35 -531.45 54218 | -1102.37 | -1735.31
11346 | -1.82 -20.20 -41.05 -685.90 | -1586.93
11348 | -1.82 615.33 | -1221.82 | -1266.25 | -1586.93
11349 | -1.82 -615.33 63487 | -126625 | -1586.93
11354 | -616.66 -622.04 625.25 | -1274.07 | -1544.32
11355 |  -616.66 -622.04 625.25 | -1274.07 | -1544.32

Continued on next page

162




Table A.3: SCMVA reduction across buses (Part 3)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
11362 | -11.23 -19.72 -1036.17 | -1053.70 | -1426.26
11363 |  -10.17 -76.65 -94.89 -616.42 | -1543.35
11364 | -10.17 -1019.65 | -1034.11 | -1074.17 | -1543.35
11374 | -638.71 -639.77 -640.77 -650.51 76711
11375 | -8.61 -9.80 -10.92 -21.99 767.11
11376 | -8.61 -9.80 -10.92 -650.51 76711
11377 | -638.71 -639.77 -640.77 -650.51 76711
11387 | -10.78 -13.13 -14.49 -922.95 | -1070.87
11389 | -22.89 -27.86 -30.72 -63.58 -1209.59
11390 | -0.02 -263.94 -285.62 -318.62 -326.64
11391 | -0.02 -21.68 -285.62 -318.62 -326.64
11392 | -0.02 -21.68 -54.35 -318.62 -326.64
11401 | -34.39 -50.79 -64.52 -1044.88 | -1224.60
11402 | -960.10 -973.16 -983.95 | -1045.99 | -1227.74
11403 | -995.13 999.31 | -1001.70 | -1028.77 | -1296.01
13100 | -21.70 -616.53 -630.76 -654.81 -785.63
13101 | -9.15 -9.96 -616.45 -635.60 -800.59
13102 | -9.15 -9.96 -51.64 ~75.99 -800.59
13103 |  -24.44 -25.31 -631.45 -651.61 -800.59
13104 | -594.61 -595.31 -631.45 -651.61 -800.59
13105 | -9.81 -10.68 -36.98 -636.72 -785.63
13106 | -618.53 -631.40 -645.64 -669.71 -800.59
13107 | -618.53 -631.40 -645.64 -669.71 -800.59
13108 | -20.24 -34.47 -629.92 -669.71 -800.59
13109 | -20.24 -34.47 -68.72 -669.71 -800.59
13110 | -0.52 -595.13 -605.62 -654.81 -785.63
13111 | -0.49 -10.93 -606.07 -669.71 -800.59
13112 | -0.49 -10.93 -38.64 -669.71 -800.59
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Table A.4: SCMVA reduction across buses (Part 4)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
13113 | -0.49 -9.96 -10.99 -57.76 -800.59
13114 | -0.49 -9.96 -10.99 -621.29 -800.59
13115 | -0.52 -10.68 -11.79 -621.68 -785.63
13116 | -0.49 -10.93 -22.38 -669.71 -800.59
13117 | -0.49 -10.93 -22.38 -669.71 -800.59
13118 | -0.49 -595.31 -596.21 -621.29 -800.59
13119 | -0.49 -25.31 -26.42 -57.76 -800.59
13120 | -0.46 -1.12 -596.07 -599.50 -688.17
13121 | -0.46 “1.12 -10.81 -14.95 -688.17
13122 | -0.46 -1.12 -1.98 -608.90 -688.17
13123 | -0.46 -1.12 -1.98 -608.90 -688.17
13124 | -0.46 -9.80 -10.81 -14.95 -688.17
13125 | -0.46 -595.23 -596.07 -599.50 -688.17
13126 | -0.46 112 -1.98 -5.49 -688.17
13127 | -0.46 -1.12 -1.98 -5.49 -688.17
13128 | -594.57 -603.88 -604.87 -608.90 -688.17
13120 | -9.02 -603.88 -604.87 -608.90 -688.17
13130 | -603.11 -603.88 -604.87 -608.90 -688.17
13131 | -603.11 -603.88 -604.87 -608.90 -688.17
13191 | -10.27 -20.94 -27.50 112879 | -1537.85
13192 | -10.27 -1092.05 | -1098.07 | -1128.79 | -1537.85
13193 | -1082.18 | -1092.05 | -1098.07 | -1128.79 | -1537.85
13194 | -1082.18 | -1092.05 | -1098.07 | -1128.79 | -1537.85
13195 | -9.70 -607.82 -613.04 -630.87 -880.28
13196 |  -595.92 -607.60 -612.73 -630.23 -875.80
13197 | -9.70 -607.82 -613.04 -630.87 -880.28
13198 |  -595.92 -607.60 612.73 -630.23 -875.80
13199 | -2.04 -6.06 -613.04 -630.87 -880.28
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Table A.5: SCMVA reduction across buses (Part 5)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
13200 | -2.01 -5.95 612.73 -630.23 -875.80
13201 | -2.04 -6.06 -11.00 -621.15 -880.28
13202 | -2.01 -5.95 -10.80 -37.31 -875.80
13203 | -9.70 -607.82 -613.04 -630.87 -880.28
13204 | -595.92 -607.60 612.73 -630.23 -875.80
13205 | -2.04 -599.87 -604.69 -630.87 -880.28
13206 | -2.01 -13.85 -19.12 -630.23 -875.80
13207 | -2.04 -599.87 -604.69 -630.87 -880.28
13208 | -2.01 -13.85 -19.12 -630.23 -875.80
13209 | -595.95 -599.87 -604.69 -621.15 -880.28
13210 | -9.56 -13.85 -19.12 -37.31 -875.80
13211 | -2.04 -6.06 -11.00 -37.98 -880.28
13212 | -2.01 -5.95 -10.80 -620.65 -875.80
13213 | -2.23 -600.34 -605.57 -623.39 -872.81
13215 | -600.46 -605.00 -614.97 -623.99 -870.28
13216 | -5.99 -10.39 -20.09 -622.60 -859.34
13217 | -600.45 -605.00 -613.32 -623.98 -870.24
13218 | -5.99 -10.39 612.43 -622.60 -859.34
13219 | -11.02 -18.26 -618.61 -641.26 -876.84
13220 | -596.10 -602.43 -618.20 -640.44 -872.47
13221 | -11.02 611.57 -618.61 -641.26 -876.84
13222 | -596.10 -611.29 -618.20 -640.44 -872.47
13223 | -2.47 -602.59 -609.10 -641.26 -876.84
13224 | -2.43 -17.96 -25.17 -640.44 -872.47
13225 | -2.47 -18.26 -25.60 -641.26 -876.84
13226 | -2.43 -602.43 -608.82 -640.44 -872.47
13227 | -2.47 -18.26 -25.60 -49.52 -876.84
13228 | -2.43 -602.43 -608.82 -629.42 -872.47
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Table A.6: SCMVA reduction across buses (Part 6)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
13229 | -2.47 -602.59 -618.61 ~641.26 -876.84
13230 | -2.43 -17.96 -618.20 -640.44 -872.47
13231 | -602.16 -607.39 -610.34 -625.34 -878.94
13232 | -8.20 -13.56 -16.60 -625.34 -878.94
13233 | -600.45 -605.00 -613.32 -623.98 -870.24
13234 | -5.99 -10.39 -612.43 -622.60 -859.34
13235 |  -7.55 -10.91 -613.32 -623.98 -870.24
13236 | -7.20 -604.51 -612.43 -622.60 -859.34
13237 | -600.45 -605.00 -614.96 -625.97 -870.24
13238 | -5.99 -10.39 -20.09 -30.94 -859.34
13239 | -7.55 -10.91 -21.09 -623.98 -870.24
13240 | -7.20 -604.51 -614.01 -622.60 -859.34
13241 | -6.11 -10.78 -21.10 -32.67 -1177.30
13242 | -907.53 -911.90 -921.49 -932.09 | -1166.42
13244 | -7.02 1147 -920.72 -930.89 | -1167.64
13245 | -11.70 -17.38 -20.60 -36.93 -878.94
13246 | -11.70 -17.38 -20.60 -629.82 -878.94
13247 | -8.20 -604.02 -606.82 -625.34 -878.94
13248 | -602.16 -604.02 -606.82 -625.34 -878.94
13249 | -2.47 -18.26 -25.60 -641.26 -876.84
13250 | -2.43 -602.43 -608.82 -640.44 -872.47
13251 | -11.02 611.57 -618.61 -641.26 -876.84
13252 | -596.10 -611.29 -618.20 -640.44 -872.47
13253 | -2.47 -9.14 -15.90 -641.26 -876.84
13254 | -2.43 -8.97 -15.60 -640.44 -872.47
13255 | -11.02 -18.26 -25.60 -641.26 -876.84
13256 | -596.10 -602.43 -608.82 -640.44 -872.47
13261 | -1200.55 | -1214.80 | -1229.41 | -1272.71 | -1835.03
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Table A.7: SCMVA reduction across buses (Part 7)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA
(MVA) (MVA) (MVA) (MVA) (MVA)
13262 -8.22 -23.21 -38.72 -85.48 -1835.03
13263 | -1200.55 | -1214.80 | -1229.41 | -1272.71 | -1835.03
13264 -8.22 -1214.80 | -1229.41 | -1272.71 | -1835.03
13265 -8.22 -23.21 -38.72 -1272.71 | -1835.03
13266 -8.22 “1214.80 | -1220.41 | -1272.71 | -1835.03
13267 -8.22 -1214.80 | -1229.41 | -1272.71 | -1835.03
13268 | -29.64 -83.33 2641.12 | -2781.57 | -4127.17
13269 | -29.64 -83.33 -138.35 -301.07 | -4127.17
13270 | -29.54 -83.21 -138.32 -302.42 | -4098.57
13271 | -10.08 -28.50 -47.58 -1356.90 | -2044.75
13272 | -10.08 -28.50 -47.58 -1356.90 | -2044.75
13273 | -10.08 -1280.98 | -1300.12 | -1356.90 | -2044.75
13274 | -10.08 -1280.98 | -1300.12 | -1356.90 | -2044.75
13275 | -1248.43 | -1265.94 | -1300.12 | -1356.90 | -2044.75
13276 | -24.31 -44.05 -1300.12 | -1356.90 | -2044.75
13277 | -10.08 -28.50 -1283.91 | -1356.90 | -2044.75
13278 | -10.08 -28.50 -64.46 -1356.90 | -2044.75
13279 | -29.54 -83.21 -138.32 | -2754.85 | -4098.57
13280 -8.50 -31.27 -54.12 12714 | -1563.48
13200 | -35.73 -52.91 -62.62 -126.55 | -1765.80
13201 | -23.06 -37.53 -69.19 -104.13 | -1652.42
13292 | -23.06 -37.53 -69.19 -104.13 | -1652.42
13204 | -10.20 129470 | -1313.26 | -1369.07 | -2664.86
13295 -2.06 -249.03 -255.62 -275.89 | -1828.43
13206 | -1276.66 | -1294.70 | -1313.26 | -1369.07 | -2664.86
13297 | -242.69 -249.03 -255.62 -275.89 | -1828.43
180351 | -0.77 -2.19 -1387.44 | -1396.86 | -1508.79
180391 | -0.87 -2.46 -8.23 -707.63 -833.93
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Table A.8: SCMVA reduction across buses (Part 8)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
20216 | -73.53 32686 | -4170.34 | -4556.38 | -8144.09
20217 | -73.53 -326.86 | -4170.34 | -4556.38 | -8144.09
20218 | -73.53 -326.86 95723 | -1455.68 | -8144.09
20219 | -73.53 -3658.41 | -4170.34 | -4556.38 | -8144.09
20941 | -1.79 4.14 -579.40 -590.29 -894.25
20976 | -17.70 -47.02 -67.20 -159.32 | -1635.80
21255 | -124.67 -324.98 -793.08 | -4959.20 | -7871.84
21257 | -124.67 32498 | -4296.66 | -4959.20 | -7871.84
21271 |  -6.43 -22.94 -625.21 648.85 | -1160.71
21272 | -6.43 -608.03 -625.21 -648.85 | -1160.71
21273 | -6.43 -14.51 -23.06 -648.85 | -1160.71
21274 | -6.43 -14.51 -23.06 -648.85 | -1160.71
21275 | -600.17 -608.03 -616.29 -638.39 | -1160.71
21276 | -14.25 -22.94 -32.14 -56.95 -1160.71
21277 | -6.43 -608.03 -625.21 -648.85 | -1160.71
21278 | -6.43 -22.94 -625.21 -648.85 | -1160.71
21279 | -6.43 -608.03 -616.29 -648.85 | -1160.71
21280 |  -6.43 -22.94 -32.14 648.85 | -1160.71
21281 |  -6.43 -14.51 -32.14 -56.95 -1160.71
21282 |  -6.43 -14.51 -616.29 -638.39 | -1160.71
21283 |  -6.43 -14.51 -23.06 -56.95 -1160.71
21284 |  -6.43 -14.51 -23.06 -638.39 | -1160.71
21285 |  -6.43 -22.94 -32.14 -648.85 | -1160.71
21286 |  -6.43 -608.03 -616.29 -648.85 | -1160.71
21287 | -6.43 -608.03 -616.29 -638.39 | -1160.71
21288 |  -6.43 -22.94 -32.14 -56.95 -1160.71
21289 | -600.17 -608.03 -616.29 -648.85 | -1160.71
21291 | -14.25 -22.94 -32.14 -648.85 | -1160.71
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Table A.9: SCMVA reduction across buses (Part 9)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
21292 | -6.43 -14.51 -625.21 -648.85 | -1160.71
21293 | -6.43 -14.51 -625.21 -648.85 | -1160.71
21294 | -205.43 | -4414.19 | -4619.01 | -5102.14 | -8449.86
21295 |  -6.43 -14.51 -23.06 -56.95 -1160.71
21296 |  -6.43 -14.51 -23.06 63839 | -1160.71
21297 | -4205.11 | -4414.19 | -4619.01 | -5102.14 | -8449.86
21515 |  -61.97 -2636.55 | -2750.51 | -2995.79 | -5329.18
21516 | -61.97 -2636.55 | -2750.51 | -2995.79 | -5329.18
21517 |  -61.97 -172.09 30192 | -2995.79 | -5329.18
21518 | -61.97 -172.09 -301.92 -592.46 | -5329.18
21520 | -134.26 -209.60 -294.28 -544.19 | -5310.04
21521 | -2600.39 | -2667.05 | -2740.86 | -2952.05 | -5310.04
21522 | -2600.39 | -2667.05 | -2740.86 | -2952.05 | -5310.04
21523 | -134.26 -209.60 -294.28 -544.19 | -5310.04
21524 | -134.26 -209.60 -294.28 -544.19 | -5310.04
21525 | -2600.39 | -2667.05 | -2740.86 | -2952.05 | -5310.04
21526 | -134.26 -209.60 20428 | -2952.05 | -5310.04
21527 | -2600.39 | -2667.05 | -2740.86 | -2952.05 | -5310.04
21528 | -134.26 | -2667.05 | -2740.86 | -2952.05 | -5310.04
21531 | -1745.66 | -1796.00 | -1907.27 | -2124.00 | -3669.58
21532 | -33.57 -88.55 21286 | -2124.00 | -3669.58
21533 | -33.57 -1796.00 | -1907.27 | -2124.00 | -3669.58
21534 | -1745.66 | -1796.00 | -1907.27 | -2124.00 | -3669.58
21535 |  -31.49 -1791.82 | -1896.59 | -2101.48 | -3595.07
21536 |  -31.49 -83.13 -1896.59 | -2101.48 | -3595.07
21537 | -7.95 -1378.16 | -1406.58 | -1465.83 | -2139.58
21538 | -7.95 21.15 -1406.58 | -1465.83 | -2139.58
21539 | -7.95 -21.15 -1406.58 | -1465.83 | -2139.58
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Table A.10: SCMVA reduction across buses (Part 10)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
21561 |  -6.16 ~14.68 -1204.21 | -1232.52 | -1813.34
21562 |  -6.16 -14.68 -27.15 -1232.52 | -1813.34
21567 | -2682.21 | -2727.58 | -2796.10 | -3000.03 | -5009.57
21568 | -2682.21 | -2727.58 | -2796.10 | -3000.03 | -5009.57
21569 | -97.67 -149.66 22940 | -3000.03 | -5009.57
21581 | -1495.94 | -1544.47 | -1602.24 | -1729.23 | -3316.19
21582 | -1495.94 | -1544.47 | -1602.24 | -1729.23 | -3316.19
21584 | -7.15 -19.88 -35.59 -1822.79 | -2505.17
21585 | -T.15 -19.88 -1789.25 | -1822.79 | -2505.17
21586 | -885.14 | -1774.59 | -1789.25 | -1822.79 | -2505.17
21587 | -885.14 | -1774.59 | -1789.25 | -1822.79 | -2505.17
21588 | -885.14 -897.66 | -1789.25 | -1822.79 | -2505.17
21589 | -7.15 -19.88 -913.05 -048.85 | -2505.17
21590 | -7.15 -897.66 -913.05 -948.85 | -2505.17
21591 | -7.15 -19.88 -35.59 -72.39 -2505.17
21981 |  -1.92 -17.98 -23.48 -1258.50 | -1720.61
21982 |  -1.92 -17.98 -23.48 -108.08 | -1720.61
21983 |  -1.92 -17.98 -23.48 _1258.50 | -1720.61
21984 | -1.92 -17.98 -23.48 -1258.50 | -1720.61
21985 |  -1.92 -1184.26 | -1188.95 | -125850 | -1720.61
22980 | -4205.11 | -4414.19 | -4619.01 | -5102.14 | -8449.86
22990 | -205.43 -452.90 70277 | -1323.32 | -8449.86
29715 | -46.59 117147 | -1175.95 | -1355.78 | -1635.34
29716 | -46.59 -179.91 -186.24 | -1355.78 | -1635.34
29717 | -2.18 -1114.16 | -1158.26 | -1399.72 | -1679.25
29720 | -8.20 -664.11 -666.41 -788.23 -954.00
29721 | -624.28 -725.33 -730.90 -938.88 | -1265.81
29723 | -2.83 -109.86 73474 | 125321 | -1322.11
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Table A.11: SCMVA reduction across buses (Part 11)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
29724 | -1.01 -645.37 -668.24 -550.74 -974.49
29725 | -2.83 -80.56 14872 | -125321 | -1322.11
29726 | -1.15 -45.98 -77.46 -846.92 | -1039.65
29821 |  -1.86 -5.02 721 -17.69 -862.18
20823 | -1.86 -655.54 ~657.60 -667.34 -862.18
30181 | -16.84 -53.23 -1759.67 | -1939.50 | -3575.75
30182 | -16.84 -53.23 21549 | -1939.50 | -3575.75
30183 | -16.84 -53.23 -215.49 42427 | -3575.75
30184 | -16.84 -53.23 -215.49 42427 | -3575.75
30188 | -3275.62 | -3331.02 | -3696.24 | -4236.59 | -6929.30
30189 | -131.14 -195.49 629.53 | -4236.59 | -6929.30
30198 | -131.14 19549 | -3696.24 | -4236.59 | -6929.30
30199 | -131.14 19549 | -3696.24 | -4236.59 | -6929.30
30220 | -0.11 -0.39 -0.74 -1.69 -361.59
30384 | -0.06 -18.91 -19.96 -105.72 -134.52
30385 | -0.07 -177.92 -178.88 -183.05 -211.48
30411 |  -0.51 -923.24 -928.20 -949.31 | -1074.14
30737 | -240.43 -271.25 -353.36 -768.85 | -5805.93
30738 | -240.43 -271.25 -353.36 | -3352.56 | -5805.93
30739 | -2016.24 | -204235 | -3011.50 | -3352.56 | -5805.93
30741 | -2916.24 | -204235 | -3011.50 | -3352.56 | -5805.93
31521 | -2.40 -5.45 -16.21 -29.22 -636.61
31522 | -442.84 -445.79 -456.12 -468.49 -636.61
31523 | -2.40 -5.45 -16.21 -468.49 -636.61
31524 | -442.84 ~445.79 -456.12 -468.49 -636.61
31531 | -7.70 -18.49 -1102.91 | -1140.97 | -1571.30
31532 | -1058.42 | -1068.49 | -1102.91 | -1140.97 | -1571.30
31533 | -7.70 -18.49 -1102.91 | -1140.97 | -1571.30
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Table A.12: SCMVA reduction across buses (Part 12)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA
(MVA) (MVA) (MVA) (MVA) (MVA)
31534 [ -7.70 -18.49 -1102.91 | -1140.97 | -1571.30
31541 |  -6.15 -864.46 -892.90 92479 | -1294.75
31542 | -6.15 -15.34 -45.86 92479 | -1294.75
31543 | -6.15 -864.46 -892.90 92479 | -1294.75
31544 | -6.15 -15.34 -892.90 92479 | -1294.75
31711 | -1.52 -953.72 -963.09 97891 | -1209.01
31712 | -1.52 -5.73 -15.70 -32.76 -1209.01
31715 | -0.89 -1201.59 | -1204.12 | -1211.14 | -1358.41
31716 | -0.89 -4.23 -7.01 -14.75 -1358.41
31721 | -2.01 -5.96 -1400.56 | -1421.53 | -1707.45
31722 | -2.01 -5.96 -1400.56 | -1421.53 | -1707.45
31725 | -1.93 -733.45 ~743.80 ~754.86 -931.36
31726 | -1.93 -10.76 ~743.80 ~754.86 -931.36
31731 | -2.29 -7.29 -1581.85 | -1610.16 | -2033.78
31732 | -2.29 -7.29 -37.94 -70.88 -2033.78
31751 | -9.63 -13.65 -21.63 -1608.72 | -2001.19
31752 | -1560.05 | -1563.68 | -1570.86 | -1608.72 | -2001.19
31753 | -9.63 -13.65 -21.63 -1608.72 | -2001.19
31771 | -4.74 -8.12 -1580.50 | -1604.03 | -1989.34
31772 | -4.74 -8.12 -1580.50 | -1604.03 | -1989.34
31780 |  -1.83 -24.60 -40.60 -793.26 | -1043.76
31781 | -1.83 -753.34 ~767.74 79326 | -1043.76
31782 | -1.15 -1400.96 | -1409.90 | -1425.90 | -1593.47
31783 | -1.15 -15.46 -1409.90 | -1425.90 | -1593.47
31784 | -1.15 -1400.96 | -1409.90 | -1425.90 | -1593.47
33231 | -1210.48 | -1217.19 | -1230.28 | -1265.53 | -1704.12
33232 | -121048 | -1217.19 | -1230.28 | -1265.53 | -1704.12
33233 | -12.91 -20.01 -33.96 -72.14 -1704.12
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Table A.13: SCMVA reduction across buses (Part 13)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
33241 | -12.91 -20.01 -33.96 -1265.53 | -1704.12
33242 | -12.91 -20.01 -33.96 -72.14 -1704.12
33243 | -1210.48 | -1217.19 | -1230.28 | -1265.53 | -1704.12
33244 | -8.52 -13.22 -22.47 -1530.95 | -1845.39
33251 | -12.91 -20.01 -33.96 -72.14 “1704.12
33252 | -12.91 -1217.19 | -1230.28 | -1265.53 | -1704.12
33253 | -1210.48 | -1217.19 | -1230.28 | -1265.53 | -1704.12
33254 | -8.52 -13.22 -22.47 ~48.00 -1845.39
33261 | -12.91 -20.01 -33.96 “1265.53 | -1704.12
33262 | -12.91 -20.01 -1230.28 | -1265.53 | -1704.12
33263 | -12.91 -1217.19 | -1230.28 | -1265.53 | -1704.12
33264 | -12.91 -20.01 -33.96 -1265.53 | -1704.12
33265 | -1210.48 | -1217.19 | -1230.28 | -1265.53 | -1704.12
33266 | -1210.48 | -1217.19 | -1230.28 | -1265.53 | -1704.12
33267 | -8.52 -13.22 -1507.39 | -1530.95 | -1845.39
33271 | -30.35 -38.49 -48.25 -70.77 -1438.54
33272 | -1025.77 | -1032.52 | -1040.58 | -1059.01 | -1438.54
33273 | -30.35 -38.49 -48.25 -70.77 -1438.54
33278 | -3.16 -31.07 -1063.23 | -1084.83 | -1478.31
33279 | -3.16 -1036.02 | -1063.23 | -1084.83 | -1478.31
33280 | -7.96 -77.36 -154.81 21577 | -1930.09
33281 |  -7.96 -77.36 -154.81 21577 | -1930.09
33284 | -8.53 -13.22 150741 | -1530.96 | -1845.20
33401 | -1492.73 | -1522.30 | -1568.11 | -1699.78 | -2649.59
33402 | -5.67 -27.34 -1254.87 | -1355.56 | -2131.74
33403 | -6.61 -25.13 7777 -1357.54 | -2082.15
33404 |  -6.61 25.13 -1248.24 | -1357.54 | -2082.15
33405 | -11.30 -42.84 -91.29 -1699.78 | -2649.59
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Table A.14: SCMVA reduction across buses (Part 14)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA
(MVA) (MVA) (MVA) (MVA) (MVA)

33406 | -8.55 -32.46 -1262.73 | -1355.56 | -2131.74
33407 | -6.61 -1230.80 | -1265.51 | -1357.54 | -2082.15
33408 | -6.61 -1230.80 | -1265.51 | -1357.54 | -2082.15
33409 | -11.30 -37.13 -91.29 -1699.78 | -2649.59
33410 | -8.55 “1221.01 | -1262.73 | -1355.56 | -2131.74
33411 |  -6.61 -25.13 7777 -1357.54 | -2082.15
33412 |  -6.61 -25.13 -1248.24 | -1357.54 | -2082.15
33413 | -17.31 -65.60 15521 | -2873.41 | -4094.08
33414 | -11.20 42.44 -100.40 219.27 | -2306.29
33415 |  -6.61 -1215.45 | -124824 | -1335.58 | -2082.15
33416 | -6.61 -40.94 7777 177.92 | -2082.15
33430 | -7.42 -28.69 -1439.27 | -1514.60 | -2313.96
33431 |  -7.41 -1414.56 | -1439.50 | -1514.83 | -2314.19
33432 | -7.41 -28.69 -55.37 -1514.83 | -2314.19
33433 | -7.42 -28.69 -55.37 -137.62 | -2313.96
33434 | -7.41 -28.69 -55.37 -1514.83 | -2314.19
33435 | -7.41 -28.69 -55.37 “137.62 | -2314.19
33436 | -7.42 -28.69 -55.37 -1514.60 | -2313.96
33437 | -7.41 -28.69 -1439.50 | -1514.83 | -2314.19
33438 | -7.41 -1414.56 | -1439.50 | -1514.83 | -2314.19
33439 | -7.42 -1414.33 | -1439.27 | -1514.60 | -2313.96
33440 | -7.41 -28.69 -55.37 “137.62 | -2314.19
33441 | -7.41 -28.69 -55.37 13762 | -2314.19
33442 | -7.42 -1414.33 | -1439.27 | -1514.60 | -2313.96
33443 | -7.41 -28.69 -55.37 -1514.83 | -2314.19
33444 | -7.41 -28.69 -1439.50 | -1514.83 | -2314.19
33445 | -7.42 -28.69 -55.37 -1514.60 | -2313.96
33446 | -1394.49 | -1414.56 | -1439.50 | -1514.83 | -2314.19
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Table A.15: SCMVA reduction across buses (Part 15)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA

(MVA) (MVA) (MVA) (MVA) (MVA)
33447 [ -7.41 -28.69 -55.37 13762 | -2314.19
33471 | -25.91 -95.12 13653 | -1600.32 | -2307.73
33472 | -25.91 -1470.64 | -1507.53 | -1600.32 | -2307.73
33473 | -25.91 -95.12 -136.53 | -1600.32 | -2307.73
33474 | -25.91 -95.12 -136.53 24353 | -2307.73
33475 | -1407.74 | -1470.64 | -1507.53 | -1600.32 | -2307.73
33476 | -1407.74 | -1470.64 | -1507.53 | -1600.32 | -2307.73
33477 | -25.91 -1470.64 | -1507.53 | -1600.32 | -2307.73
33478 | -25.91 -1470.64 | -1507.53 | -1600.32 | -2307.73
33479 | -25.91 -1470.64 | -1507.53 | -1600.32 | -2307.73
33480 | -25.91 -95.12 -1507.53 | -1600.32 | -2307.73
33483 | -18.05 131871 | -1345.05 | -1412.07 | -1960.98
33484 | -1274.17 | -1318.71 | -1345.05 | -1412.07 | -1960.98
39481 |  -9.36 -885.66 -895.38 92558 | -1375.96
39482 | -9.36 -20.58 -31.34 -65.16 -1375.96
39483 | -9.36 -20.58 -31.34 -925.58 | -1375.96
39484 | -875.46 -885.66 -895.38 -925.58 | -1375.96
41007 |  -876.66 -886.19 -917.87 97427 | -1401.88
41008 | -29.91 -41.60 -81.20 15442 | -1401.88
41020 | -21.77 -30.27 -59.01 -518.66 -886.75
41021 | -21.77 -30.27 -59.01 -518.66 -886.75
44045 | -2.46 -21.91 -38.44 -61.58 -969.90
44046 | -473.64 -479.41 -514.67 -524.55 -816.32
44047 | -2.46 -21.91 -38.44 -633.21 -969.90
44048 | -36.85 -45.14 -572.79 -584.60 -914.49
44049 | -30.12 -36.93 -79.41 -91.60 -855.60
44050 | -2.96 -26.34 46.13 73.71 -1024.41
44051 | -4.41 -39.25 -68.63 -109.49 | -1501.43
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Table A.16: SCMVA reduction across buses (Part 16)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV
Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA
(MVA) (MVA) (MVA) (MVA) (MVA)
44052 | -4.47 97741 | -1001.08 | -1033.15 | -1505.56
44053 | -638.43 -646.12 -692.70 -705.60 | -1056.30
46008 | -0.50 -629.90 -662.67 -744.43 -937.22
46009 | -0.50 -66.82 -662.67 -744.43 -937.22
48011 |  -0.63 -37.92 -89.68 -800.85 | -1098.31
48012 | -0.63 -37.92 -747.65 -800.85 | -1098.31
48013 | -0.61 -704.82 -743.05 79452 | -1073.97
48014 | -0.61 -27.12 -76.52 -146.56 | -1075.89
49511 |  -85.04 243532 | -2873.68 | -3020.03 | -4467.30
49512 | -85.04 27416 | -2873.68 | -3020.03 | -4467.30
49513 | -85.04 27416 | -2873.68 | -3020.03 | -4467.30
49557 | -3519.40 | -4021.89 | -5148.03 | -5463.51 | -7765.92
49558 | -346.21 | -4021.13 | -5145.86 | -5461.03 | -7762.12
49559 | -344.77 988.20 | -5140.44 | -5454.81 | -T752.62
51955 | -14.51 -235.69 -317.56 43023 | -2852.32
51956 | -7.65 -127.11 -172.78 -237.00 | -2232.90
51957 | -7.65 -1289.52 | -1323.52 | -137047 | -2232.90
57027 | -13.28 -24.79 -588.19 -648.02 | -1137.09
57028 | -13.51 -25.22 -132.82 -730.37 | -1219.24
57029 | -14.07 -26.27 -137.96 21620 | -1235.42
57034 | -4.92 -9.23 -627.53 -652.22 -923.32
57035 | -16.47 -25.04 -926.08 -949.95 | -1310.80
57036 | -16.47 -25.04 -83.42 11514 | -1310.80
57037 | -593.68 -599.65 -639.31 -660.12 -988.97
59612 |  -0.15 -2.62 -3.61 -596.16 -665.13
61607 | -500.28 -506.40 -514.59 -539.01 -733.86
61608 |  -8.37 -15.33 -24.73 -539.01 -733.86
61610 |  -8.37 -15.33 -24.73 -539.01 -733.86
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Table A.17: SCMVA reduction across buses (Part 16)

20% PV | 40% PV | 60% PV | 80% PV | 100% PV

Bus | ASCMVA | ASCMVA | ASCMVA | ASCMVA | ASCMVA
(MVA) (MVA) (MVA) (MVA) (MVA)

62011 | -3.41 -8.39 912.71 292579 | -1181.92
62012 |  -3.41 -8.39 -65.72 -83.15 -1181.92
62609 | -2.33 -5.74 -605.79 -615.48 -816.83
62610 | -2.33 -5.74 -45.20 -57.23 -816.83
64613 |  -4.40 -364.47 -387.28 421.90 | -1718.73
64614 | -4.40 -1096.07 | -1112.94 | -1138.37 | -1718.73
64618 | -4.40 -1096.07 | -1112.94 | -1138.37 | -1718.73
64619 | -4.40 -1096.07 | -1112.94 | -1138.37 | -1718.73
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