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ABSTRACT

newable Energy Zones (REZs) has intensified long-standing challenges in weak

transmission networks, where low inertia, high impedance, and limited fault-
clearing capability compromise voltage stability, frequency resilience, and overall system
security. As synchronous machines are displaced by photovoltaic, wind, and storage
technologies, conventional control and support mechanisms have become insufficient
for maintaining reliable operation. Addressing these gaps requires system-level control
strategies capable of enhancing stability under high renewable penetration.

The rapid expansion of inverter-based renewable energy within Australia’s Re-

The first major contribution of this thesis is the development of a cascaded con-
trol parameter optimisation framework that strengthens voltage stability and fault-
ride-through (FRT) capability in weak-grid REZ environments. This contribution intro-
duces a Dynamic Resilience Metric that quantitatively captures transient behaviour,
fault-clearing margins, and post-fault recovery characteristics. Guided by this metric,
an enhanced Particle Swarm Optimisation routine simultaneously tunes plant-level,
network-level, and converter-level controllers, an approach that surpasses traditional
single-layer optimisation. Extensive validation on a simplified Australian 14-Generator
Test System demonstrates significant improvements in system stability, including re-
ductions in voltage overshoot to 6-25% and extended permissible fault-clearing times of
255-270 ms. These results show that coordinated, multi-layer optimisation provides a
scalable and systematic means of reinforcing weak renewable-dominated grids.

The second major contribution proposes a severity-aware coordinated control frame-
work for Battery Energy Storage Systems (BESS), introducing a disturbance-driven
mechanism that adaptively blends grid-following (GFL) and grid-forming (GFM) in-
verter modes. This strategy ensures efficient current-following during normal conditions
while activating robust voltage-forming and frequency support during severe distur-
bances. Through parametric studies of GFM:GFL penetration ratios, the framework
demonstrates monotonic improvements in frequency nadir, RoCoF suppression, and
voltage recovery. A comparative evaluation of Droop and Virtual Synchronous Machine
(VSM) techniques further clarifies their respective advantages, revealing Droop’s su-
perior transient performance and VSM’s enhanced damping and black-start capability.
This contribution establishes a practical, adaptive pathway for inverter coordination in
renewable-rich weak networks.

Together, these contributions offer a unified and grid-aligned framework for en-
hancing the stability, resilience, and renewable hosting capacity of REZ-based weak
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transmission systems, supporting Australia’s transition toward a reliable and sustainable
energy future.

Keywords: Battery Energy Storage Systems, dynamic resilience metric, frequency
stability, grid-forming inverters, grid-following inverters, improved voltage stability,
improved fault clearing time, modified particle swarm optimization, strengthening trans-

mission networks, renewable integration, weak transmission networks.
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VPPs Virtual power plants
VRC Voltage restoration control
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VRFB Vanadium redox flow
VSC Voltage Source Converter
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CHAPTER

CONTEXT FOR GRID INTEGRATION OF RENEWABLES

Chapter Composition

This chapter establishes the motivation for studying renewable integration in
Australia’s Renewable Energy Zones (REZs) and outlines the technical challenges
posed by weak transmission networks dominated by inverter-based resources. It
explains how low system strength, reduced inertia, poor voltage stiffness, and
inadequate fault performance undermine stable REZ operation, and highlights
the limitations of existing fragmented control approaches. The chapter formulates
the problem statement, defines the research aim, and introduces two core objec-
tives focused on cascaded controller optimisation and severity-aware coordinated
GFM-GFL BESS control. It then presents the research questions, summarises
the methodological framework combining weak-grid modelling, optimisation, and

inverter coordination, and outlines the originality and contribution of the proposed
AV]

tclearT
scope, limitations, key term definitions, and the overall thesis structure are pro-

Dynamic Resilience Metric (% ) and adaptive BESS strategy. The significance,

vided to guide the remainder of the work.

1.1 Context and Motivation for REZs Integration

he global transition toward low-carbon and sustainable energy systems has ac-

celerated the deployment of large-scale renewable energy sources (RESs), driven
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CHAPTER 1. CONTEXT FOR GRID INTEGRATION OF RENEWABLES

by the need to combat climate change, address long-term energy security risks,
and reduce the environmental pollution associated with fossil-fuel-based generation [1],
[2]. Australia is undergoing one of the most ambitious renewable energy transforma-
tions worldwide, with national and state-level policies targeting 80-100% renewable
penetration by 2030-2040 [3]. Over the past decade, declining costs of wind and solar
technologies, increasing public support for decarbonization, and innovations in consumer
energy resources (CERs) have collectively reshaped the structure and operational dy-
namics of the electricity grid [3]. Major infrastructure strategies have complemented
this shift, the most prominent being the establishment of Renewable Energy Zones
(REZs), geographically defined areas with high renewable potential and coordinated
transmission upgrades designed to enable efficient, large-scale integration and export of

renewable generation.

REZs provide a strategic framework for clustering renewable assets, reducing connec-
tion bottlenecks, and optimizing network investment. Their relevance has intensified as
renewable output in Australia increased from approximately 59,930 GWh (2019-2020)
to more than 93,112 GWh in 2022-2023 [4]. Beyond national trends, local initiatives,
including electrified transport, distributed rooftop PV adoption, and university-led net-
zero innovation, continue to reinforce Australia’s renewable trajectory [5, 6]. However,
much of this renewable development is concentrated in regional and remote areas where
existing transmission infrastructure is weak, characterized by low short-circuit ratios
(SCRs), high reactance lines, and insufficient reactive power reserves. These factors
collectively define what is known as weak transmission networks, a critical barrier to
reliable REZ operation [7, 8].

The shift from synchronous generators (SGs) to inverter-based resources (IBRs),
including PV, wind, and battery systems, has fundamentally altered grid behavior in
these regions [9]. Unlike SGs, which naturally provide mechanical inertia, damping,
short-circuit current, and voltage support, IBRs lack these inherent stabilizing char-
acteristics [10]. As a result, REZ-dominated networks commonly experience reduced
inertia, elevated rates of change of frequency (RoCoF), depressed frequency nadirs, and
diminished fault-ride-through (FRT) capability during contingencies [11]. Reports from
AEMO consistently highlight that weak-grid REZ locations face severe voltage stability
reductions and transient instability risks, especially under high renewable penetration,
where faults or disturbances propagate more rapidly due to low system strength [12].
These issues are further exacerbated by the intermittent and non-dispatchable nature

of solar and wind resources, which introduce unpredictable power fluctuations and
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1.1. CONTEXT AND MOTIVATION FOR REZS INTEGRATION

complicate real-time operational balancing [9].

In addition to frequency and voltage stability concerns, weak grids face substantial
power-quality challenges, including voltage sags and surges, harmonic distortions, inter-
harmonics, and flicker phenomena originating from fast-switching power electronic
converters [13]. Mitigating these issues requires advanced compensation technologies
such as active power filters, Static VAR Compensators (SVCs), and real-time harmonic
monitoring systems [14, 15]. However, such solutions add financial and operational

complexity and fail to address the core structural weakness of REZ networks.

In this context, Battery Energy Storage Systems (BESS) have emerged as critical
assets due to their rapid response times, high controllability, dispatchability, and suitabil-
ity for providing synthetic inertia, voltage support, and frequency regulation [9]. BESS
can convert variable renewable energy into dispatchable power, enhancing grid flexibility
and making it indispensable for maintaining stable grid operations [16]. Nevertheless,
the effectiveness of BESS depends heavily on the control strategy implemented at the
inverter interface. Two primary modes exist: Grid-Following (GFL) and Grid-Forming
(GFM) control. GFL inverters synchronize to the grid via phase-locked loops and inject
current based on external references, making them prone to instability in low-SCR envi-
ronments and incapable of supporting black-start operations [17, 18]. GFM inverters,
by contrast, regulate voltage and frequency autonomously, emulate SG behavior, and
provide synthetic inertia and FRT capability, making them well-suited for REZ-specific
weak-grid conditions [18, 19].

While numerous studies have explored GFL and GFM control strategies indepen-
dently, research remains fragmented, with limited emphasis on weak-grid behavior,
multi-inverter interactions, and real-world REZ deployment constraints. Existing lit-
erature often investigates isolated aspects of frequency and voltage control, converter
topologies, or device-level enhancements without offering a holistic understanding of
system-level dynamics in REZ environments. Research gaps are particularly evident in
three domains: (i) lack of coordinated operation between GFM and GFL inverters within
BESS architectures, (ii) insufficient examination of how varying GFM:GFL penetration
ratios influence frequency nadir, RoCoF, voltage resilience, and FRT performance, and
(iii) absence of integrated modelling frameworks that validate control strategies under

realistic, weak-grid REZ test conditions.

Technical gaps also persist in renewable-rich weak networks where traditional
hardware-based protection schemes, optimization-driven reactive power controllers,

and low-voltage ride-through (LVRT) enhancements often improve performance only at
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CHAPTER 1. CONTEXT FOR GRID INTEGRATION OF RENEWABLES

local or device-specific levels. These approaches typically fail to scale across heteroge-
neous renewable portfolios and do not provide unified solutions for system-wide dynamic
coordination. Moreover, many academic studies rely on simplified or strong-grid models,
underestimating the difficulties inherent to REZ-specific weak-grid operation.
Together, these environmental, economic, operational, and technical factors clearly
demonstrate the urgent need for innovative, system-level solutions that enable stable and
reliable renewable integration in weak transmission networks. Addressing REZ stability
challenges is fundamental not only for meeting Australia’s national decarbonization
objectives but also for ensuring affordable, clean, and resilient energy systems aligned
with Sustainable Development Goals (SDG) 7 and 13. This thesis is motivated by these
pressing needs and seeks to develop advanced control and optimization frameworks
capable of strengthening REZ-based weak grids, improving FRT performance, enhancing
voltage and frequency stability, and supporting the continued expansion of renewable

energy across Australia.

1.2 Background on Weak Transmission Networks and

Renewable Integration

The rapid expansion of renewable energy infrastructure has fundamentally transformed
the technical landscape of modern power systems, particularly in countries undergoing
accelerated decarbonization, such as Australia [20]. As wind, solar photovoltaics (PV),
and battery storage continue to replace fossil-fuel-based synchronous generators (SGs),
the physical characteristics of the electricity grid are evolving more rapidly than the
underlying transmission infrastructure can adapt [21]. This transition has intensified the
presence and impact of weak transmission networks in grid regions defined by low short-
circuit strength, high impedance, and limited reactive power reserves. Understanding the
behaviour of these weak networks and their interaction with inverter-based renewable
sources is essential for ensuring reliable Renewable Energy Zone (REZ) operation [22].
Weak grids typically emerge in remote or sparsely populated areas, where long
transmission corridors connect geographically dispersed renewable generation centres to
major load centres [23]. These regions often have low fault current levels and poor voltage
stiffness due to insufficient synchronous inertia and minimal grid reinforcement [24]. In
traditional power systems, SGs inherently provide mechanical inertia, voltage regulation,
short-circuit current, and frequency damping, thereby enabling stable operation during

disturbances [25]. Conversely, inverter-based resources (IBRs) lack these natural stabi-
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lizing characteristics [26]. Their control and synchronization are implemented through
algorithms rather than physical dynamics, leaving them more sensitive to rapid system

changes and fault-induced voltage depressions [27].

As renewable penetration increases within REZs, the operational challenges become
more pronounced. Low system strength reduces the electrical stiffness of the grid, causing
voltage and frequency deviations to propagate more rapidly [18]. Under high renewable
penetration conditions, weak grids experience excessive rates of change of frequency
(RoCoF), depressed frequency nadirs, and diminished fault-ride-through (FRT) capability,
each of which threatens the secure operation of inverter-dominated systems [18, 28].
Moreover, the fluctuating output of wind and solar resources introduces uncertainty and
variability, further complicating system balancing, fault recovery, and reserve scheduling
[29]. These challenges create a strong dependency on advanced control strategies and

complementary technologies to maintain acceptable voltage and frequency profiles.

In addition to stability challenges, weak grids are highly susceptible to power quality
disturbances [30]. The increasing reliance on power-electronic converters leads to voltage
sags, surges, harmonic distortions, inter-harmonics, and flicker effects that compromise
both customer-side equipment and system-level reliability [31]. Advanced compensation
devices such as Static VAR Compensators (SVCs), Static Synchronous Compensators
(STATCOMs), and active power filters are commonly deployed to mitigate these issues
[32]. However, these technologies alone do not fully address the structural weaknesses of
REZ-based transmission networks nor the increasing operational complexities introduced

by high levels of IBR penetration.

Compounding these challenges is the non-dispatchable nature of renewable resources.
Solar and wind generation depend on environmental conditions and therefore cannot
maintain a constant output [33]. This intermittency reduces the predictability of supply,
stressing system reserves and leading to over-generation or under-generation events.
As a result, power systems operating within weak REZs require additional flexibility
sources, capable of absorbing surplus energy and injecting or regulating power during
deficits.

Battery Energy Storage Systems (BESS) have gained prominence as a critical tech-
nology for addressing these challenges [34, 35]. BESS can convert variable renewable
resources into dispatchable energy, respond rapidly to disturbances, and provide syn-
thetic inertia, voltage support, and frequency regulation [36]. Yet, the degree to which
BESS can stabilise weak grids depends heavily on its inverter control strategy. Tradi-
tional GFL inverters synchronize to the grid through a phase-locked loop and inject
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current based on external voltage references [37]. While effective in strong grids, GFL in-
verters can destabilise weak grids due to their dependence on a reliable voltage waveform.
In contrast, GFM inverters generate voltage and frequency autonomously, emulating
synchronous generator behaviour and providing vital services such as inertia emulation,

black-start capability, and enhanced FRT performance [17].

The growing recognition of the importance of GFM inverters has revitalised research
efforts on modelling methodologies, stability metrics, and coordination strategies for
mixed GFM-GFL deployments [38]. However, existing academic literature remains frag-
mented, with many studies analysing frequency regulation, voltage control, or converter
topology in isolation. The lack of integrated frameworks for weak-grid modelling has
limited the understanding of multi-inverter dynamics, hosting capacity constraints, and
interaction phenomena such as control-loop oscillations in REZ conditions. Likewise,
despite the deployment of GFM technology in several Australian REZ projects, including
Dalrymple ESCRI, New England, and Central-West Orana, practical insights regarding
controller performance, fault recovery, and interoperability with GFL devices remain

underrepresented in scholarly discourse.

Furthermore, traditional approaches to enhancing weak-grid stability, such as im-
proved LVRT schemes, localized reactive power compensation, hardware-assisted protec-
tion circuits, and optimisation-based converter tuning, have demonstrated benefit at the
device or subsystem level but fall short of providing coordinated, system-wide robustness
[39]. Weak grids demand advanced solutions capable of addressing multi-layer control dy-
namics across renewable plants, BESS units, and transmission networks. Consequently,
the industry and research community are increasingly shifting toward holistic stability
frameworks, combining optimal controller tuning, coordinated GFM-GFL operation, and

realistic weak-grid testing environments.

In summary, integrating renewable energy into weak transmission networks poses
a complex interplay of stability, power quality, dispatchability, and control challenges.
These challenges are intensified in REZs, where renewable concentration is high and
system strength is inherently low. Understanding the technical characteristics of weak
grids and the limitations of IBR-dominated systems provides essential background for
the research undertaken in this thesis. It also highlights the urgent need for innovative
approaches such as cascaded controller optimisation, dynamic resilience metrics, and
coordinated GFM-GFL BESS strategies to ensure secure, reliable, and scalable renewable

operation within Australia’s future energy landscape.
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1.3 Problem Statement: Challenges of REZ
Deployment in Weak Grids

Despite Australia’s ambitious renewable energy targets and the strategic development
of REZs, the integration of large-scale renewable generation into weak transmission
networks remains one of the most significant technical challenges facing modern power
systems [13, 18]. Weak grids defined by low short-circuit strength, high impedance,
limited synchronous inertia, and insufficient reactive power reserves exhibit inherently
fragile dynamic behaviour. When exposed to the rapid influx of inverter-based RESs,
these networks experience severe degradation in voltage and frequency stability, compro-
mising both system reliability and regulatory compliance [40].

The displacement of synchronous generators (SGs) with inverter-based resources
(IBRs) exacerbates these problems [41]. Unlike SGs, which provide mechanical inertia,
strong fault current support, and inherent voltage regulation, IBRs rely entirely on
control algorithms for synchronization and stability support [42]. As renewable pene-
tration increases, weak-grid REZs face elevated rates of change of frequency (RoCoF),
depressed frequency nadirs, degraded FRT capability, and heightened susceptibility to
fault-induced voltage instability [43]. These conditions threaten secure system operation,
particularly during disturbances when multiple IBRs may disconnect simultaneously,
increasing the risk of cascading failures.

Compounding these issues is the non-dispatchable and variable nature of renewable
energy, which introduces unpredictable fluctuations in power output [42]. Weak networks
lack sufficient flexibility and system strength to absorb these fluctuations without
significant control intervention [44]. Furthermore, power quality challenges, including
harmonic distortion, interharmonics, flicker, and rapid voltage deviations, become more
prominent in inverter-dominated environments, where the dynamic behaviour of power
electronic converters drives additional stress on transmission equipment and sensitive
loads [41].

Although BESS have emerged as an essential asset for supporting renewable inte-
gration in weak grids, their effectiveness depends critically on the inverter control mode
employed [35]. Conventional GFL inverters are inadequate in low-SCR environments
because they depend on externally provided voltage references that deteriorate under
weak-grid conditions [34]. GFM inverters can overcome many of these limitations by
emulating synchronous generator characteristics, but deploying them at scale introduces

new challenges, including stability interactions, controller tuning complexities, and un-
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certainties in multi-inverter coordination [37]. The absence of unified frameworks that
integrate GFM and GFL behaviour within BESS architectures further restricts their
stabilizing potential.

Current research and industry practices often address only isolated aspects of the
problem such as improving low-voltage ride-through (LVRT) performance, tuning con-
verter protection systems, or implementing localized reactive power compensation. These
approaches are insufficient for REZ environments, where system-wide interactions
between plant-level controls, network characteristics, and inverter dynamics require
coordinated, multi-layered solutions. Moreover, most existing studies rely on simpli-
fied grid conditions or strong-grid assumptions, leading to limited insight into the true
operational challenges of REZs.

As a result, a critical gap exists in developing holistic, scalable, and adaptive control
and optimisation strategies tailored to the complexity of REZ-based weak transmission

networks. Specifically, there is a lack of:

Unified optimisation frameworks that tune plant-level, network-level, and converter-

level controllers under weak-grid conditions.

* Quantitative resilience metrics capable of assessing both transient and long-term

stability for renewable-rich networks.

¢ Coordinated BESS control strategies that blend GFM and GFL modes based on

system severity.

* Parametric understanding of how varying GFM:GFL contributions influence fre-

quency response, voltage resilience, and FRT performance.

* Realistic weak-grid simulation environments that reflect REZ-specific constraints

and multi-inverter interactions.

These unresolved challenges collectively hinder Australia’s ability to integrate renew-
able energy at the scale envisioned for REZs. Addressing them is essential for achieving
a stable, reliable, and future-ready power system capable of delivering on national de-
carbonization commitments. This thesis is therefore motivated by the urgent need to
develop advanced, system-level solutions that strengthen weak-grid resilience, enhance
renewable hosting capacity, and support the secure expansion of REZ-based renewable

generation.



1.4. RESEARCH AIM AND OBJECTIVES FOR STRENGTHENING REZ-BASED WEAK
NETWORKS

1.4 Research Aim and Objectives for Strengthening
REZ-Based Weak Networks

The integration of large-scale renewable energy into Australia’s Renewable Energy
Zones (REZs) introduces complex stability challenges arising from low system strength,
high inverter penetration, and reduced inertia across weak transmission corridors. As
established in the preceding sections,Aiand reinforced by the literature review presented
in Chapter 2, two technological domains emerge as central enablers for addressing these

challenges:

1. Battery Energy Storage Systems (BESS) as dispatchable, fast-acting stabilising

assets; and

2. Grid-Forming (GFM) and Grid-Following (GFL) inverters as foundational

control mechanisms for renewable-dominated grids.

Weak-grid conditions exacerbate voltage instability, frequency deviations, fault vul-
nerability, and adverse multi-inverter interactions. These issues require system-level
strategies that move beyond traditional device-centric improvements. The first part of
Chapter 2 literature review highlights the increasing importance of BESS in maintaining
grid resilience under high renewable penetration, while the second part underscores the
critical need for coordinated GFM-GFL inverter behaviour tailored to REZ operating en-
vironments. Together, these insights establish a clear need for optimisation frameworks
and adaptive control mechanisms purpose-built for weak-grid REZs.

In response to the technical, operational, and stability challenges identified through-
out the preceding sections, this thesis advances a focused research agenda that aligns
emerging inverter technologies with the stability requirements of weak-grid Renewable
Energy Zones. Grounded in the research gaps identified in earlier studies and supported
by the comprehensive literature review in Chapter 2, the following research aim and
objectives have been formulated to guide the development of structured, impactful, and
scalable solutions for REZ integration:

Research Aim: To develop advanced optimisation and control frameworks that enhance
voltage stability, frequency resilience, and fault performance in weak transmission net-
works characteristic of Australia’s REZs. The aim is achieved through two complementary

objectives addressing key REZ integration challenges.
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CHAPTER 1. CONTEXT FOR GRID INTEGRATION OF RENEWABLES

Objective 1: Cascaded Control Optimisation. To develop a multi-layer controller
optimisation framework that tunes plant, electrical, and generator-level controllers to
enhance voltage stability and FRT performance.

This objective introduces two major contributions:
¢ Enhanced PSO-based multi-layer controller coordination.

¢ Dynamic Resilience Metric (DRM) combining voltage deviation, fault duration, and

post-fault recovery.

Objective 2: Severity-Aware GFM-GFL BESS Coordination. To develop a severity-
aware coordinated control mechanism that adaptively blends GFM and GFL operation
to improve frequency and voltage resilience in weak-grid REZs.

This objective introduces three major contributions:

¢ Disturbance severity index-driven inverter mode switching.
¢ Analysis of GFM:GFL ratios on RoCoF, nadir, and voltage recovery.

* Comparative assessment of Droop vs. VSM based GFM control.

To support these objectives and frame the analytical scope, the next section presents

the research questions that guide the investigation of REZ-based weak grid challenges.

1.5 Research Questions Guiding REZ-Weak Grid

Investigation

The research aim and objectives outlined in Section 1.4 reflect two fundamental chal-
lenges associated with integrating large-scale renewable energy into weak transmission

networks:

* enhancing system-wide voltage stability and fault-ride-through performance through

coordinated controller optimisation, and

* improving frequency resilience and dynamic support through adaptive GFM-GFL
BESS control.

To address these challenges systematically, the thesis is guided by the following two

research questions:

10



1.6. OVERVIEW OF THE METHODOLOGICAL APPROACH

1. Research Question 1 (Corresponding to Objective 1): How can a cascaded
control parameter optimisation framework be designed and implemented to im-
prove voltage stability and fault-ride-through performance in renewable-rich weak

transmission networks characteristic of REZ environments?

2. Research Question 2 (Corresponding to Objective 2): How can a severity-
aware coordinated GFM-GFL BESS control strategy be formulated to enhance
frequency stability, voltage resilience, and overall system robustness under weak-

grid conditions in Renewable Energy Zones?

These two research questions collectively support the central aim of the thesis by
targeting both system-level controller optimization and inverter-level coordination, two
key pathways for strengthening the operational stability of weak-grid REZs. The next

section provides an overview of the methodological approach developed to address these

questions.
Weak grid modelling and .\, Objective 2: Severity- @
scenario definition "" Objective 1: Resilience _ <:%4 ® Aware BESS Control ¥/
QO Low SCR network representation Control Framework = a gleve(ril.ty—mdex GFM-GFL
L . . e ending
0O High-impedance line modelling QO Cascaded control optimisation . . .
O Reduced inertia emulation 0O Dynamic resilience metric u zsg?giimc GFM:GFL stability
g gary repe;\(ableg) enetration O Enhanced FRT stability Q Droop—VSM comparative
ynamic disturbance events @ evaluation
Methodological Flow ,j
— Pad —
Weak grid REZ modelling Casc}aded pontrol 8FM(_]GFL Stability Analysis
% Scenario Creation 4/ Optimization N oor %natlon % Voltage, frequen
< Renewable + BESS |9/ | DRM + PSO r# Severity Aware |L s FRT, RoCOF ¢ g
modelling Optimization GFM-GFL Q) evaluation =& |
control &3}
1 1 w2 . . D
Simulation System [ Outputs and contributions 6%
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* Weak-grid REZ model modelling O Adaptive inverter blending

» Renewable—BESS scenarios % Fault-based stability tests O Weak-grid stability validation

: QO Cascaded optimisation framework

Figure 1.1: Overall methodological thesis framework

1.6 Overview of the methodological approach

The methodological approach adopted in this thesis is structured to address the two
research questions outlined in Section 1.5 directly and to provide a coherent pathway for

enhancing the stability of weak transmission networks characteristic of Australia’s REZs.
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The approach integrates system-level modelling, dynamic simulation, optimisation, and
inverter control design, ensuring that both voltage stability and frequency resilience
are systematically evaluated and improved. Broadly, the methodology is organized
into two complementary research streams aligned with the two thesis objectives. An
overall illustration of the integrated methodological flow, combining weak-grid modelling,
controller development, simulation procedures, and resulting contributions, is presented
in Fig. 1.1.

The first stream focuses on system-wide cascaded control parameter optimisation.
This begins with the construction and adaptation of a weak-grid benchmark model
representative of REZ operating conditions, incorporating renewable technologies such
as photovoltaic (PV) systems, wind farms, and BESS. A hierarchical multi-layer control
structure, spanning plant-level, electrical network-level, and converter-level controllers,
is then established. An enhanced PSO algorithm is employed to tune these controllers in
a coordinated manner. Central to this stream is a newly developed DRM that captures
time-weighted voltage deviations, fault-clearing performance, and post-fault recovery
characteristics, serving as the optimisation criterion under varying renewable penetra-

tion conditions. A full methodological exposition for Objective 1 is presented in Chapter 3.

The second methodological stream centres on severity-aware coordinated GFM-GFL
BESS control. This begins with the development of detailed models for GFL and GFM
inverter operation under weak-grid constraints. A severity index is formulated to quantify
disturbance intensity and enable dynamic blending of GFL and GFM modes. Parametric
analyses are carried out to evaluate the influence of varying GFM:GFL penetration ratios
on key stability metrics such as frequency nadir, RoCoF suppression, and voltage recovery.
Additionally, comparative assessments of prominent GFM strategies, particularly Droop
and VSM control, are performed at representative penetration levels to determine
their suitability for REZ conditions. A full methodological exposition for Objective 2 is
presented in Chapter 4.

Both research streams rely on extensive time-domain dynamic simulations conducted
on a modified Australian 14-generator test system (Area 5) configured to reflect REZ-
specific weak-grid characteristics. Throughout the analysis, compliance with Australian
grid codes, FRT standards, and operational constraints is ensured.

In summary, the methodology combines weak-grid modelling, hierarchical optimi-
sation, severity-aware inverter coordination, and comparative control assessment into
a unified analytical framework. This enables a comprehensive investigation of how

advanced control and optimisation mechanisms can support the secure, scalable, and

12



1.7. ORIGINALITY AND RESEARCH CONTRIBUTIONS

resilient integration of renewable energy within Australia’s emerging REZs. Building
on this methodological foundation, the next subsection outlines the originality and key

research contributions of the thesis.

1.7 Originality and Research Contributions

The research presented in this thesis offers several original contributions that advance
the state of knowledge on renewable integration in weak transmission networks, par-
ticularly within the operational context of Australia’s emerging REZs. While existing
literature has extensively examined isolated aspects of renewable integration, such
as device-level LVRT, inverter protection schemes, reactive power compensation, or
standalone GFM control, few studies address the system-wide, multi-layered, and co-
ordinated challenges intrinsic to REZ environments. Supported by insights from the
two comprehensive review studies, this thesis introduces novel concepts, methodologies,
and coordinated control strategies that fill critical gaps in the academic literature and
industry practice.

The originality of this thesis stems from three overarching aspects. First, it provides a
unified system-level optimisation framework that jointly considers plant-level, network-
level, and converter-level control parameters, overcoming the fragmented treatment
of stability mechanisms found in prior studies. Second, it introduces a new resilience-
oriented performance metric that captures both transient and long-term recovery char-
acteristics, addressing shortcomings of traditional stability indices that evaluate distur-
bances in isolation. Third, it develops an adaptive BESS-based GFM-GFL coordination
strategy capable of dynamically adjusting inverter behaviour according to a disturbance
severity approach that has received minimal attention in existing weak-grid and REZ
research.

Drawing on the deep technical insights explained in chapters 3 and 4, the primary

research contributions of this thesis are summarised as follows:

¢ Contribution 1: A Novel Cascaded Control Parameter Optimisation Framework for
Weak-Grid Renewable Networks

This thesis presents a multi-layer cascaded optimisation framework that simul-
taneously tunes plant, network, and converter-level control parameters using an
enhanced PSO algorithm, addressing a key gap in weak-grid studies where tuning

is typically performed in isolation. A central innovation is the Dynamic Resilience
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Metric (,%"tAd‘:irT), which unifies time-weighted voltage deviation, fault-clearing dura-
tion, and post-fault recovery smoothness into a single resilience-oriented indicator.
By integrating coordinated optimisation with this comprehensive metric, the pro-
posed framework significantly enhances voltage stability and FRT performance
in REZ-based weak networks, surpassing the limitations of earlier modelling and

control approaches as discussed in Chapter 2, Part 1.

¢ Contribution 2: A Severity-Aware Coordinated GFM-GFL BESS Control Strategy
for Frequency and Voltage Stability Enhancement

The thesis develops a severity-aware BESS control framework that adaptively
blends GFL and GFM modes according to the real-time intensity of system dis-
turbances. A novel severity index governs this transition, enabling efficient GFL
operation during mild disturbances and robust GFM support during severe faults.
This contribution fills a critical research gap identified in Chapter 2, Part 2, where
coordination between GFM-GFL inverters, particularly within BESS architectures,
remains largely unexplored. The framework is further supported by a parametric
analysis of GFM:GFL penetration ratios, revealing how different inverter mixes in-
fluence RoCoF suppression, frequency nadir, FRT capability, and voltage resilience.
Additionally, the thesis provides a comparative evaluation of Droop vs VSM control
at representative GFM shares, offering clear insights into their relative suitability

for weak transmission conditions commonly found in REZs.

¢ Contribution 3: A Unified Stability Enhancement Pathway for REZs

By integrating the outcomes of the cascaded optimisation framework (Contribution
1) and the severity-aware GFM-GFL coordination strategy (Contribution 2), this
thesis establishes a unified, scalable, and REZ-specific pathway for improving sta-
bility in renewable-rich weak transmission networks. The combined contributions
offer a holistic solution that addresses voltage stability, frequency resilience, tran-
sient recovery, inverter coordination, and grid-code compliance, thereby supporting

secure and reliable operation of REZs.

In summary, this thesis provides original, system-level contributions that bridge key
research gaps and advance the practical feasibility of high-renewable penetration in
weak-grid REZs. The combined methodological and control solutions developed in this

work offer a robust foundation for future research and deployment of stable, scalable,
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and resilient RESs in Australia and beyond. The next section discusses the significance

of these findings within broader academic and industry contexts.

1.8 Significance of the Study

Australia’s transition to high renewable penetration places increasing pressure on weak
transmission networks, particularly within REZs where system strength is low and
inverter-based resources dominate. Ensuring stable and reliable operation in these
environments is essential for meeting national decarbonisation goals, maintaining energy
security, and enabling large-scale renewable integration. This thesis contributes to this
transition by developing advanced control and optimisation frameworks tailored to the
operational characteristics of REZ-based weak grids.

The significance of the study arises from three key contributions. First, it addresses
fundamental technical challenges, including voltage instability, FRT capability, and
frequency vulnerability, exacerbated by the decline of synchronous generation. The
proposed cascaded control optimisation framework offers a coordinated and scalable
solution to these issues, improving dynamic stability without relying on costly network
reinforcements.

Second, the thesis advances coordinated inverter control, an emerging requirement
for renewable-dominated grids. While GFM and GFL inverters have been individually ex-
plored, their coordinated behaviour within BESS architectures remains underexamined.
The severity-aware GFM-GFL control strategy introduced here provides an adaptive
mechanism that enhances both steady-state efficiency and fault resilience, supporting
compliance with evolving grid codes and strengthening system frequency performance.

Third, the research is directly relevant to Australia’s REZ implementation efforts.
Using a modified Australian weak-grid benchmark, the study quantifies how inverter
penetration ratios and control strategies affect critical stability metrics, offering practical
insights for planners, operators, and policymakers. These findings align with AEMO’s

Integrated System Plan and broader sustainability objectives under SDGs 7 and 13.
AV|

tclearT ’
sation structure, and severity-aware inverter coordination, provide system-level tools

More broadly, the methodologies developed, including the & cascaded optimi-
applicable to weak grids worldwide, particularly in regions with high renewable potential
but limited system strength.

In summary, this study delivers technically innovative and practically relevant

solutions that strengthen the stability, scalability, and resilience of renewable-rich weak
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networks. The next section outlines the scope and limitations of the REZ-weak grid

modelling framework employed in this thesis.

1.9 Scope and Limitations of REZ-Weak Grid
Modelling

The scope of this thesis is deliberately focused on the stability challenges of integrating
large-scale renewable energy into weak transmission networks, particularly within
Australia’s emerging REZs. Given the complexity of modern power systems and the wide
range of technological, economic, and policy factors influencing renewable integration,
the study concentrates specifically on the dynamic stability, control, and optimisation
aspects most critical to weak-grid performance. The goal is not to provide a full-scale
planning or market assessment of REZs, but rather to deliver technically robust solutions
that enhance system stability under high inverter-based renewable penetration.

The research scope includes the following key elements:

* Weak-grid modelling and dynamic behaviour assessment, focusing on REZ-relevant
conditions such as reduced system strength, high impedance, low short-circuit

ratios (SCRs), and limited synchronous inertia.

* Hierarchical control parameter optimisation across plant-level, electrical network-
level, and converter-level controllers using an enhanced Particle Swarm Optimisa-
tion (PSO) framework (Objective 1).

¢ Inverter control strategies for Battery Energy Storage Systems (BESS), with
emphasis on severity-aware coordination between Grid-Following (GFL) and Grid-
Forming (GFM) modes (Objective 2).

¢ Comparative evaluation of advanced GFM strategies, particularly Droop and
Virtual Synchronous Machine (VSM) control, under representative weak-grid

conditions.

¢ Use of a modified Australian 14-generator test system, adapted to replicate REZ-
specific constraints such as high renewable penetration and weak-grid operating

characteristics.

¢ Dynamic simulation studies, conducted using industry-standard power system

analysis tools compliant with Australian grid code and FRT requirements.
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While the thesis develops comprehensive and technically advanced frameworks,
several limitations should be acknowledged to contextualise the findings and guide

future research:

* Model complexity and representativeness: The test system used is a modified
benchmark model rather than a full-scale, geographically detailed REZ network.
Although designed to capture the essential dynamics of weak-grid behaviour, it does
not account for all real-world complexities such as distributed energy resources

(DER), detailed protection schemes, or phase-domain electromagnetic transients.

* Focus on control and optimisation, not market or economic analysis: The study
does not examine cost-benefit analysis, market constraints, or planning investment
strategies for REZ deployment. Its emphasis remains on improving technical

stability metrics rather than evaluating commercial viability or policy mechanisms.

¢ Inverter technology scope: The thesis focuses specifically on GFM and GFL control
modes for BESS. Other converter types, hybrid storage technologies, and advanced
FACTS devices (e.g., STATCOMs, SVCs) are referenced but not modelled in detail.

* Limited consideration of communication delays and cyber-physical interactions: Al-
though inverter coordination is studied, communication constraints, cyber-security

risks, and wide-area control delays are outside the scope.

* Renewable resource variability: Intermittency is captured implicitly through dy-
namic disturbances rather than through long-term stochastic renewable forecasting

or probabilistic resource modelling.

Despite these limitations, the research provides a robust and scalable foundation
for future studies. The optimisation frameworks, adaptive control mechanisms, and
resilience metrics developed herein can be readily extended to more detailed network
models, multi-inverter configurations, and industry datasets. As such, the scope and
limitations of this thesis reflect a balance between depth and practicality, enabling
rigorous exploration of critical weak-grid challenges while maintaining relevance to
real-world REZ deployment. In addition to the above technical scope, it is important to
clarify the methodological boundaries within which this research has been conducted.

These aspects are outlined in the following subsection.
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1.9.1 Scope and Limitations of the Thesis

This thesis is conducted within a simulation-based framework, with the following method-

ological scope and limitations:

¢ Simulation-level analysis: All analyses are performed using industry-standard
power system tools within a controlled computational environment, without physi-

cal system implementation.

* RMS-based dynamic modelling: The study employs RMS (phasor-domain) sim-
ulations, which are well-suited for analysing large-scale system behaviour, control

interactions, and stability performance under network-level disturbances.

¢ Exclusion of EMT modelling: While RMS modelling provides computational
efficiency and is widely adopted for system-level studies, it does not capture fast
electromagnetic transients and converter switching dynamics with the same fidelity
as Electromagnetic Transient (EMT) simulations. Therefore, detailed EMT-based

validation of inverter-level dynamics is beyond the scope of this work.

¢ No hardware or real-time validation: The research does not include hardware-
based or real-time validation methods such as Hardware-in-the-Loop (HIL) or

Real-Time Digital Simulator (RTDS) implementations.

* Benchmark test system validation: The proposed control strategies and opti-
misation frameworks are validated through extensive simulation studies using a
modified benchmark weak-grid test system, specifically the Simplified Australian

14-generator system adapted to reflect REZ-relevant operating conditions.

¢ Justification of scope: These methodological boundaries are intentionally defined
to ensure a focused and in-depth investigation of weak-grid stability challenges
and control optimisation, while maintaining computational tractability and repro-
ducibility.

* Future research directions: Future work may extend this research by incorpo-
rating EMT-based modelling, real-time simulation platforms, and experimental

validation to further enhance practical applicability.

The next subsection introduces key terms and definitions relevant to REZs and weak

transmission networks to support clarity throughout the thesis.
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1.10 Definition of Key Terms Related to REZ and

Weak Transmission Networks

This section provides definitions of key technical terms used throughout the thesis. These
definitions establish clarity and consistency in the context of renewable integration,

weak-grid stability, and inverter-based control systems.

¢ Renewable Energy Zone (REZ): A geographically defined area with high-quality
renewable resources (such as wind and solar) that is supported by coordinated
transmission planning and investment. REZs enable large-scale renewable gen-
eration to be efficiently connected and exported to load centres. They are central
to Australia’s renewable expansion strategy and often coincide with weak-grid

regions due to remote geographic locations.

* Weak Transmission Network (Weak Grid): A power system region characterised
by low short-circuit strength, high network impedance, limited synchronous in-
ertia, and reduced voltage stiffness. Weak grids exhibit heightened sensitivity to
disturbances, such as faults or sudden changes in power injection, and are more

susceptible to instability when dominated by inverter-based resources.

* Short-Circuit Ratio (SCR): A numerical indicator of system strength defined as
the ratio of the short-circuit current available at the point of interconnection to
the rated current of the connected generator or inverter. Low SCR values indicate
weak-grid conditions where voltage regulation and inverter stability are more

challenging.

¢ Inverter-Based Resources (IBRs): Renewable or energy storage technologies, such
as photovoltaic (PV) systems, wind turbines, and Battery Energy Storage Systems
(BESS), that interface with the grid through power electronic converters. Unlike
synchronous generators, IBRs do not inherently provide inertia or fault current,

making their behaviour heavily dependent on control algorithms.

¢ Grid-Following (GFL) Inverter: An inverter control mode that synchronises with
the grid using a phase-locked loop (PLL) and injects controlled current based on
externally provided voltage and frequency references. GFL inverters perform well
in strong grids but struggle under weak-grid conditions due to their dependence on

accurate voltage waveforms.

19



CHAPTER 1. CONTEXT FOR GRID INTEGRATION OF RENEWABLES

¢ Grid-Forming (GFM) Inverter: An inverter control mode that establishes voltage
and frequency autonomously, emulating synchronous generator behaviour. GFM in-
verters provide virtual inertia, frequency support, and improved fault-ride-through

(FRT) capability, making them essential for weak-grid and islanded operation.

* Battery Energy Storage System (BESS): An energy storage technology, typically
lithium-ion based, that provides rapid charge and discharge capability. BESS units
support voltage and frequency stability, offer synthetic inertia, absorb renewable

variability, and enhance system resilience in weak-grid environments.

¢ Fault-Ride-Through (FRT): The ability of a generating unit or inverter to remain
connected and support the grid during and after a fault. FRT requirements ensure
that renewables contribute to system recovery rather than disconnecting during
disturbances. In weak grids, maintaining adequate FRT performance is essential

for preventing cascading outages.

¢ Rate of Change of Frequency (RoCoF): The speed at which system frequency
changes following a disturbance, typically measured in hertz per second (Hz/s).
High RoCoF values indicate low system inertia and can trigger protection schemes,

making RoCoF suppression crucial in renewable-dominated grids.

* Dynamic Stability: The capability of the power system to maintain synchronism
and recover acceptable operating conditions following short-term disturbances
such as faults, switching events, or rapid changes in renewable output. It includes
aspects of voltage stability, frequency stability, and transient recovery.

* Dynamic Resilience Metric (%fczirT): The DRM is introduced in this thesis as
a comprehensive performance indicator to quantify a power system’s ability to
withstand and recover from disturbances under weak-grid conditions. In simple
terms, it evaluates how severely the system is affected during a fault and how

effectively it returns to stable operation.

Technically, the DRM combines time-weighted voltage deviations, fault-clearing
duration, and post-fault recovery characteristics into a unified quantitative metric.
This enables simultaneous consideration of both disturbance severity and recovery
performance. The DRM is used as the primary objective function in the optimisation
framework (Objective 1), guiding the tuning of control parameters to enhance

overall system resilience.
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* Severity Index (S(¢)): The Severity Index is defined as a real-time quantitative
measure of disturbance intensity, representing how critical a system event is at
any given instant. It provides an intuitive indication of whether the system is

experiencing a mild or severe disturbance.

In this thesis, the Severity Index is computed based on key system indicators
such as frequency deviation, rate of change of frequency (RoCoF), and voltage
deviation, normalised with respect to grid-code limits. This index governs the
adaptive coordination between Grid-Following (GFL) and Grid-Forming (GFM)
modes in the proposed BESS control framework. Specifically, lower severity values
favour GFL-dominant operation for fast current-limited response, while higher
severity values trigger increased GFM contribution to provide voltage support and

inertia-like behaviour.

* Particle Swarm Optimisation (PSO): A population-based metaheuristic optimisa-
tion algorithm inspired by swarm intelligence. In this thesis, an enhanced PSO
variant is employed to coordinate control parameter tuning across multiple hierar-

chical control layers in weak-grid renewable systems.

These key terms provide the technical foundation for the methodologies, analyses,
and discussions presented in subsequent chapters. Their definitions reflect the specific
operational and modelling requirements associated with REZs and weak transmission
networks. The next subsection outlines the overall structure of the thesis and how each

chapter contributes to the research aims.

1.11 Structure of the Thesis

This thesis is organised into five chapters, each building upon the previous to develop a
comprehensive understanding of renewable integration challenges in weak transmission
networks and to present the proposed optimisation and control frameworks tailored to
REZs. The structure is designed to ensure a logical progression from background context

to methodological development, technical implementation, and final evaluation.

* Chapter 1 - Introduction: This opening chapter outlines the broader context and
motivation for studying renewable integration within weak-grid REZ environments.

It presents the problem statement, research aim, objectives, research questions,
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methodological overview, originality, and scope. Key terms relevant to weak-grid

stability and inverter-based control are also defined.

* Chapter 2 - Literature Review: This chapter synthesises existing research on two

major themes:

— Battery Energy Storage Systems (BESS) for REZ and weak-grid integration,
including challenges in system strength, power quality, volatility management,

and energy storage deployment.

— GFM and GFL inverter control strategies, focusing on modelling frameworks,
stability considerations, and Australian REZ deployment insights. The review
establishes key limitations in prior work and identifies the research gaps that

motivate the contributions of this thesis.

¢ Chapter 3 - Cascaded Control Parameter Optimisation Framework: This chapter
presents the complete methodology, modelling approach, and simulation analysis
for Objective 1, which focuses on improving voltage stability and FRT capability in
weak transmission networks. It introduces the modified Australian 14-generator
test system (Area 5), describes the multi-layer cascaded optimisation structure,
formulates the %2-""

tclearT >

renewable penetration. Extensive simulation results demonstrate the effectiveness

and evaluates system performance under varying levels of

of the proposed optimisation framework.

* Chapter 4 - Severity-Aware Coordinated GFM-GFL BESS Control Framework: This
chapter delivers the full technical development and analysis for Objective 2, which
aims to enhance frequency resilience and voltage support through coordinated
BESS inverter control. It details the formulation of the severity index, development
of adaptive GFM-GFL control logic, modelling of inverter strategies (including
Droop and VSM), and parametric studies of GFM:GFL penetration ratios. Dynamic
simulation results highlight improvements in RoCoF suppression, frequency nadir,

voltage recovery, and overall resilience in REZ-specific weak-grid conditions.

¢ Chapter 5 - Conclusions and Future Work: The final chapter summarises the key
findings of the research, emphasising contributions made to weak-grid stability
enhancement and REZ integration. It reflects on the effectiveness of the cascaded
optimisation and severity-aware control frameworks and outlines opportunities
for future work, such as full-scale REZ modelling, hybrid storage coordination,

cyber-physical considerations, and advanced grid-forming strategies.
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In summary, the thesis is structured to provide a coherent and detailed progression
from foundational concepts to advanced methodological development and system-level
validation. This structure enables a comprehensive exploration of how optimisation
techniques and coordinated inverter control can strengthen the operational resilience of

REZs in weak transmission networks.
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CHAPTER

COMPREHENSIVE LITERATURE REVIEW ON RENEWABLE
GRID INTEGRATION

Chapter Composition

This chapter presents a two-part literature review that establishes the tech-
nical foundations and research gaps associated with stability enhancement in
Renewable Energy Zones (REZs). The first part reviews the role of BESS in weak
transmission networks, examining system strength limitations, voltage instabil-
ity mechanisms, FRT challenges, and existing approaches to controller tuning
and coordination. The second part focuses on inverter-based control strategies,
analysing GFL and GFM behaviour, advanced GFM techniques such as droop and
VSM control, and the interaction challenges that arise in multi-inverter weak-grid
environments. Collectively, the review highlights significant gaps in unified control
optimisation, coordinated GFM-GFL operation, and REZ-specific weak-grid mod-
elling, thereby providing a clear foundation for the methodological developments

presented in Chapters 3 and 4.

** 1st Part Literature Review **

The first part of this literature review examines the role of BESS in supporting renewable
energy integration within weak transmission networks characteristic of REZs. It explores

how BESS enhance system stability through voltage support, frequency regulation, syn-
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thetic inertia provision, and improved fault-ride-through performance. By reviewing
control strategies, EMS architectures, and practical deployment experiences, this sec-
tion establishes the foundational understanding of how BESS address the operational

challenges of weak grids and enables reliable large-scale renewable integration.

2.1 Introduction

The global shift towards sustainable energy systems has intensified the focus on renew-
able energy sources (RESs) as a solution to the environmental and economic challenges
posed by fossil fuels. In Australia, fossil fuels have historically dominated electricity
generation, accounting for over 86% of the total energy supply [45]. However, this de-
pendency has resulted in significant environmental degradation, including high per
capita greenhouse gas emissions, rising sea levels, and severe weather events [4]. Pub-
lic health has also been impacted, with an increase in respiratory and cardiovascular
diseases linked to air pollution caused by sulphur dioxide and nitrogen oxides. The
urgent need for clean energy alternatives has become particularly evident in regions like
Far North Queensland (FNQ), where reliance on diesel generators is both economically
unsustainable and environmentally harmful [46]. Additionally, Australia’s reliance on
imported liquid fuels highlights the vulnerability of fossil fuel systems to global market
fluctuations, further emphasizing the need for a transition to sustainable energy solu-
tions. Aging fossil fuel infrastructure exacerbates these issues. Many coal-fired power
plants are nearing the end of their operational lifespans, presenting both an opportunity
and a challenge for Australia’s energy transition [47]. The continued reliance on fossil
fuels delays the adoption of renewable systems, perpetuating environmental harm and
economic instability.

To address these pressing challenges, the Australian Government has accelerated the
adoption of RE through the establishment REZs [45]. To promote REZs integration, Fig-
ure 2.1 demonstrates the remarkable growth in renewable electricity generation between
2019-2020 and 2022-2023, with total output increasing from 59,930.3 GWh to 93,112.3
GWHh [4]. This statistic reflects a strong commitment to global climate agreements, such
as the Paris Agreement, and highlights the critical role of wind and solar energy in the
nation’s energy mix [46]. At the same time, the increasing frequency of extreme weather
events, such as bushfires and floods, underscores the urgency for robust climate action
[47]. These efforts are further supported by localized initiatives, including the Australian

Capital Territory’s (ACT) adoption of electric vehicles and renewable-powered public
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transport, which provide scalable examples of decarbonization [48]. Additionally, univer-
sities and private institutions are championing net-zero innovations, fostering systemic
change [49]. However, the transition remains challenging due to persistent barriers such
as policy fragmentation and social inequities. Despite these obstacles, market-driven
solutions and inclusive governance frameworks provide a promising pathway to align

environmental sustainability with economic growth [50].
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Figure 2.1: Electricity generation growth in Australia from RESs from 2019-2020 to
2022-2023

Strengthening these efforts, RE technologies have proven their ability to provide
diverse and scalable solutions to the limitations of fossil fuels. For instance, tools like
spatial decision-support systems enable efficient planning and deployment of wind, solar,
and geothermal resources, optimizing energy output and minimizing environmental
impact [51]. In urban areas, hybrid renewable systems that integrate solar, wind, and
biomass enhance reliability and reduce lifecycle costs [52]. Furthermore, innovations
like building-integrated photovoltaics (BIPV) and smart grids improve energy efficiency
and facilitate seamless integration into existing infrastructure [53]. Remote regions also
stand to benefit significantly, with studies indicating over 90% emissions reductions when
transitioning from diesel generators to renewables [54]. In addition to addressing envi-
ronmental concerns, RE fosters economic growth and social equity through mechanisms
such as public-private partnerships and feed-in tariffs [55]. While these advancements
are promising, challenges in integrating renewables into existing infrastructure remain

substantial, particularly in balancing energy supply and demand [56].
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Among the most pressing challenges, ensuring grid stability remains a significant
obstacle, as inverter-based renewable systems lack the inherent inertia provided by
traditional synchronous generators (SGs). This increases the risk of frequency devia-
tions during disturbances and complicates operations, particularly in regions with high
renewable penetration [57]. Voltage stability issues add another layer of complexity, ne-
cessitating solutions such as virtual inertia emulation, grid-forming inverters (GFI), and
Flexible AC Transmission Systems (FACTS) to maintain reliable grid operations [57],
[568]. These technologies are critical for ensuring that RE can be seamlessly integrated
into weak grids. The classification of a power grid as 'weak’ or ’strong’ is primarily deter-
mined by technical factors such as short-circuit strength, system impedance, and inertia
[59, 60]. Strong grids possess high fault current capacity, low impedance, and abundant
synchronous generation, providing robust voltage and frequency stability during distur-
bances [61]. In contrast, weak grids are characterized by lower short-circuit strength,
higher impedance, and reduced inertia, making them more vulnerable to instabilities
and posing greater challenges for the integration of renewable energy systems, partic-
ularly inverter-based resources [59, 60]. Features such as long transmission distances,
high concentrations of renewable energy, and diminished fault ride-through capabilities
further exacerbate weak grid conditions [61]. In this study, the term "weak grid" specifi-
cally refers to power networks exhibiting these characteristics, where renewable energy

integration has a pronounced impact on system stability.

In addition to grid stability, the variability of RE introduces significant power quality
challenges, such as voltage sags, surges, and harmonic distortions caused by nonlinear
inverter behavior [62]. Advanced mitigation technologies, including active power filters
and Static VAR Compensators (SVCs), play a vital role in addressing these issues
and ensuring consistent grid performance [30]. Furthermore, high-order non-linearity
issues, including inter-harmonics and flicker, arise from the dynamic nature of RES and
power converters. Addressing these requires the implementation of real-time monitoring

systems and harmonic compensators to maintain stability [31], [63].

Another critical challenge is the non-dispatchable nature of RESs, such as solar and
wind, which are dependent on weather conditions and cannot provide consistent energy
output. BESSs offer a transformative solution by converting non-dispatchable resources
into dispatchable ones, thereby enhancing grid flexibility and reliability [9]. Furthermore,
hybrid energy storage systems (HESSs) that incorporate advanced technologies like
hydrogen storage provide additional benefits, ensuring a steady energy supply and cost

efficiency while addressing the intermittency of renewables [64].
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Significant research and development efforts are being undertaken by academic insti-
tutions, industry leaders, and government agencies worldwide to integrate large-scale
BESSs into power systems, particularly those characterized by high RE penetration
and weak grid conditions, to maintain a reliable, uninterrupted power supply. Table 2.1
presents a selection of recent review articles on ESSs, with a particular focus on integrat-
ing REZs into weak grids using BESS. This comparative analysis highlights the growing
significance of this research area while underscoring the unique contributions of this
study. By comparing existing literature with the insights synthesized in this section,
the table establishes the foundation upon which the subsequent research builds and
highlights the importance of conducting this comprehensive literature review.

This study provides a comprehensive review of RES integration into weak grids,
emphasizing the role of Battery Energy Storage Systems (BESSs) in addressing key

challenges. The primary contributions arising from this literature review are as follows:

¢ Critical Analysis: Identifies challenges in renewable energy integration within

weak grids, including grid stability, power quality, and non-dispatchable generation.

¢ Evaluation of ESSs: Reviews various Energy Storage Systems (ESSs), particu-
larly non-BESS technologies, discussing their classifications, fundamentals, advan-

tages, limitations, applications, and operational complexities.

* BESS Technologies: Examines different BESS types, their foundations, applica-
tions, and advantages over non-BESS solutions, highlighting their effectiveness in
mitigating renewable intermittency and enhancing grid reliability in weak zonal

grids.

* BESS Deployment Strategies: Explores BESS architectures (AC, DC, and hy-
brid) in islanded and grid-connected weak grids, covering advanced control strate-

gies, energy management techniques, and real-world case studies.

* Pathway for Large-Scale Adoption: Beyond summarizing BESS benefits, this
review proposes a strategic transition plan to accelerate large-scale BESS adoption
in renewable-rich weak grids. This supports a sustainable, clean energy future
aligned with the United Nations Sustainable Development Goals (UNSDGs) 7 and
13.

In summary, analyzing the obstacles to RE integration in weak grids, reviewing vari-

ous ESSs (with a focus on non-battery solutions), examining BESS technologies in weak
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grid contexts, deploying appropriate BESS zonal weak grid architectures and control
and energy management strategies (EMSt), and advocating for BESS in renewable-rich

weak grids are the primary contributions of this study.

Table 2.1: Recent review articles on RE integration and BESS in weak grids.

Transition pathway

Limitations to promote
RE of Role of Control BESS
challenges Non- Classification ~ BESS Strategies  EMS involved _for REZs
in ESS battery of inzonal  in BESS in BESS integration
Ref  weak grids applications ESS BESS weak grids for weak grids for weak grids in weak grids
[65] X v v X X X X X
[62] X v v X X X X X
[30] X X X X X X X X
[66] v X X X X X X X
[67] X X X X X X X X
[34] X X X X X X X X
[68] X v v v X X X X
[69] X X X X X X X X
[70] X X X X X X X X
[71] X X X X X X X X
[35] X X X X X X X X
[36] X X X X X X X X
[72] X X X X X X X X
[73] X X X X X X X X
This v v v v v v v v

research

The first part of the review is organized into ten sections, each addressing critical
aspects of RE integration and energy storage solutions in weak grids. The remainder of
this review is organized as follows: Section 2.2 discusses the review process used in this
study. Section 2.3 examines the challenges of integrating RE into weak grids, focusing
on threats to grid stability and reliability. Section 2.4 explores ESSs as a potential
solution to these challenges, providing an overview of their capabilities and limitations.
Section 2.5 addresses the challenges associated with ESS technologies in weak grids and
introduces BESS as a promising alternative to overcome these limitations. Section 2.6
highlights advancements in BESS technologies and their applications in power grids,
emphasizing their role in improving grid performance and RE utilization. Section 2.7
discusses power management control strategies and algorithms essential for optimizing
BESS performance in diverse weak grid scenarios. Sections 2.8 and 2.9 focus on the
practical applications of BESS in electrical grids, demonstrating their effectiveness in
mitigating RE integration challenges. Section 2.10 proposes transition pathways for

large-scale BESS integration and outlines directions for future research in this field.
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Finally, Section 2.11 concludes this review by summarizing key findings and underscoring

the importance of continued innovation in developing sustainable energy systems.
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Figure 2.2: Flowchart of article selection method used in this work.

2.2 Review Process

The literature search and selection process for this review followed a systematic approach
to ensure a comprehensive and structured analysis of recent advancements in BESSs
for REZs and weak transmission networks. The review primarily considered recently
published and highly relevant studies, with sources obtained from academic databases.
The search was conducted using relevant keywords related to BESS applications in weak
grids, REZs, control strategies, grid stability, and EMS. The retrieved publications were
filtered and categorized based on their relevance to keywords, such as "ESS", "BESS
control strategies"”, "energy management", and "weak grids". The publication is sorted
from the search list depending on the approach, such as BESS control strategies and
energy management based on REZs integration in a weak grid scenario. The article
search and selection process is displayed in figure 2.2. The information was collected from

scholarly resources such as journals, conferences, books and websites. Figure 2.3 shows
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the percentages of information sources. Similarly, Figure 2.4 illustrates the percentage

distribution of the articles across various publishers.
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Figure 2.3: Sources of articles used in this journal

B Elsevier 7 MDPI " IEEE
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Figure 2.4: Percentage of articles published by publisher

2.3 Renewable weak grid difficulties and threats

The integration of RESs into weak grids presents a complex landscape of technical,
operational, and structural challenges. Weak grids, defined by their low system strength,

high impedance, and limited short-circuit capacity, are inherently less robust and more
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vulnerable to disturbances than their stronger counterparts. These vulnerabilities are
magnified as the penetration of RESs increases, driven by the global transition toward
sustainable energy [40]. While RE systems offer significant environmental benefits,
their intermittent and weather-dependent nature introduces volatility that weak grids
struggle to accommodate [74]. This imbalance sets the stage for a cascade of challenges,
ranging from frequency and voltage instability to harmonic distortions and protection
system inadequacies, threatening the stability, power quality, and reliability of the entire
grid [40, 74, 75]. Figure 2.5 illustrates the key challenges and their overall impact on

grid performance, which are examined in detail in the following subsection.

Renewable Energy
Integration in Weak Grids
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| Key Challenges I
—_—

Frequency Voltage Harmonic Propagation Protection Reduced
Instability || Instability Distortion of Voltage and Control System
Instability Challenges Strength

Overall threat of
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_— 8

| Stability | Power | Reliability |
Quality

Figure 2.5: Challenges and threats of RE integration in weak grids

2.3.1 Frequency and voltage instability

Frequency and voltage instability are among the most critical challenges in weak grids.
The inherent intermittency of RESs, caused by fluctuations in solar irradiance and wind
speed, leads to imbalances between supply and demand (Figure 2.6a and Figure 2.6b).
Weak grids, with limited inertia, are less equipped to handle these variations [74, 76]. As
the displacement of conventional SGs reduces the rotational inertia traditionally used to
stabilize grid frequency, weak grids become prone to faster and more severe frequency
deviations during disturbances [40, 77]. Voltage instability is equally problematic. Weak
grids are highly sensitive to active and reactive power fluctuations, meaning sudden
changes in RESs output can result in rapid voltage dips or surges [59, 60]. This poses
risks to grid-connected equipment and overall reliability. Advanced control strategies

and reactive power support mechanisms are necessary to maintain voltage stability;

33



CHAPTER 2. COMPREHENSIVE LITERATURE REVIEW ON RENEWABLE GRID
INTEGRATION

otherwise, weak grids face an elevated risk of cascading failures, particularly under
high-RES penetration [59, 76, 77].
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Figure 2.6: Threats of RESs integration in weak grids: (a) Frequency Instability, (b)
Voltage Instability, (c) Harmonic Distortion and (d) Resonance Effect.

2.3.2 Harmonic distortions and resonance

Harmonic distortions, caused by power electronic converters in RESs, represent a sig-
nificant threat to power quality in weak grids. These distortions, characterized by the
presence of higher-order frequency components, degrade the quality of the voltage wave-
form, leading to overheating, increased losses, and equipment malfunctions [76, 77].
Weak grids, with their limited short-circuit capacity, are less able to suppress these
distortions, making them more susceptible to harmonic resonance (Figure 2.6 ¢ and d).
Resonance amplifies specific frequencies, exacerbating system instability and reducing
the lifespan of grid infrastructure. Advanced filters and control mechanisms are crucial
to mitigating these issues [59, 74, 75].
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2.3.3 Propagation of voltage instability

The propagation of voltage instability is another critical concern. Due to the high
impedance of weak grids, localized disturbances are amplified and can cascade across
the network [60, 78]. The replacement of SGs with inverter-based RESs further reduces
reactive power reserves, intensifying the grid’s vulnerability. Without enhanced reactive
power compensation and fault ride-through capabilities, weak grids often experience

widespread disruptions during fault conditions [40, 59, 60] as shown in Figure 2.6.

2.3.4 Protection and control challenges

Weak grids also face limitations in protection and control systems. Reduced fault current
levels hinder the performance of traditional overcurrent-based protection mechanisms,
delaying fault detection and isolation [60, 77]. This increases the risk of equipment dam-
age and prolonged outages. Additionally, weak grids demand faster and more adaptive
control mechanisms to respond to disturbances. However, the high impedance and re-
duced system strength often limit the effectiveness of conventional protection strategies.
Adaptive protection schemes and dynamic grid management approaches are essential to

overcome these limitations [40, 59].

2.3.5 Reduced system strength

System strength, a critical measure of a grid’s ability to maintain stable voltage and
frequency, is inherently low in weak grids (Figure 2.6 a and b). High-RES penetration
further diminishes system strength by displacing SGs, reducing the grid’s fault cur-
rent capability [39], [41]. This increases susceptibility to transient oscillations, voltage
instability, and reliability issues. Deploying system-strengthening measures, such as syn-
chronous condensers (SCs) and advanced inverters, is crucial to mitigate these impacts

and ensure stable grid operations [59, 76].

The next section explores how these challenges can be effectively mitigated, focusing
on ESSs as a potential solution for enhancing grid stability and facilitating renewable

integration.
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2.4 Addressing Weak Grid Threats: ESS as a Solution

for Renewable Integration

The integration of RE into weak grids poses challenges, including frequency and voltage
instability, harmonic distortion, and reduced system strength, necessitating effective
solutions to maintain stability, power quality, and reliability. ESSs offer a promising
approach to address these issues and support the seamless integration of RESs. This
section begins with a classification of ESS technologies, highlighting their diversity and
flexibility. It then examines their role in enhancing grid stability, managing intermittency,
and providing reactive power support. A detailed analysis of key ESS technologies is
presented, covering their operating principles, advantages, limitations, and applications,
followed by a comparative evaluation of their suitability under different grid conditions.
Together, these discussions provide a foundation for mitigating weak-grid challenges and

supporting the transition toward resilient and sustainable energy systems.
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Figure 2.7: ESSs classification applying for zonal weak grids

2.4.1 Classification of ESSs and their application for REZs

The classification of ESSs is fundamental to addressing the challenges of RE integration
into weak grids. ESS technologies are categorized into five principal types: Electrochem-
ical (EC), Mechanical (Mech), Thermal (TCSS), Hydrogen and Chemical (Chem), and
Electrical (Elec), each with unique characteristics suited to specific grid applications.

These technologies play a pivotal role in enhancing grid stability, managing intermittency,
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and supporting RE integration. Figure 2.7 and Table 2.2 provide a detailed breakdown
of ESS types, highlighting their principles, applications, benefits, and limitations, and
establishing the foundation for exploring their strategic implementation to address

weak-grid challenges.

2.4.2 Applications offered by ESSs in weak grids

Building on the classification of ESSs in Section 2.4.1, this section examines how these
technologies provide practical solutions to weak-grid challenges, as illustrated in Fig.
2.8. ESSs enable rapid frequency and voltage stabilisation (e.g., Li-ion batteries and
flywheels), compensating for reduced inertia in inverter-dominated systems that have
replaced traditional SGs [79].

Flow batteries and supercapacitors (SCaps) offer reactive power support in high
inverter-penetration grids, while advanced technologies such as Superconducting Mag-
netic Energy Storage (SMES) mitigate power quality issues, including harmonics and
voltage sags [80], [81]. To address intermittency, hybrid configurations (e.g., PHS with Li-
ion batteries) smooth supply-demand imbalances, reduce reliance on fossil-fuel reserves,
and enhance availability during peak periods [81]. ESSs also minimise RE curtailment
by storing excess generation for later use.

Beyond stability, ESSs improve system resilience through black-start capability and
support microgrid development, particularly in remote areas [71]. Although associated
with high initial costs, their long-term benefits, including reduced dependence on peaking
plants, lower maintenance, and revenue from ancillary services, enhance economic
viability [82]. Moreover, enabling higher renewable penetration significantly reduces
greenhouse gas emissions, reinforcing the transition toward sustainable and carbon-

neutral energy systems [47], [50], [71].
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Figure 2.8: Key contributions of ESSs in overcoming grid challenges
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Table 2.2: Comparison of Various Energy Storage Systems (ESSs)

Ref ESSs Key Attributes Foundations Applications Advantages Disadvantages

[66], EC Capacity: 0.25— | Chemical reac- | Peak shaving, High energy den- | Toxic material

[78], 300 MWh tions wusing Cd, | Frequency regula- | sity (Li-ion), disposal (NiCd),

[80] Efficiency: 65-92% | Li-ion, tion, Long lifespan | High  operating
Lifetime: 5—| and RF elec- | Isolated grid oper- | (VRF), temperature (NaS)
20 years trolytes ations Scalability

[83], Mech Capacity: Up to | Gravitational en- | Energy arbitra- | Long lifespan, High installation

[84], 3GW ergy, tion, High efficiency, cost,

[85] Efficiency: 70-95% | Pressurized air, Load leveling, Scalability Greenhouse gas
Lifetime: Up to | Rotational kinetic | Spinning reserve, emissions (CA),

50 years energy storage Voltage support Limited opera-
Response Time: tional periods
1-2 min (flywheel)

[66], TCSS Efficiency: 50— | Phase change ma- | Solar thermal, Long storage dura- | Lower energy

[86], 100% terials, Co-generation tions, density (sensible

[871, Storage Medium: | Thermal storage in Compatibility with | heat),

[88] Versatile solids/liquids, RESs Complex material
(sensible, latent, | Chemical heat re- handling (TC)
thermochemical) actions

[16], Chem Operating Temp: | EC hydrogen con- | Hydrogen utiliza- | High energy effi- | High  operating

[89], 600-1100°C version, tion, ciency, temperature,

[90] Efficiency: Up to | Reactions with | Co-generation, Diverse fuel | Expensive raw
65% oxygen, High-temperature | sources, materials
Flexible fuel compat- | Molten carbonate | operations Co-generation
ibility or capabilities

Solid oxide elec-
trolytes

[16], Elec Power Range: | Electrostatic and Voltage quality, Rapid response, High capital cost,

[90], 10kW to 10 MW phase-change en- | Frequency  sup- | High reliability, Magnetic field

[91] Efficiency: 90-95% | ergy storage port, Low energy losses | management

Response Time:
ms

Peak shaving
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2.5 Roles of ESSs in mitigating weak grid challenges

Building on the solutions discussed in Section 2.4, ESSs play a crucial role in addressing
weak grid challenges, but non-battery systems like mechanical, thermal, chemical, and
electrical storage often face limitations such as slower response times, lower efficiency,
and reduced flexibility. In contrast, BESSs provide superior efficiency, adaptability,
and rapid response capabilities, making them particularly effective in stabilizing weak
grids, managing power fluctuations, and integrating RESs. This section highlights the
limitations of non-battery storage technologies and positions BESSs as a more practical
and versatile solution for modern grid needs, paving the way for enhanced grid stability

and reliable RE integration.

2.5.1 Limitations of non-battery storage technologies

ESSs such as mechanical, thermal, chemical, and electrical storage systems are essential
for addressing grid vulnerabilities and managing RE intermittencies. However, these
technologies exhibit significant limitations that constrain their practical deployment.
Mech ESSs, including PHS and CAS, are restricted by geographic and structural depen-
dencies. PHS requires large-scale water reservoirs and significant elevation differences,
making it unsuitable for flat or water-scarce regions. Despite their high efficiency (70-
85%) and long lifetimes, the upfront installation costs are substantial [71]. CAS, on
the other hand, necessitates underground formations for compressed air, adding to its
environmental and capital complexities. Flywheel storage, while capable of delivering
rapid response times, suffers from limited energy storage capacity, short operational lifes-
pans, and high mechanical wear [92], [93]. A detailed comparison of the key attributes,
applications, advantages, and disadvantages of these ESS technologies is summarized
in Table 2.2. Thermal ESSs face challenges tied to their energy density and operational
costs. Sensible heat storage systems, which store energy in solids or liquids, exhibit low
energy density, making large-scale applications impractical [94], [95], [96]. Latent heat
and thermochemical storage systems (TCSS), though promising in terms of efficiency
(up to 100%), involve high material costs and complex operational processes, particularly
in managing advanced phase change materials and chemical reactions [70]. The need
for specialized infrastructure further increases deployment expenses, limiting their
feasibility for weak-grid integration [95].

Chem ESSs, including hydrogen FCs, molten carbonate fuel cells (MCFC), and solid
oxide fuel cells (SOFC), demonstrate high energy efficiency and compatibility with RESs.
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However, their reliance on high operating temperatures (600-1100°C) and expensive raw
materials significantly hampers their economic viability [67], [70], [93]. Additionally, the
conversion processes for chemical storage often involve complex electrochemical reactions
that demand precise control systems, increasing maintenance costs and operational
complexity [79], [82].

Elec ESSs, such as SCap and SMES, offer high efficiencies (90-95%) and rapid
response times, making them suitable for power quality applications like frequency
regulation and voltage stabilization [70], [93]. However, these systems are limited by
their low energy density, which restricts their use for long-duration energy storage.
Moreover, SMES requires extremely low temperatures for superconductivity, leading
to high capital and operational costs associated with cryogenic systems. SCap, while
efficient, have limited storage durations and faces scalability issues for large-scale grid
applications [95], [97].

To address these limitations, BESSs emerge as a superior solution due to their
flexibility, scalability, and cost-effectiveness. As discussed in the next subsection, BESSs
offer the capability to stabilize grid operations, manage renewable intermittencies, and

enhance power quality.

2.5.2 Addressing Challenges through BESS for REZs integration

in weak grids

BESS have emerged as the most advanced and practical solution to overcome the lim-
itations of non-BESSs, ensuring grid stability and the seamless integration of RESs.
Unlike mech and thermal systems that face geographic, structural, or operational con-
straints, BESS offers unmatched flexibility, scalability, and efficiency [36], [72]. Figure
2.9 highlights the key contributions of BESS in zonal weak grids, showcasing its role in
enhancing grid stability, operational reliability, and RE utilization.

BESSs play a pivotal role in stabilizing grid frequency and voltage, responding almost
instantaneously to fluctuations caused by RE intermittency. Technologies such as Li-ion
batteries excel in delivering fast response times and ensuring grid inertia, where SGs
are limited. Additionally, BESS contributes to power quality improvement by addressing
voltage sags, harmonic distortions, and grid anomalies, which are increasingly critical in
renewable-rich power systems [73], [98].

One of the most significant contributions of BESS is its capability to manage renew-

able intermittency effectively. By storing surplus energy during periods of low demand
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and discharging it during peak loads, BESS minimizes RE curtailment while enhancing
system reliability. This functionality is particularly beneficial for maintaining energy

balance in weak or isolated grids, where other storage technologies face limitations [99].

Furthermore, BESS provides resilience through black-start capabilities, allowing
grids to recover independently from outages without relying on conventional fossil-
fuel generators. Technologies such as Li-ion and Na§S batteries are particularly suited
for this function due to their rapid response times and scalability [35], [72]. Black-
start capability ensures operational continuity and reinforces grid reliability during

unforeseen disruptions.

Despite the higher upfront costs associated with BESS, the technology offers long-
term economic and environmental benefits. Continuous advancements in battery chemistries,
including VRF and next-generation sodium-based batteries, are improving efficiency,
reducing costs, and extending operational lifespans [35], [92]. These advancements posi-
tion BESS as a cornerstone for modern energy storage, enabling greater RE penetration

while reducing greenhouse gas emissions [66].

The critical role of ESSs in mitigating grid challenges has been demonstrated, with
Battery Energy Storage Systems (BESSs) emerging as a superior and adaptable solution
[67], [70], [92]. Unlike non-battery ESS technologies, which face significant limitations
in practical implementation, BESS provides robust solutions to address frequency and
voltage instability, power quality issues, renewable intermittency, and grid resilience
[36]. By leveraging advanced chemistries and configurations, BESS offers unmatched
efficiency, flexibility, and scalability, making it the cornerstone of modern energy storage

strategies.

As we transition to Section 2.6, the focus shifts toward the advancements in BESS

technologies and their wide-ranging applications to weak power grids.

Key Contributions of BESS

in Zonal Weak Grids
Scalability Scalability and Energy Operational Economic and
and Flexibility Modularity Efficiency and Versatility Environmental
Reliability Benefits

Figure 2.9: Key Contribution of BESS in zonal weak grids
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2.6 Advancement of BESS technologies and their

applications to weak power grids

Building on the discussion in Section 2.4 about the limitations of non-BESSs, BESS
stands out as a powerful solution for modern power grids. This section focuses on the
progress in BESS technologies, their important role in improving weak grid stability and
supporting RE integration, and the strategies used to manage and control their opera-
tions. By examining the basics, comparing their performance, and exploring innovative
control methods, this section highlights why BESS is crucial for solving grid challenges

and advancing toward a more sustainable energy future.

2.6.1 Different types of BESS for weak power grid applications

BESS play a vital role in modern power grids by storing and converting chemical
energy into electrical energy, thereby supporting RE integration and addressing grid
stability challenges. Key BESS technologies include Li-ion batteries, known for their high
energy density and reliability; Pb-acid batteries, which are cost-effective and have a long
operational history; NaS batteries, well-suited for large-scale applications despite high-
temperature requirements; RFB, offering scalability and extended discharge durations;
and Ni-based batteries, recognized for their durability but limited by toxicity or cost. As
summarized in Table 2.3, each technology varies in foundational principles, advantages,
and typical applications, providing a spectrum of solutions to meet diverse energy storage

needs.

2.6.1.1 Comparative study among different BESS technologies

BESS are critical enablers of modern power systems, addressing the challenges posed
by the integration of variable renewable energy (VRE) sources such as solar and wind.
These systems ensure flexibility, stability, and reliability in the power grid, where the
intermittency of RE poses significant challenges to traditional grid operations. As the
penetration of RE continues to grow, selecting the right BESS technology for specific
applications has become vital. This section provides an in-depth comparative analysis
of key BESS technologies, focusing on their efficiency, lifecycle, cost, and application
performance.

BESS encompasses a range of technologies, each with distinct attributes that make

them suitable for diverse grid applications. Li-ion batteries, known for fast response and
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Table 2.3: Summary of Major BESS Technologies

References Name of Foundation Advantages Applications
BESS
- High energy density
- Lightweight - Grid-scale energy storage
(79, Movement of Li- - Fast response time - Electric vehicles
[100], Li-ion ions between the - Reliability - Consumer electronics
[101] anode and cathode - Long cycle life
during charge/dis-
charge
- Low cost
[34], Chemical reaction - Ease of deployment i Backu'p poyver .
[79], Pb-Acid between lead diox- - Proven performance - Off-grid microgrids
[82] ide (cathode), lead
(anode), and sulfu-
ric acid electrolyte
-High energy efficiency
(75-85%) - Load leveling
[34], High- - Extended operational life - RE integration
[35], NaS temperature - Effective for large- - Grid-scale deployments
[36] operation ( 300°C) scale storage
using molten
sodium and sulfur
electrodes
- Scalability - Long-duration
. - Long operational lifespan energy storage
(791, RFB, Fnerfyl storeld m - Flexible discharge - Large-scale
[971 e.g. VRFB Vll(llzﬁ :ezzzoifj- durations grid applications
tions occurring in
separate tanks
- Ni-Cd: Durable, - Backup power
efficient in extreme - Industrial applications
(671, Ni-Cd EC reactions temperatures (Ni-Cd)
(971, NiMH, involving nickel - NiMH: Higher energy - Consumer electronics
[102] and cadmium density (NiMH)

or nickel-metal
hydride

efficiency (90-95%), dominate the market and are widely used in utility-scale storage, RE

integration, and electric vehicles [103]. Pb-acid batteries, as one of the most established

technologies, offer low cost and simplicity, making them ideal for backup power and

off-grid systems, despite their lower energy density. NaS batteries, operating at high

temperatures ( 300°C) with an efficiency of 85-90%, are well-suited for grid-scale appli-

cations like load leveling and RE integration but require robust thermal management

systems [36]. RFB provide unparalleled scalability and extended lifespans, 20 years,
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excelling in long-duration energy storage and grid stabilization, although their lower
energy density and high upfront costs limit smaller applications [35]. Ni-based batter-
ies, including Ni-Cd and Ni-MH, are valued for their durability in extreme conditions,
catering to niche industrial and specialized markets. As the global energy landscape
continues to transition toward RE, BESS technologies will play an increasingly vital role
in maintaining grid stability and efficiency [67], [81], [97]. The comparative analysis,
summarized in Table 2.4, highlights the unique strengths of each technology, providing
valuable guidance for stakeholders in selecting the most appropriate solution for specific
energy storage needs. Future advancements in cost reduction, lifecycle management,
and efficiency are expected to further enhance the capabilities and adoption of these tech-
nologies. While this comparative study highlights the relative merits of different BESS
technologies, their effective deployment in weak grids critically depends on sophisticated
BMSs to ensure stable and reliable operation [35]. The following section explores the

pivotal role of BMSs in facilitating BESS integration within weak grid environments.

Table 2.4: Key information of different BESS

Battery
cell
energy Battery cell
density power density Most Suitable Grid
Technology (Wh/kg) (W/kg) Capacity Lifespan Cost Efficiency Applications
(MWh) (Years) ($/kWh) (%)
High-demand scenarios
Li-ion [85] 70-250 1000 0.25-25 10-15 300-1500 90-95 requiring rapid response
Cost-sensitive projects,
Pb-Acid [79] 50 500 0.25-50 5-15 200-400 70-85 backup power systems
NaS [97] 150 100 < 300 10-15 300-500 85-90 Large-scale RE integration
Long-duration applications
requiring high
RFB [104] 25 100 < 250 15-20 150-1000 65-85 scalability and safety
Harsh environments
NiCd [85] - - - Around 10 800-1500 70-90 with extreme temperatures
Specialized use cases
with limited space or
NiMH [104] - - - Around 5 600-1200 65-85 specific temperature demands

2.6.1.2 Role of BMSs in BESS operation for weak grids

The efficient and safe operation of BESS heavily depends on robust Battery Management
Systems (BMS). A BMS continuously monitors voltage, current, and temperature while
estimating critical states like State of Charge (SOC) and State of Health (SOH) [35].
These capabilities are critical for preventing thermal runaway, overcharging, or deep dis-
charging issues that accelerate degradation in large-scale BESS deployments integrated

into weak grids [35, 105]. As shown in Figure 2.10, each battery pack employs a dedicated
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BMS for cell balancing, thermal management, and fault protection. Multiple packs are
coordinated via Supervisory System Control (SSC), which optimizes power flow to meet
grid demands. Predictive, model-based BMS frameworks further enhance performance
by minimizing degradation and enabling adaptive charge/discharge strategies under
variable loads [35]. For lithium-ion and flow batteries, BMS functionalities extend to
internal state inference and electrolyte flow control, respectively [103]. In renewable-rich
weak grids, intelligent BMS integration is vital to stabilize voltage/frequency fluctuations
and maximize BESS longevity while delivering services like peak shaving and frequency
regulation [35, 103, 105].

/ Battery Energy Storage System \

Battery Pack & BMS

// Battery Pack & BMS

Multiple
Baltery Packs
with individual
BMS

Control Electronics N
=== — Bidirectional

: f 7 i i Power Flow
[r:> LR AR AR
L
Bidirectional 4 '7 i  p— —

Power Flow = -

@ < wn IT

Measurements WV : Control Signal

/ Battery Pack & BMS

1%

[l 7 management P,

=i

T,
| i

SOH Demand (© Supervisory System Control
=== | (Real-time computer control)

=== ) Detailed Battery Optimal
SoC Model Converter Control/
Remaining] SOH

T utilization
V"“:l?ﬁ Optimizer/Solver
=

strategy

Battery Cell-
Balancing

>

Commmunication Power Command

2[ik

1
1
1
1
N/

Data Gathering, System Surveillance, and
Supervisory-Level Command Framework

Figure 2.10: BESS schematic with hierarchical BMS for weak grids: battery pack inte-
gration, SOC/SOH monitoring, and stability optimization.

2.6.2 BESS in zonal weak grids

This subsection discusses BESS in its role in zonal weak grid systems. Weak grid envi-
ronments, characterized by high impedance and limited fault capacity, pose significant
challenges for RE integration and grid stability. BESS emerges as a pivotal solution to

manage power quality, mitigate instabilities, and optimize energy usage in such systems.
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The following subsections explore BESSs in various zonal weak grid configurations and
their associated control and EMSt.

2.6.2.1 Zonal weak grid configurations

A zonal weak grid refers to a geographically defined section of a power system character-
ized by low system strength, typically associated with low SCR, high impedance, and a
high penetration of inverter-based renewable energy sources. Unlike microgrids, which
operate at a localized scale, zonal weak grids represent larger network regions (e.g.,
REZs) where system-wide stability challenges arise due to reduced synchronous gener-
ation. Zonal weak grids can be classified into islanded weak grids and grid-connected
weak grids, each presenting unique operational challenges and opportunities [106], [107],
[108], [60]. By applying the advanced control and EMSt developed for microgrids, BESS
plays a critical role in stabilizing voltage and frequency, mitigating RE variability, and
ensuring efficient energy utilization within zonal weak grids [32]. The seamless appli-
cation of these strategies across both microgrids and zonal weak grids highlights the
indispensable role of BESS in bridging localized and regional energy systems, creating a

cohesive approach to RE integration and grid modernization [60].

2.6.2.2 Islanded zonal weak grid

Islanded zonal weak grids operate independently of a larger grid, relying entirely on
localized energy generation, often from RESs [108]. In REZs, these grids are crucial for
harnessing and distributing renewable power effectively without direct support from a
strong grid. Within islanded weak grids, BESS plays a critical role in stabilizing voltage
and frequency, mitigating fluctuations from VRSs, and maintaining the power supply-
demand balance [107], [60]. Figure 2.11 shows the Islanded mode of zonal weak grids
with RESs and BESS along with static switch for transition purposes.

2.6.2.3 Grid-connected zonal weak grid

Grid-connected zonal weak grids operate in synchronization with the central grid, en-
abling enhanced grid stability and efficient integration of REZs [60]. These grids are
pivotal for leveraging localized RE while maintaining reliability through the support of
the main grid [109], [61]. BESS play a central role in managing power quality, optimizing

energy flow, and ensuring seamless coordination between local RESs and the central
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Figure 2.11: Islanded mode of zonal weak grids with RESs and BESSs

grid [36], [110]. Figure 2.12 highlights the general configuration of grid connected mode
of zonal weak grids along with RESs and BESS [106].
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Figure 2.12: General configurations of grid-connected mode of zonal weak grids along
with RESs and BESS

Table 2.5 further highlights the key role of BESS while integrating the REZs in
islanded zonal weak grids along with grid connected zonal weak grids, discussing its

key roles, opportunities involved, challenges associated with it and future potential of
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BESSs. Each configuration offers unique advantages and challenges in integrating RE,

as detailed below.

Table 2.5: Role of BESS and Integration of REZs in Islanded Zonal Weak Grids and Grid
Connected Weak Grids

Aspect

Details (Islanded Zonal Weak Grids)

Details (Grid Connected Weak Grids)

Key Role
of BESS

Stores excess RE during high-generation periods.

Discharges energy during low-generation periods to
ensure a consistent power supply.

Mitigates intermittency and reduces RE curtail-
ment.

Provides ancillary services like voltage regulation,
frequency stabilization, and black start capabilities.

Enables energy arbitrage and peak shaving to en-
hance economic outcomes.

Improves overall grid reliability and energy utiliza-
tion.

Manages power quality by providing voltage regula-
tion and frequency stabilization.

Stores excess RE and discharges it during low-
generation periods.

Reduces RE curtailment and mitigates intermit-
tency.

Supports peak shaving and energy arbitrage for eco-
nomic benefits.

Improves grid reliability by acting as a buffer be-
tween REZs and the central grid.

Opportunities

Enhanced grid reliability through seamless integra-
tion of RESs.

Improved power quality by mitigating fluctuations
and instabilities in isolated systems.

Increased penetration of RESs, making islanded
grids more sustainable.

Economic benefits from operational cost reductions
and optimized energy usage.

Enhances grid resilience by integrating RE effec-
tively.

Improves power quality and minimizes disturbances
in grid operations.

Increases the penetration of renewables in central-
ized systems.

Reduces operational costs through optimized energy
usage.

Challenges

Limited fault current capacity in weak grids, which
complicates stability.

High sensitivity to disturbances, requiring advanced
control and management systems.

Complex control requirements for managing diverse
RE inputs.

Need for precise forecasting and real-time adjust-
ments to accommodate variability and intermittency.

Integration challenges due to the remote locations of
REZs.

Requires robust converters and advanced control
systems for seamless operation.

High sensitivity to disturbances, requiring real-time
adjustments.

Complex coordination with the central grid and dis-
tributed resources.

Integration challenges due to diverse RESs and con-
figurations.

Future
Potential of
BESS

Evolution of BESS technologies to provide more ro-
bust and scalable solutions.

Development of predictive models for real-time opti-
mization.

Increased deployment in REZs to unlock their full
potential.

Advances in hybrid control systems to optimize oper-
ations across AC and DC subsystems.

Development of predictive models for real-time coor-
dination with the central grid.

Increased deployment in grid-connected REZs to
maximize resource utilization.

Further, Table 2.6 further highlights some of the key differences between islanded

zonal weak grids and grid-connected zonal weak grids.
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Table 2.6: Key differences between islanded zonal weak grids and grid-connected zonal

weak grids (with AC, DC, and Hybrid Configurations)

Aspect Islanded Zonal Weak Grids Grid-Connected Zonal Weak Grids
Definition Operates independently of a larger grid, Operates in synchronization with the
relying entirely on localized generation. main grid while integrating local gener-
ation.
Primary Power RESs, such as solar PV and wind, with  Combination of RESs and centralized
Sources no external grid support. grid power.
Applications Ideal for remote and isolated REZs. Suitable for urban and semi-urban ar-
eas with centralized grid connectivity.
AC Weak Grid: Requires BESS for fre- AC Weak Grid: Relies on BESS for
Key Grid Types quency stabilization and reactive power peak shaving, voltage regulation, and

support.

DC Weak Grid: Simplifies power flow
and reduces energy losses with direct
renewable-BESS connections.

Hybrid Weak Grid: Integrates AC and
DC systems for diverse energy sources,
with BESS ensuring stability.

grid ancillary services.

DC Weak Grid: Improves energy
transfer efficiency and supports solar-
dominated systems with BESS.

Hybrid Weak Grid: Balances mixed
energy flows with advanced BESS coor-
dination across AC and DC subsystems.

Economic Potential

Reduces reliance on fossil fuels, oper-
ational cost optimization through stor-

Reduces demand charges, supports RE
markets, and enhances grid stability.

age.

2.6.24 AC zonal weak grid

AC zonal weak grids are prevalent in traditional power systems and are widely used to
interface with RESs such as wind turbines and solar inverters as shown in Figure 2.13
[69]. Operating with AC, these grids ensure compatibility with conventional power sys-
tems and RESs. AC weak grids can function in both islanded and grid-connected modes,
making them versatile for various applications [106], [108]. In these grids, BESS plays a
crucial role in ensuring stability and reliability [36]. BESS supports voltage regulation
by providing reactive power to stabilize voltage levels, enhances frequency stabilization
by managing deviations caused by renewable intermittency and load fluctuations, and
facilitates peak shaving by discharging energy during high-demand periods to reduce
grid stress [36], [111]. Advanced control strategies like droop control and H-infinity
robust control are commonly employed to ensure stability and dynamic performance.
AC weak grids are particularly effective in wind-dominated REZs, where BESS miti-
gates variability and supports ancillary grid operations seamlessly in both islanded and

grid-connected configurations [104].
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Figure 2.13: AC zonal weak grid architechture including BESSs and RESs

2.6.2.5 DC zonal weak grid

DC zonal weak grids are gaining prominence due to their high compatibility with modern
RE technologies such as solar PV systems and electric vehicle charging stations [109].
Figure 2.14 shows the typical DC zonal weak grid architecture with the inclusion of
RESs and BESS [106]. Operating with DC, these grids simplify energy management by
eliminating the need for complex AC-DC conversions and significantly reducing energy
losses [112]. BESS in DC weak grids ensure efficient energy transfer by minimizing
losses during the connection of RESs and loads, mitigates power fluctuations to maintain
a consistent energy flow and stabilizes voltage levels across the grid. Advanced control
strategies, such as DC-DC converters and EMSs, are employed to optimize the grid’s
performance. DC weak grids are particularly well-suited for solar-dominated REZs,
where BESS stores surplus energy during high-generation periods and ensures stability
during low-generation periods, addressing variability and maximizing the utilization of
RESs [113].

2.6.2.6 Hybrid zonal weak grid

Hybrid zonal weak grids integrate both AC and DC systems, combining the advantages
of each configuration to support diverse energy sources and loads [60], [61]. Figure 2.15
further highlights the hybrid zonal weak grids with the integration of BESS and RESs
[106]. These grids offer flexibility and efficiency, making them particularly effective in
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Figure 2.14: DC zonal weak grid architecture including BESS and RESs

REZs with mixed-generation resources. In hybrid weak grids, BESS serves as a central
component, acting as a buffer to balance supply and demand while facilitating power
flow management across AC and DC subsystems [112], [114]. BESS also mitigates power
quality issues, such as voltage and frequency instability in AC systems and voltage drops
in DC systems, ensuring stable operation. Hybrid grids excel in RE integration, enabling
optimal utilization of mixed RESs like wind (AC) and solar PV (DC). To ensure stability
and efficiency in these complex systems, hybrid controllers such as Model Predictive
Control (MPC), Particle Swarm Optimization (PSO), and Fuzzy Logic Control (FLC) are
deployed [115], [112], [114]. These grids are particularly valuable in mixed-generation
REZs, where dynamic coordination and optimized performance are essential for reliable
and sustainable energy delivery [108], [115], [113].

Having explored the advancements of BESS technologies and their applications in
weak power grids, the next section now examines power management control strategies

and algorithms essential for optimizing BESS performance in these grids.

2.7 Power management control strategies and

algorithms used for BESS in weak grids

As the role of BESSs in modern power grids continues to expand, the need for sophisti-

cated control strategies and energy management algorithms has become increasingly
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apparent. These mechanisms ensure that BESS operates optimally to provide critical
services such as frequency regulation, RE integration, and peak load shaving. This

section explores the recent advancements in BESS in weak grid operation regarding
control strategies and EMSt.
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Figure 2.16: MPC block diagrams for BESS applications in weak grids; (a) MPC based
on Predictive Current Control (PCC), (b) MPC based on Predictive Power Control (PPC)

2.7.1 Overview of control strategies and energy management

BESSs are pivotal in modern power systems, requiring robust control strategies and
EMS to maximize efficiency, enhance grid stability, and optimize energy usage. Advanced
controllers are designed to address diverse operational goals, such as managing RE

intermittency, balancing supply and demand, and improving economic outcomes.
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Figure 2.17: BESS control using FL.C; a) The parallel architecture of typical DC microgrid
of the PV/Battery Hybrid Systems, b) Structure of the PV FLC and c) Control design and
configuration of proposed BESS using FLC.

2.7.1.1 Control Strategies

Control strategies for BESSs are integral to ensuring efficient operation, grid stability,
and seamless integration of RESs. Among these, Proportional-Integral (PI) controllers

are widely used for their simplicity and reliability in steady-state conditions, while MPC
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excels in dynamic grid environments by predicting future states and optimizing real-time
operations [104], [112], [116]. Figure 2.16 highlights the MPC block diagrams for BESS
application in weak grids. FLC is effective for managing non-linear and uncertain sys-
tems, making it ideal for renewable integration [114], [117], whereas SMC provides high
robustness in dynamic conditions but may suffer from inefficiencies due to chattering
[118]. Figure 2.17 illustrates BESS control using fuzzy FLC. Advanced methods like
H-infinity robust control ensure stability under extreme uncertainties [119], and Neural
Network-Based Control (NNC) leverages data-driven techniques to adapt and optimize
operations dynamically [105]. Figure 2.18 further shows some control strategies algo-
rithms used to optimize BESS for weak grids especially while integrating it in REZs. RL
introduces self-learning capabilities for unpredictable environments (2.18c), while PSO
and Genetic Algorithms (GA) (2.18a, 2.18b) focus on optimizing BESS sizing, placement,
and scheduling for long-term efficiency [120], [121]. Decentralized approaches such as
Droop Control balance power among distributed resources [122], and Adaptive Control
dynamically adjusts parameters to respond to varying grid conditions [120]. Finally,
Decoupled Active-Reactive Control (DARC) ensures stability and efficiency in hybrid sys-
tems by managing active and reactive power separately [104], [123], [124]. These diverse
strategies collectively address the challenges posed by renewable intermittency, vari-
ability, and operational optimization. These strategies’ details, applications, advantages,

challenges, and suitability for various RESs are summarized in Table 2.7.

2.7.2 Energy Management Systems

EMSs in BESS build upon the robust control strategies discussed in the previous subsec-
tion to optimize their operational efficiency, enhance grid stability, and support economic
and technical objectives. While control strategies such as PI controllers, MPC, and FLC
govern the real-time behaviour of BESS, EMSt operate at a broader level to ensure
long-term system performance and reliability. These strategies include cost optimization,
which leverages electricity price fluctuations to maximize economic returns, and load
shifting and peak shaving, which alleviate grid stress and reduce peak demand by strate-
gically managing energy storage and release [103], [32], [125]. Effective State of Charge
(SoC) management complements these efforts by maintaining safe operating limits for
the battery, thereby extending its lifespan and reliability [128]. RE integration, a key
focus of BESS, is facilitated by storing excess energy during high-generation periods and
discharging during deficits, thereby mitigating intermittency and reducing curtailment

[129]. Strategies such as energy arbitrage, frequency and voltage regulation, and black
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Figure 2.18: BESS control strategies for weak grids; (a) General flow chart of PSO, (b)
General structure of GA, (¢) Generalized RLS.

start capabilities further enhance the grid’s operational stability and resilience [130].
Emerging techniques, such as decentralized energy trading and Demand-Side Man-
agement (DSM), promote flexibility and encourage renewable adoption [131]. Table 2.8
provides a detailed overview of these EMSt, highlighting their descriptions, applications,
advantages, and challenges, thereby illustrating the critical role of BESS in modern
energy systems and their seamless integration into dynamic energy environments.

While conventional control strategies such as PI and droop control offer simplicity
and ease of implementation for BESS deployment in weak grids, their rigidity limits
their effectiveness in dynamic, renewable-rich environments. In contrast, advanced meth-
ods, including MPC, FLC, and RL, demonstrate greater adaptability to grid instability,
stochastic generation patterns, and load fluctuations. Among these, hybrid approaches
that combine predictive optimization (e.g., MPC and PSO) with real-time adaptability
(e.g., FLC or RL) stand out as the most suitable. These integrated strategies enhance
system stability and operational efficiency, making them well-aligned with the evolution
of intelligent energy systems. Ultimately, the convergence of adaptive control techniques
with EMS frameworks is critical to maximizing the role of BESS in strengthening grid
resilience and supporting large-scale decarbonization.

After a detailed exploration of power management control strategies and algorithms
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Table 2.7: Control Strategies and their Characteristics for BESS in Weak Grids

Control Description Applications Advantages Challenges Suitable RES Ref

Strategy

PI Basic control for main- Steady-state charg- Simplicity, reliability, Limited effective- Solar PV, Wind [36], [104]
taining steady-state volt- ing/discharging opera- and ease of implementa- ness in dynamic
age and power stability.  tions. tion. environments.

MPC Predicts future system RE smoothing, load bal- Handles multiple vari- Computationally Solar PV, Wind [36], [104],
behavior for real-time ancing, state-of-charge ables, system robust- intensive; highly [40], [124]
optimization. regulation. ness. sensitive to model

accuracy.

FLC Rule-based learning sys- Frequency regulation, High adaptability, no Limited perfor- Wind [117], [121],
tem for managing uncer- voltage  stabilization, need for precise mathe- mance in highly [125]
tainty and non-linearity.  power injection. matical models. complex networks.

SMC Non-linear sliding mode  Fast response frequency Robust under variable Can cause oscilla- Wind, Hybrid Sys- [104], [114],
control using high- and voltage regulation. conditions and distur- tions due to "chat- tems [123], [126]
frequency switching. bances. tering."

H-infinity Ensures stability under  Grids with variable re- Reliable in extreme situ- Requires sophisti- Solar PV, Wind [104], [119]

Robust Con-  uncertainty and distur- newable penetration. ations, robust under un-  cated control mod-

trol bances. certainty. els and computa-

tional power.

NNC Data-driven control us- Renewable generation, Learns complex pat- Requires data  Solar PV, Wind [36], [104],
ing artificial intelligence  grid balancing, and real- terns, dynamically training and [127]
for real-time optimiza- time control. adapts to changing computational
tion. scenarios. resources.

RL Self-learning approach  Adaptive to uncertain Adapts to unpredictable Requires long Wind [36],[114],
using  trial-and-error  scenarios without pre- grid conditions. training  times, [127]
methods. programming. large datasets.

PSO Optimized BESS place- Effective for solving Optimizes resource allo- Sensitive to sys- Solar PV, Wind [35], [114],
ment and scheduling. large-scale optimization  cation efficiently. tem  parameter [110], [121]

problems. changes.

GA Evolutionary algorithm  Effective for complex op- Optimizes long-term  Computationally Solar PV, Wind [361,[104]
for optimal sizing and timization scenarios. cost and system reliabil- intensive.
scheduling of BESS. ity.

Droop Con- Real-time adjustment of Microgrids and dis- Plug-and-play function- Limited scala- Solar PV, Hybrid [104], [105]

trol parameters based on sys-  tributed energy systems.  ality, decentralized oper- bility for high- Systems
tem changes. ation. renewable  sys-

tems.
Adaptive Continuous adjustment Environments with high  Maintains stability =~ Complex system Solar PV, Wind [104], [120]
Control of parameters based on  load and generation vari- and performance under design and imple-

system changes.

ability.

changing conditions.

mentation.

for BESS in weak grids, the next section provides an in-depth discussion on the applica-

tion of BESS in electrical grids.

2.8 Applications of BESS in electrical weak grids

The increasing integration of RE into electrical grids has necessitated the development
of robust technologies to address challenges such as intermittency, curtailment, and grid
stability. BESSs have emerged as a key solution due to their ability to provide dynamic
support across various operational scenarios. This section reviews the role of BESSs
in enhancing grid stability and supporting RE integration, synthesizing findings from

existing literature and highlighting practical applications.
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Table 2.8: EMSt in BESS
Ref EMSt Description Applications Advantages Challenges
[103], oL Maximizing eco- Energy arbitrage, Maximizes eco- Requires accurate
Cost Optimization . . . .
[131] nomic returns by reducing opera- nomic benefits, forecasting
charging during tional costs dynamic pricing
low-price periods
[125], Load Shifti Shifting energy us- Balancing RE gen- Reduces RE cur- Requires load fore-
[127] oa 1ting age from peak to eration, reducing tailment casts and battery
off-peak periods to  demand capacity manage-
balance supply ment
[321], Peak Shavi Reducing peak Industrial peak Reduces demand Limited by stor-
[131] ea aving power demand by reduction, improv- charges, enhances age size
discharging stored  ing grid reliability  grid stability
energy
[128], SoC M Ensuring battery Prevents overheat- Extends battery Requires real-
[131] ° anagement operates with safe  ing, enhances reli- life time monitoring
charge and dis- ability
charge limits
[129], . Mitigating power Reducing RE cur- Maximizes RE uti- Requires sophisti-
RE Integration . . . L
[131] fluctuations by tailment, ensuring lization cated control sys-
providing stored  grid stability tems
energy
[1301], E Arbi Buying electricity Enhancing prof- Increasesrevenue Highly dependent
[131] nergy itrage at low prices itability in elec- on market condi-
tricity markets tions
[104], Frequency Maintaining grid  Grid stabilization, Provides fast re- Requires real-
[132] Regulation stability by man- sensitive fre- sponse times time monitoring
aging charging cy- quency response
cles
[121], Voltage Supporting volt- Improving voltage Maintains voltage Requires real-
[133] Regulation age stability support in weak time data analysis
grids
[131], Black Start Providing power Restoring grid Improves system Requires signif-
[134] Capability in post-outage sce- loads restart reliability icant inverter
narios capacity
[36], E Tradi Enabling BESS Supporting RE in- Increases revenue Requires
[135] nergy Lrading participation in tegration blockchain or

energy markets

secure transaction
platforms

2.8.1 Enhancing Grid Stability

The stability of modern power grids is increasingly challenged by fluctuating generation
from RESs, growing loads, and aging infrastructure. Various reactive power support
technologies have been developed and deployed to address these challenges, ensuring

voltage stability, power quality, and operational reliability. Among these, BESS have
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gained significant attention as a flexible and efficient solution for reactive power support.
However, understanding how BESS stands out requires an overview of the available
technologies and their comparative performance. The following section is going to discuss

the overview and the comparison of the reactive power support technologies, followed by

the role of BESS on providing reactive power support.

Table 2.9: Comparison of Reactive Power Support Technologies for Voltage Stability

Technology Response Time Dynamic Adjust- Cost Scalability Inertia Advantages Disadvantages
ment
SC [90] Moderate  (Sec- Limited High Moderate Yes Provides inertia for grid  Large physical footprint
onds) stability; suitable for and high maintenance
high-disturbance scenar- requirements.
ios.
SVC [107] Fast (Millisec- Moderate Moderate Moderate No Compact design and ef- Limited ability to handle
onds) fective for steady-state rapidly changing grid
voltage regulation. conditions.
STATCOM [60] Very Fast (Mil- High High High No Faster response than Higher capital and oper-
liseconds) SVC; ideal for renewable  ational cost compared to
integration and fault SVC.
ride-through.
Cap Bank [115] Slow (Fixed Out- None Very Low High No Low-cost solution; sim- No dynamic adjustment

put) ple and easy to deploy. capability; unsuitable
for grids with high

renewable penetration.

Table 2.10: Key advantages of BESS compared to other technologies

Feature BESS Closest Alterna-
tive

Response Time Milliseconds STATCOM (Mil-
liseconds to Sec-
onds)

Dynamic Adjustment  Very High STATCOM (High)

Scalability Very High Synchronous Con-
densers (Moderate)

Integration with Re- Seamless STATCOM (Limited

newables to Reactive Power
Only)

Dual Active/Reactive  Yes None

Capability

2.8.2 Role of BESS in providing reactive power support

Reactive power support is essential for maintaining voltage levels in power grids, en-

abling the efficient operation of electrical equipment and ensuring reliable power delivery.
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Multiple technologies are available to provide reactive power support, each with its
strengths, limitations, and suitability for specific grid conditions. These technologies
include BESSs, SCs, static var compensators (SVC), static synchronous compensators
(STATCOM), capacitor banks (Cap Bank) and FACTS. Each of these technologies has its
response times, dynamic adjustments, cost measurements, scalability, inertia contribu-
tion and applications. Table 2.9 summarizes all the required information in detail for
these technologies, including its advantages and disadvantages.

While the technologies shown in Table 2.9 has served reactive power needs in tradi-
tional and evolving grids, the increasing penetration of RE necessitates a more versatile
and responsive solution. BESS have emerged as a fruitful technology, combining the
fast response and dynamic capabilities of STATCOM with the flexibility of scalable
deployments. Table 2.10 further highlights the key advantages of BESS compared to
other technologies. BESS provides not only reactive power support but also active power
compensation, making it uniquely positioned to address the challenges of RE integration,
load balancing, and transient stability [104, 121, 136, 137]. Unlike traditional reactive
power devices, BESS can dynamically adapt to varying grid conditions while offering
additional services like frequency regulation and energy arbitrage [138—140]. These
capabilities position BESS as the most advanced and comprehensive solution for modern

grid stability needs.
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Figure 2.19: Active/reactive power control and voltage restoration control (VRC) of BESS

Reactive power plays a critical role in maintaining voltage stability within power
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grids, as discussed in the previous section. Unlike active power, which performs the
real work of powering loads, reactive power ensures the proper operation of electrical
equipment by maintaining voltage levels. With the increasing penetration of RESs,
which inherently lack reactive power generation capabilities, maintaining grid voltage
has become a significant challenge. BESS have emerged as a viable solution to provide
reactive power support due to their fast response times and ability to handle both active
and reactive power independently. Figure 2.19 shows the active/reactive power control

and voltage restoration control of BESS for weak grids used in [141].

The ability of BESSs to control reactive power stems from its bidirectional power flow
capabilities. Through advanced inverter technologies, BESSs can dynamically adjust
the reactive power it delivers or absorbs, stabilizing voltage levels in real time. This
capability of BESS makes it suitable to use in weak grids for several applications and

scenarios, as highlighted in detail in Table 2.11.

Table 2.11: Applications of BESS in Reactive Power Support for Voltage Stability and
Grid Reliability in Weak Grid Scenario

Application

Description

Control Strategies

References

Weak Transmission Net-
works

High renewable penetration leads to voltage
instability. BESS compensates by injecting or
absorbing reactive power in real-time. Sup-
ports voltage profiles by reducing dependency
on conventional generation.

Voltage Source Converters (VSC), Dy-
namic Voltage Regulation, Reactive
Power Optimization Algorithms.

[104, 121, 123,
126]

Disturbance Recovery

BESS stabilizes voltage by dynamically ad-
justing reactive power during disturbances.
Rapid response during fault recovery mini-
mizes cascading grid failures.

Droop Control, Feedback-Based Con-
trol, Real-Time Monitoring and Con-
trol Systems

[123, 126]

Power Quality Improve-
ment

BESS mitigates voltage sags and surges, en-
hancing reliability and reducing power qual-
ity issues. Ensures uninterrupted power sup-
ply to sensitive loads.

Independent control of active and re-
active power (VSC), PI Control

[104, 126]

Grid Frequency Stabiliza-
tion

BESS aids in maintaining grid frequency
through reactive power compensation during
frequency deviations. Prevents overloading
of transmission lines by balancing power flow

Frequency-Watt Droop Control, Hy-
brid Control Algorithms, Reactive
power-voltage (Q-V) control

[104, 121]

Integration with RE

Reduces curtailment and stabilizes voltage
during periods of high renewable generation
variability.

Machine learning-based predictive
control

[104, 121, 123]

Voltage Collapse Preven-
tion

Prevents voltage collapse in weak grid areas
during peak loads or high renewable penetra-
tion. Enables grid operators to maintain grid
voltage within operational limits.

Predictive Load Sharing, Dynamic
Voltage Setpoints

[121, 123]

Microgrid Applications

BESS ensures voltage stability in islanded
microgrids or during grid disconnections. Bal-
ances power between distributed energy re-
sources and real-time demand.

SOC-Based Reactive Power Control,
Hierarchical Control Strategies

[36, 123]

Emergency Grid Support

Provides reactive power to stabilize the grid
during emergencies, such as extreme weather
conditions or black-start scenarios.

Fast Response Droop Control, Voltage
Support Algorithms

[121, 123, 126]
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2.9 Worldwide projects of BESS for real-world power
grid applications

Based on the discussion of reactive power support technologies and the pivotal role of
BESSs in providing reactive power support, real-world applications further illustrate
the versatility and effectiveness of BESS in addressing grid stability challenges. BESS
have become indispensable for modern power grids, as evidenced by numerous global
case studies showcasing their role in enhancing grid stability and supporting RE inte-
gration. For example, the Qinghai Luneng Gelmud multi-energy complementary project
(China) and the Henan grid-side distributed BESS project (China), both operational
since December 2018, use Li-ion batteries with capacities of 50 MW/100 MWh and 100.8
MW/125.8 MWh, respectively, to smoothen output fluctuations, provide peak regulation,
and ensure frequency stability [68]. Similarly, the SDG&E Escondido BESS project
(USA), operational since 2017, employs a 30 MW/120 MWh Li-ion battery for electricity
market participation, while the Virginia Beech Ridge BESS project (USA), with a 31.5
MW/12.06 MWh Li-ion battery, has been facilitating frequency regulation since 2015 [68].
Additionally, projects like the Zhangbei wind-photovoltaic-storage-transmission demon-
stration project (China) demonstrate the integration of multiple battery types, including
Li-ion, RF, and Pb-acid batteries, to provide comprehensive voltage regulation [104].
Recent projects, such as the West Murray Zone GFM BESS Project (Australia) (2023) and
the Distributed PV-BESS Curtailment Project (South Australia) (2023), highlight the use
of advanced GFI and distributed BESS configurations for mitigating sub-synchronous
oscillations and reducing energy curtailment, respectively [142], [143]. Moreover, some
of the upcoming projects like Waratah Super Battery, Liddell BESS and Orana BESS
(Australia, NSW) are targeting to ensure grid reliability and stability along with smooth
transition for RE integration. A detailed overview of these projects, including their con-
figurations, battery types, and primary functions, is presented in Table 2.12, illustrating

the diverse and impactful applications of BESS in real-world operations.

2.9.1 Supporting RE Integration

Building upon the role of BESS in providing reactive power support and enhancing
grid stability, another crucial application lies in facilitating the seamless integration of
RESs into power grids. The intermittent nature of solar and wind energy, coupled with

periods of excess generation, poses significant challenges such as grid instability, energy
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curtailment, and load mismatches. BESS have proven to be highly effective in addressing
these challenges by mitigating intermittency, reducing curtailment, facilitating energy
arbitrage, and supporting load balancing. The following subsection will discuss how
BESS help to mitigate intermittency and reduce curtailment along with how BESS
facilitate energy arbitrage and load balancing using some of the projects discussed in

Table 2.12 as reference.

2.9.2 Mitigating intermittency and reducing curtailment

RESs often produce excess power during periods of low demand, leading to curtail-
ment and wasted energy. BESS helps alleviate this by storing surplus energy during
high-generation periods and releasing it during low-generation times, ensuring better

utilization of RE. For instance:

* The Distributed PV-BESS Curtailment Project (South Australia) integrates dis-
tributed PV systems with 13.5 kWh Li-ion batteries to reduce overvoltage and

curtailment in low-voltage networks [142].

* The Zhangbei wind-photovoltaic-storage-transmission demonstration project(China)
leverages a combination of Li-ion, RF, and Pb-acid batteries to smoothen RE output,

enhancing grid stability and RE utilization [104].

* The Aomori Rokkasho-Futamata wind farm (Japan) employs a 34 MW/245 MWh

NaS battery to address LVRT issues and provide reactive power compensation [104].

2.9.3 Facilitating Energy Arbitrage and Load Balancing

Energy arbitrage, where energy is stored during periods of low electricity prices and
discharged during high-price periods, is another critical application of BESS. This not
only provides economic benefits but also ensures real-time load balancing, minimizing

stress on grid infrastructure. Examples include:

¢ The South Australia Virtual Power Plant (VPP), where residential Li-ion battery
systems are integrated into a VPP to enable DSMs, fast frequency response, and

system stress reduction [142].

* The Henan grid-side distributed BESS project (China) utilizes a 100.8 MW/125.8
MWh Li-ion battery system for peak shaving and load leveling, ensuring energy
supply aligns with demand patterns [104].
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* The Waratah Super Battery(NSW, Australia), scheduled for 2025, will provide 700
MW/1400 MWh capacity to enhance grid reliability following coal plant retirements
and to support RE integration [144].

Following a detailed examination of BESS applications in weak electrical grids, the
next section shifts focus to the discussion and transition pathway for promoting BESS

adoption.

2.10 Discussion and Transition Pathways to Promote
BESS

The global imperative to reduce carbon emissions and ensure affordable, clean energy
(as articulated in the UNSDGs 7 and 13) has elevated the role of BESSs in modern
power grids. In contrast to other energy storage options, such as mechanical, thermal,
or chemical storage that often contend with slower response times or lower round-trip
efficiencies, BESS deliver rapid power injection or absorption, high energy density, and
excellent scalability [131], [145]. Consequently, BESS have emerged as vital technologies
for enhancing the reliability, stability, and economic performance of weak or remote grids
as they integrate higher shares of renewables [36], [10]. Figure 2.20 discusses the factors
related to smooth transition pathways to promote BESS to support integration of REZs
in weak grids.

Within these weak grids, the variability and non-dispatchable nature of RESs (e.g.,
solar and wind) can exacerbate issues such as frequency instability, voltage fluctuations,
and reduced system inertia. By actively smoothing power outputs, providing ancillary
services like frequency regulation and reactive power support, and alleviating curtail-
ment risks during off-peak generation times, BESS address these concerns effectively
[36], [73]. Moreover, they enable peak shaving and load shifting to better align energy
supply with demand, reducing reliance on emission-intensive peaking plants and thereby
supporting SDG 13 (Climate Action) [35], [111].

From a policy and market design perspective, promoting BESS involves establishing
robust frameworks and incentives that appropriately recognize and reward the services
they provide such as voltage regulation, spinning reserve, black-start capability, or
deferred transmission investments. Collaboration among policymakers, grid operators,
private sector stakeholders, and local communities is essential to creating transparent

market rules, tariff structures, and compensation schemes [111], [146].
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Table 2.12: BESS Case Studies with Battery Types

Project Name (Case Studies) Date of Op- Configuration Main Function
eration
Qinghai Luneng
Gelmud multl—ene-l‘gy Dec. 2018 Li-ion battery: 50 MW/10 MWh 1) Instruction tracking, 2) Smoothen output fluc-
complementary national tuations, 3) Frequency & voltage regulation
project (China) uations, quency & voltage regulatl
Henan grid-side
distributed BESS Dec. 2018 Li-ion battery: 100.8 MW/125.8 MWh 1) Peak regulation, 2) Frequency and voltage reg-
project (China) ulation, 3) Emergency response
Jiangsu Zhenjiang
grid-side distributed Jul. 2018 Li-ion battery: 101 MW/202 MWh 1) Peak regulation, 2) Frequency and voltage reg-
BESS project (China) ulation, 3) Emergency response.
SDG& E Escondido .. .. . .. .
BESS project (USA) Feb. 2017 Li-ion battery: 30 MW/120 MWh Participate in electricity market transactions
Golmud New era energy
50-MWp photovoltaic Jul. 2016 Li-ion battery: 15 MW/18 MWh 1) Instruction tracking; 2) reduction of the
power station (China) abandonment of PV power generation; and 3)
Smoothen output fluctuations
Virginia Beech Brdge .. . .. . .
BESS project (USA) May 2015 Li-ion battery: 31.5 MW/12.06 MWh 1) Participate in the frequency regulation market
West Sendai substation
frequency regulation Feb. 2015 Li-ion battery: 40 MW/20 MWh 1) Frequency regulation
BESS (Japan)
Primus, California
Irrigation community Oct. 2012 RFB: 25 MW/100 MWh 1) Smoothen output fluctuations, 2) Stability sup-
project (USA) port, 3) Improve power quality
Zhangbei wind-photovoltaic-
storage-transmission Dec. 2011 Li-ion battery: 14 MW/63 MWh; RFB: 1) Instruction tracking, 2) Smoothen output fluc-
demonstration Project (China) 2 MW/20 MWh; Pb-acid: 2 MW/2  tuations, 3) Frequency and voltage regulation
MWh; NasS battery: 3 MW/34 MWh
Aomovrvli,nlzot}{alj ;s}(l;;F::;mata Aug. 2008 NaS battery: 34 MW/245 MWh 1) Smoothen output fluctuations, 2) Improve reli-
P ability, 3) Load-following, 4) Reactive power sup-
port
]\;&;;e;tsl\r/l):;*zai (Z‘::llzt?;;l\f) 2023 GF BESS: 200 MW capacity, Battery 1) Enables sub-synchronous oscillations mitiga-
) type: Not specified tion, 2) Supports grid stability in weak grids
foorpl%l}r«]lzl ?,S;Z;Ei sBszjn 2022 Multiple BESS placements across 1) Improve frequency stability using optimal
4 key load points, Battery type: Not  BESS sizing; and 2) Placement under uncertainty
specified
Distributed PV-BESS
Curtailment 2023 Distributed PV (5 kW) coupled with ~ 1)Analyze and reduce energy curtailment in dis-
(South Australia) BESS (13.5 kWh) in LV networks; tributed PV-BESS systems due to overvoltage
Battery type: Li-ion
S()\;l;};)j;l;?::tlla 2020 Residential BESS fleet integrated 1) Facilitate demand-side response; 2) provide
) into VPPs Battery type: Not specified  fast frequency response; reduce system stress
Waratah Super .. . . s .
. Targeted for ~ RLi-ion battery: 700 MW/1400MWh 1) Provide grid reliability after coal plant retire-
Battery (NSW, Australia) . .
2025 ments, 2) Support system security and capacity
(ngg\;i Zuulzgilsia) 2023-2024 Li-ion up to 500 MW 1) Grid reliability as Liddell coal station retires,
’ (planned) 2) Frequency control (FCAS) and rapid response,

3) Smoothing renewables (wind/solar) output

Orana BESS
(NSW, Australia)

Likely to be Li ion; Exact size not
specified

1) Grid stability & supporting new renewables in
the Orana region, 2) Peak shaving / load shifting,
3) Frequency & voltage control

Additionally, investment in digital infrastructure enhances forecasting, optimal dis-
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patch, and performance analytics for BESS, leveraging machine learning and artificial
intelligence to support dynamic, data-driven decision making. Such digitization also
opens pathways for novel business models like VPPs and aggregated energy trading,
further aligning with SDG 7 (Affordable and Clean Energy) [45], [565],[145].

Technological innovation remains a cornerstone of this transition pathway. Advance-
ments in battery chemistry, improvements in life-cycle performance, the optimization of
recycling processes, and the exploration of next-generation options such as solid-state
batteries are critical for alleviating concerns over cost, sustainability, and raw material
availability [36], [121], [124]. These efforts pave the way for more robust, longer-lasting
battery solutions with smaller environmental footprints, thereby enabling wider adoption
of BESS consistent with the vision of sustainable development.

In remote or islanded grids, the transformative impact of BESS is especially pro-
nounced. By substantially reducing diesel fuel consumption, enhancing local grid re-
liability, and integrating higher levels of renewables, BESS strengthen energy access,
improves air quality, and lowers operating costs. Overcoming upfront capital barriers
can be justified by the long-term benefits of emission reduction, economic savings, and
higher-quality power outcomes that advance both SDG 7 and SDG 13 [48],[50], [145].

In summary, the transition pathway to promote BESS spans regulatory reforms,
technological breakthroughs, market-based incentives, and digitization strategies, all of
which jointly support the global drive for affordable, clean, and resilient energy systems.
By aligning these elements, stakeholders accelerate the deployment of BESS, paving
the way for a future in which higher levels of renewable penetration are seamlessly
integrated into weak grids. This evolution not only advances the objectives of SDG 7
(Affordable and Clean Energy) and SDG 13 (Climate Action) but also contributes to the
broader sustainability agenda, fostering inclusive, robust, and carbon-neutral energy

infrastructures worldwide.

2.11 Findings and conclusions

This review presents a comprehensive analysis of the role of Battery Energy Storage
Systems (BESSs) in enhancing renewable energy (RE) utilization within weak grids,
driven by the environmental and economic drawbacks of non-renewable sources that
have prompted the Australian government to develop Renewable Energy Zones (REZs).
It begins by examining the challenges of integrating renewables into weak grids, identi-

fying Energy Storage Systems (ESSs) as a potential solution while acknowledging the
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Figure 2.20: Factors related to smooth transition pathways to promote BESS to support
integration of REZs in weak grids

limitations of non-BESS technologies.

Focusing on BESSs as a promising alternative, the review compares different battery

types and explores their deployment in both islanded and grid-connected weak grids.

It also analyzes real-world BESS implementations, emphasizing their impact on grid

stability, power flow management, and energy optimization. Additionally, the study in-

vestigates advanced control strategies, operational algorithms, and energy management

techniques tailored to weak grid environments.

Finally, this review proposes a strategic transition pathway to accelerate large-scale

BESS integration, fostering a more sustainable, climate-friendly, and cost-effective

energy system. It concludes by outlining key directions for future research in this rapidly

evolving field. The major findings and conclusions of this study are as follows:

¢ Challenges in REZs Integration: Weak grids, defined by high impedance, lim-

ited fault current capacity and short circuit ratio, and vulnerability to disturbances,

present significant obstacles to renewable energy (RE) integration. Key challenges

include grid stability issues, such as inertia deficits, voltage fluctuations, and

frequency instability, along with power quality concerns like sags, surges, and

harmonics. Additionally, the non-dispatchable nature of renewables further compli-
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cates reliable operation. Addressing these barriers requires innovative solutions to

ensure the seamless and stable integration of RE into weak grids.

Limitations of Non-BESSs: Non-BESS energy storage technologies, including
mechanical, thermal, and chemical storage systems, face several limitations such
as geographic constraints, high installation costs, and complex operational re-
quirements. Mechanical storage methods like pumped hydro storage (PHS) and
compressed air storage (CAS) are restricted by environmental and site-specific
factors. Chemical storage solutions, such as hydrogen fuel cells (FCs), encounter
challenges related to cost and efficiency. While thermal energy storage (TCSS)
shows potential, it is limited by low energy density and significant infrastructure

demands, making large-scale implementation challenging.

BESS as a Promising Solution: BESS emerges as a flexible, scalable, and
cost-effective technology to address the limitations of non-BESS. Li-ion batteries,
in particular, offer high energy density, rapid response times, and scalability,
making them ideal for weak grid environments. Other battery technologies, such as
VRFB and NaS batteries, also demonstrate potential in specific applications. The
review highlights the versatility of BESS in mitigating renewable intermittency,

stabilizing voltage and frequency, and improving overall grid reliability.

Projects on BESS Integration: Real-world case studies are analyzed to illustrate
the practical deployment of BESS in Renewable Energy Zones (REZs) and weak
grids. These projects demonstrate how BESS enhances grid stability in high-
renewable penetration areas, manages load fluctuations, and reduces renewable
energy curtailment. The findings highlight key benefits such as improved power
quality, enhanced energy reliability, and economic feasibility, offering valuable

insights for policymakers and industry stakeholders.

Control Strategies and EMSs: Effective BESS operation relies on advanced
control algorithms, including Model Predictive Control (MPC), Fuzzy Logic Control
(FLC), and Neural Network Control (NNC), which enable real-time optimization of
power flow, energy storage, and grid stability. Additionally, energy management
techniques such as load shifting, state-of-charge (SoC) optimization, and peak
shaving play a crucial role in maximizing both the economic and technical benefits
of BESS deployment.
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* Future Directions and Transition Pathways: To enable large-scale BESS
adoption, innovative policy frameworks, advanced grid infrastructure, and contin-
ued research are essential. Future studies should explore Hybrid Energy Storage
Systems (HESSs), novel control algorithms, and lifecycle optimization to further
enhance BESS viability in weak grids and REZs. Additionally, the development of
adaptive energy systems and robust market regulations is crucial for achieving a

sustainable, climate-friendly energy transition.

In conclusion, this comprehensive review establishes BESS as a key technology for
improving renewable energy utilization and addressing the challenges of weak grid
environments. Real-world deployments, such as the 700 MW / 1400 MWh Waratah
Super Battery and the 34 MW/245 MWh NaS battery project in Japan, demonstrate
the effectiveness of BESS in enhancing stability and reducing curtailment in weak
grids. Large-scale battery systems in South Australia-such as the Hornsdale Power
Reserve-enhance grid stability by delivering rapid frequency regulation, supporting
greater integration of wind and solar energy, and reducing dependence on fossil
fuels. With efficiencies reaching up to 95% and millisecond-level response times,
BESS technologies, particularly Li-ion systems, are well-suited for supporting
voltage and frequency stability. By providing insights into BESS applications,
control strategies, EMS frameworks, and real-world case studies, this review offers
a roadmap for advancing BESS deployment in REZs. These findings contribute to
the broader goal of achieving clean, affordable, and sustainable energy systems,

aligning with the vision of a zero-carbon future.

In conclusion, this chapter establishes BESS as a pivotal technology for enhancing
RE utilization and addressing the complexities of weak grid environments. By offering
practical insights into their applications, control strategies, EMSts, and real-world case
studies, this review provides a roadmap for advancing BESS deployment in REZs. These
findings contribute to the broader goal of achieving affordable, clean, and sustainable
energy systems, aligning with the vision of a zero-carbon future. Building on this foun-
dation, the next section presents the second part of the literature review, offering a
systematic examination of GFLIs and GFMIs and their cornerstone role in enabling

stable REZ integration within Australia’s evolving power system.
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**2nd Part Literature Review**

The second part of this literature review examines the cornerstone role of GFL and
GFM inverters in enabling stable and scalable REZ integration within the Australian
context. As illustrated in Figure 2.21, this section explores inverter control principles,
coordinated GFM-GFL operation, and their contribution to enhancing grid stability,
flexibility, and renewable hosting capacity. It further highlights key REZ integration
challenges, benchmark simulation constraints, and emerging control strategies that
collectively form a resilient inverter deployment roadmap for Australia’s future weak-

grid environments.

‘ Grid-Following and Grid-Forming Inverters: A Systematic Review of Their
Cornerstone Role in Australia’s Renewable Energy Zones Integration
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Figure 2.21: Overview of the second part of the literature review

2.12 Introduction

The increasing urgency to mitigate climate change and ensure long-term energy security
has positioned renewable energy sources (RESs) at the core of global power system
transitions. In Australia, this transformation is particularly pronounced. The nation is
undergoing one of the most ambitious renewable energy (RE) transitions in the world,
driven by national decarbonization policies, technological innovation, and declining costs

of wind and solar power [1-3]. According to the Australian Energy Market Operator
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(AEMO), the country is on track to source over 80% of its electricity from renewable
sources by 2030 [1, 3]. Reinforcing this national ambition, most Australian states and
territories have established aggressive renewable energy (RE) targets, many aiming
100% or higher by 2030 or 2040. Figure 2.22a) visualizes these targets across juris-
dictions, highlighting variations in ambition and policy timelines [2]. Beyond targets,

this transition is reshaping both the operational dynamics and infrastructure of the
electricity grid.
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Figure 2.22: Australia’s RESs and target overview: (a) RE targets for states and territo-
ries, (b) RESs powering industries, homes, and businesses

As illustrated in Figure 2.22b), Australia’s RE system integrates both large-scale grid-
connected RESs (such as solar, wind, hydro, biomass, ocean, geothermal, and pumped
hydro) and distributed consumer energy sources (CERs) like rooftop solar, battery storage,
and electricity vehicles [3]. These resources support the growing demand from homes,
businesses and industries enabled by advanced transmission and distribution networks
[147, 148]. A significant share of this development is concentrated within Renewable
Energy Zones (REZs), geographically identified areas with optimal renewable potential,
co-located with necessary grid infrastructure upgrades to enable efficient large-scale
integration and export [149, 150]. Public support remains robust, with surveys by the
Australian Renewable Energy Agency (ARENA) indicating that 85% of Australians
favour the renewable energy transition [2, 151]. Together, these trends underscore a

holistic transformation spanning policy, infrastructure, and societal alignment toward a
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low-carbon energy future [3, 152]. This transformation is increasingly embodied in the

development of REZs.
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Figure 2.23: Evolution of power systems towards inverter-dominated architectures

While REZs offer a strategic framework for clustering renewable generation assets
and streamlining their grid connection, they simultaneously introduce complex opera-
tional and stability challenges [152, 153]. As illustrated in Figure 2.23, the traditional
power system, dominated by large-scale synchronous generators (SGs) such as coal,
thermal, hydro, and nuclear plants, naturally provides high system inertia, robust volt-
age regulation, and strong short-circuit support [154]. These characteristics are crucial
for maintaining stable frequency and voltage dynamics during disturbances [155, 156].
However, the modern evolution toward REZs has shifted system architecture toward an
inverter-dominated power system, where energy is primarily supplied by inverter-based
resources (IBRs) such as PV, wind, battery storage, and biomass systems [1, 157-159].
As shown in the right section of Figure 2.23, this transition leads to a significant reduc-
tion in system inertia, impairing the grid’s ability to resist rapid frequency deviations
[160]. Furthermore, because IBRs do not inherently contribute to short-circuit current or
voltage regulation like SGs, REZs commonly experience low short-circuit ratios (SCRs),
increased rate of change of frequency (RoCoF), and diminished frequency nadirs fol-
lowing contingencies [160, 161]. These challenges are even more pronounced in weak
or remote transmission zones, where physical constraints on network reinforcement
amplify the vulnerability of the system [152, 162]. The right portion of the Figure 2.23
highlights these dynamic stability issues with schematic illustrations of RoCoF and
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frequency nadir deterioration under high IBR penetration, emphasizing the urgent need
for GFM capabilities and advanced control strategies in REZs [18, 19].

Despite the increasing deployment of GFM and GFL inverter technologies, the
academic literature remains fragmented in its analysis of their operational charac-
teristics, particularly under the complex and variable conditions associated with REZs
[150, 163, 164]. As depicted in Figure 2.24, power generation technologies may be broadly
categorized by their grid-interface mechanisms, including SGs, induction machines, and
converter-based non-SGs [148, 165]. Within converter-based systems, current-source
converters (CSCs) generally operate in GFL mode, whereas voltage-source converters
(VSCs) are capable of enabling true GFM behaviour. These converter technologies form
the primary interface between RESs, such as photovoltaic (PV) arrays, battery energy
storage systems (BESS), and wind turbines, and the electrical grid [153, 166—-168].
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Figure 2.24: Classification of electrical energy generation systems by grid interface type

A critical limitation in the existing body of review literature is its narrow thematic
scope. Prior studies have largely concentrated on isolated aspects, such as frequency
regulation, voltage control, or specific converter topologies, without presenting an inte-
grated perspective that encompasses modelling approaches, control strategies, simulation
environments, and practical deployment considerations. This reductionist approach is

insufficient, particularly in the context of REZs where weak-grid conditions, limited
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hosting capacity, and low short-circuit ratios exacerbate the behavioural divergences
between GFL and GFM inverters. Consequently, significant insights into system-wide
performance and control coordination are often excluded from conventional academic
discourse.

Furthermore, a disconnect persists between theoretical advancements and practical
implementation outcomes. Empirical evidence from notable Australian REZ projects,
such as Riverina, Central-West Orana, New England, Liddell, Dalrymple ESCRI, Hunter
Central Coast, and South-West Queensland, demonstrates both the potential and the
technical challenges of scaling GFM inverter deployment in real-world settings [20,
169, 170]. However, the operational lessons derived from these deployments are seldom
reflected in the academic literature, despite recent updates to Australian grid codes that
necessitate inverter-based systems to replicate critical grid-support functions historically
provided by SGs.

Table 2.13: Comparative analysis of recent inverter-focused reviews and their coverage
of REZ-specific research attributes

Control .
Ref Publication S trzrcltfl(;es Research Attributes RWP
Year & TP
GFM | GFL R1 R2 R3 R4 R5 R6 R7 R8 R9
[11 2025 v v X X X X X X X v X X
[18] 2025 v v X X X X X X X v X X
[147] 2024 v v v v v v X X X v v X
[148] 2024 v v v v X v v v v v v X
[157] 2024 v v v v X v X X X X X X
[160] 2024 X v v v X v X X X v X X
[161] 2024 v v v v v v X X X v v X
[29] 2023 v v X X X X X X X v X X
[162] 2023 v v v v X v X X X X v X
[163] 2023 v X X X X X X X X v X X
[21] 2022 v X X X X X X X X v X X
[164] 2022 X X X X X X X X v X X X
[165] 2022 v X v v v v X X X v X X
[166] 2021 v v X X X X X X v X X X
[167] 2021 v v X v X v X X X v v X
[168] 2021 v v X X X v X X X X X X
This N/A v v v v v v v v v v v v
study
R: Research Attributes; R1: Mathematical Control Model; R2: Control Architecture; R3: REZ-Specific
GFM-GFL Limits; R4: Modelling Framework; R5: Simulation Environment; R6: Benchmark Test Network;
R7: Frequency-Stability Metrics; R8: Voltage-Support Capability; R9: GFL,AIGFM Coordination;
RWP: Real-World Project; TP: Transition Pathways
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To address these deficiencies, Table 2.13 offers a comparative synthesis of existing
review studies, examining key dimensions such as inverter typologies, control archi-
tectures, modelling frameworks, simulation tools, benchmark networks, performance
metrics, REZ-specific constraints, and coordination strategies. This comprehensive eval-
uation underscores both the timeliness and the distinct contribution of the present study,
which aims to provide a unified, context-sensitive framework for understanding GFM
inverter deployment in REZ environments.

Building on the identified gaps, this comprehensive study offers a systematic and inte-
grated sreview of GFL and GFM inverter technologies in the context of Australia’s REZs.
It synthesizes findings from peer-reviewed literature and technical reports spanning con-
trol strategies, modelling approaches, regulatory standards, and field implementations.

The key contributions of this literature review are summarized as follows:

* Technical Foundation of Inverter Technologies: Presents a detailed technical
foundation of GFM and GFL inverters, including their mathematical control models,
design architectures, and limitations in REZ conditions such as low SCR, fast

RoCoF, and multi-inverter interactions.

* Modelling and Simulation Frameworks: Categorizes the modeling approaches,
simulation environments, and benchmark test systems used in evaluating inverter

behaviour under weak-grid scenarios.

¢ Control Coordination and Stability Metrics: Reviews and compares control
coordination strategies in mixed GFL-GFM environments and evaluates their

influence on dynamic stability metrics.

¢ Insights from Australian REZ Deployments: Compiles lessons from recent and
ongoing REZ deployments across Australia, synthesizing insights from engineering

practice, regulatory interventions, and economic assessments.

* Transition Pathways to Inverter Technologies Adoption: Proposes a strategic
transition discussion to accelerate adoption of these technologies in the REZ context,
supporting a sustainable, clean energy future aligned with the United Nations
Sustainable Development Goals (UNSDGs) 7 and 13.

The remainder of the study is organized as follows. Section 2.13 describes the review

methodology, including the search strategy, inclusion criteria, and data extraction process.
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Section 2.14 outlines the technical fundamentals of inverter technologies. Section 2.15 ex-
amines modelling approaches and benchmark test systems. Section 2.16 reviews control
strategies and coordination architectures. Section 2.17 explores real-world implementa-
tions within Australian REZs. Section 2.18 proposes strategic transition pathways and
highlights future research directions. Finally, Section 2.19 concludes with key findings

and emphasizes the need for continued innovation in sustainable energy systems.
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Figure 2.25: Review methodology illustrating staged screening of inverter studies for
REZs relevance.

2.13 Review Methodology

The literature review followed a systematic methodology to evaluate the role of GFL and
GFM inverters in Australia’s REZs. As shown in Figure 2.25, the process included four
phases: identification via multi-source digital search, application of inclusion/exclusion
criteria, a five-stage screening protocol, and final data extraction. Studies were sourced
from IEEE Xplore, ScienceDirect, Springer, Web of Science, Google Scholar, and others
using keywords like "GFMIs", "GFLIs", and "inverter control in weak grids". Most studies
were retrieved from IEEE and Elsevier, reflecting their dominance in this field.
Inclusion criteria required peer-reviewed status, relevance to inverter control in weak
grids or REZs, and a focus on modelling or implementation. The screening stages involved
keyword filtering, year and language limits (2021-2025, English), content relevance, and
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final alignment with REZ scenarios. Selected studies were then categorized by control
strategy, modelling framework, test system, and metrics such as RoCoF and voltage
support. The publisher distribution in Figure 2.25 highlights IEEE and Elsevier as

leading contributors to this research area.

2.14 Technical Background of Inverter Technologies

GFL and GFM inverters are examined in this section to their working principles, mathe-
matical control models, and system architectures. Their performance under weak-grid
conditions is assessed by highlighting key control strategies, including FRT and black-
start capabilities. A comparative analysis of their operational features is presented,

followed by a critical evaluation of their overall suitability for deployment in REZs.

2.14.1 Grid-Following (GFL) Inverters
2.14.1.1 Working Principles

GFL inverters are extensively used in PV and BESS applications due to their maturity,
cost-effectiveness, and standardized control frameworks [19, 147, 169]. These inverters
synchronize with the grid using a PLL, which tracks the grid voltage phase and frequency,
enabling the inverter to inject current in phase with the grid. Operating as controlled
current sources, GFL inverters depend entirely on the external grid for voltage and
frequency references, limiting their ability to support system stability, particularly in
weak or islanded networks [18, 171, 172]. As shown in Figure 2.26(a), the inverter’s
output is dictated by the grid, highlighting its passive response during dynamic events.
Figure 2.27 further classifies GFL inverters into grid-feeding and grid-supporting types.
Grid-feeding inverters inject predefined active and reactive power based on setpoints,
while grid-supporting inverters incorporate advanced current control strategies, such
as droop control and VSG emulation, to offer limited dynamic grid interaction, though
still reliant on PLL-based synchronization [161]. The following section outlines the

mathematical model and control loops of GFLIs.

2.14.1.2 Mathematical Model and Control Loops of GFLIs

Building on GFL inverter principles, their control architecture typically follows a cas-
caded structure comprising a PLL, outer power control loop, and inner current regulation
loop within the synchronous dg reference frame [148, 149, 173]. The PLL tracks the
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Figure 2.27: Classification of grid-connected converters based on GFL and GFM control
structures for integration within REZs.

grid voltage phase 6 to enable transformation into the dq domain. Based on frequency
and voltage deviations, the outer loop generates power references adjusted using droop

characteristics:
P;=Prer+ mp(wmeas —Wref), @i =Qref+ mq(Vgrid —Vier) (2.1)

These are converted into current commands i grer and i gref, which are tracked by PI-based
inner current controllers. Figure 2.28(a) illustrates this structure for BESS applications.
To improve performance under disturbances, enhanced versions (Figure 2.28b) incor-
porate adaptive droop and low-voltage ride-through (LVRT) features, enabling limited
support under abnormal conditions in weak grids, as further discussed in the next section

on operational limitations.
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Figure 2.28: Control strategies supporting IBRs integration in REZs: (a) GFL inverter
control architecture with BESS, (b) Enhanced GFL control for PV systems

2.14.1.3 Limitations in Weak Grids

Despite their effectiveness in strong grids, GFL inverters face major challenges in
weak-grid environments with low SCR, where their dependence on external voltage and
frequency references limits voltage support and FRT capability [14, 19, 174]. The PLL,
central to GFL operation, becomes unstable during large disturbances, especially in high
inverter-penetration scenarios with reduced system strength [157, 175]. These issues are
critical in REZs, where synchronous generation is minimal, and IBRs must maintain grid
stability [7, 21, 176]. Even with enhancements like droop and LVRT, GFL architectures
often fall short under such conditions. To address this, the focus is shifting toward
GFM inverters, which can independently regulate voltage and frequency [148, 161, 177].
The following section examines their control strategies and role in overcoming GFL

limitations in weak grids.
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2.14.2 Grid-Forming (GFM) Inverters
2.14.2.1 Definitions and Operating Modes

GFM inverters mark a significant shift from GFL approaches by operating as voltage
sources capable of independently setting and regulating grid voltage and frequency
[178-180]. Unlike GFL inverters, GFM units do not rely on external references, making
them more suitable for weak-grid and islanded environments. As shown in Figure 2.26(b),
a GFM inverter outputs a controlled voltage waveform V, /6, and defines system con-
ditions to which other devices synchronize, with internal impedance Zgry enabling
droop-based control. GFM inverters operate in standalone, grid-connected, or hybrid
modes, allowing them to either fully establish or share grid parameters [147, 181]. Their
use is especially valuable in REZs, where high inverter penetration and low inertia
challenge system stability. Recent studies highlight their importance for black-start,
inertial response, and FRT services in future low-inertia power systems [168, 182, 183],

with the following section detailing their control strategies and mathematical models.

2.14.2.2 Droop Control, Virtual Synchronous Generator (VSG), and Virtual
Oscillator Control (VOC)

To ensure stable and decentralized operation in REZs, GFM inverters emulate syn-
chronous machine dynamics through advanced control strategies such as droop control,
VSG, and VOC [148, 161]. These approaches enable autonomous voltage and frequency
regulation, critical for weak and low-inertia grids [1, 33]. Figure 2.27 illustrates the
classification of GFM and GFL control structures.

Droop control adjusts frequency and voltage based on power deviations, supporting

decentralized coordination without communication:

* do 1
0" = fa)dt, P =Pres+ Kp(w — wrep), a7 = ﬁ(Pm — Preas —DAw) (2.2)
V*= Vref+Kq(Qmeas — Qref) (2.3)

This structure, shown in Figure 2.29(a), is widely used in grid-forming BESS.
VSG control enhances dynamic stability by embedding virtual inertia and damping

into the swing equation:

do 1 .
Pm:Pref"‘Kp(wref_w), E:E(Pm—P), 0 :fwdt (2.4)
Vq = Vref+Kq(Qref_ Qmeas) (2.5)
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Figure 2.29: Control strategies supporting IBR integration in REZs: (a) GFM inverter
architecture with droop-based voltage and frequency control for BESS, (b) VSM control
framework enabling GFM capabilities for stable REZ operation.

Figure 2.29(b) illustrates its implementation for smooth grid synchronization.

VOC, unlike droop and VSG, eliminates the need for PLLs by using nonlinear oscilla-
tors for voltage generation. A typical VOC uses the Van der Pol oscillator:

d?x o dx o
ﬁ—,u(l—x )E+w0x:0 (2.6)
where x represents the voltage waveform and w( the nominal frequency. VOC enables

fast, decentralized synchronization, especially in microgrids, as shown in Figure 2.27.

Together, these control methods offer scalable, resilient solutions for integrating
inverter-based resources in REZs. The following subsection explores their black-start

and FRT capabilities, essential for grid recovery during contingencies.
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2.14.2.3 Black-Start and Fault-Ride Through Capability

Building on the capabilities of droop, VSG, and VOC architectures, GFM inverters
offer essential services beyond standard voltage and frequency regulation, most notably,
black-start and FRT [148, 177]. Unlike GFL inverters, GFM units can independently
establish voltage and frequency, enabling black-start operation without synchronous
machine support, crucial for restoring de-energized networks in remote or islanded REZs
[178, 181]. GFM inverters also outperform GFL systems in FRT, remaining connected
and regulating grid parameters during faults thanks to their virtual inertia and damping
[184, 185]. Studies confirm their effectiveness in limiting fault currents and maintaining
stability during severe disturbances, validating their role as core assets in inverter-
dominated grids [38, 163, 165]. The next subsection provides a comparative analysis
of GFL and GFM inverters, highlighting their relative advantages, limitations, and

suitability across different REZ operating conditions.

2.14.3 GFL vs. GFM Comparison
2.14.3.1 Operational Differences

A concise comparison of GFL and GFM inverters is presented in Table 2.14, highlighting
their core operational distinctions. GFL inverters rely on external voltage references
and operate effectively only in strong grids, offering limited support during faults or
instability [161, 186]. In contrast, GFM inverters establish voltage and frequency au-
tonomously, thereby contributing to system inertia and enabling critical services such as
black start and FRT [148, 187]. These differences underscore the superior suitability of

GFM inverters for weak-grid and REZ environments.

2.14.3.2 Suitability for REZs Integration

GFM inverters offer superior suitability for REZ integration due to their inherent
capability to operate under low system strength and weak grid conditions [6, 18, 174].
As summarized in Table 2.15 and Table 2.16, they provide essential grid services such as
FFR, voltage regulation, black-start capability, and synthetic inertia, features critical for
stabilizing low-inertia REZ environments [5, 157, 188]. Additionally, simulation-based
evidence confirms their effectiveness in enhancing system strength and maintaining
dynamic stability under high renewable penetration and weak grid scenarios [167, 185,

189]. The following section explores modeling approaches adopted in the context of
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Australian REZs, focusing on how these control-oriented capabilities are evaluated in

simulation environments.

2.15 Modeling Approaches in the Context of
Australian REZs

This section examines the general modelling approaches and simulation tools used to
study inverter-based systems, with a specific focus on modelling practices relevant to the
Australian REZ context.

2.15.1 General Modeling Approaches
2.15.1.1 Steady-State vs. Dynamic Modelling

Modelling inverter-dominated Australian REZs requires a comprehensive approach
that captures both long-term system adequacy and short-term operational stability. As
illustrated in Figure 2.30, steady-state methods are commonly applied for tasks such as
economic dispatch, power flow feasibility, and system adequacy assessment, where IBRs
are treated as static power injections [8, 190]. However, such methods often fail to reflect

fast dynamics arising in low-inertia networks or during disturbances [191].

Table 2.14: Advanced Operational Comparison Between GFL and GFM Inverters

Aspect

GFL Inverter

GFM Inverter

Control Type

CSI,; injects controlled current
based on external voltage

VSI; sets voltage waveform and regulates fre-
quency internally

Reference Signal

Depends on PLL to track grid
voltage and frequency

Generates its own voltage and frequency ref-
erence (no PLL required)

Grid Synchronization

Follows an existing grid

Establishes grid conditions; other devices
synchronize to it

Dynamic Stability Role

Passive element; relies on grid
strength for stability

Actively enhances grid stability through syn-
thetic inertia and damping

Inertia Contribution

Does not contribute to system
inertia

Emulates inertia using control algorithms
(e.g., VSG, droop)

FRT

Typically disconnects or desta-
bilizes under faults

Maintains voltage and frequency during dis-
turbances

Black-Start Capability

Cannot initiate

restoration

system

Can energize and restore a de-energized grid
without external support

Operational Suitability

Requires high SCR; unstable
in weak grids

Operates reliably in low-SCR or islanded sys-
tems

Grid Support Services

Limited to steady-state power
injection; needs strong grid

Provides voltage/frequency regulation, iner-
tial response, and fault support

Application in REZs

Unsuitable without strong
synchronous support

Essential for stability in inverter-dominated
REZs
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Table 2.15: Comparative Summary of GFL and GFM Inverters in Weak and Low-SCR
Grids

Control Attribute GFL Inverter GFM Inverter Ref(s)

Synchronization PLL-based; requires external volt- Self-synchronizing; sets its own volt- [149, 190]
age reference age and frequency

Stability Role Passive; relies on grid for fre- | Active; contributes directly to fre- | [19, 147]
quency and voltage stability quency and voltage regulation

Grid Dependency Operates only in strong (stiff) Operates in both strong and weak [174, 179]
grids (low-SCR) grids

Inertia Contribution None; increases ROCOF and sys- | Provides synthetic inertia via droop [5, 178,
tem sensitivity or VSG control 192]

Frequency Support Limited; frequency response de- | Stable response through embedded [5, 178,
grades with PV/RES share inertia and droop control 192]

Voltage Stability Maintains voltage only above Maintains voltage even at low SCR; [174, 179]
SCR = 3; fails in weak grids supports dynamic voltage control

Fault Ride-Through Likely to disconnect or destabilize Remains stable and connected; en- [148, 193]

(FRT) under fault hances post-fault recovery

Protection Compati- | Susceptible to relay mis-operation Enhances relay operation due to sta- | [19, 174]

bility in low-inertia grids ble voltage and current response

Cascading Failure High risk due to low inertia and Helps prevent cascading events via [19, 147]

Mitigation voltage instability fast stabilization response

Suitability for REZs Limited; needs synchronous sup- | Highly suitable; ensures autonomous [6, 157,
port and resilient operation 181]

Table 2.16: Advanced Feature Matrix of Inverter Technologies for REZ Deployment

Ref(s) Feature GFL GFM Relevance to REZs

[19, 21, 147, Bcl:d;i)sifirt X v Allows autonomous restoration of de-

148, 182] P y energized zones without synchronous
machine support

[19, 148] Powi;%))ntrol v v Enables active/reactive power injection, criti-
cal for voltage stability in weak grids

[8, 147, 148, E::t f;:gl(l;;cg) X v Mitigates ROCOF in low-inertia networks,

194] P supporting system stability in REZs

[6, 148, 181] System S trgng‘th X v Enhances grid stiffness and improves short-

Contribution . A
circuit ratio in weak or remote REZs
Grid Code
[1, 148, 157, Compliance Partial Targeted Meets evolving regulatory requirements for
178] (AEMO/NEM) inverter-based generation in REZs

Dynamic modeling becomes critical for analyzing the behavior of GFM inverters,
particularly for evaluating frequency stability, RoCoF compliance, and FRT capability
[195, 196]. Studies have shown the limitations of static models under weak grid con-
ditions [41, 197] and the operational complexities introduced by high IBR penetration
[198]. National modeling efforts further emphasize the need for dynamic simulations
that incorporate voltage and frequency support functions to ensure secure REZ operation
[199, 200]. As GFM and GFL technologies advance, integrated modeling frameworks
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must evolve to reflect key control capabilities such as fast frequency response, damping
support, black start, and harmonic absorption [201, 202]. The next subsection further
explores the comparative roles of electromagnetic transient (EMT) and root mean square

(RMS) modeling in representing such dynamic behaviors with appropriate temporal and

control resolution.
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Table 2.17: Modelling Tools and Parameters Used in studies relevant to Australian REZs

Ref. | Simulation Tool Model | Test System Key Application Validation | Relevance to Australian REZs
Type

[203] | PSCAD EMT Modified 9-bus | Black-start with GFM-IBR interaction | Simulation | Models post-blackout conditions in weak grids; ad-
power system dresses stability and restoration in REZs

[204] | PSCAD/EMTDC EMT Kilmarnock South | Grid-forming BESS for short-circuit & in-| Simulation | Replicable in low-inertia, weak REZs (SA, NE)
BESS ertia

[205] | MATLAB/Simulink | RMS 2-area, 2-machine | Power-sharing in multi-GFM systems Simulation | Supports coordinated GFM tuning in REZs; aligns
system with AEMO’s system strength

[195] | PSCAD EMT +| IEEE-9 + QLD grid | Battery ramp-rate limit on VSM stability | Simulation | Queensland REZ context; informs safe VSM in weak

EA grids

[206] | PSCAD/EMTDC EMT WMZ, NEM GFMI for damping SSCI Simulation | WMZ REZ context; informs GFMI tuning and strate-

gies in weak NEM zones

[207] | MATLAB/Simulink +| RMS +| IEEE-30/57/118 Inverter placement for synchronization | Simulation | Guidance for inverter placement in weak-grid REZs

Monte Carlo ES (SA, NE)

[208] | MATLAB/Simulink | EMT Low-voltage micro- | Multi-master black-start sequence Simulation | Supports autonomous black-start in weak REZ
grid: 3 residential feeders; ideal for inverter-heavy, communication-
load groups constrained REZs in Australia

[197] | PSCAD/EMTDC EMT 100 MW wind farm | GFM inverter control to support weak | Simulation | Directly applicable to Australian REZs with low

grid integration SCR; supports inverter-only integration for replacing
SCs in wind-based REZs
[209] | HOMER + DIgSI-|RMS +| Melville Island mi-| Dynamic dispatch strategy optimization | Simulation | Directly applicable to remote REZs in Australia need-
LENT PowerFactory | EMT crogrid for remote islanded REZ ing off-grid resilience

[210] | PSS®E EMT 2030 QLD grid FFR vs simulated inertia from BESS Simulation | Informs AEMO and REZ planners on optimal BESS

allocation and GFM roles in low-inertia scenarios

[211] | MATLAB/PLECS +| EMT Single-machine +| GVSG under RoCoF compliance Simulation | Applicable to weak-grid REZs in the NEM; improves

Imperix HIL Multi-inverter grid + HIL inverter-based plant resilience and stability

[212] | PSCAD/EMTDC EMT |Dalrymple, Mel-| GFMI behavior in grid-connected and is- | Field +| Demonstrates microgrid stability, FCAS readiness,
bourne landed microgrids under high RES simulation | and ancillary services critical for REZs in weak-grid

scenarios

[213] | MATLAB/PLECS +| EMT Single-machine H, controller for GFM damping HIL Enables stable GFM control in low-inertia REZs us-

MOSEK GFM inverter with ing systematic Hyo tuning
SCR =10.6 and 1.9
[198] | PSS®PE+ EMT +| Tasmanian power | Operational paradigms at 90% IBR RTDS Demonstrates field-proven inertia/strength strate-
PSCAD+RTDS RMS grid gies; critical reference case for REZ-scale 100% IBR
transitions
[186] | MATLAB/Simulink | EMT Single-phase GFL | Feedback linearization PLL HIL Applicable for REZs with weak grid strength; sup-
ports robust PLL design and multi-inverter coordi-
nation

[214] | PSCAD/EMTDC EMT 8 MW GFM off-| Transformer energization with virtual re- | Simulation | Supports  blackstart/restoration in inverter-
shore wind turbine | sistance dominated REZs; avoids diesel/resistor-based

energization in weak grids

[215] | MATLAB/Simulink | RMS +| QLD-NSW inter-| BESS droop control for PFC Simulation | Targets frequency stability challenges in high-RE

Exp. connection zones of the NEM; applicable to REZs using decen-
tralized BESS

[216] | MATLAB/Simulink | EMT +| MV  distribution | FPPT inverter with frequency support | Simlulation| Addresses frequency stability in REZs with high

Lab feeder (VIC) + exp. DPYV, supports field integration planning strength
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2.15.1.2 EMT vs. RMS Modeling

EMT and RMS modelling frameworks offer complementary capabilities in simulating
REZ systems. RMS-based simulations are commonly employed for large-scale, steady-
state or quasi-dynamic analyses due to their lower computational demands [164, 215].
However, this abstraction limits their effectiveness in capturing the fast dynamics char-
acteristic of inverter-dominated REZs, particularly under low SCR conditions or when
modelling advanced GFM inverter controls [217, 218]. In such scenarios, EMT-based
approaches are more suitable, as they enable sub-cycle resolution of system behaviour
and detailed representation of control interactions [197, 203, 206]. For example, several
studies have demonstrated the role of EMT modeling in analyzing the transient stability
of GFM inverters in weak grids [195, 211, 212], where accurate depiction of current
control loops and impedance dynamics is critical.

Additionally, EMT simulations have facilitated black-start investigations [208] and
FRT assessments [214], where RMS techniques fall short due to their limited tem-
poral resolution. To balance scalability with dynamic accuracy, hybrid co-simulation
approaches that combine EMT and RMS modelling are increasingly adopted. Research ef-
forts [198, 209] have leveraged such techniques to evaluate the operational performance
of IBRs under both interconnected and islanded conditions [219-221]. These hybrid
frameworks enable broader scenario analysis while preserving the fidelity needed for
validating protection schemes and advanced control responses. Ultimately, the choice of
modeling framework is closely aligned with the specific analytical needs of REZ stud-
ies, especially in environments characterized by high inverter penetration and system
strength challenges. Table 2.17 summarizes the modelling tools, system configurations,
validation approaches, and REZ-specific applications adopted across a range of Aus-
tralian simulation-based studies.

The following subsection outlines the simulation tools used in Australian REZ-focused

studies and how their capabilities align with key modelling approaches.

2.15.2 Simulation Tools

A diverse range of simulation platforms has been employed across recent studies to
evaluate the integration and stability of RE in weak grids, particularly relevant to REZs.
Among them, PSCAD/EMTDC is the most widely adopted tool for EMT studies, favored
for its ability to capture fast dynamics of IBRs, black-start behavior, and grid-forming
controls in low-inertia systems [195, 197, 203, 204, 206, 212, 214]. MATLAB/Simulink

86



2.15. MODELING APPROACHES IN THE CONTEXT OF AUSTRALIAN REZS

has been frequently used either independently or in conjunction with advanced solvers
such as MOSEK, Monte Carlo techniques, and HIL platforms to simulate RMS dynam-
ics, design optimal inverter control schemes, and implement robust tuning strategies
such as H,, damping controllers [186, 205, 207, 208, 213, 215]. System-level tools like
PSS®E, DIgSILENT PowerFactory, and HOMER have been applied for dynamic dis-
patch optimization, frequency stability analysis, and hybrid microgrid planning in both
interconnected and islanded REZ contexts [198, 209, 210, 216].

The selection of simulation tools is closely aligned with the study’s application focus.
EMT platforms are predominant in high-fidelity inverter and transient stability stud-
ies, while RMS and optimisation-based tools enable broader system-level and energy
management analyses. Figure 2.31 illustrates the range of simulation environments em-
ployed across REZ studies, highlighting the diversity in tool selection based on modeling
objectives. Table 2.17 presents a detailed comparison of simulation tools, model types,
validation methods, and key applications across these studies. The next subsection will
explore how these modelling approaches have been contextualized within Australian

REZ development and planning efforts.

-ﬁ% Simulation platform used in
' the relevant REZ studies

N ——

moo | [\ MATLAB| [TOSEK [5IPSSE| 7] DIGSILENT] (|2 HoMER
PSCAD EK Power Factory

Figure 2.31: Overview of simulation platforms used in reviewed REZ studies

2.15.3 Australia-Focused Modeling Studies
2.15.3.1 Test System Structures

The selection of test systems across REZ-focused modeling studies is highly dependent
on the simulation objective and the desired level of system granularity. Several stud-
ies utilize standardized benchmark networks such as the IEEE 9-bus, 14-bus, 30-bus,
and 118-bus systems to evaluate the dynamic behavior of IBRs under varying control
strategies and fault scenarios [195, 203, 207]. These systems serve as a controlled en-
vironment to test advanced concepts such as VSM tuning, inverter synchronization,

and black-start coordination. For instance, the IEEE 9-bus system was extended with
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Queensland-specific parameters to study VSM ramp-rate constraints in weak grids [195],
while larger testbeds like the IEEE 118-bus network were used for probabilistic inverter
placement optimization under uncertain operating conditions [207]. Figure 2.32 illus-
trates an example of a modified benchmark network adapted for REZ studies, showing
how classical test systems can be tailored to reflect region-specific inverter integration
challenges [222].

In contrast, other studies employ realistic or modified representations of Australian
power systems, such as the 2030 Queensland grid [210], the Dalrymple and Melbourne
microgrids [212], and the WMZ of the NEM [206]. These models incorporate region-
specific characteristics, including low system strength, high inverter penetration, and
BESS deployments, making them highly relevant for REZ planning. Additionally, isolated
microgrids and low-voltage feeders, such as Melville Island and a VIC MV distribution
network, have been modelled to support dynamic dispatch and frequency stability anal-
ysis in remote or off-grid REZ contexts [209, 216]. Table 2.17 illustrates the breadth
of test systems, ranging from generic to geographically specific models, underpinning
the versatility of REZ studies. The next subsection will examine how these test systems
have been utilized for grid strength evaluation, a critical metric for REZ operability and

inverter control design.

2.15.3.2 Grid Strength Evaluation

The ability of GFMI to operate reliably in weak or low-inertia power systems is a central
focus in recent literature, particularly in the context of REZs across Australia and
comparable systems globally. A review of selected studies (see Table 2.18) reveals that
most modeling efforts concentrate on low-strength or weak grids, where synchronous
machine support is minimal and the presence of IBRs dominates. For example, studies
such as [194, 195, 197, 203, 204, 206] simulate GFMI behavior in islanded microgrids
or regional grids with low SCR, highlighting dynamic issues like black-start stability,
ramp-rate limitations, and fault current injection. Particularly, the work by [206] on a
weak NEM zone with SCR = 3 and [197] with SCR = 1.5 for wind integration emphasizes
the significance of tuning droop and voltage control mechanisms to ensure stability under
stressed grid conditions.

Furthermore, some research aims to compare GFMI responses across different SCR
regimes, providing valuable benchmarks for inverter design. For instance, [213] conducts
a detailed comparative evaluation between strong (SCR = 10.6) and weak (SCR = 1.9)

grids, using an H,-based decentralized control strategy to maintain compliance with
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Figure 2.32: Simplified SA Power System (Area 5)

inertia and damping requirements. Although not all studies explicitly report SCR values,
they often infer grid weakness through system topology, such as islanded or low-inertia
conditions [195, 209, 210]. The diversity in grid strength assumptions across studies in
Table 2.18 underscores the urgent need for context-aware control strategies tailored to
specific REZ characteristics. This also reflects a broader trend toward validating GFMI
performance under realistic weak-grid scenarios, especially relevant for Australian REZ
deployments where high inverter penetration coincides with declining synchronous
inertia. The implications of these grid strength classifications on system resilience and
control effectiveness are further explored in the next subsection, which examines the

specific stability metrics evaluated across the reviewed studies.

2.15.3.3 Stability Metrics Evaluation

Table 2.19 provides a detailed comparison of stability metrics evaluated across a range
of GFM, GFL, and hybrid inverter control studies under diverse disturbance scenarios.
The most widely assessed metric is the RoCoF, which serves as a key indicator of

inertial response, particularly in low-inertia grids. Numerous studies incorporating GFM
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inverters, such as those employing droop-based control [203], adaptive PI regulation
[194], or VSM frameworks [195], demonstrate explicit evaluation of RoCoF, frequency
nadir, and voltage recovery following system faults or black-start events. In addition
to RoCoF, metrics like overshoot, settling time, and set-point tracking accuracy have
also been employed to evaluate dynamic performance under load or power-reference
disturbances [211, 213]. Furthermore, small-signal eigenvalue analysis was conducted
in select works [195] to examine stability margins under varying system conditions.
The table also highlights more complex stability evaluations in hybrid or GFL-
based inverter configurations. For instance, [209] investigates coordinated droop and
governor control in a mixed GFM-GFL environment, measuring system-level frequency
and voltage responses under generator loss. Similarly, [198] and [216] focus on GFL
inverters operating under wide-area frequency deviations and low fault-level conditions,
analyzing FRT performance and frequency recovery times. Some studies emphasize
EMT-level stability [206], synthetic inertia contributions [204], and damping of sub-
synchronous control interactions (SSCI) [206], reflecting the increasing complexity of
stability concerns in inverter-dominated networks. These varied metrics not only inform
control design but also establish the foundation for coordinated multi-inverter operation,

which is the subject of the next section on control and coordination mechanisms.

2.16 Control and Coordination Mechanisms of IBRs

This section covers control strategies for GFL and GFM inverters and their coordination,

focusing on their impact on grid stability in REZs.

2.16.1 Control Techniques for GFL Inverters
2.16.1.1 PQ control

PQ control is a fundamental strategy widely adopted in GFLIs deployed within REZs
[149, 161, 223]. As illustrated in Figure 2.33(a), the controller regulates the active and
reactive power outputs by minimizing the error between the measured and reference

values of P and @ through PI regulators [161]. These regulators generate reference

-ref ref

current components (zg 4»Laq) for the inner current control loop. The control objective

can be expressed as:

lzg — (Pref_P)’ iref _ (Qref_Q) (27)

ki
=|kp+—
gq = [Fp Tt

k;
kp'i'?
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While this method is computationally simple and effective under stiff grid conditions, it

lacks dynamic grid support and is therefore less suitable for weak grid scenarios typical
in REZs [147, 224, 225].

Table 2.18: Summary of GFMI Control Objectives and Roles in Weak Grids Relevant to

Australian REZs
Ref. Modeling Objective Inverter Grid SCR @if GFM  Control
Role Strength stated) Type

[203] Investigate dynamic sta- | GFM Weak (Is- | Not stated MLD, VSG-based
bility issues during black- landed) control
start in SG+IBR hybrid
systems

[194] Enhance microgrid protec- | GFM Low-strength Not stated Decentralized vec-
tion by increasing GFMI tor control with
SC capability adaptive PI

[204] Validate large-scale GFMI GFM Low-strength Not stated Decentralized
BESS for fault current (Scottish grid) swing-equation
and inertia in weak grids with inertia emu-

lation

[195] Analyze VSM instability GFM Weak grid Not stated Decentralized
caused by battery ramp- (QLD system droop-based VSM
rate limits during fre- with high IBR with AC/DC volt-
quency events share) age loops (primary

+ secondary)

[206] Assess GFMI effective- | GFM Weak (WMZ SCR = 3 (for Decentralized
ness in improving system with high IBR SMIB tests) droop and VSM
strength and damping in share) with local voltage
weak NEM zones control (primary +

secondary)

[197] Simulate GFM inverter GFM Weak SCR=1.5 Decentralized
performance for integrat- droop control (P-f
ing a 100 MW wind farm and Q-V with
in weak grids implicit secondary

PD)

[209] Optimize dispatch and sta- | BESS(GFM); Implicitly Not stated Droop/governor for
bility of an islanded hy- | PV/Wind weak (low- diesel and VSCs;
brid microgrid with PV, (GFL) inertia off-grid coordinated via
wind, diesel, and BESS system) dispatch  strate-

gies

[210] Compare FFR (GFL) and GFL; GFM Low-inertia Not stated VSM
simulated inertia (GFM) BESSs grid (QLD
from BESS for frequency 2030 scenario)
support in low-inertia
grids

[213] Design Hyo-based GFM GFM Both  strong SCR = 10.6, Fully decentral-
control for damping and (SCR=10.6) 1.9 ized APC with
inertia compliance under and weak droop, damping,
load/faults (SCR=1.9) inertia loops.

[218] Define service needs (in- GFM(VSG- Varied (low to Not stated Decentralized; pri-
ertia, voltage, black-start) style); GFL high) mary, secondary,
for high-IBR grid stability (PLL-VSC) tertiary layers

specified
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Table 2.19: Stability Metrics and Control Approaches in Reviewed Inverter Studies

+ droop-based FPPT control

ery time to nominal

Ref. Inverter | Control Hierarchy Stability Metrics Evalu- | Disturbance
Type ated
[203] GFM Droop (f|V), voltage restora- RoCoF, freq. oscillation, volt- Black-start, fault
tion age overshoot
[194] GFM Adaptive PI current control; Current stability under induc- | LG, LLG, 3-phase faults
decentralized voltage loop tor saturation
[204] GFM Fast inner current loop, outer Fault current, synthetic iner- | Three-phase fault
droop loop with swing equa- | tia, RoCoF response
tion
[205] GFM Local VSG + droop + optional Frequency deviation, RoCoF, Balanced load disturbance in
inner loops active power sharing ratios two-area system
[195] GFM Droop-based VSM control Frequency nadir, settling fre- | Generator trip
with AC/DC voltage regula- | quency, small-signal eigenval-
tion loops ues, DC/AC voltage behavior
[206] GFM Inverter-level droop/VSM SSCI damping, voltage sup- | Balanced and unbalanced
loops + plant-level voltage port, EMT stability, post-fault faults
control recovery
[197] GFM Local droop control + implicit Voltage/frequency stability, ac- | Symmetrical and asymmetri-
secondary PI regulators tive/reactive power damping, cal faults
POC voltage under SCR vari-
ation
[209] GFM + | Droop/governor for diesel, Frequency/voltage response, 3-phase short-circuit faults,
GFL VSC inner loops for BESS, reliability indices frequency deviation under
GFL for renewables generator loss
[211] GFM Local inverter control with Frequency nadir, RoCoF, set- | Load disturbance, mode tran-
droop, virtual inertia, and tling time, set-point tracking sitions
lead-lag damping accuracy
[213] GFM Local droop, damping, and Overshoot, settling time, Ro- | Power-reference step changes
inertia via second-order CoF compliance
discrete-time controller
[198] GFL Market-based dispatch + FC- | RoCoF, frequency nadir, volt- | Deep two-phase fault, wide-
SPS + local controls age stability, FRT perfor- area frequency deviation, dy-
mance namic IBR constraint under
low fault level
[216] GFL Local frequency measurement RoCoF, frequency nadir, recov- | Frequency disturbance

(under/over-frequency), high-
PV, low-inertia scenarios

2.16.1.2 Droop-based current control

Droop-based current control introduces virtual droop behavior to enhance GFLI partici-

pation in frequency and voltage regulation, offering an intermediate solution suitable
for moderately weak grids within REZs [148, 161, 177]. As shown in Figure 2.33(b),

frequency and voltage magnitude deviations are translated into power references using

droop coefficients Kf;f()p and K gg()p. These power references are then processed through

PI regulators to generate inverter current commands.
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The droop mechanism is governed by:

Pl = Py + K2 (w0 - w*)

f droo
Qre =Qo +KUQ p(”vpcc,dq” -v%)

et = kp+l% Pl - P) (2.8)
k.
izt = |kt 5| @ -@)

This approach provides limited yet valuable dynamic support to the grid, making it more

suitable than basic PQ control in REZs with evolving network strength.

2.16.1.3 VSG-Inspired Current Control

VSG-inspired current control is particularly well-suited for REZs operating under weak
grid conditions, where inverter-based resources must emulate SG behavior [161]. As
shown in Figure 2.33(c), this approach incorporates synthetic inertia and damping
through a modified swing equation framework. The active power control loop derives its

reference from both inertial and damping responses to frequency deviations:

Aw=w"-w
AP; =w*Js(Aw), APg=w"D,(Aw)
P = Py + AP, + AP,

r k .
iga = kot [P =P) .
Qref =Qo _|_K;ig)0p(v* - ||Upcc,dq||)
r k .
i = kp+ ?l Q™"-Q)

Here, J denotes the virtual inertia, D, the damping coefficient, and w* the nominal grid
frequency. Reactive power is managed via a droop-based controller, while PI regulators
govern the inner current loops. This strategy allows GFL inverters to contribute synthetic
inertia and damping, improving frequency stability and enhancing REZ performance

under high renewable penetration.
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Figure 2.33: Block diagrams of GFLI control methods relevant to REZs: (a) PQ control,
(b) droop-based current control and (c) VSG-inspired current control.

2.16.2 Control Strategies for GFM Inverters
2.16.2.1 Droop-Control Mechanisms

In REZs, where grid strength is often low and synchronous inertia is limited, droop-based
control strategies for GFMI provide essential support for frequency and voltage stability
[148, 161]. As illustrated in Figure 2.34, the frequency droop control (Figure 2.34a)
emulates inertial response by adjusting the inverter’s output frequency based on active
power deviations, governed by the proportional droop coefficient K;IZ))OP. This ensures
system-wide frequency coordination among distributed energy resources without di-
rect communication. Similarly, the voltage droop control (Figure 2.34b) modulates the
inverter’s voltage magnitude in proportion to reactive power deviations using the co-
efficient Kgrvmp, thereby contributing to voltage regulation and reactive power sharing
across the REZ. Together, these decentralized, measurement-driven control loops al-
low inverter-based resources to mimic synchronous generator behavior, enabling stable
power exchange in weak-grid conditions. The fundamental control laws for frequency

and voltage droop are expressed as:
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__ grdroop f
Aw = KoP(pref _p),

w=0"+Aw,
gref = f wdt, (2.10)

Avpcc,d = Kdl;)oop(Qref -Q),

ref _  *
Upee.d =V + Avpee,d

where w* and V* represent the nominal frequency and voltage, and P*, Q" are the

set-points for active and reactive power, respectively.
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Figure 2.34: Frequency (a) and voltage (b) droop control for GFMI in REZs.

2.16.2.2 Virtual Synchronous Generator (VSG) Control

VSG control has emerged as a promising strategy for stabilizing frequency and voltage
in REZs [148, 161]. VSG-based inverters emulate the inertial and damping behavior of
synchronous machines, allowing IBRs to actively support grid dynamics. As shown in
Figure 2.35, a demonstrates the basic APC of VSG is demonstrated, where the swing
equation is digitally replicated to mimic synchronous machine response. The active
power error is processed through virtual inertia o and damping coefficient D, enabling

frequency adaptation in real time which can be expressed as:

dw

J
dt

1
+Dy(w-w*)= —(P™ -P)
w

(2.11)
gref = fwdt
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To enhance frequency regulation in REZs, the VSG framework is extended with
droop characteristics, as depicted in Figure 2.35b. This implementation integrates droop-
based correction K, with the swing dynamics, enabling decentralized load sharing
and frequency synchronization without communication. The droop mechanism adjusts
frequency based on power imbalances while maintaining the virtual inertia profile,
ensuring robust performance under disturbances and variable renewable generation.
This coordinated emulation improves the system’s ability to withstand fluctuations, which
is crucial in REZs where traditional synchronous machines are absent. The equation

related to this control can be written as:

d 1
T2 4D pw-0") = —(P™ —P)+ K8 (w" —w)
w

dt (2.12)
gref = fa)dt

In addition to frequency control, voltage stability is maintained using a closed-loop
voltage regulator, illustrated in Figure 2.35¢c. The reactive power error is processed
through a proportional-integral controller scaled by a voltage inertia constant My,
resulting in dynamic voltage regulation at the point of common coupling [148]. This tri-
layered control structure allows VSGs to provide synthetic inertial response, droop-based
coordination, and voltage support simultaneously, making them particularly suitable
for weak-grid applications in REZs. The governing VSG frequency control dynamics are

given by:

ev(®) =v* — |[vpec.dq (V)|
3 1 k k t d
m(t)-ﬁf[ beo(t)+ ifo eu(7)dr |

(2.13)
sin(©(?))
yref (t) = 2wa 1o(2) Sin(@(t) - 2?”)

pcc,abe

sin(©(t) - 42)
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Figure 2.35: VSG control strategies for REZs: (a) Active power control, (b) Frequency
droop emulation, and (c) Voltage control.

2.16.2.3 Power Synchronization Control (PSC)

PSC is a GFM control strategy designed to enable the stable integration of IBRs in
weak grids such as those commonly found in REZs [148, 161, 226]. Unlike PLL-based
controllers, which rely heavily on grid strength, PSC emulates SG behaviour by aligning
the inverter’s internal angle with the power angle of the grid. This approach improves
stability under low SCR conditions and enhances dynamic response during disturbances.
As illustrated in Figure 2.36, the active power control loop 2.36(a) utilizes a synchronizing
mechanism where the phase angle is regulated via an integrator with gain K;g C. while
the reactive power control loop 2.36 (b) employs a direct voltage feedback with gain Kgf C

The resulting control dynamics are governed by:

07 (t) = 0*(t) + KESC f (P’ )~ P)) dt

(2.14)
ref _ o * L gPSC, Qref_Q
Upcc,d =v Qu

These equations collectively ensure both angle synchronization and voltage support,

making PSC a robust candidate for inverter-dominated REZ applications.
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Figure 2.36: PSC block diagrams for angle (a) and voltage (b) control in REZ-integrated
inverter systems.

2.16.2.4 Synchronverter Control

Synchronverter control is another GFM technique that virtually replicates the physical
dynamics of synchronous machines, thereby enabling IBRs to contribute to the power
system’s inertia and damping [161, 226]. This emulation is particularly valuable in REZs,
where conventional SG is limited and system strength is low. As depicted in Figure 2.37,
the control structure integrates a virtual swing equation, damping terms D, and D4, and
electromagnetic torque generation through current-voltage interactions. The inverter
terminal voltage reference is computed using the internal angle 67¢, excitation current

ir, and modulation factor M, leading to:

sin(@7el)
ref

vpcc,abc

sin (07 + 2?”)

The corresponding electrical output power and reactive power are derived as:
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io.qsin(07¢")
Pe :Mfifa)* io,b sin(@ref - %T)

io.csin (07 + %”)
(2.16)
loa cos(07el)

Q=—-0""Myif |i,,cos (07 - 2x)
ioccos (07 + %”)

These equations ensure the inverter behaves in synchrony with the grid while offering

dynamic voltage and frequency regulation capabilities crucial for REZ stability.
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Figure 2.37: Synchronverter-based GFM control architecture for stable inverter integra-
tion in REZs.

2.16.2.5 Matching and Virtual Oscillator Based Control

Matching control is a GFM control strategy designed to replicate the voltage-current

dynamics of synchronous machines by aligning the inverter’s internal dynamics with
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that of the grid [148, 161, 180]. It ensures that the inverter naturally synchronizes with
the grid while contributing to voltage support and frequency stability, key requirements
in weak-grid environments such as REZs. As illustrated in Figure 2.38a, the control
framework leverages the DC-link voltage v4. to generate a virtual frequency signal w via
a proportional gain kg, followed by angle integration to obtain ©"¢f. The outer voltage
loop regulates the magnitude u through a PI controller, which modulates the reference

output voltage vector as:

rof —sin(@"¢/)
Vpec.ab = M (2.17)
cos(O¢f)
Here (2.38a), i is governed by:
ki), .
K= kp + ? (vpcc - ”Upcc,dq ”) (2.18)

By tightly coupling voltage generation with the inverter’s internal state, matching
control enables fast and robust voltage regulation under fluctuating grid conditions,
promoting reliable inverter-grid interactions in REZ applications [226].

VOC is a time-domain, nonlinear control strategy that enables GFM to synchronize
through self-organized dynamics rather than relying on PLL or GFL feedback [161].
Inspired by nonlinear oscillator theory, VOC operates by emulating a damped LC os-
cillator whose voltage and current dynamics drive synchronization with the grid. As
shown in Figure 2.38b, the VOC structure consists of a virtual inductor L,,, capacitor
Cyo, and a nonlinear damping function f(vy,,1L 4,) that introduces limit-cycle behavior.

The oscillator’s internal dynamics are described by:

dig, dv }
vod—t,vo = Uyo, Cvo_vo =lin _f(vvo,lL,vo) (2.19)

The nonlinear function f(vy,,iL 40) is often chosen to match Van der Pol or Duffing
oscillator characteristics, enabling robust phase and frequency locking under varying load
or grid conditions. The output current is regulated via a gain k;, ensuring appropriate

power injection as:

lo=Fkiiin (2.20)

By coordinating inverter behavior through physical oscillator emulation, VOC facili-

tates decentralized synchronization, making it highly suitable for weakly interconnected
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or inverter-dominated REZs [161, 227]. The following section presents strategic control

solutions tailored to the operational needs of inverter-dominated REZs.

2.16.2.6 Strategic Control Solutions for Inverter-Dominated REZs

Table 2.20 presents a targeted comparison of inverter control strategies for REZs, focusing
on their adaptability to weak grids, low inertia, and limited communication. Droop-
based methods are simple and decentralized but lack inertia support, making them less
effective in dynamic REZ conditions [161, 228, 229]. VSG and Synchronverter controls
offer synthetic inertia and improved damping but can suffer under measurement delays
and fault stress [227-229]. PSC and Matching Control enhance synchronization in low-
SCR networks without relying on PLLs, but may lack dynamic flexibility [148, 161].
Emerging strategies, such as VOC, offer decentralised and fast synchronisation suitable
for microgrids, although large-scale validation is still in its early stages [226, 227,
230]. Overall, each method offers trade-offs, and their deployment must align with
the specific needs of REZ configurations. These considerations set the stage for the
following discussion on GFM-GFL coordination, addressing interoperability challenges

and communication-based control.

2.16.3 GFM-GFL coordination

2.16.3.1 Interoperability Issues

In renewable-rich power systems, effective coordination between GFM and GFL inverters
is critical to maintaining system stability, particularly under weak grid conditions. As
shown in Table 2.21, the coexistence of PLL-based GFL inverters and droop- or VSG-
controlled GFM units can lead to issues such as sub-synchronous oscillations, harmonics,
and control-loop interference [5, 6, 147, 179, 231]. Researchers in [149] address this
challenge by proposing an Online Short-Circuit Ratio (OSCR) estimator that enables
adaptive switching between GFL and GFM modes, improving small-signal stability in
systems with high inverter penetration. In another approach, [223] demonstrates the
benefit of unified hybrid control strategies that combine GFM and GFL branches to

ensure smoother mode transitions.
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Table 2.20: REZ-oriented comparison of inverter control strategies

REZ-Relevant

REZ-Specific

REZ-Specific

Method Topology Features Advantages Limitations
Common features Fully decentralized; requires only local | Easy to deploy across REZs with limited comms or | No inertia or damping; not suitable for high renew-
(a) measurements. SCADA. able variability.
Droop | (al) Single-loop Basic frequency and voltage droop; mini-| Fast implementation in low-complexity REZ nodes. | Inaccurate reactive power sharing in weakly meshed
Control mal control complexity. REZs.
(a2 )Multi-loop Includes inner voltage and current con-| Better control for long REZ feeders with high | More sensitive to tuning; less robust under intermit-
trol loops. impedance. tency.
(a3 )YUDE-based Handles uncertainty and model mis-| Stable reactive power sharing under grid distur-| Limited to reactive power; lacks active power control
match. bances. needed in REZs.
(a4) Adaptive Adjusts droop coefficients and virtual | Maintains stable operation in REZs with high wind/-| Computational complexity may challenge real-time
impedance in real time. solar variability. use in edge devices.
(b) Common features Emulates SG swing equation; provides | Improves small-signal frequency stability in low-| Active-power oscillations can appear in very weak
VSG virtual inertia and damping. inertia REZs; supplies fast inertial support without | grids; effective inertia drops if measurement delays
Control extra hardware. grow.
(b1) VSG (no PLL) Pure voltage-source mode, avoiding PLL | Lower overshoot and better damping useful for REZ | Slower frequency transients may hinder FFR com-
sensitivity. feeders with rapid power ramps. pliance in high-renewable events.
(b2) VSG with | Adds droop to track system frequency via | Faster dynamic response than basic VSG helps sta-| PLL-cascaded structure can lose voltage support dur-
frequency-droop PLL; mixes inertia with primary control. | bilize REZ nodes with severe PV variability. ing faults; less effective in very weak REZs where
(uses PLL) PLLs struggle.
(c) Common features Uses angle-power balance directly; no re-| More resilient than GFL in low-SCR REZs; suitable | No inertia or damping support,Ailimiting dynamic
PSC liance on frequency derivative; PLL op-| for weak-grid synchronization. stability during REZ-wide disturbances.
tional.
(c1) PSC with PLL Switches to backup PLL during faults. Enhances voltage support during faults in weak REZ | Suffers from frequency swings during faults; sensi-
feeders. tive to power mismatch.
(c2) Robust PSC Includes robust tuning for DC link and | Helps maintain stability margin in REZs using DC-| Not compatible with (b1) type controllers; limited
power control gains. coupled assets (e.g., BESS, PV). scalability for multi-inverter REZs.
Common features Emulates SG; provides synthetic inertia | Enhances frequency stability and inertial response | Can cause oscillatory power and excessive current
(d) and damping. in low-inertia REZs. injection during REZ faults.
Synczlro- (d1) Fast current loop | Includes delay compensation, frequency | More robust to sensor/processing delays in weak and | No major fault limitation; risk of overcurrent in low-
verter droop, and virtual capacitors. imbalanced REZ networks. SCR REZs.
(d2) Virtual | Controls output current via virtual induc- | Reduces fault current and stabilizes transient events,| Complex to tune and implement across diverse REZ
impedance-based tors (5th-order model). useful for fault-prone REZ lines. assets.
(d3) With FRT capabil-| Integrates FRT strategies: average and | Helps mitigate oscillations and ensures current-| May require fast coordination with external grid-side
ity enhanced power control. limited response during faults,Aicritical for REZ pro-| protections.
tection compliance.
Common features Establishes a direct analogy with SGs | High robustness under DC current constraints; ben-| All control depends on a single gain,Ailimits flexibil-
(e) without needing inner voltage/current | eficial for converter-heavy REZs. ity in diverse REZ operating conditions.
Matching| loops.
Control
® Common features Time-domain nonlinear control based on | Easy to implement in decentralized REZs; fast syn-| Still under research; lacks validation in large-scale
VvOC oscillator dynamics; does not rely on PLL | chronization and power sharing in low-inertia micro-| or fault-prone REZ environments.

or voltage loops.

grids.

(f1) Classical VOC

No P/Q sensing; current-controlled; sim-
ple setup

Suits inverter-heavy REZs with limited sensing

No voltage control; limited dispatchability

NOILVYDHLNI
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Figure 2.38: (a) Matching control and (b) VOC-based control for inverter synchronization
in REZs.

Studies such as [224] further reveal that uncoordinated GFL operation can weaken
grid strength, especially without the support of GFM anchors or fast-responding BESS
with prioritized reactive power control. As indicated by [232], such coordination is partic-
ularly relevant for REZs, where varying SCR demand requires flexible and interoperable

control frameworks.

2.16.3.2 Communication and Decentralized Control

In contrast to the centralized scheduling frameworks traditionally employed by GFL
systems, GFM inverters facilitate decentralized operation by inherently supporting
autonomous synchronization and voltage regulation without continuous communica-
tion [3, 150, 233]. Nonetheless, hybrid configurations involving both GFM and GFL
units, such as those described in Table 2.21 necessitate partial coordination to maintain
system-wide stability, particularly under varying strength conditions. To address this,
advanced coordination schemes have emerged, including grid-forming setpoint broad-
casting [232], hierarchical voltage control [157], and agent-based dispatch mechanisms
leveraging local droop or VSG tuning [27]. The 2024 Integrated System Plan (ISP) by
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AEMO [3] underscores the importance of establishing communication-assisted GFM
zones within REZs, enabled by dynamic system strength assessments and hybrid control
paths. Complementary studies [223, 232] further indicate that integrating predictive
control with event-triggered communication can achieve scalable inverter coordination
with minimal latency and reduced bandwidth overhead, supporting both reliability and
cost-effective deployment in future REZ architectures. These advancements directly

inform the following discussion on their impact on overall grid stability.

Table 2.21: Control Approaches and Coordination Strategies in GFL and GFM Systems

Control Do- | Method Key Features Ref
main
GFL, GFM, PLL with dq PI, PSC, Unified PLL Tracks voltage phase;enhances sta- [147,
Hybrid + Droop, Reactive-Power-Prioritized bility under low SCR; supports adap- 149,
VSC tive switching (GFL — GFM); ensures 223,
black-start and LVRT; prioritizes re- 224]
active support in weak grids
GFL, GFM, PLL with dq PI, Power Synchroniza- | Enhances voltage phase tracking, sta- [6, 148,
Hybrid tion Control, VSG-based Droop Con- | bility under low SCR, and adaptive 179,
trol, Unified PLL + p-w Droop, Virtual switching; emulates inertia (VSG); 234]
Inertia with FFR supports LVRT, black-start, ancillary
services, and FFR for nadir improve-
ment.
GFMI Control; Real-world GFM pilots with phasor Demonstrates GFM roles in strength, [26,
IBR System In- | validation; multi-operator IBR inte- | RoCoF arrest, and SynCon replace- 193,
tegration gration study; RMS comparison of | ment; highlights IBR risks across 5 235,
droop, VSG, and synchronverter in grids; quantifies nadir and voltage re- | 236]
weak grids; frequency-shaping con- | covery of GFMI strategies; introduces
trol for low-inertia systems. nadir-free frequency-shaping control;
includes real, simulated, and hybrid
validations for REZ design.
Hybrid GFM, | Adaptive mode-switching based Enables seamless GFM-GFL tran- | [149,
GFL Control on Operating Short Circuit Ratio sition; improves frequency stability, 223,
(OSCR); Unified hybrid control fusing black-start, and LVRT; uses decen- 232]
GFM and GFL branches; p-w droop tralized EMT and small-signal vali-
with PLL-based synchronization dation; suited for REZs with varying
SCR and inertia.
Hybrid Hybrid Control Converter with paral- | Supports seamless transition and [3, 150,
Control lel GFM-GFL paths; Multi-stage REZ inertia via hybrid VSC; REZ plan- | 232]
(GFM/GFL) planning via AEMO’s ISP; Scenario- | ning considers resource, network, and
and Integrated based dispatch and co-optimization Indigenous factors; ISP uses half-
REZ Planning with network constraints hourly dispatch, Monte Carlo outages,
and long-term outlook; 35-43 REZs
mapped for actionable deployment.

2.16.4 Impact on Grid Stability
2.16.4.1 Frequency Nadir and RoCoF

The deployment of GFM inverters significantly enhances frequency stability in low-

inertia networks by reducing the RoCoF and improving frequency nadir through virtual
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inertia and FFR mechanisms. As summarized in Table 2.22, GFM inverters provide
instantaneous frequency support via VSG and droop-based control strategies, enabling
RoCoF reduction by up to 50% and achieving sub-second FFR [148, 157, 166, 224, 234,
235].

In contrast, GFL inverters exhibit delayed and limited frequency response due
to their dependence on PLL and current injection, making them vulnerable during
frequency excursions and high RoCoF events. Real-world evidence from [237] in the
100% renewable Kauai system demonstrates GFM efficacy in maintaining RoCoF within
=+ 1 Hz/s. Additionally,[166] reveals that GFM-based BESS configurations require 25%
less energy capacity than their GFL counterparts to ensure compliance with frequency
stability standards. Analytical insights from [234] further quantify the influence of
inertia and damping parameters on dynamic frequency behavior, providing a practical
basis for GFM tuning in REZs.
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Figure 2.39: Structural overview of a hybrid inverter control framework integrating
GFM and GFL functionalities for REZ applications.

2.16.4.2 Inertia and Voltage Support

GFM inverters significantly enhance system resilience by providing synthetic inertia
and robust voltage support, especially under weak grid conditions common in REZs. As
shown in Table 2.22, GFM technologies such as droop control, VSG, and synchronverter
frameworks offer FFR, reduced RoCoF, and stable voltage recovery, even during severe
disturbances [148, 157, 193, 235]. These capabilities enable functions like black-start and

sustained operation under low SCR, outperforming conventional GFL inverters that often
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fail to maintain synchronization below SCR of 3 [166, 234]. Real-world implementations,
such as the Kiamal solar farm retrofit with a synchronous condenser [238], exemplify how
system strength and inertia can be bolstered through hybridization. Additionally, studies
show that a 100 MVA GFM-VSC can resynchronize nearly three times faster post-fault
than an equivalent synchronous machine, improving voltage recovery and minimizing
downtime [239]. Hybrid GFL-GFM schemes further improve system adaptability by
switching between control modes based on grid strength or power conditions, thereby
combining the robustness of GFM with the flexibility of GFL [149, 223, 232]. Figure 2.39
shows the structural overview of a hybrid inverter control scenario integrating GFM and
GFL functionalities for REZ applications in [240] The Illawarra urban REZ project [241]
underscores the growing need for such coordinated control strategies to meet grid-wide

voltage and inertia objectives in urban-integrated REZs.

Table 2.22: Comparison of Stability Contributions from GFL and GFM Inverters

Inverter Frequency Support Capability Voltage Support / FRT Capa- | Ref.
Type bility
GFL Limited via current control; RoCoF Susceptible to SCR instability; [148,
~0.5 Hz/s; slower recovery (1.2 s) loses PLL lock at SCR<3; weak 166,
FRT 224]
GFM Virtual inertia reduces RoCoF by Provides robust FRT, voltage ref- | [148,
~50%; FFR (~0.5 s) erence holding, black-start; stable 166,
at SCR<3 224]
GFL PLL-based current injection; limited Susceptible to SCR instability, re- | [157,
frequency response; susceptible to Ro- | lies on grid strength; weak volt- | 234,
CoF excursions and delayed FFR re- | age recovery; unable to maintain 235]
sponse (e.g., 100 ms delay for VI) voltage reference during faults
GFM Virtual inertia provision with Provides robust voltage forming; [157,
droop/VSG/VSM; instantaneous enables black-start, LVRT/HVRT, 234,
frequency forming; reduces RoCoF fast FRT; sustains voltage at PCC 235]
and improves nadir; primary FFR during sag or fault
response improves dynamic resilience
GFM Droop enables fast active power sup- | VSG and synchronverter improve [193,
port; VSG and synchronverter emu- | voltage recovery and reactive 236,
late inertia and damping; frequency- | power control; filtered droop en- | 239]
shaping eliminates nadir with tun- | sures voltage stiffness and fast
able RoCoF; filtered droop achieves FRT with tunable current limits.
SC-like inertial response.
Hybrid Adaptive/unified schemes switch be- | Support LVRT, voltage regula- | [149,
GFL- tween droop/VSG and PLL based on tion, and fast FRT; enable black- 223,
GFM SCR or power; enhance RoCoF, emu- | start and voltage stiffness in weak 232]
late inertia, track power; include fre- or islanded grids; ensure reac-
quency shaping and synthetic inertia. tive power accuracy and seamless
mode transitions.
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Table 2.23: Control Requirements for REZs Integration

REZ Control Ob- Required Inverter Capabil- Challenges Ref.
jective ity
Frequency Stability GFM with virtual inertia, RoCoF containment, low inertia mar- [234,
and Inertia Support droop/VSM control, and FFR gins, synchronization with GFLs, 235,
under High Renew- | coordination (GFM and en- | weak grid stabilization, lack of stan- | 237]
able Penetration hanced GFL); integrated with dardized performance metrics
system-wide inertia estimation
Stability Under Adaptive switching between SSCI suppression, dynamic voltage [149,
Weak Grid and SSCI GFL/GFM, droop/VSM-based instability, mode-switching under low 224,
Conditions GFM, reactive-priority GFL, SCR, RoCoF containment, DC-link 231]
and PLL/VSC tuning in BESS and PLL instability under fast tran-
sients
Unified GFM-GFL HCCs with parallel GFM/GFL Lack of unified control to deliver both [3, 27,
Control and REZ Op- | branches, GFMI emulation precise power tracking and grid sup- | 232]
erational Planning strategies, inverter perfor- | port; absence of quantifiable metrics
mance benchmarks in REZs for inverter performance in REZs;
planning uncertainty in inverter-
based REZ deployment
Frequency Shaping, | GFM inverters with frequency- | Eliminating nadir and RoCoF in low- | [236,
System  Strength, shaping control, synchronous inertia grids, mitigating oscillations 238,
and Coordinated condensers for short-circuit in inverter-dominated microgrids, en- 242]
Inverter Stability in strength, and dual-loop VOC for suring voltage/frequency stability in
Low-Inertia REZs multi-inverter stability weak networks, and tuning nonlinear
controls under parasitic conditions

2.16.4.3 Control Strategies and Operational Needs for REZ Integration

The successful integration of REZs into weak transmission networks demands advanced
inverter control strategies tailored to diverse stability challenges. As summarized in
Table 2.23, GFM inverters equipped with virtual inertia, droop or VSM control, and FFR
are essential for maintaining frequency stability and mitigating the impacts of reduced
inertia and high RoCoF events in REZs [234, 235, 237]. In weak grids prone to SSCI,
adaptive control schemes, capable of switching between GFL and GFM modes, reactive-
priority GFL operation, and coordinated PLL tuning in BESS are required to manage
transient instabilities and mode-switching under low SCR conditions [149, 224, 231].
To address the dual need for precise power tracking and grid support, hybrid control
configurations such as HiCCs with parallel GFM/GFL branches and GFMI emulation
are gaining traction, despite the current absence of standardized performance metrics
in REZ environments [3, 27, 232]. Furthermore, system-wide stability in low-inertia
REZs necessitates coordinated frequency shaping through nonlinear GFM schemes,
synchronous condensers for short-circuit strength, and voltage oscillation damping
using VOC [236, 238, 242]. Collectively, these control strategies emphasize the need for
dynamic, context-specific inverter functionalities and robust operational planning to

ensure reliable REZ deployment. This necessity is further discussed in the next section.
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Table 2.24: Key Australian REZ projects using GFM inverters to support renewable
integration and grid stability.

Project Rated
J Main function/ Power
Name Year Inverter Key Attributes & Ener
/REZs Loca- Type y ood
tion Capacity
Hornsdale GFM
Power SA 2017- Large scale battery providing FFR 150MW/194MWh
(BESS)
Reserve 2020
Dalrymple |\ 2018- GFM GFM battery enabling islanded oper- | 30MW/SMWh
ESCRI (BESS) .
2019 ation support.
Wallgrove | sw | 2020- Gi'M Synthetic inertia and FFR 50MW/75MWh
BESS 2024 (BESS)
Wandoan QLD 2022 GFM Provides grid stability, frequency reg- 100MW/150MWh
South (BESS) . . .
ulation, and supports RE integration
Broken Hill NSW 2025 (]g}gévls) GFM backup and firming support 50MW/50MWh
NSW 2026 GFM GFM storage for grid stability. 500MW/1000MWh
. . (BESS)
Liddell Project
GFM . .
Palmerston - System strength and inertia support. 100MW/200MWh
Tasm- (BESS)
ania
GFM . .
SA 2023 Grid stability, fast-start backup gen- | 250MW/250MWh
(BESS) .
Torrens Island eration
NSW 2021 — Integrate large-scale renewables into 6000MW/7700MWh
Central-West grid
Orana
GFM . .
NSW 2021 Enable large-scale RE integration. 8000MW/30000MWh
(BESS)
New England
NSW 2023 — Facilitate renewable energy integra- 1000MW/—
Hunter- tion and grid modernization.
Central Coast
GFM . .
South West NSW 2021 Enable large-scale RE integration 2500MW/—
(BESS) . . .
and support weak-grid regions with
firming/storage capacity
Illawara NSW 2023 — Facilitate the development of RE 17000MW/—
projects

2.17 Real-World Implementation in Australia

2.17.1 Overview of Implemented REZ Projects

Australia has emerged as a global test-bed for high-renewable, inverter-rich power
systems, with several REZs now featuring GFM-BESS. As summarised in Table 2.24,
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these projects span all mainland NEM regions and already account for over 11 GW of
committed or operating capacity, with power ratings from the 30 MW Dalrymple North
ESCRI system in SA to the 8 GW New England REZ in New NSW. Early deployments
such as the Hornsdale Power Reserve (150 MW/194 MWh) and Wallgrove BESS (50
MW/75 MWh) have proven that GFM inverters can deliver FFR, synthetic inertia,
and voltage support in weak grids, thereby providing a technical foundation for larger
REZ roll-outs [161, 187]. Concurrently, the AEMO’s Renewable Integration Study and
Engineering Framework have set detailed performance envelopes for IBRs, enabling
tariff, connection, and market reforms that accelerate the uptake of GFM technology [20].

A second wave of projects, including Wandoan South in Queensland (100 MW/150
MWh), Broken Hill in far-west NSW (50 MW/50 MWh), and the 500 MW/1 GWh Liddell
BESS repurposing a retiring coal site, illustrates the transition from demonstration to
system-critical applications. These installations are designed not only to supply firming
and contingency services but also to unlock gigawatt-scale renewable hosting capacity in
their respective REZs. For instance, Central-West Orana (6 GW/7.7 GWh) and Illawarra
(17 GW) adopt a "hybrid" pipeline model in which dedicated system-strength batteries
operate alongside wind and solar plants to maintain a secure operating envelope under
low-inertia conditions [170, 243]. Collectively, the projects in Table 2.24 demonstrate that
GFM-equipped BESS can meet or exceed SGs performance standards, particularly for
RoCoF containment and islanded grid operation, thereby providing a replicable blueprint
for future high-penetration grids worldwide [23]. The effectiveness of these deployments
is further evidenced by recent grid performance outcomes, which are explored in detail

in the next section.

2.17.2 Grid Performance Outcomes
2.17.2.1 Voltage Stability and Black Start

Voltage stability remains a key challenge in REZs with high IBR penetration, particularly
under low SCR conditions. Observations from projects such as Hornsdale and Dalrymple
confirm that GFM inverters, with inherent voltage-forming capability, enable rapid
voltage recovery, typically within 0.48 to 2 seconds, through dynamic reactive support
and voltage stiffness [179, 181, 193]. Additionally, Table 2.25 highlights that GFM
inverters, particularly when integrated with BESS, can autonomously perform black-
start sequences, a feature demonstrated in pilot projects such as RINGO [160, 161,
181]. These capabilities, also validated by AEMO, support islanding and reconnection
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operations, thereby improving grid restoration and overall resilience.

2.17.2.2 Frequency Regulation and Fast Response

As detailed in Table 2.25, GFM inverters demonstrate superior performance in frequency
regulation by delivering fast inertial responses via virtual inertia mechanisms. Observed
rates of change of frequency (RoCoF) in REZ deployments typically range between 0.38-
0.44 Hz/s, with frequency nadirs recorded between 49.57-49.62 Hz [226, 244]. GFM
inverters, through advanced controls such as droop response and virtual synchronous
machine emulation, significantly lower RoCoF and improve frequency nadir stability

within the first few seconds of a disturbance.

Table 2.25: Performance Metrics Observed in REZ Deployments with IBRs

Metric Typical Value GFM Benefit Comparison with Refs.
(Observed) GFL
Frequency RoCoF  (0.38- | GFM provides fast iner- | GFL uses PLL and [226,
Response 0.44 Hz/s), nadir tial response via virtual droop only, no inertia; 244]
Time (49.57-49.62 Hz) inertia (3s), better nadir, results in higher Ro-
lower RoCoF, faster return CoF and deeper nadir,
to steady state slower return
Voltage ~0.48 s [179]; Fast voltage restoration GFLs lack voltage- | [179,
Recovery ~1-2 s [193] via reactive support and forming ability; delayed 193]
Time voltage stiffness, effective or poor recovery under
in weak grids low-SCR
Black- Qualitative GFM inverters (especially GFL inverters rely on [161,
start (based on pilot BESS-based) enable external voltage refer- | 181]
Sequence deployments autonomous black-start ence, incapable of ini-
like RINGO) without SG dependency; tiating black-start au-
supports resilient restora- | tonomously
tion in weak/remote grids
RoCoF <1 Hz/s during GFM  (droop/PSC/VOC) GFL shows higher Ro- | [177,
Control black-start; fre- | provides virtual inertia, CoF and slower damp- | 245]
Margin quency nadir im- | reduces RoCoF, and en- | ing due to reliance on
proved by 20- | hances dynamic stability external voltage refer-
30% in weak grids ence

In contrast, GFL inverters lack inherent inertial capabilities due to their dependence
on PLLs and droop control alone, resulting in higher RoCoF values and deeper frequency
nadirs. The improved dynamic response of GFM systems not only facilitates faster return
to steady-state conditions but also enhances resilience in weak grid environments with
low system inertia [177, 245], setting the stage for the next section on economic and

regulatory implications of their large-scale deployment.
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2.17.3 Economic and Regulatory Implications
2.17.3.1 Cost-Benefit Trade-offs of GFM Integration

The integration of GFM inverters into REZs presents a strategic tradeoff between higher
initial investment and long-term system-wide benefits. Although GFM technologies
entail elevated capital costs and more complex commissioning compared to traditional
GFL inverters, emerging evidence from Australian REZ deployments indicates that
these costs are offset by a range of economic and operational advantages. Studies have
shown that GFM-enabled systems can replace or reduce the reliance on synchronous
condensers, avoid renewable energy curtailment, and improve network resilience under
low inertia conditions [29, 246, 247]. Quantitative analyses from demonstration projects
in SA and NSW have highlighted that the inclusion of GFM inverters, particularly when
coupled with BESS, enhances frequency and voltage stability, thereby deferring network
upgrades and reducing the risk of load shedding [248, 249]. These findings underscore
that while upfront expenses are higher, the overall life cycle benefits including increased
hosting capacity, reduced FCAS procurement, and improved compliance with system
strength frameworks, justify GFM deployment in weak grid REZ contexts. The following
subsection explores how market incentives and policy support can further accelerate this

transition.

2.17.3.2 Market Incentives and Policy Support

The increasing penetration of IBRs has necessitated a regulatory shift towards market
frameworks that actively incentivize advanced inverter functionalities, particularly GFM
capabilities. In response, the AEMO has introduced a suite of technical and economic
instruments, including the "Minimum Inertia Requirements" and the development of
FFR markets, to monetize critical services such as frequency containment and virtual
inertia provision [162, 250]. These mechanisms aim to create new revenue streams for
IBRs capable of delivering essential system services traditionally offered by synchronous
machines.

In parallel, state-level investment schemes and infrastructure roadmaps have in-
creasingly aligned with the ISP, ensuring a supportive policy environment that reduces
investor uncertainty and encourages the deployment of GFM-enabled assets [143, 251].
Furthermore, industry case studies, such as those conducted in the West Murray Zone,
demonstrate that policy support, combined with appropriate technical standards, can

unlock both stability benefits and increased renewable hosting capacity [252]. This in-
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tegrated approach to market design and policy coordination is especially critical for
REZs, where economic viability and system reliability must be balanced to enable a
secure transition to high-renewable, low-inertia grid conditions. The next subsection
examines the remaining challenges and lessons learned, focusing on integration barriers,

engineering constraints, and operational gaps.

2.17.4 Challenges and Lessons Learned
2.17.4.1 Integration Barriers

Despite significant progress in inverter technology and control frameworks, the integra-
tion of IBRs into weak and high-renewable grids continues to face persistent challenges.
One of the foremost issues is the absence of robust, standardized testing protocols that
reflect the unique operational conditions of Australian networks, particularly in low-
voltage and distribution-level settings with high penetration of rooftop PV and residential
battery systems [253]. This gap leads to variability in inverter responses across different
manufacturers and limits the predictability of system-wide behavior. Compounding this
issue is the lack of real-time visibility into inverter capabilities, such as FFR, inertia
emulation, and FRT performance hindering the ability of system operators to coordinate
and dispatch resources effectively during dynamic events [254].

Furthermore, grid planners often struggle to validate the performance of GFM
inverters in non-ideal network conditions, such as those characterized by low SCR,
high harmonic distortion, and limited system damping. These validation difficulties are
especially pronounced when multiple vendors with varying control implementations are
integrated into a single REZ, leading to interoperability concerns and increased risk of
instability during faults or switching events [33]. The complexity of managing mixed
GFM and GFL units without a unified control hierarchy adds another layer of difficulty,
particularly when relying on decentralized droop-based responses in the absence of
a system-wide frequency or inertia estimation framework. Addressing these barriers
requires coordinated standards development, improved data sharing mechanisms, and
enhanced simulation and testing methodologies that can reflect real-world operating

challenges in REZ deployments.

2.17.4.2 Engineering and Operational Gaps

Despite promising demonstrations of GFM converters, several engineering limitations

hinder their seamless integration into high-IBR power systems. Contemporary planning
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frameworks still rely heavily on conventional system strength indicators, such as SCR
and its variants, which fall short of capturing the fast dynamics introduced by GFM units,
particularly in weak-grid environments like REZs[183]. This mismatch often results
in poorly defined fault level envelopes, ambiguous protection settings, and inadequate
specifications for inertia support. Additionally, the lack of streamlined coordination
among Transmission Network Service Providers (TNSPs), inverter manufacturers, and
system operators such as AEMO contributes to prolonged commissioning timelines. As
reported across various pilot projects, repeated iterations of EMT and RMS validation
cycles are common, reflecting the fragmented nature of model development and tuning
procedures [187].

Operational challenges further compound these engineering issues. Existing dispatch
frameworks and ancillary service markets are designed around SG behaviors and have
not yet evolved to accommodate the autonomous functionalities of GFM-based inverters,
such as synthetic inertia, voltage source operation, fast frequency response, and islanding
support [255]. As a result, many of the advanced capabilities of GFM systems remain
underutilized in day-to-day grid operations. Addressing these challenges calls for the
development of integrated system-strength assessment tools, standardised performance
validation protocols, and market reforms that recognize and reward GFM-specific services.
Without such systemic updates, the transformative potential of GFM technologies will
remain constrained, particularly in future grids dominated by IBRs. This underscores
the need for a strategic transition pathway, which is discussed in the following subsection

with a focus on promoting inverter technologies in REZs.

2.18 Discussion and transition pathway to promote

inverter technologies in REZs

The rapid evolution of Australia’s REZs, driven by the nation’s decarbonization com-
mitments under SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate Action),
necessitates a strategic transition in inverter technologies. As traditional SGs are phased
out, IBRs, particularly GFMI and GFLI are becoming foundational to the stability and
reliability of future power systems. Compared to legacy mechanical-based systems, ad-
vanced inverters provide precise and rapid response capabilities, superior frequency
regulation, and enhanced voltage support [161, 180, 230]. Their deployment is especially
critical in weak grid conditions, where low inertia, high variability of renewables, and

spatial isolation increase the likelihood of instability and blackouts [148, 256]. Figure
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2.40 illustrates the key enablers, current developments, and existing challenges associ-
ated with the transition pathway for promoting inverter technologies in the integration

of REZs within low-inertia grids.

The operational complementarity between GFM and GFL inverters defines a promis-
ing transition pathway. GFM inverters emulate the dynamic behavior of SGs by estab-
lishing voltage and frequency references, enabling autonomous operation even under
islanded or weak grid conditions. Conversely, GFL inverters rely on external grid signals
to synchronize and inject power, making them ideal for high-efficiency energy conversion
when grid strength is sufficient [161, 177, 245]. Coordinated deployment allows GFM
inverters to stabilize the grid and provide GFM services, while GFL units maximize
generation output. Hybrid topologies combining both modes, especially in large-scale
solar and wind farms, can deliver system-level benefits by balancing dynamic stability

and operational efficiency [5, 171].

From a systems integration standpoint, inverter coordination enables enhanced
provision of ancillary services, including synthetic inertia, FFR, black-start capability,
and reactive power support. This is particularly relevant in REZs where the asynchronous
nature of renewables can otherwise reduce system strength. Strategic placement of GFM
inverters at critical nodes-such as weak grid endpoints or near major renewable clusters
can improve local voltage profiles and reduce reliance on synchronous condensers or
diesel generators [227, 228]. Meanwhile, advanced control schemes such as droop control,
VSM, and VOC are allowing GFM inverters to mimic the inertia and damping behavior

of conventional machines, enhancing transient stability in REZs.

However, significant regulatory and operational barriers persist. The absence of clear
performance standards for GFM behaviour, unresolved interoperability issues between
GFM and GFL units, and inadequate market signals for grid services limit the scalability
of inverter-based architectures [148, 177, 180]. Furthermore, current network planning
tools and protection systems are primarily designed for synchronous-dominated grids
and may not fully capture the dynamic interactions of multiple IBRs. To overcome these
barriers, grid codes must evolve to specify response times, FRT characteristics, and
harmonization protocols for mixed inverter environments. Simultaneously, simulation
tools and real-time monitoring systems should be upgraded to model GFM/GFL dynamics
with greater fidelity.

Technological innovation will continue to underpin the successful deployment of coor-
dinated inverter systems. Advances in power electronics, wide-bandgap semiconductor

materials, control algorithms, and digital twin-based validation platforms can enable
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superior accuracy, faster control loops, and more robust performance under system stress
conditions [190, 203]. Moreover, the digitization of power systems through high-speed
telemetry, machine learning-based state estimation, and dynamic hosting capacity as-
sessments can inform optimal inverter siting and real-time dispatch strategies. Emerging
concepts such as autonomous inverter clusters and GFM microgrids further demonstrate
the potential of inverter-based systems to serve as foundational building blocks in REZs.

In summary, promoting inverter technologies in Australia’s REZs requires a holistic
transition pathway that integrates policy support, advanced controls, digital infrastruc-
ture, and market reform. Coordinated deployment of GFM and GFL inverters offers a
technically robust and economically viable path to achieving high renewable penetrations
without compromising system security. By aligning this transition with national grid
modernization goals and international climate commitments, stakeholders can accelerate
the development of resilient, inverter-based REZs. This evolution not only addresses the
operational challenges of weak grids but also supports the broader vision of a carbon-
neutral, renewables-driven energy future. The final section presents the key findings

and conclusions drawn from this review.

2.19 Findings and conclusions

This study presents a systematic review of the cornerstone role played by IBRs in the
integration of Australia’s REZs. Driven by the environmental and economic limitations
of conventional fossil-fuel generation, the Australian government has prioritized REZ
development as a pathway toward a cleaner, more sustainable grid. The review begins by
exploring the concept of REZs and the associated grid integration challenges, particularly
within low-inertia, weak networks. It also traces the evolution of modern power systems
toward inverter-dominated architectures, identifying the growing inadequacies of SG-
based systems under high renewable penetration.

Focusing on inverter technologies, specifically GFM and GFL inverters, the review
provides a technical overview of their operation, supported by mathematical control
models and hierarchical control structures. It further analyzes REZ-specific constraints,
simulation environments used in modelling, benchmark test networks, and the per-
formance metrics commonly employed for validation. Real-world implementations of
GFM-GFL coordination are also reviewed to provide insight into practical deployment
challenges and system-level outcomes. Additionally, the study investigates advanced

control strategies such as droop control, VSM, and VOC, presenting a detailed feature
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matrix aligned with Australia’s REZ requirements.
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Weak Grids
— Integration Chall

. . .. ntegration Challenges
Pathways for Enhancement:  cypprent Grid Applications: in Weak Grids:
>Regulatory Frameworks and »Advanced Research and >Regulatory and
Market Design: Governments and Demonstrations: Australia is Standards Gaps: Lack of
regulators can introduce tailored deploying  large-scale  pilot defined technical
performance  standards, = market projects (e.g., ESCRI-SA) specifications ~ for ~ GFM
incentives, and compensation schemes showcasing coordinated GFM- operation, interoperability
for inverter-based services such as GFL control. Industry-led test with legacy systems, and

virtual inertia, FFR, voltage support,
and black-start capabilities.

»Innovation in Power Electronics
and Control: Breakthroughs in
adaptive inverter control strategies
(droop, VSM, VOC), and advanced FRT
capabilities enhance grid stability and
reliability.

»Intelligent Grid Management and
Data-Driven Control: Integration of
adaptive control and real-time phasor
measurements enables inverters to
operate in both grid-forming and grid-
following modes dynamically.
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developers, and inverter manufacturers
can accelerate the testing and
deployment of certified GFM-ready
inverters in REZs.

>Renewable Integration and
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net-zero and clean energy goals under
SDGs 7 and 13 are accelerating the shift
toward IBRs, which are essential to
replacing SGs and enabling
coordinated GFM-GFL operation in
high-renewable systems.
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and Low-Inertia Networks:
Inverter-based microgrids can improve
power quality, enhance reliability, and
enable renewable self-sufficiency in
remote REZ locations where
synchronous support is unavailable.

beds are validating performance
under high RE penetration.

»>Renewable Integration
Initiatives: IBRs are central to
REZ frameworks for managing
solar/wind intermittency,
reducing curtailment, and
maintaining system strength in
weak grids.
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plants and virtual power plants
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anchor frequency and GFLs to
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Figure 2.40: Strategic drivers, current practices, and key challenges guiding the transi-
tion to coordinated GFM-GFL inverter deployment in REZs with weak grids.
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Building on these findings, the review proposes a strategic transition pathway to ac-
celerate the adoption of inverter technologies in REZs. This includes regulatory support,
technical innovation, and coordinated deployment to achieve a more reliable, climate-
friendly, and economically viable power system. The review concludes by identifying
key directions for future research that can support the continued evolution of inverter-
dominated grids and ensure successful large-scale renewable integration across Aus-
tralia.

The major findings and conclusions of this study are as follows:

¢ Challenges in REZs integration: REZs face critical challenges, including re-
duced system inertia, low SCR, weakened voltage regulation, and increased RoCoF
due to high reliance on IBRs. These issues are especially severe in weak and remote
grids, where network strength is limited. Addressing these concerns requires the
development of advanced GFM-GFL control strategies, which should be a key focus
of future research and real-world deployment efforts.

* Limitations of SG dominated power system: Conventional SG-based sys-
tems provide essential inertia and voltage support but rely heavily on fossil fuels,
contributing to greenhouse gas emissions and environmental degradation. Their
centralized structure and limited flexibility also restrict the integration of variable
renewable sources. Future work should prioritize transitioning to cleaner, inverter-
based alternatives that support sustainable development goals while ensuring

reliable and resilient grid operations in renewable-rich networks.

* Inverter technologies as a promising solution: Inverter-based resources offer
enhanced controllability, modularity, and compatibility with renewable generation,
making them ideal for modern power systems. Coordinated operation between
GFM and GFL inverters enables the establishment of voltage and frequency ref-
erences while ensuring responsive power injection and system support. To fully
realize their potential, future work must focus on developing standardized coordina-
tion strategies, improving interoperability, and validating large-scale deployment

through real-world pilot projects and advanced simulation frameworks.

* Gaps in Modelling and Simulation Tools: Existing RMS and EMT platforms
inadequately capture the complex dynamics of both GFM and GFL inverters in low-
inertia, fault-prone grids. Challenges include limited resolution in control behavior,

poor harmonic representation, and lack of validated models for droop, VSG, VOC,

117



CHAPTER 2. COMPREHENSIVE LITERATURE REVIEW ON RENEWABLE GRID
INTEGRATION

and PLL-based GFL control. Proprietary vendor models hinder transparency and
benchmarking. Future work should focus on open-access, high-fidelity libraries to

support standardized assessments under weak grid conditions.

* Need for Large-Scale Field Validation and Standards: Despite successful
project-level demonstrations (e.g., Hornsdale, Dalrymple), Australia lacks a unified
national framework for testing GFM and GFL inverters. The absence of standard
protocols for black-start, synthetic inertia, and FFR compliance increases deploy-
ment uncertainty. Inconsistent commissioning practices across operators further
elevate costs. Future work must prioritize developing standardized validation
procedures and adopting national guidelines aligned with IEEE 2800 and Europe’s

RfG to ensure interoperability and scalability.

¢ Deployment of inverter technologies in Australia’s REZs: IBRs, particularly
GFM and advanced GFL inverters, are increasingly deployed in Australia’s REZs to
address challenges posed by declining SGs. Projects like Dalrymple and Hornsdale
have demonstrated their potential for system strength, frequency control, and
black-start capabilities. Future work should focus on expanding these deployments
through standardized technical requirements, coordinated planning, and real-time

validation to ensure reliable, scalable integration across all REZ developments.

¢ Australian projects on GFM (BESS): A growing number of REZ develop-
ments across Australia, such as Hornsdale, Dalrymple, and Central-West Orana,
have deployed GFM inverters with BESS to deliver fast frequency response, sys-
tem strength, and black-start capabilities. These projects range from pilot-scale
(B0MW/8MWh) to grid-scale (17000MW), enabling renewable integration and grid
resilience. Future work must focus on coordinated control strategies and perfor-
mance benchmarking to standardize GFM deployment across diverse grid condi-

tions.

¢ Control strategies: Grid-connected converters in REZs are classified into GFL
and GFM control structures. GFL systems rely on grid conditions and include PQ,
droop (current-controlled), and VSG (current-controlled) modes. In contrast, GFM
systems offer grid-supportive capabilities via droop (voltage-controlled), PSC, VSG
(voltage-controlled), Matching, Synchronverter, and VOC-based controls. Future
research should prioritize adaptive coordination between GFL and GFM units to

enhance dynamic grid stability in high-renewable penetration scenarios.
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¢ Future Directions and Strategic Transition Pathways: Advancing inverter
technologies for REZs requires coordinated regulatory frameworks, adaptive control
innovations, and large-scale GFM-GFL demonstrations. While hybrid integration
and grid modernization efforts are accelerating, significant gaps remain in stan-
dards, economic viability, and technical coordination. Future work should focus
on quantifying inverter contributions to system strength and developing scalable,

interoperable solutions for long-duration support in weak and low-inertia networks.

In conclusion, this study highlights inverter technologies, particularly GFM and
GFL inverters, as critical enablers for enhancing RE utilization and addressing the
challenges of weak grid environments in Australian REZs. Real-world deployments
such as the 150 MW/194 MWh Hornsdale Power Reserve in SA and the 500 MW/1000
MWh Liddell Project in NSW demonstrate the effectiveness of GFM-based BESS in
improving grid stability and minimizing curtailment. By examining IBR modelling
approaches, simulation environments, benchmark networks, performance metrics, and
real-world project applications, this review outlines a comprehensive road map for
advancing coordinated GFM-GFL deployment in REZs. These insights support the
broader transition toward clean, affordable, and sustainable energy systems aligned

with a zero-carbon future.

2.20 Chapter summary

This chapter reviewed the technical challenges and existing methodologies relevant to
renewable integration in weak transmission networks and REZ environments. The first
part synthesised current research on BESS applications for weak-grid stability and re-
vealed key gaps, including the absence of coordinated multi-layer controller optimisation,
limited system-level approaches to voltage stability and FRT enhancement, and the lack
of quantitative resilience metrics suitable for weak-grid evaluation. These gaps directly
motivate the cascaded control optimisation framework developed in Chapter 3. The
second part examined inverter-based control strategies, highlighting critical limitations
in existing studies such as insufficient coordination between GFM and GFL inverters,
incomplete understanding of multi-inverter interactions under low system strength, and
the scarcity of REZ-specific modelling insights for evaluating GFM strategies. These
shortcomings form the basis for the severity-aware coordinated BESS control framework

presented in Chapter 4.
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CHAPTER

WEAK-RENEWABLE-GRID STABILITY ENHANCEMENT

Chapter Composition

This chapter addresses Research Question 1 by developing a cascaded control
parameter optimisation framework to enhance voltage stability and fault-ride-
through performance in renewable-rich weak transmission networks. Building
on the gaps identified in Part 1 of the literature review, including insufficient
multi-layer controller coordination, the absence of a unified resilience metric,
and limited weak-grid optimisation methods, the chapter introduces a DRM that
captures transient voltage deviations, permissible fault-clearing durations, and
post-fault recovery behaviour. An enhanced PSO algorithm is then employed to
simultaneously tune plant-level, network-level, and converter-level controls within
a hierarchical structure. PSO is adopted due to its suitability for solving non-linear,
non-convex optimisation problems without requiring gradient information. It is
applied to optimise controller parameters and the GFM:GFL penetration ratio,
treated as a bounded decision variable and evaluated using the proposed stability
metrics. The framework is implemented on the Simplified 14 Generator Test Sys-
tem (Area 5), representative of Southeast Australia and evaluated against AEMC
and IEEE stability requirements. Case studies show significant improvements
in overshoot reduction, extended clearing times, and smoother recovery, demon-
strating the framework’s effectiveness in addressing weak-grid stability challenges

under high renewable penetration.
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3.1 Introduction

3.1.1 Background

The accelerating global transition toward low-carbon and sustainable energy systems has
encouraged large-scale renewable energy deployment, particularly solar photovoltaics
(PV) and wind power. The rapid adoption of these technologies has become a cornerstone
of global carbon neutrality efforts [13], supporting the reduction of dependence on fossil-
based generation [257]. Maintaining a diversified renewable portfolio is also recognized
as essential for long-term energy sustainability and system resilience [152]. Despite
their environmental and economic benefits, large-scale renewable integrations introduce
operational and stability challenges for conventional power systems. The intermittency
of renewable generation and the lack of physical inertia complicate voltage and frequency
regulation during network disturbances [43]. Inverter-interfaced resources differ funda-
mentally from synchronous machines because they lack mechanical damping and voltage
support mechanisms that have historically ensured stable system operation [12]. This re-
duced inertial response makes grid dynamics highly sensitive to faults and disturbances,
especially in weak transmission networks [258]. Such weak grids are characterized by
high line impedance, low short-circuit capacity, and limited reactive power reserves,
conditions commonly found in remote REZs where transmission development has not
kept pace with renewable expansion [13]. Reports from the Australian Energy Market
Operator indicate that these regions frequently experience reduced voltage stability
margins under high renewable penetration [12]. Similar assessments highlight that
inadequate grid reinforcement amplifies transient instability risks [43]. Consequently,
maintaining stable voltage profiles and ensuring robust fault-ride-through (FRT) capabil-
ity have become critical priorities for modern power systems, as emphasized by current

regulatory frameworks [155] and verified in recent analytical investigations [259].

3.1.2 Motivation

The stability challenges deepen due to the absence of self-synchronizing properties in
inverter-based resources. During network faults, poorly tuned inverters may disconnect
abruptly, leading to voltage dips, oscillations, and, in severe cases, cascading system
failures. Hardware-based protection schemes such as voltage booster circuits [260] and
fuzzy logic-controlled fault current limiters (FCLs) [261] have demonstrated effectiveness

in suppressing fault currents. However, these methods often offer limited reactive power
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support, delaying voltage recovery during post-fault transients. Optimization-driven
approaches, including multi-objective PSO techniques for reactive power coordination
[262], have partially mitigated this limitation but remain sensitive to system operating
conditions. At the same time, control-oriented improvements, such as real-time current
limiting for grid-feeding inverters [263], modified converter control for DFIG-based
wind systems [264], and low-voltage ride-through (LVRT) strategies employing current
relaxation zones [265] have enhanced individual inverter performance but lack scalability
across diverse renewable assets. Furthermore, weak networks with limited inertia
continue to experience frequency instability even under improved control settings [266].
These challenges collectively underscore the need for an adaptive, system-level control
framework capable of ensuring both voltage stability and fault tolerance in renewable-

rich grids.

3.1.3 Problem Statement

Although a wide range of control and protection schemes has been developed to enhance
grid performance during faults, most existing approaches address only isolated aspects of
system stability. Recent advances in grid-forming converter technology have introduced
adaptive FRT and current-limiting mechanisms [267], while complementary designs
aim to achieve rapid grid-code compliance through dynamic current restriction [24].
Cooperative fault management strategies that coordinate photovoltaic and wind assets
[268] and emergency current-limiting controls for virtual synchronous generators [269]
have improved localized resilience, yet their applicability across heterogeneous assets
remains limited.

Cascaded or hierarchical control loops implemented in hybrid renewable systems
have also demonstrated promising fault responses. Studies examining the impact of
photovoltaic penetration under symmetrical and asymmetrical faults [270] and subse-
quent improvements in transient stability using virtual synchronous generator control
[271] highlight progress in this direction. Similarly, coordinated offshore wind-wave
energy systems have exhibited improved voltage recovery during disturbances [272].
Nonetheless, these configurations are typically restricted to specific system architectures.

Adaptive LVRT schemes continue to evolve through flexible current injection regions
[265] and optimized current-limiting logic [24], offering improved transient support but
limited coordination across plant, electrical, and converter-level controllers. Predictive
and optimization-based approaches have also been introduced, such as cascaded model

predictive control with arc suppression under grounding faults [273] and model-free
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inverter algorithms for loss minimization and LVRT enhancement [274]. In parallel,
intelligent and hardware-assisted solutions including fuzzy logic-based fault current
limiters [261], resonant limiter designs [275], and smart transformer architectures for
flexible grid interfacing [11, 276] provide reactive power and stability improvements but
often require extensive parameter tuning or additional equipment.

At the device level, several protection-oriented studies on DFIG systems have pur-
sued FRT enhancement through modified protection circuits and control refinements.
Enhanced crowbar and fault-current protection schemes [277, 278] and hybrid control
strategies combining active and reactive current regulation in grid-tied wind turbines
[279] have all improved machine-level LVRT capability. A conceptually related approach
[280] proposed a modified demagnetisation control method that introduces an external
stator resistance and rotor-side impedance network to accelerate flux damping and
suppress transient overcurrents during grid faults. While these studies significantly
strengthen equipment-level LVRT performance, they do not translate into coordinated,
system-wide resilience across multiple renewable sources.

Moreover, many control strategies continue to rely on simplified test networks rather
than realistic weak-grid configurations that capture line impedance, low short-circuit
capacity, and reactive power constraints [39, 281]. Hardware-based protection methods
such as crowbar circuits and dynamic voltage restorers (DVRs) also increase implemen-
tation cost and design complexity [260, 261]. Optimization frameworks built on static
parameter settings frequently struggle to adapt under variable renewable conditions,
leading to degraded stability margins [275]. Although decentralized control paradigms
have achieved centre-piece access in distributed environments [268], questions remain
regarding their computational scalability and effectiveness for heterogeneous renewable
portfolios [267, 274].

3.1.4 Novelty

To address the identified research gaps, this study introduces a cascaded control parame-
ter optimization framework specifically designed for weak transmission networks with
high renewable energy penetration. The core of the framework is an enhanced PSO algo-
rithm that simultaneously fine-tunes control parameters across three hierarchical levels,
plant-level, electrical-level, and generator/converter-level controllers. This coordinated
tuning enables a unified and resilient system response to dynamic disturbances.

A novel 227} is also formulated to comprehensively assess network performance

tclearT

by combining time-weighted voltage deviations, fault-clearing durations, and post-fault
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recovery smoothness into a single quantitative indicator. Unlike conventional indices
that focus only on transient stability, the %tAlVl | jointly evaluates both short-term and
long-term resilience, offering a balanced performance measure under varying renewable

penetration scenarios.

Table 3.1: Comparison of this work with existing studies on voltage stability enhance-
ment, FRT improvement, and renewable-rich weak-grid control.

Voltage Cascaded Multi- | Validation under Applicability in
Ref | Stability & FRT | Level Control | Weak Transmission | Renewable-Dominated
Enhancement Optimization Networks Systems

[267] 4 X 4 v

[24] v v X v

[277] 4 X X X

[278] v X X v

[279] 4 X X v

[280] 4 X X X

[282] 4 X 4 v

This v v v v

Work

The proposed framework is validated using a modified version of Area 5 of the Aus-
tralian 14-generator test system, configured to emulate weak-grid operating conditions
with multiple renewable energy technologies. Simulation outcomes demonstrate substan-
tial improvements in voltage overshoot reduction, extended fault-clearing capability, and
faster voltage settling times compared with traditional tuning approaches. Moreover,
the optimised control parameters ensure consistent performance across PV, wind, and
BESS-based systems, highlighting the versatility and scalability of the proposed method.

The comparative assessment presented in Table 3.1 highlights how this work ad-
vances beyond existing studies on voltage stability enhancement, FRT improvement, and
weak-grid control. Prior research efforts, such as grid-forming control schemes [24, 267],
and DFIG-oriented protection strategies [277-280], primarily addressed isolated as-
pects of fault resilience or relied on device-level interventions. In contrast, the proposed

cascaded framework uniquely integrates multi-level control optimization, system-wide
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validation under weak-grid conditions, and broad applicability to renewable-dominated
systems, establishing a comprehensive pathway for strengthening renewable-rich weak
grids.

A concise depiction of the research flow is shown in Figure 3.1, illustrating the
progression from problem identification to cascaded control optimization and performance

validation across multiple case studies.
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Figure 3.1: Overall methodology for this research

3.1.5 Contributions

The main contributions of this research are summarised as follows:

¢ Integrated Optimization Criterion: A novel multi-objective optimization cri-
terion is developed to simultaneously minimize voltage deviations and enhance
fault-clearing capability. This approach effectively bridges the gap between short-
term voltage stability and long-term fault ride-through (FRT) performance in

renewable power systems.

* Hierarchical Cascaded Optimization Framework: A coordinated cascaded
optimization strategy is proposed to fine-tune the control parameters of renewable

generation units across plant-level, electrical network-level, and generator-level
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controls. The unified optimization ensures robust dynamic performance and system

stability, with parameter sets validated under diverse operating conditions.

* Extensive System Validation: Comprehensive simulation and validation stud-
ies confirm that the proposed framework significantly improves voltage stability
and extends fault-clearing time (FRTt), ensuring reliable post-fault recovery and
enhanced resilience of renewable-integrated power systems under a wide range of

disturbances.

3.1.6 Organisation of the Chapter

Collectively, these contributions form a scalable and computationally efficient framework
for the control of renewable-rich weak grids. The remainder of this chapter is organized
as follows: Section 2 details the cascaded control framework for renewable energy inte-
gration in weak transmission networks. Section 3 presents the proposed methodology.
Section 4 discusses the network model and case studies. Section 5 provides the results

and discussion, and Section 6 concludes with key findings and future research directions.

3.2 Cascaded Control Framework for Renewable
Energy Integration in Weak Transmission

Networks

This research adopts a cascaded control framework comprising plant level, electrical level,
and generator/converter level controllers [283], with coordinated parameter optimization
to improve voltage stability and FRT performance [284, 285]. Simultaneous tuning of
these controllers enhances dynamic response in REZ-integrated weak grids. The next
subsection outlines the functional roles of each controller in managing wind and solar

integration.

3.2.1 Multilevel Control Framework for Renewable Energy

Integration in Weak Transmission Networks

The cascaded control framework for renewable energy systems ensures grid compliance,
voltage stability, and effective power injection, particularly in weak transmission net-

works where high impedance and limited transfer capacity exacerbate the volatility
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introduced by large-scale wind and solar integration [284, 286]. As shown in the overall
block diagram in figure 3.2(a), this framework consists of three interconnected control
layers: plant-level, electrical-level, and generator/converter-level. The plant controller
in figure 3.2(b) governs voltage and active power regulation, setting reference points
for downstream controllers [284]. The electrical controller in figure 3.2(c) manages reac-
tive power dynamics and current limit enforcement, ensuring stability under dynamic
conditions. Lastly, the generator/converter controller in figure 3.2(d) oversees inverter re-
sponse and network interactions, maintaining secure grid operation [286]. The following

subsections provide a detailed breakdown of each control level.

%7 Vi REGCA1 T‘

[
urrent % (" Generator 19, Network
“c ipemd | Model  H™» Model
C/Pyen

((a)) Cascaded control framework

L REPCA1 v, ECA1
Ve ref iemd”

3|  Plantlevel
¥ V/Q Control
el

I
i Q Control |

£lL

i
L P Control [—*

Network Model

Interface to

((c)) Electrical Control ((d)) Generator Control

Figure 3.2: Block diagrams of the hierarchical control structure: (a) Cascaded framework,
(b) Plant-Level Control, (¢) Electrical Control, (d) Generator/Converter-Level Control

3.2.1.1 Plant-Level Control
At the plant level, control begins by measuring the terminal voltage and branch current,
given by

Xl(t): |Vt_(Rc+ch)Ibranch(t)| (3.1)

This estimate is passed through a first-order low-pass filter, where the VCFlag is

chosen as 1 for voltage control, yielding a smoothed signal:
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1
Tﬂtr
Next, a voltage error is computed by comparing the filtered voltage to a reference:

Xo (X1(t)— Xa(t)) (3.2)

XS(t) :Vref_X2(t) (33)

To prevent control response to small fluctuations, the error is passed through a
deadband block:

0, if | X3(t)| <€
X4(t) = (3.4)
X3(t)—sign(X3(t))-€, otherwise

The deadband output is then passed through a limiter to constrain its range:

X5(t) = min(max (X4(%), —emax) , €max) (3.5)

The limited signal is then processed by a Proportional-Integral (PI) controller, gener-

ating the control output:

t
Xe(t):KpX5(t)+K,-f Xs5(r)dt (3.6)
0

Finally, this output is shaped by a lead-lag compensator to improve transient response,

resulting in the reactive power reference:

vaQref + Qref(t) = TftXG + X6(t) 3.7

This control chain ensures effective voltage tracking and generates @ .f(¢) for down-

stream control of converter reactive power output.

3.2.1.2 Electrical Control

At the electrical control level, the reactive power reference Q.¢(¢), typically provided by
the plant-level controller, is first passed through a saturation block to enforce converter
physical and regulatory limits, where Pfflag is chosen as 0 for @,.f(¢) control, producing

a limited reactive power reference:

X7(t) = min(max (Qref(t), @ min) , @max) (3.8)

This limited reference is compared with the actual reactive power output Qejec(?),

and the resulting error drives the reactive current control loop:
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Xg(t) = X7(2) - Qelec(?) (3.9)

The error signal Xg(¢) is then processed by a PI controller to generate an intermediate
control signal, which is then limited to the range [Vi,in, Vinaxl, where the VFlag is set to 1

for overall power control:

t
Xo(t) = min (max (quXg(t)+in f Xg(T)dT,Vmin),VmaX) (3.10)
0

The measured terminal voltage V(¢) is passed through a voltage-dependent limiter

(VDL) block, which shapes the signal based on dynamic voltage support characteristics:

Vi s1t(¢) = VDL(V(2)) (8.11)

The difference between the limited controller output Xg(#) and the filtered terminal

voltage V; 71¢(¢) forms the voltage deviation signal:

X10(¢) = min(max(X9(?), Vimin) , Vimax) = Vi_ri1¢(t) (3.12)

This voltage deviation is then passed through a second PI controller, tuned for voltage

control, to generate a reactive current reference:

t
X11(¢) =min (max (Kvalo(t) +Kvi[ X10(n)drT, Iqmin) > Iqmax) (3.13)
0

To enhance fault performance or provide grid support, an additional injected current

signal I 4in;(¢) can be added, where the QFlag is to 1 for voltage control:

X12(8) = X11(8) + 1 4inj(2) (3.14)

Finally, the sum is passed through a current limiter to ensure the output does not

exceed the inverter’s reactive current capacity:

chmd(t) =min (max (X12(t), Iqmin) > Iq max) (3.15)

3.2.1.3 Generator/Converter-Level Control

At the generator level, the reactive current command I,cmq(%), generated by the electrical
controller for voltage regulation, passes through a first-order lag block with time constant

T; and negative gain to model inverter dynamics, then is limited to I;min and Igmax:
TgX13 +X13(t) = _chmd(t) (3.16)
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X13(t) = min (max (X13(t), Iqmin) ’ Iqmax) (3.17)

This output, X13(¢), is then passed through the high voltage reactive current manage-
ment logic. This block ensures that when the terminal voltage V;(¢) exceeds a predefined
threshold Vjinm, the reactive current is reduced proportionally to avoid worsening over-

voltage conditions. The reduction is scaled by the high-voltage gain Kj,:

I51im(2) = X13(¢) — Kp, - max(0, Vi(¢) — Vilim) (3.18)

The final reactive current sent to the network is the more conservative of the two:

I4(t) = min(X13(2), Lo1im(2)) (3.19)

This final output I,(¢) is passed to the network model interface, representing the con-
verter’s contribution to reactive current injection. In the implemented converter model,
the DC-link voltage (V;.) is continuously regulated by the grid-side converter’s inner
control loop to remain within its allowable range of 0.9 p.u. < V3, < 1.1 p.u. (corresponding
to £10% of the nominal value). The relationship between the converter’s DC-link voltage
and the AC-side RMS voltage can be expressed as [287]:

2K V2

Vae = WEVL—L (3.20)

where K denotes the voltage compensation factor and m is the modulation index. For
an ideal converter (K = 1) and unity modulation (m = 1), this reduces to Vy. = 2VLR_1>/[VS,
illustrating the direct proportionality between the DC-link potential and the AC bus
voltage. This relation, also verified by [280] and [287], ensures that maintaining V.
within 0.9-1.1p.u. prevents over-voltage stress and preserves the linear modulation
range required for LVRT compliance.

Based on the equations, it is seen that the cascaded control framework enables coor-
dinated regulation across plant-level voltage sensing, electrical-level current commands,
and generator-level converter actions as shown in Figure 3.2(a), ensuring stable power
injection and compliance with grid codes in REZs, especially under fault conditions
in weak networks. Achieving this stability requires simultaneous optimization of key
parameters summarized in Table 3.2. Independent tuning can lead to parameter mis-
alignment, delayed responses, and voltage oscillations under high renewable penetration

[284, 286]. The following section presents the proposed methodology of this research.

131



CHAPTER 3. WEAK-RENEWABLE-GRID STABILITY ENHANCEMENT

Table 3.2: Key Parameters and Their Roles in the Cascaded Control Framework

Model Parameter Description & Role
Proportional Gain (K}) Governs the rate of response for voltage.
Integral Gain (X;) Addresses steady-state errors for precise voltage.

Plant Control Voltage Compensation
g P Corrects line losses to maintain accurate voltage.

(R C» X c )
Proportional Gain (Kgp) Modulates terminal voltage error response.
Integral Gain (Kg;) Ensures steady-state accuracy in voltage.

Electrical Control Reactive Current Limits

a 1.1) Enforces safety for reactive current injection.
qhls4qll

Time Constant (T',) Smooths transient shifts in current injection.
Overvoltage Gain (Kp,) Regulates I, in overvoltage scenarios.
Generator Control Converter Time

Limits how quickly reactive current responds to volt-

Constant (T . .
onstant (Tg) age deviations.

C t Limit, .
urrent Limits Caps total current for operational safety.
(Iqrmax, Iqrmin)

3.3 Proposed Methodology

This section details the proposed methodology for optimizing cascaded controller para-
meters in weak transmission networks. The approach consists of several stages, from
initial system setup to final controller validation. Figure 3.3 presents an overview of
the proposed methodology flow, and Algorithm 1 summarizes the integration of the cas-
caded control framework described in Section 2 with the enhanced PSO routine, showing
how each Control and Operating Parameter (COP) is iteratively applied and evaluated

through dynamic simulations for voltage and FRT improvement.

3.3.1 Power System Modeling & Initialization

The methodology begins by constructing a dynamic power system model that includes
both the network (transmission lines, transformers, loads) and detailed representations
of the cascaded renewable controllers. A load flow is solved to establish baseline operating
points, including bus voltages, branch flows, and initial controller states under normal
conditions. This initial solution ensures consistency before undertaking time-domain
simulations of fault scenarios. The fault scenarios (bus fault) are specified at the out-
set and applied consistently during the optimization process to assess each candidate

parameter set.
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3.3.2 Parameter Space Definition & PSO Initialization

Each of the cascaded controllers is associated with a vector of Control and Operating
Parameters (COPs), which include parameters as shown in Table 3.2. Bounds for these
parameters are set according to engineering constraints (Table 3.3). These bounds are
defined based on controller tuning practices, inverter capability limits (current and
voltage constraints), and stability requirements to ensure physically feasible and grid-
compliant operation. A uniform yet comprehensive search of this multidimensional
parameter space is enabled by Latin Hypercube Sampling (LHS). Specifically, each
parameter dimension is divided into intervals, and random draws are made within each
interval to reduce clustering effects that can occur with naive random sampling. The

LHS initialization is described by

) _ perm(i) +rand
X = N ,

ie{l,2,...,N}, je{l,2,...,D}, (3.21)

where perm(i) is a random permutation of {1,2,...,N} and rand ~ U(0,1). These

normalized positions are then mapped to actual parameter ranges via

Z(k) (k) (Zmax,j _Zmin,j)

; , (3.22)

= Zmin’j + x] L5 _g.x(@
+0-e J

where zg‘k) is the position of the k-th particle in the j-th dimension, zyin ; and zmax,j

are the lower and upper parameter bounds, and §, 0 introduce a nonlinear scaling for
enhanced flexibility. Once each particle’s COPs are determined, the PSO routine proceeds

to evaluate and refine them iteratively.

3.3.3 Iterative Load Flow & Dynamic Simulation

In each iteration, the COPs generated by PSO are applied to the controllers in the
dynamic power system model. A new load flow is computed to ensure valid initial
conditions; then, a fault (bus fault) is simulated. Voltage trajectories, generator currents,
and other pertinent signals are recorded throughout the fault period and after fault
clearing at tear. Each particle’s performance is assessed by examining the resulting
transient response and comparing it against the research objectives of voltage stability

and fault ride-through compliance.
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Table 3.3: Control Variables and Parameter Bounds

Position PV Wind
Controllers (Bus) Parameter Bounds Lower | Upper | Lower | Upper
Limit Limit Limit Limit
Proportional Gain (K) 0 1 0 1
Plant Zone 1, Integral Gain (K;) 0 5 0 3
Controller Zone 2, Voltage Compensation
Zone 3 g pensaty 0 0.2 0 0.1
(R¢)
Voltage Compensation 0 0.9 0 01
(Xe)
Proportional Gain (Kgp) 0 2 1 1.5
Integral Gain (K;) 0 10 0 10
Reactive Max
. Z 1, .. -1. - . .
Electrical one Current Limits (Z,51) L5 1 1.0 11
Zone 2, - - d
Controller Reactive Min Current
Zone 3 e 1 1.5 -1.1 -1.0
Limits (14;1)
Time Constant (T'p) 0.01 0.03 0.01 0.02
Converter Time
Constant () 0 0.05 0.01 0.02
Current Max limits
Zone 1, a ) 0 929 0 999
Generator Zone 2 = qri\r/rlzaxl
> urrent Min limits
Controller Zone 3 I 3y -99 0 -999 0
grmin
Overvoltage Gain (Kp,) 0 1 0.5 1

3.3.4 Objective Function Evaluation

AV|
Lclea

to practical operating constraints for each renewable controller parameter. Specifically,
%AVL

11 clearT

A key performance measure is the % . The proposed study aims to minimize it subject

is defined as

T
Minimize ,%tAIVlT =a x f t|V(t)—Vref| d¢ + B x (tmin_tclear)
clear O

(3.23)

Subject to Xpv lower < Xpy < XPV,upper,XWind,lower < XWing < XWind,upper

The weighting factors a and f are selected empirically to balance the relative importance
of voltage stability and fault-clearing performance. A sensitivity-based tuning approach
is adopted, in which different combinations of a and f are tested to ensure that neither
term dominates the optimisation. The final values are chosen to provide a balanced trade-
off, ensuring adequate penalisation of prolonged voltage deviations while promoting
improved fault ride-through capability. In this expression, fOT t|V(t)—Vierl dt time-weights
voltage deviations, penalising prolonged errors, while ¢,i, — fclear drives the system to

withstand longer clearing intervals and thus strengthens fault-ride-through. Controller
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parameters are bounded, e.g., Xpv jower < Xpv < Xpv upper for PV and Xw;,q 1ower <
AV]

E%tclearT

voltage error and rewards extended clearing times, ensuring reliable operation in weak

Xwind < XWind,upper for wind. Minimising within these limits trims time-weighted

grids.

In this study, the term ¢e,r Within the %tAvl represents the FRT duration that the

system can withstand before instability occurs. The optimization process, therefore, seeks

clearT

to maximize this allowable clearing time while minimizing voltage deviations, ensuring
compliance with the Australian Energy Market Commission (AEMC) fault-clearing

requirements for high-voltage networks.

3.3.5 Optimization & Parameter Update

After each simulation, the PSO algorithm updates each particle’s Local Best Operating
Point (LBOP) and the Global Best Operating Point (GBOP) if improvements are found.
To guide this search process, a Nonlinear Decreasing Inertia Weight (NDIW) is
employed:

it
), (3.24)

W = Wmin + ((l)max - (Umin) exp(_ﬁ ’ m

where wnax and wpi, bracket the initial and final inertia weights, f is a decay
constant, iter is the current iteration index, and MaxIter is the maximum allowable
iterations. Early in the search, a larger w encourages broad, global exploration of COPs.
As iterations progress, o declines exponentially, promoting finer, local refinements near
promising operating points. Each particle’s velocity (or Tuning increment, TT) and posi-
tion (COP) are then recalculated:

TI*D = 0TI + c171(LBOPg - COPY) + c375(GBOPy - COPY), (3.25)

where c; and co are the cognitive and social coefficients, 71 and ro are uniform
random numbers in [0, 1], and LBOP,;, GBOP, are the local and global best positions in

the d-th dimension. This iterative cycle is repeated until convergence criteria such as a
AV]

are satisfied.
tclearT

maximum iteration count or negligible improvement in &
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Figure 3.3: Flowchart of proposed methodology

3.3.6 Final Controller Selection & Validation

Upon convergence, the final GBOP is taken to be the parameter set that yields the lowest
AV
tclearT

to confirm their robustness under various fault locations, load levels, and operating

These optimised COPs are then revalidated through additional simulations
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conditions. The proposed methodology ensures that renewable generators meet strict
grid code requirements, even in weak networks with high renewable penetration by
minimising extended voltage deviations and maximising permissible fault duration.
Ultimately, this approach provides a structured pathway for identifying reliable and
high-performance controller settings across various operating scenarios.

The step-by-step procedure of the proposed control and optimisation framework is
outlined in Algorithm 1. This algorithm explicitly defines the iterative learning process of
the enhanced PSO, where control parameters are continuously refined through dynamic
simulations to achieve optimal fault-ride-through and voltage recovery performance.

The following section presents the network model and the test cases considered to

validate the proposed methodology.

Algorithm 1 Comprehensive NDIW-Enhanced PSO Algorithm for Renewable Energy

Controller Optimization Using LHS and Dynamic Simulations

Input: MaxIter, numParticles, parameter bounds, grid data

Output: GBOP, minimized % tc‘e/irT’ stable FRT

Begin

Initialize the software environment and load case and dynamic data files.

Generate the initial swarm of COPs using LHS (Eq. (20)—(21)).

Evaluate the initial ‘%tAcl‘:irT for each particle, record each LBOP, and determine the
GBOP.

while iter < MaxIter do

for each particle i =1,2,...,N do
Update inertia weight w using the NDIW strategy (Eq. (23)).

Update TI; and COP; using PSO relations (Eq.(24)—(25)), ensuring updated
COPs remain within valid parameter bounds.

Apply the updated COP to the power system model.

Run dynamic simulations (fault application and clearing).

Compute the new ,%tAVl T(COP~) using Eq. (22).

if gzzAVl ((COP)) < @A"l ((LBOP;) then
(iate LBOP; <—60P and
AVl (LBOP;) — AVl (COP)).

if g‘zﬂl"l (COP )<g,z“’l (GBOP) then
(iate GBOP«—@OP and
AVl (GBOP) — AVl (COP;)).

tclearT tc earT

ot

L Increment iteration counter: iter — iter + 1.

Return final GBOP and associated %Avl including fault clearing time.
End
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3.4 Network and Cases Considered

This section presents the network configuration and corresponding case studies em-
ployed to validate the proposed methodology. The considered system is the Simplified
14-Generator Model of the South East Australian Power System. Two case studies,
highlighted in Figure 3.3, are implemented to investigate the effects of high renewable
penetration under the proposed cascaded control parameter optimization. The following

subsections detail the network model and the specific cases analyzed.

3.4.1 Simplified 14-Generator Model of the South East

Australian Power System

Figure 3.4 illustrates the Simplified Australian 14-Generator Model, consisting of 10
buses, 3 synchronous generators (totalling 2325 MW), 2 static VAR compensators, 5 loads,
and 3 transformers. Plant, electrical, and generator-level controllers are incrementally
introduced to enable large-scale renewable integration in a weak transmission network.
Buses 501, 502, 503, and 507 are designated as REZs 1-4, each hosting PV, wind, or
battery systems operating at a power factor of cos(6) = 0.95. Table 3.3 summarizes the
controller parameter bounds for PV and wind technologies in Case 1, standardized in
per-unit (p.u.) for consistent tuning and simulation. These REZs form the foundation
for the case studies, which assess system behavior under varying renewable penetration

levels. Further modeling details of this network are available in [288].

3.4.2 Cases Considered

Building on the previous subsection, the proposed methodology is evaluated using the
Simplified Model of the South East Australian Power System. This section outlines
the two case studies designed to assess the impact of high renewable penetration and
cascaded control optimization on voltage stability and FRT performance.

In Case 1, the entire 2325 MW of synchronous generation is replaced with renewable
sources, either PV (Scenario 1) or wind (Scenario 2), to simulate fully renewable con-
ditions. Cascaded controller parameters are tested under varying fault-clearing times,
comparing fixed values recommended by the PJM Model Guidelines (Table 3.4) with op-
timized values derived from bounded ranges (Table 3.3). These scenarios aim to identify
the most effective parameter configurations across plant, electrical, and generator-level

controllers.
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Figure 3.4: Simplified Australian Power System.

Case 2 validates the robustness of the optimized parameters obtained from case
1 under mixed-generation conditions by implementing three hybrid scenarios. Each
setup features one dominant technology (60%) and two supporting technologies (20%), as
outlined in Table 3.5.

All simulations are conducted in Power System Simulator for Engineering (PSSE)
35.6 with Python 3.9 on a 12th Gen Intel(R) Core i7-1265U CPU (1.80 GHz, 32 GB RAM).

The results focusing on voltage stability, fault-clearing time (FCT), and the proposed
AV]
tclearT

methodology across different renewable penetration levels.

are presented in the next section to demonstrate the effectiveness of the proposed

3.5 Results and Discussion

The following section presents the findings of the study, which aimed to investigate the
effects of large-scale renewable sources in the network as shown in Figure 3.4. It presents
the results from two case studies as mentioned in previous sections, detailing the specific
scenarios analyzed to evaluate cascaded renewable control parameter optimization on
system stability and FRT.
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Table 3.4: Controller parameters values used for PV and Wind for before optimization
cases.

Controllers | Parameters V:I)Xes ‘g ::11:315
Proportional Gain (K) 0.5 2
Plant Integral Gain (K;) 3 1
Controller Voltage Compensation (R.) 0 0
Voltage Compensation (X,) 0 0
Proportional Gain (K,,) 1 0
Electrical Integral Gain (Kg;) 5 0.41
Controller Reac}cji\;el ilz/ﬁ); q(;111)rrent 1 1.0025
Reac;cj:; il:’il?l 2111;rent 1 1.0025
Time constant (T',) 0.01 0.05
Converter time constant (T'g) 0.01 0.02
Current Max limits (I 4rmax) 99 999
Generator Current Min limits (,min) -99 -999
Controller Overvoltage Gain (Kp,) 0.00 0.2

Table 3.5: Hybrid renewable energy configuration scenarios with power allocations.

Scenario Dominant Technology | Supporting Technologies
(60%) - 1395 MW (20% Each) - 465 MW
Scenario 1 BESS PV, Wind
Scenario 2 PV Wind, BESS
Scenario 3 Wind PV, BESS

3.5.1 Case Study 1: Dynamic Voltage Stability and
Fault-Clearing Time Analysis for PV and Wind Integration

Case Study 1 examines two scenarios: Scenario 1, where the entire generation is
replaced with PV, and Scenario 2, where only wind generation is used. The study
evaluates voltage stability and FCT, comparing system performance before (Table 3.4)

and after (Table 3.3) controller parameter optimization using the modified PSO algorithm.

AV
Lclear

proposed framework in enhancing FRT and reducing voltage deviations. These scenarios

Improvements are validated using the & . highlighting the effectiveness of the

demonstrate the framework’s ability to address challenges in weak grids with high
renewable penetration. The next subsection will present detailed analyses of voltage and

FCT improvements.
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3.5.1.1 Scenario 1: Voltage Stability and Fault-Clearing Analysis for PV-Based
Solar Integration

This section will focus on assessing improvements in dynamic voltage stability through
AV)

telear!

time domain indices and FCT, alongside the overall % in PV scenario. Figure 3.5
illustrate representative simulation results for key buses 501 (Zone 1), 502 (Zone 2), 503
(Zone 3), 504, 505, 506, and 507 (Zone 4), while Table 3.6 and Table 3.7 provide a numeri-

cal comparison of voltage stability metrics before and after parameter optimization.

3.5.1.2 Voltage Stability Improvements

Tables 3.6 and 3.7 summarize critical voltage stability indicators minimum and maxi-
mum post-fault voltages, final steady-state voltage, rise time, settling time, steady-state
error, and overshoot for Buses 501 through 507. Before optimization, the system exhibits
substantial overshoot (e.g., 26.96 % at Bus 501, 45.45% at Bus 504) and prolonged
settling times (around 9.99 s). By contrast, after optimization, the overshoot decreases
markedly at each bus (e.g., from 26.96% to 10.10 % at Bus 501), and settling times drop
to approximately 3.3-3.8 s. Notably, the minimum voltage during the fault also improves:
for instance, Bus 501’s voltage dip changes from 0.11 p.u. (pre-optimization) to 0.21
p-u. (post-optimization), reflecting a more stable voltage profile in the face of severe

disturbances.

Table 3.6: Voltage stability metrics using before optimized PV values

Bus Fault  After  Afier FmAlO) Rise  Settling Steady  Over-
W) Fault Fault at 10s Time (s) Time (s) Error shoot (%)
501 0.99 0.11 1.46 1.15 1.11 9.45 0.16 26.96
502 0.99 0.23 1.40 1.12 1.13 9.75 0.13 25.00
503 0.99 0.20 1.37 1.11 1.09 9.45 0.12 23.45
504 1.04 0.07 1.60 1.10 1.14 9.55 0.06 45.45
505 1.02 0.09 1.57 1.12 1.13 9.25 0.10 40.18
506 1.00 0.00 1.56 1.16 1.11 9.99 0.16 34.48
507 1.01 0.05 1.63 1.14 1.12 9.85 0.13 43.86

3.5.1.3 Fault-Clearing Time and Dynamic Resilience Metric

Figure 3.5(d) illustrates a significant improvement in both the %tAYl ' and FCT following
optimization. At Bus 501, %f:’lT drops from 3.03 to 0.40, with similar reductions at
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Table 3.7: Voltage stability metrics using after optimized PV values

Bus 15; re Mgﬁg) M:f’;g) Final (V) ~ Rise  Settling Sstf:t‘ly Over-
W) Fault Fault at 10s Time (s) Time (s) Error shoot (%)
501 0.99 0.21 1.09 0.99 1.10 3.30 0.007 10.10
502 0.99 0.33 1.09 0.99 1.1 3.74 0.008 10.10
503 0.99 0.36 1.05 0.99 1.08 3.74 0.004 6.06
504 1.03 0.13 1.12 1.02 1.11 3.31 0.004 9.80
505 1.00 0.15 1.10 1.00 1.12 3.32 0.005 9.09
506 0.99 0.01 1.10 0.99 1.08 3.18 0.001 10.00
507 0.99 0.07 1.08 0.99 1.07 3.32 0.003 9.09

Buses 503, 505, and 506, indicating enhanced voltage stability. Meanwhile, the FCT
increases substantially, from 55 ms to 220 ms at Bus 501 and from 65 ms to 280 ms at

Bus 506, demonstrating improved FRT capability across the system.

The optimised controllers significantly extend the system’s FRT capability, with
fault-clearing times reaching up to 270 ms at key buses, an improvement of more than
200 ms compared to the pre-optimised configuration. This performance aligns with the
AEMC benchmark of 250 ms for 250-400 kV networks, confirming that the proposed

framework ensures stable operation within the prescribed FRT compliance range.

3.5.1.4 Time-Domain Voltage Waveforms

Figures 3.5(a) and 3.5(b) show the voltage waveforms during a bus fault and its clearance
at 60 ms. The results demonstrate notable improvements after optimization. Firstly,
the overshoot is significantly reduced. At Bus 506 (Figure 3.5(c)), the voltage peak that
previously exceeded 1.5 p.u. is markedly lower, resulting in quicker voltage recovery.
Secondly, the system stabilizes more rapidly, with voltages returning to nominal levels
within 3 to 4 seconds compared to nearly 10 seconds before optimization. This aligns
with the improved settling times shown in Table 3.7. Finally, the extended fault clearing
times exceeding 200 ms at multiple buses highlight enhanced fault tolerance and system

resilience, as further reflected by the substantial reductions in the 9’2??/1 ' (Figure 3.5(d)).
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Figure 3.5: Voltage performance comparison under different conditions in PV scenario

3.5.1.5 Scenario 2: Voltage Stability and Fault-Clearing Analysis for Wind
Integration

This section will focus on assessing improvements in dynamic voltage stability through
AV]

tcleaﬁ
illustrate representative simulation results for key buses 501 (Zone 1), 502 (Zone 2), 503

(Zone 3), 504, 505, 506, and 507 (Zone 4), while Table 3.8 and Table 3.9 provide a numeri-

cal comparison of voltage stability metrics before and after parameter optimization in

time domain indices and FCT, alongside the overall 2 in wind scenario. Figure 3.6

wind scenario.

3.5.1.6 Volage Stability Improvements

Tables 3.8 and 3.9 present key voltage stability indicators, including post-fault voltage
extremes, final voltage, rise time, settling time, steady state error, and overshoot. Signifi-
cant improvements are observed after optimization. Overshoot is substantially reduced,
for example, from 40.00% to 11.11% at Bus 501 and from 34.82% to 9.62% at Bus 504,

demonstrating milder transients during voltage recovery. Settling times also improve
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dramatically, decreasing from nearly 9.99 s to around 3.72 to 4.01 s, while steady state
errors fall from as high as 0.16 to below 0.01 at all buses, indicating better voltage
regulation. Additionally, minimum voltage values during the fault increase slightly, such

as Bus 501, improving from 0.00 to 0.01 p.u., suggesting reduced voltage dips.
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Figure 3.6: Voltage performance comparison under different conditions in wind scenario.

3.5.1.7 Fault Clearing Time and Dynamic Resilience Metric

Figure 3.6(d) illustrates improvements in the & tc‘e,irT and FCT across key buses. At Bus
501, %Ac‘:lr drops significantly from 2.84 to 0.75, while Bus 502 shows a similar reduction
from 2.03 to 0.70, confirming improved FRT capability and reduced time-weighted voltage
deviations. Additionally, critical FCT improve markedly. Bus 502’s FCT extends from 65
ms to 275 ms, and Bus 501’s from 55 ms to 200 ms, indicating enhanced system tolerance

to prolonged faults and improved post-fault recovery.
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Table 3.8: Voltage stability metrics using before optimized wind values

W) Fault Fault at 10s Time (s) Time (s) Error shoot (%)
501 0.99 0.00 1.54 1.10 1.15 9.99 0.11 40.00
502 0.99 0.40 1.29 1.15 1.14 9.80 0.16 12.20
503 0.99 0.50 1.30 1.13 1.13 9.75 0.14 15.04
504 1.04 0.15 1.51 1.12 1.15 9.85 0.09 34.82
505 1.02 0.25 1.43 1.10 1.17 9.95 0.10 30.00
506 1.01 0.30 1.38 1.08 1.17 9.45 0.09 27.78
507 1.01 0.30 1.47 1.10 1.18 9.35 0.11 33.64

Table 3.9: Voltage stability metrics using after optimized wind values
Bus ;; I:l-t MAitI'ltéX) M:;é:’) Final (V) .Rise St:ettling SSt::tty Over-

W) Fault Fault at 10s Time (s) Time (s) Error shoot (%)
501 0.99 0.01 1.10 0.99 1.10 3.92 0.007 11.11
502 0.99 0.50 1.08 0.99 1.09 4.01 0.003 9.09
503 0.99 0.55 1.05 1.00 1.09 2.72 0.002 5.00
504 1.04 0.21 1.14 1.04 1.10 3.94 0.006 9.62
505 1.02 0.39 1.10 1.02 1.08 3.97 0.004 7.84
506 1.01 0.38 1.10 1.01 1.10 3.92 0.004 8.91
507 1.01 0.35 1.09 1.01 1.10 3.95 0.004 7.92

3.5.1.8 Time-Domain Waveforms

Figures 3.6(a), 3.6(b), and 3.6(c) show that the optimized controller significantly reduces
peak voltages and accelerates recovery. For instance, voltage spikes at Bus 501, which
previously reached around 1.5 p.u., are now limited to 1.1-1.2 p.u., with recovery to
nominal levels in under 4 seconds. Post-fault stabilization is also faster and more uniform,
with voltage convergence across the network achieved within 4 seconds, compared to
nearly 10 seconds in the non-optimized case, which also exhibited higher overshoot.
The results from case 1, encompassing both PV-only and wind-only scenarios, vali-
date contribution 1 by confirming that the proposed optimization approach effectively
minimizes voltage deviations and improves fault-clearing performance. These outcomes
also support contribution 2, demonstrating that a single optimized parameter set enables
robust post-fault recovery in weak transmission networks under high renewable pene-

tration. The optimized values (Table 3.11) will be used in case 2 to assess the cascaded
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framework’s performance under hybrid configurations, further validating its system-wide

robustness.
Table 3.10: Parameter settings for optimization algorithms.
Algorithms Settings
Population size = 50, iterations = 300,
) inertia weight: constant,
Generalized PSO

initialization method: random initialization

within parameter bounds.

Population size = 50, iterations = 300,

i inertia weight: calculated using the NDIW function
Modified PSO (LHS-

NDIW Enhanced) Eq 24 with ,6 = 01, Wmax = 09, and Wmin = 04,
initialization method: using Latin Hypercube Sampling (LHS).

3.5.1.9 Convergence Behavior of the Optimization Framework

Table 3.10 summarizes the parameter configurations adopted for the two optimization
algorithms investigated in this study. To ensure a fair and unbiased comparison, both
the generalized PSO and the proposed Modified PSO were implemented using identical
population size, maximum iteration count, parameter bounds, and objective function. The
generalized PSO employs a constant inertia weight with random initialization, whereas
the Modified PSO incorporates a NDIW strategy and LHS to enhance population diversity
and balance global exploration with local exploitation.

Figure 3.7 presents the convergence characteristics of the two algorithms in terms
of the ,%fc}:iﬁ, defined in Eq. (23), where lower values correspond to improved voltage
stability and fault ride-through performance. Specifically, Fig. 3.7(a) illustrates the
AV]

telear!
cumulative improvement, expressed as the relative reduction in %

evolution of #Z with respect to iteration count, while Fig. 3.7(b) shows the normalized

AV|

tclearT

with respect to
the initial best objective This form of normalized convergence assessment has been widely
adopted in recent PSO-based optimization studies to facilitate transparent comparison
between algorithms operating under identical constraints and iteration budgets [289].
As observed in Fig. 3.7(a), the generalized PSO exhibits early stagnation and con-

verges to a gétAIVl | value slightly above 2.7. In contrast, the Modified PSO continues to
%AVL

value of ap-
tclearT

improve throughout the optimization process and converges to a lower

146



3.5. RESULTS AND DISCUSSION

proximately 2.1 within the same iteration budget. This behaviour is further corroborated
by Fig. 3.7(b), where the Modified PSO achieves an overall cumulative improvement of
approximately 25%, compared to about 5% for the generalized PSO.

The improved convergence performance of the Modified PSO can be attributed to the
enhanced initial population diversity provided by LHS and the adaptive exploration—

exploitation balance introduced by the NDIW mechanism. The consistent reduction in
ZMV!

telear!

tion framework in minimizing time-weighted voltage deviations and strengthening fault

across iterations confirms the robustness and efficiency of the proposed optimiza-

ride-through capability under weak-grid conditions.
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3.5.1.10 Dynamic Voltage Stability Assessment

In this study, system stability is evaluated from a large-disturbance dynamic voltage
stability perspective, with emphasis on post-fault voltage recovery in renewable-rich
weak transmission networks. Stability performance is quantified using time-domain
metrics, including minimum voltage during fault, voltage overshoot, settling time, steady-
state voltage deviation, and maximum allowable fault-clearing time. These indicators
collectively reflect the system’s ability to withstand and recover from severe disturbances
while maintaining FRT compliance.

Unlike small-signal stability approaches based on linearized system models and
eigenvalue analysis, such as those reported in recent control-oriented studies [290], this
work focuses on nonlinear voltage stability under symmetrical and unsymmetrical fault
conditions. The adopted large-disturbance, time-domain assessment is consistent with

grid-code-oriented FRT requirements and is particularly suitable for weak transmission
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networks dominated by inverter-based renewable resources, where severe disturbances

and voltage recovery characteristics play a critical role in overall system stability.

Table 3.11: Control Variables and Optimized Parameters

Control Position Parameter Optimized Optimized
Variable (Bus) Value PV Value Wind
Proportional Gain (K,) 0.5075, 0.5, 0.5 0.5125, 0.45, 0.4317
Plant Zone 1, Integral Gain (K;) 3.0657, 3.0, 3.1 0.6121, 0.72, 0.75
Controller Zone 2, Voltage Compensation
Zone 3 g ® §° 0.1, 0.08, 0.1 0.05, 0.1, 0.15
c
Voltage Compensation 0.0472,0.1, 0.1 0.01, 0.03, 0.05
(X¢)
Proportional Gain (Kyp) 1,1, 1.3882 1,1,1.3035
Electrical é"ne ; Integral Gain (K, i) 5.4482,5.5,5.4017  5.2215, 5.25, 5.152
one 2,
Controller o Time Constant (7)) 0.025,0.02,0.025  0.015,0.02, 0.115
Reactive Max
Current Limits (Z,1) 1.2,1.1,1.1 1.1, 1, 0.9875
Reactive Min
Current Limits (/,11) -1.2,-1.2,-1.2 -1.15, -1, -0.9875
Overvoltage Gain (Kp,) 0.65, 0.65, 0.7 0.65, 0.65, 0.7
Converter time constant -, ) 59 ¢ 02 0.015, 0.02, 0.0172
G ¢ Zone 1, Constant (Tg)
enerator .
Controller ~ 2°7¢2 Current Max Limits 0.9, 0.7786, 1.0 1.15, 1.2, 0.9574
Zone 3 (I grmax)
Current Min Limits -0.8, -0.8012, -1 -1.1, -1.2, -0.9987

(Iqrmin)

3.5.2 Case Study 2: Hybrid Renewable Energy Configurations

This case study assesses the proposed optimization framework under hybrid conditions
using the Simplified Australian 14-Generator Model. The total capacity remains 2325
MW, distributed as 60% from one technology (battery, PV, or wind) and 20% from each
of the other two, forming three scenarios (Table 3.5). Using the optimized controller
values from Case 1 (Table 3.11), the study evaluates post-fault voltage recovery and
whether fault-clearing times exceed AEMC’s 250 ms guideline (Table 3.12), confirming

the framework’s robustness in diverse renewable mixes.

3.5.2.1 Spatial and Technological Coordination of Renewable Resources

To investigate coordinated operation of heterogeneous renewable technologies, PV, wind,

and BESS units are strategically distributed across multiple buses and zones of the
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transmission network, as illustrated in Figure 3.4. This spatial deployment reflects
practical REZs integration, where different technologies contribute to system support
from geographically distinct locations.

In addition, hybrid renewable configurations with predefined power-sharing ratios
are explicitly considered, as summarized in Table 3.5. For each scenario, a dominant
technology supplies 60% of the total renewable capacity, while the remaining 40% is
shared equally between supporting technologies. This configuration enables systematic
assessment of coordinated voltage regulation and fault ride-through performance under
varying technology dominance.

All renewable units operate under a common cascaded control structure and are
tuned simultaneously using a unified system-level objective function. This approach
ensures implicit coordination among PV, wind, and BESS resources, resulting in coherent
dynamic behaviour across the network without relying on explicit communication-based
coordination mechanisms. Unlike explicit coordination strategies that employ supervi-
sory or communication-based control for PV-wind interaction, as reported in [291], the
proposed framework emphasizes scalable, grid-code-oriented coordination suitable for

renewable-rich weak transmission networks.

Table 3.12: Breakdown of Fault Clearing Times by Voltage Levels

Voltage Level at Fastest Backup Maximum
Fault Location (kV) teleqr(ms) Protection (ms) | Allowable ¢.;.,(ms)

400kV and above 80 100 175

250KV to less
than 400kV 100 120 250

More than 100kV
but less than 250kV 120 220 430

100kV and below As necessary As necessary As necessary

3.5.2.2 DRM (ngl"l ) Analysis

AV|
telear!

Figure 3.8(a) illustrates the %
In Scenario 1 (60% BESS), the system shows the lowest &2V values, particularly at

tclearT
Buses 505 and 506 (around 0.09-0.10), indicating strong voltage stability. Scenario 2 (60%
PV) exhibits slightly higher %tAIVl | at a few buses, such as 501 and 507, though all values
remain under 0.25, confirming reliable FRT. In Scenario 3 (60% Wind), most #>!

Eelear!
values stay below 0.20, with slight increases at Bus 501 and 504 (up to 0.25), reflecting
AV]
tclearT
effectiveness in limiting prolonged voltage deviations in diverse hybrid configurations.

across Buses 501-507 for all three hybrid scenarios.

good resilience. Overall, all buses maintain % below 0.26, validating the controller’s
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Figure 3.8: Performance comparison under different conditions in hybrid scenario.

3.5.2.3 Voltage Stability and FCT Analysis

Figure 3.8(c) presents the FCT across buses for the three hybrid scenarios. Scenario 1
(60% BESS) shows the highest average FCT at 267 ms, followed by Scenario 2 at 260
ms and Scenario 3 at 256 ms. In all cases, the average bus-level FCT exceeds 250 ms,
aligning with AEMC standards [155]. Additionally, voltage waveforms in Figure 3.8(b)
reveal consistent post-fault recovery across scenarios, with voltages stabilizing within 3-4
seconds. Although Scenario 3 (wind-dominant) experiences slightly greater voltage over-
shoot and oscillation, all scenarios successfully maintain stability, even under extended
fault durations exceeding 250 ms. These findings verify that the optimized controller
parameters from Case 1 remain effective and robust under hybrid configurations.

Across all hybrid scenarios, the optimized cascaded control framework sustains stable
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post-fault recovery even under extended fault-clearing durations exceeding 250 ms,
demonstrating full FRT compliance and reinforcing the framework’s robustness for

renewable-rich weak grids.

3.5.2.4 Extended Fault Duration Comparison in Scenario 2

To further illustrate the robustness of the proposed cascaded control framework, this
subsection compares the system’s performance in Scenario 2 (60% PV, 20% Wind, 20%
BESS) under two distinct FCT: a shorter 60 ms FCT before optimization and an extended
270 ms FCT after optimization. Figures 3.10(a)-3.10(b) show representative voltage
waveforms at key buses, while Tables 3.13 and 3.14 detail the corresponding voltage
stability metrics. The optimized cascaded control framework achieves fault-clearing
durations up to 270 ms for 250-400 kV networks, aligning the 250 ms maximum allowable
limit defined by the AEMC grid-code standards. This confirms compliance with national

FRT performance requirements.

3.5.2.5 Unsymmetrical Fault Response and DC-Link Dynamics

Unsymmetrical fault scenarios, including single line-to-ground (LG), line-to-line (LL),
and double line-to-ground (LLG) faults, are simulated in PSSE to evaluate system-level
voltage recovery and fault ride-through (FRT) performance under unbalanced conditions.
The analysis focuses on nonlinear time-domain voltage behaviour rather than detailed
sequence-domain current control.

The observed DC-link voltage dynamics are consistent with the established relation-
ship between AC-side voltage magnitude and DC-link voltage in VSI-based systems
[287]. During unsymmetrical faults, voltage unbalance and reduced effective AC RMS
voltage lead to transient DC-link deviations, which are captured in the simulations. Al-
though sequence components are not explicitly modelled, this approach provides relevant
insight into large-disturbance voltage stability and post-fault recovery characteristics in

renewable-dominated weak transmission networks.

3.5.2.6 Analysis Under Unsymmetrical Fault Conditions

To further validate the effectiveness of the proposed cascaded control and optimization
framework, additional dynamic simulations were conducted under three unsymmetrical
fault conditions: single line-to-ground (LG), line-to-line (LL), and double line-to-ground

(LLG). The corresponding AC voltage responses, shown in Figure 3.9(a), demonstrate
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that the proposed control system effectively maintains voltage stability and ensures
smooth post-fault recovery across all cases. Although the LLG fault presents the most
severe disturbance, voltage deviations remain within acceptable limits, and the system
returns to steady-state within approximately 3—4 seconds after fault clearance.

In addition to the AC responses, the corresponding DC-link voltage (V;.) was analyzed
to verify the converter’s internal voltage stability during these unsymmetrical fault
events. Using the analytical relation expressed in equation 3.20, V;. was derived from the
measured AC line-to-line voltage, and its transient behavior is illustrated in Figure 3.9(b).
The computed V,. values for LG, LL, and LLG faults remained confined within the
permissible 0.9—1.1 p.u. range, confirming effective DC-link regulation and validating
that the converter sustained stable energy exchange and modulation control even under
transient voltage unbalance.

These results confirm that the proposed framework provides robust FRT capability

and reliable performance under diverse fault scenarios in weak transmission networks.
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Figure 3.9: Voltage and DC-link responses under unsymmetrical fault conditions. (a) AC
bus voltage profiles; (b) corresponding DC-link voltage variations.

3.5.2.7 Voltage Stability and Time-Domain Observations

As shown in Table 3.13, the pre-optimized system experiences substantial voltage over-
shoots (over 50% at Bus 501 and Bus 504) and severe voltage dips during a 60 ms fault.
In contrast, the optimized system (Table 3.14), despite a longer 270 ms fault, limits
overshoot to 48.48% (Bus 501), significantly improves settling time (3.5-3.8 s compared

t0 9.99 s), and notably reduces steady-state errors at all buses.

152



3.5. RESULTS AND DISCUSSION

Table 3.13: Voltage stability metrics using before optimized values in hybrid scenario

Bus 12:1} M;tl'::c::-]) M:;éy * Final ¥) Rise  Settling S;te:i Y Over-
W) Fault Fault at 10s Time (s) Time (s) Error shoot (%)
501 0.99 0.40 1.69 1.11 1.10 9.95 0.12 52.25
502 0.99 0.57 1.45 1.12 1.09 9.75 0.13 29.46
503 0.99 0.63 1.37 1.11 1.07 9.45 0.16 23.42
504 1.03 0.24 1.72 1.10 1.06 9.85 0.07 56.36
505 1.02 0.45 1.66 1.11 1.08 9.65 0.09 49.55
506 1.01 0.42 1.64 1.13 1.09 9.55 0.12 45.13
507 1.01 0.00 1.72 1.15 1.10 9.99 0.14 49.57

Figures 3.10(a) and 3.10(b) illustrate these improvements. Before optimization, tran-
sient peaks exceeded 1.65 p.u. at buses 501 (Zone 1), 504, 505 and 507 (Zone 4). After
optimisation, voltages remain slightly above 0 p.u. during faults and recover to nominal
within 3-4 seconds, exemplified by Bus 507 peaking below 1.5 p.u. with a smoother
recovery. These results validate the effectiveness of the optimised controller in ensuring

dynamic voltage stability under extended fault conditions.

Table 3.14: Voltage stability metrics using after optimized values in hybrid scenario

Bus Fl; I:l-t M;fl.ltéf) M:éé:’) Final (V) .Rise Sfettling SSt::‘iy Over-
W) Fault Fault at 10s Time (s) Time (s) Exrror shoot (%)
501 0.99 0.21 1.47 0.99 1.271 3.83 0.005 48.48
502 0.99 0.13 1.36 0.99 1.271 3.58 0.005 37.37
503 0.99 0.57 1.20 1.00 1.272 2.36 0.003 20.00
504 1.03 0.11 1.44 1.04 1.275 3.73 0.008 38.46
505 1.02 0.05 1.38 1.02 1.272 3.51 0.008 35.29
506 1.01 0.12 1.27 1.01 1.270 3.45 0.007 25.74
507 1.01 0.01 1.34 1.00 1.272 3.67 0.008 34.00

The hybrid scenario further demonstrates that the cascaded control framework, with
AV]

tclearT
250 ms across all renewable cases, despite fault durations 4.5 times longer (270 ms) than

optimized parameters, consistently achieves % < 0.25 and fault-clearing times above
in the pre-optimized system (60 ms), underscoring its robustness in renewable scenario
as shown in Figure 3.10(c).

In addition to transient and steady-state voltage performance, the harmonic con-

tent of the system voltage was evaluated to quantify the overall improvement in power
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Figure 3.10: Voltage and harmonic performance comparison under different conditions in
Case Study 2, Scenario 2. (a) Voltage profile before optimization; (b) Voltage profile after
optimization; (c) Voltage profile at Bus 507 (before vs. after); (d) Harmonic spectrum
comparison.

quality achieved through the proposed optimisation strategy. Figure 3.10(d) presents
the harmonic spectra of the voltage waveform at Bus 507 before and after optimisa-
tion, corresponding to the three-phase bus fault applied in the hybrid scenario. Prior to
optimisation, the system exhibited a Total Harmonic Distortion (THD) of 9.33%, with
dominant harmonic components concentrated around the 25%-30" orders, primarily
attributed to switching dynamics and control interactions between inverter modules.
After applying the optimised cascaded control framework, the THD decreased drastically
to 0.56%, indicating a 94% reduction in overall distortion. This substantial improvement
reflects the enhanced harmonic suppression capability of the optimised controller, en-
suring smoother inverter operation and reduced spectral pollution in the grid voltage.
Consequently, the optimised configuration not only enhances dynamic voltage stability
under extended fault conditions but also significantly improves power quality compliance,

as the obtained THD level (<5%) satisfies the harmonic distortion limits prescribed in
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the IEEE 519 standard [280].
The results obtained from case 2 validate contribution 3, confirming the framework’s
capability to maintain voltage stability and notably extend FRTt, thereby ensuring

robust recovery from severe disturbances.

3.6 Conclusion and future work

This chapter presented a novel cascaded control and optimization framework designed to
enhance voltage stability and FRT capability in weak transmission networks with high
renewable energy penetration. Unlike conventional techniques that primarily emphasize

reactive power compensation, the proposed methodology integrates an enhanced PSO
AV]

tclearT
sible fault-clearing durations. Through coordinated tuning of plant-level, electrical-level,

routine with a # to simultaneously minimize voltage deviations and extend permis-
and generator/converter-level controllers, the framework ensures coherent system be-
havior and maintains voltage profiles within acceptable limits under both symmetrical
and unsymmetrical fault conditions.

Extensive time-domain simulations conducted on a simplified Australian 14-Generator
Test System demonstrated the robustness of the proposed approach. Across single-
technology scenarios (fully PV or wind) and hybrid configurations (PV-wind-BESS),
the cascaded controllers effectively restored bus voltages within 3-4 s and supported
fault-clearing intervals up to 270 ms without compromising system stability. These im-
provements confirm that the proposed optimisation-driven control design substantially
strengthens the resilience, damping response, and fault tolerance of renewable-rich weak
grids.

Despite these promising outcomes, one key limitation of this study is the absence
of load variability modeling across buses. Future work will incorporate diverse and
time-varying load profiles to further validate and refine the framework’s performance
under realistic operating conditions. Additionally, the next phase of research will extend
the current analysis to include a detailed THD evaluation across several scenarios,
enabling a more comprehensive assessment of the power-quality improvements achieved
through the cascaded control architecture. Future research will also extend the present
time-domain analysis to include eigenvalue-based small-signal stability assessment
and detailed sequence-domain investigations under unsymmetrical faults, providing
complementary insight into oscillatory stability characteristics and control interactions.

Overall, the proposed framework provides a scalable and reliable pathway for re-
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inforcing renewable-dominated weak transmission networks. By ensuring compliance
with AEMC grid-code standards and the IEEE 519 standard, while delivering enhanced
voltage stability and FRT resilience, the approach offers a technically robust solution for

the next generation of sustainable and resilient power systems.

3.7 Chapter summary

This chapter developed and validated a cascaded control parameter optimisation frame-
work designed to improve voltage stability and fault-ride-through performance in renewable-
dominated weak transmission networks. By introducing the Dynamic Resilience Met-
ric and applying an enhanced PSO-based hierarchical optimisation across plant-level,
network-level, and converter-level controllers, the proposed approach demonstrated
significant improvements in transient behaviour, permissible fault-clearing times, and
post-fault recovery on the Simplified 14 Generator Test System. These results confirm
the effectiveness of coordinated, system-level optimisation in addressing the weak-grid
challenges identified in the literature review. While this chapter focused on voltage
stability and FRT enhancement, the broader resilience of weak-grid REZs also depends
on robust frequency support and inverter coordination, a challenge explored in detail
in Chapter 4 through the development of a severity-aware GFM-GFL BESS control

framework.
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CHAPTER

SEVERITY-AWARE GFM-GFL BESS COORDINATION

Chapter Composition

This chapter addresses Research Question 2 by developing a severity-aware coor-
dinated BESS control framework to improve frequency stability, voltage resilience,
and overall robustness in renewable-rich weak grids. Building on the gaps identi-
fied in Part 2 of the literature review, it introduces a severity index that dynami-
cally switches BESS operation between GFL and GFM modes. Detailed inverter
models are presented, followed by a parametric analysis of GFM:GFL penetration
ratios to assess their effects on frequency nadir, RoCoF suppression, and voltage
recovery. The chapter also compares droop and VSM strategies at representative
GFM shares. Dynamic simulations demonstrate that severity-aware GFM-GFL
coordination offers a scalable pathway for strengthening REZ-based weak-grid

operation, complementing the optimisation framework established in Chapter 3.

4.1 Introduction

The rapid transition toward renewable-dominated power systems is transforming con-
ventional grid dynamics [292]. The displacement of SGs with inverter-based RESs, such
as solar photovoltaics and wind turbines, has resulted in declining system inertia and
increased vulnerability to frequency and voltage instability, especially in weak transmis-

sion networks characterized by low short-circuit ratios (SCR), poor damping, and high
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rates of change of frequency (RoCoF) [293, 294]. In this context, Battery Energy Storage
Systems (BESS) have emerged as key stabilizing assets due to their rapid response
capabilities and controllability [294, 295]. However, the effectiveness of BESS depends
heavily on the control strategy employed at the inverter interface, particularly under

low-inertia, fault-prone grid conditions [292, 293].

Two dominant control approaches are employed for grid-interfaced inverters: Grid-
Following (GFL) and Grid-Forming (GFM). GFL inverters synchronize to the grid using
a phase-locked loop (PLL) and inject current based on a reference, making them suscep-
tible to instability in weak grid environments and incapable of black start operations
[1, 18, 296]. GFM inverters, in contrast, regulate voltage and frequency independently,
emulating synchronous machine behavior and offering advantages such as inertia provi-
sion, frequency support, and fault ride-through (FRT) [5, 149, 178]. Various GFM control
strategies have been developed, including droop control [178], virtual synchronous gener-
ator (VSG), compensated generalized VSG (CGVSG), adaptive VSG (AVSG) [19], virtual
oscillator control (VOC) [171], and most recently, frequency-following voltage-forming
(FFL-VFM) schemes [169].

While these strategies have shown promise individually, the literature still lacks a
cohesive framework for integrating and coordinating GFM and GFL inverters within a
unified BESS control architecture. Previous studies have shown that significant perfor-
mance gaps exist between GFM and GFL modes, particularly under fault and islanding
scenarios [178, 297]. Advanced control techniques, such as fictive dq control, have been
proposed to manage unbalanced load conditions in mini-grid environments using GFM-
based BESS, but these approaches remain limited in scope [18]. Dynamic modelling
efforts have successfully integrated GFM inverter behaviour into industry-standard tools
like Power System Simulation for Engineering (PSSE) and MODES, yet coordination
with GFL counterparts has not been systematically addressed [149]. Several works have
carried out comparative analyses of GFM strategies, such as droop control, VSG, CGVSG,
and AVSG based on time-domain and impedance-domain metrics; however, these studies
typically examine each strategy in isolation rather than within mixed GFM-GFL deploy-
ments [19]. Moreover, while the influence of inverter penetration levels on frequency
response and damping has been analytically explored [178], and the impact of BESS
control on frequency containment under high renewable penetration has been evaluated
using large-scale simulation frameworks [5], coordinated control between inverter types
and the effect of varying GFM:GFL ratios have remained largely unexamined. Additional
work has replicated real-world blackout events to validate the FRT benefits of GFM
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inverters, yet still did not consider multi-inverter coordination strategies [174].

Recent research has increasingly focused on addressing the remaining gaps in coor-
dinated inverter control. Comparative benchmarks of GFM and GFL BESS under real-
world load-shedding events have revealed notable differences in RoCoF and frequency
nadir across multiple operational modes [8, 298]. Comprehensive taxonomies have also
been developed to classify existing GFM control strategies while outlining future research
directions, including hybrid angle-control schemes and Multiple-Input Multiple-Output
(MIMO)-based architectures [171]. To improve frequency stability assessments under
realistic system conditions, new stability indices have been proposed that incorporate
stochastic variations in renewable generation and load demand [188]. Advances in short-
circuit modeling of inverter-interfaced generation stations (IIGS) under low short-circuit
ratio (SCR) conditions have further introduced decoupled sequence-control approaches,
improving both convergence and modeling accuracy [203]. Control-design developments
have explored the decoupling of frequency-following and voltage-forming behaviors in
inverters, leading to hybrid architectures particularly well suited for constant-power
renewable sources [169, 299]. Moreover, coordinated control frameworks based on leader-
follower consensus mechanisms have demonstrated enhanced multi-inverter operation,
enabling improved frequency regulation, reactive-power sharing, and resilience to com-

munication disturbances in microgrids [172].

Despite these advances, several important research challenges remain unaddressed.
A key limitation is the absence of a unified control framework that dynamically co-
ordinates GFM and GFL inverter modes within BESS, particularly during fault and
disturbance scenarios in weak grids, where most existing studies continue to treat these
control strategies in isolation [1, 19, 172, 190]. Additionally, there is a noticeable lack
of systematic investigations into how varying the sharing of GFM and GFL inverters,
affects critical stability indicators like RoCoF, frequency nadir, and FRT performance
in low-inertia systems [8, 174, 300, 301]. Furthermore, although a range of GFM strate-
gies have been proposed in the literature, comparative evaluations under consistent
test conditions remain scarce. In particular, the relative strengths and weaknesses of
droop control and VSG approaches are rarely assessed side by side within standardised
weak grid environments, making it difficult to draw meaningful conclusions about their

suitability for next-generation inverter-based systems [19].

Building on these observations, this work addresses three major gaps. First, existing
studies lack a coordinated GFM-GFL architecture capable of adapting contributions

based on real-time disturbance severity. Second, no prior work offers an optimisation-
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based analysis of GFM:GFL penetration using unified frequency and voltage metrics.
Third, fair comparisons of GFM controls, such as droop and VSM, under identical weak-
grid conditions remain absent. This study fills these gaps by proposing a severity-aware
blended GFM-GFL coordination scheme, an optimisation-driven penetration analysis,
and a unified evaluation of droop and VSM controls, including black-start capability.
Table 4.1 further highlights these gaps, indicating that prior studies rarely inte-
grate GFM-GFL coordination, penetration-level assessment, and weak-grid validation
within a unified analytical framework. The present work is the first to provide such a

comprehensive integration.

Table 4.1: Comparison of studies on GFM-GFL coordination and weak-grid, renewable-
dominated system performance.

Ref Severity-Aware | Comparative | Parametric | Assessment Renewable-
GFM-GFL Evaluation of | Analysis of | under Weak Dominated
Coordination GFM Control | GFM:GFL Grid Conditions | System

Strategies Ratios Context

[1] X X v v

[18] X X X v v

[5] X X v v v

[19] X v X v v

[169] X X v v v

[8] X X X v v

[172] X X X v v

This v v v v v

Work

The workflow is summarized in the overall methodology framework shown in Figure

4.1. The main contributions of this work are as follows:

¢ Severity-Aware BESS Control Framework: A novel severity-aware BESS
coordination framework is proposed in which GFL and GFM modes operate cooper-
atively, guided by a severity index and validated against grid-code fault-clearing
times. Unlike conventional approaches that treat the two modes as independent
or mutually exclusive, the framework enables GFL to deliver efficient current-
following during mild disturbances while GFM progressively assumes voltage-

forming dominance under prolonged or severe faults. This adaptive interaction
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Figure 4.1: Overall proposed methodology framework

improves resilience in weak grids while preserving efficient operation under normal

conditions.

Parametric Analysis of GFM and GFL Shares: Building on the coordination
framework in Contribution 1, a systematic parametric analysis of GFM-GFL shares
is conducted using normalised frequency metrics and voltage stability margins
within a unified composite stability measure. Unlike prior studies that assess
inverter penetration only qualitatively or under isolated scenarios, this analysis
provides a structured, quantitative evaluation of how varying GFM:GFL ratios
affect weak-grid dynamics. Results show consistent monotonic gains in frequency
and voltage resilience as GFM share increases, offering evidence-based insight into

the stabilising role of GFM in weak transmission networks.

Comparative Evaluation of droop and VSM Control: Extending the previous
parametric analysis, a unified comparison of two GFM control strategies, droop
and VSV, is performed at representative GFM penetration levels of 50% and 75%.
Unlike earlier studies conducted under inconsistent network assumptions, this
evaluation is carried out within a coordinated GFM-GFL framework, ensuring fair
and meaningful benchmarking. The results highlight clear behavioural differences:
droop provides faster primary response, while VSM offers stronger damping and
black-start capability, giving practical guidance on their suitability for future
high-IBR grids.
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Collectively, these contributions advance robust BESS control strategies for inverter-
dominated renewable-rich systems, providing a foundation for resilient operation in weak
grids. The chapter is organised as follows: Section 4.2 outlines the proposed methodology,
Section 4.3 describes the network and cases, Section 4.4 discusses results, and Section

4.5 concludes with key findings and future work.

4.2 Proposed Methodology

This section outlines the proposed BESS control methodology, comprising: (i) a severity-
aware GFL-GFM blending scheme, (ii) multi-objective optimisation of GFM:GFL pen-
etration, and (iii) comparative assessment of droop and VSM at mid-level penetration.

The overall framework appears in Figure 4.1.

4.2.1 Severity-Aware Coordination Framework

The first contribution introduces a severity-aware BESS control framework in which
GFM and GFL operate in coordination during grid disturbances, rather than in an
exclusive switching manner. The aim is to exploit the current-following efficiency of GFL
under mild conditions while simultaneously enabling voltage-forming robustness of GFM

during severe faults.

4.2.1.1 Severity Index

A dimensionless severity index S(¢) is defined to quantify the disturbance level, nor-

malised against grid code thresholds for frequency deviation, RoCoF, and voltage devia-

tion:
If () = frefl ’Z_f’ IV, V(1)
S(¢) = — Jref ¢ ref — 41
D=0 e PRoCoFmar | AViras @D

where Afmax, RoOCoFnax, and AV, .« denote the allowable limits for frequency deviation,
RoCoF, and voltage deviation. The severity index applies grid-code normalisation to
keep all metrics dimensionless and comparable, enabling equal weights (a ==y =1)
as a neutral baseline. Sensitivity tests (= +50%) show only minor variation (=3.4-3.6;
Figure 4.2), indicating that the GFM—GFL coordination remains robust to weighting
choices. Equal weighting is selected as a neutral, unbiased baseline, as all three indicators
are normalised with respect to their grid-code limits, ensuring comparable scales. This

avoids preferential emphasis on any single metric and provides a generalised formulation
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that remains applicable across different power system conditions, where the relative

importance of frequency, RoCoF, and voltage may vary.
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Figure 4.2: Sensitivity of S to variations in the weighting coefficients «, , and y

4.2.1.2 Fault Duration and Grid-Code Validation

To validate the coordination mechanism, disturbances are modelled at distribution-level
buses (20 kV). According to the National Electricity Rules (NER) [302], systems at 100 kV
and below follow “as necessary” clearing guidelines. In this study, two representative
cases are applied, namely a fault duration of t(fg?it) =60 ms at bus 501 (20 kV) and

tg?li) =100 ms at bus 502 (20 kV). The first represents a disturbance cleared within
the fast-protection time frame, while the second represents an extended disturbance
within the backup protection range. This setup aligns with NER practices while enabling

validation of the proposed control.

4.2.1.3 Coordinated Mode Transition Logic

Instead of exclusive mode switching, a blended control law governs inverter operation

during disturbances. The coordinated reference is expressed as:

S trau

, (4.2)
S th,high tclear,max

uw ()= A= Vugp )+ Auipy(); A(t) =min| 1

where x(¢) is the hybrid blending factor in [0, 1] that sets the relative GFL-GFM
contribution. It increases with the severity index S(¢) and the ratio t¢ayit/¢clear,max- Thus,

x =0 gives pure GFL, x =1 gives pure GFM, and intermediate values yield a smooth
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hybrid response. For short disturbances (=60 ms), x =~ 0.5 indicates balanced coordination,

while more severe faults (=100 ms) drive x — 1, shifting toward dominant GFM support.

4.2.1.4 Control Laws

The coordinated framework employs complementary GFL and GFM control laws that
operate simultaneously and transition smoothly based on disturbance severity. In GFL
mode, the inverter behaves as a current-controlled device, tracking dg-axis current
references derived from the active and reactive power setpoints:

P * Q *

j 4.3
Vag@ 7 Vg @)’ (43)

1g,()=

where P*,Q* are the commanded active and reactive powers and Vy,(¢) is the mea-
sured dq-frame voltage. This mode provides fast current-limited response and effective
damping during mild disturbances where PLL synchronisation remains reliable.

In contrast, the GFM mode regulates voltage and frequency directly through droop

control:

6(t) = w(t) = wrer — K (P(t) - P7),
Vi) =Vier— K, (Q)-Q"), (4.4)

where P(t) and Q(¢) are instantaneous powers, 6(¢) is the phase angle with angular
frequency w(?), wrer and V,er are nominal settings, and K¢, K, are the active- and reactive-
power droop gains. This mode provides voltage formation, inertia-like support, and
improved robustness under severe faults.

Blending this behaviour through the severity-dependent factor A(¢) allows fast GFL
response during mild events and a smooth shift to GFM dominance as severity increases,

ensuring stable and adaptive performance across varying disturbances.

4.2.2 Multi-Objective Optimization of GFM:GFL Penetration
Ratios

Building upon the coordination framework, the second contribution evaluates the dy-

namic impact of varying GFM:GFL shares. A total generation of 330 MW is maintained,

with penetration ratios ranging from fully GFL (x = 0) to fully GFM (x = 1) across bus
502, as shown in Table 4.2.
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Table 4.2: Allocation of GFM and GFL Power Across Scenarios

GFM Share (x) GFM (MW) GFL (MW)

0.00 0 330
0.25 82.5 247.5
0.50 165 165
0.75 247.5 82.5
1.00 330 0

4.2.2.1 Stability Metrics

To assess dynamic performance under different GFM:GFL ratios, both frequency- and
voltage-domain indicators are used. Frequency deviations are measured using the in-
tegral of absolute error (IAE) and the integral of time-weighted absolute error (ITAE),
defined as:

T T
TAE = f |F(8) = fret| dt,ITAE = f £ ()~ Fret| dt; (4.5)
0 0

In the voltage domain, performance is assessed through the minimum and maximum

values of the voltage trajectory, together with their deviation, expressed as:

Viin = tgg,r%]V(t)’ Vover = tIEI[l(?,’%]V(t)’ AV =Vover = Vmin. (4.6)

where Viin and Vyyer are the minimum and maximum voltages, with AV their
deviation, capturing dips, overshoot, and recovery for the composite stability index.
4.2.2.2 Composite Stability Index

The optimization problem is formulated to determine the optimal GFM share x € [0,1]
that maximises overall stability performance. The composite stability index consolidates

frequency and voltage domain metrics as follows:

Maximise J(x)= we- (almfnadir + aszpeak + A3mMiAE + A4MITAE + a5st)

+ wy - (ﬂlmein + Bamy,,, + ﬁsmAV), (4.7)
Margin Value

=E—_— .€[0,1]. 4.8

m Threshold ’ m.€l0,1] (4.8)
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where m is the normalised stability margin for each metric relative to its limit. The
weights wy and w, set the relative importance of frequency and voltage objectives in the

optimisation.

Subject to:
Frin < (D= fmaxs || < ROCOFimas,Vinin < V(6) < Vinas, 0= =1, (4.9)

where fnin and fnax denote allowable frequency bounds, RoCoFy,,x is the maximum
permissible rate-of-change of frequency, and Vi,in, Vimax are the voltage limits as per grid

code requirements.

4.2.2.3 Optimization Algorithm

The GFM:GFL penetration ratio is optimised using Particle Swarm Optimisation (PSO),
where each particle represents a candidate share x € [0,1] and the objective is to maximise

the composite stability index J(x). The particle update rule is:

xf Tl = gk At (4.10)

i

k+1 k k kY.
Ax;""=wAx; +c1ry (xi,best —Xx; ) + 027‘2(xgloba1 —Xx; ),

where Ax; is the GFM-share update, w the inertia weight, c1,co the acceleration gains,
and r1,r3 random terms. Here, x; pest and xgiohal are the particle and global best values.

Iterations continue until the GFM share that maximises /(x) is found.

4.2.3 Comparative Evaluation of Droop and VSM Control

Following the parametric analysis in contribution 2, this contribution compares Droop
and VSM controls at 50% and 75% GFM shares, evaluating frequency-voltage perfor-
mance and black-start capability. Droop and VSM serve as alternative GFM outer loops:
for each GFM share x, BESS units operate either Droop or VSM, with the remainder in
GFL mode; no inverter uses both controls simultaneously.

4.2.3.1 Droop Control

Droop control applies proportional P—f and -V laws:
Af =—k,(P-P"), AV =-k,(Q@-Q7), (4.11)

where &, and &, are droop coefficients. It enables simple power sharing but lacks inertia

emulation, making weak grids more sensitive to frequency disturbances. This algebraic

166



4.3. NETWORK AND CASES CONSIDERED

structure enables a rapid response to disturbances, a behaviour also reported in prior
studies, such as [171] and the experimental results of [174], where droop-based GFM

inverters consistently exhibited the quickest frequency arrest.

4.2.3.2 VSM Control

VSM incorporates swing dynamics to emulate synchronous machine behaviour:

M—+D(w-w")=P"-P, (4.12)

where M is virtual inertia and D is damping. This provides an inertia-like response
and enhanced damping, improving transient stability. These additional dynamic ele-
ments slow the initial response but significantly enhance oscillation attenuation and
settling behaviour. This inertia damping effect is discussed in the VSM literature [171],
where VSM implementations demonstrate smoother trajectories and superior transient

damping compared with droop control.

4.2.3.3 Black Start Capability

In weak-grid conditions, droop control can cause frequency drift while VSM offers
smoother recovery, though their effectiveness depends on system conditions [17]. Here, P
and @ denote active and reactive power, respectively, and og(¢) represents the generator

state. This can be expressed by droop-style balance:

Z(Pij +JQij)=(PL+jQL)— (Pg +jRa), (4.13)
J

and VSM-like cranking dynamics:

Pg(t) = 06(t) Payail — (1 _UG(t)) Perank, Qa(t) = 0G(t)Qayail — (1 _UG(t)) Qcrank, (4.14)

which capture system balancing and generator startup in restoration. The next section

introduces the network and cases for evaluating the proposed methodology.

4.3 Network and Cases Considered

This section outlines the network setup and case studies used to demonstrate the validity

of the proposed methodology.
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Figure 4.3: Simplified Australian power system test network (Area 5).

4.3.1 Network Considered

The test system is based on Area 5 of the simplified Australian 14-bus generator network
(Figure 4.3), which has been widely used in stability studies of inverter-dominated
grids. Detailed specifications are provided in [303, 304]. Area 5 represents a weak-grid
environment with synchronous machines, inverter-based renewables, and interconnected
loads, making it well-suited for evaluating the proposed coordinated BESS control
framework. In this work, the bus hosting both GFM and GFL units represents the
medium-voltage collector bus of a multi-inverter BESS plant, where several inverter
blocks operate in parallel [305, 306]. In line with modern practice, some blocks are
configured in GFM mode to establish local voltage and frequency, while others remain

GFL for power dispatch and charging control [8, 172].

4.3.2 Cases Considered

The simulation cases correspond directly to the three methodological contributions. Con-
tribution 1 considers four benchmarks: a baseline without IBRs, GFL-only, GFM-only,
and coordinated GFM-GFL control governed by the severity index, thereby illustrating
the incremental benefits of adaptive coordination. Contribution 2 extends this through a

systematic parametric sweep of GFM shares x € {0,0.25,0.5,0.75,1.0}, assessed using a
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composite frequency—voltage stability index that consolidates nadir, overshoot, settling
behavior, and voltage margins into a unified measure of dynamic resilience. Contri-
bution 3 compares Droop and VSM control at representative shares of 50% and 75%,
focusing not only on transient stability but also on black start capability, which provides
insight into post-disturbance recovery. All simulations are conducted in Power System
Simulation for Engineering (PSSE 36.2) with Python 3.12 on a 12 Generation Intel®
Core™ i7-1265U Central Processing Unit (CPU) with a base clock speed of 1.80 gigahertz
(GHz) and 32 gigabytes (GB) of Random Access Memory (RAM); which is appropriate for
system-level assessment of transmission networks; experimental and HIL validation are

left for future work. The next section discusses the corresponding results in detail.

4.4 Results and Discussion

This section validates the methodology through dynamic simulations, presenting results

from coordination analysis to parametric evaluation and strategy comparison.

4.4.1 Severity-Aware GFM-GFL Coordination

The proposed severity-aware GFM—GFL coordination strategy is benchmarked against
three baselines: (i) no IBRs, (ii) GFL-only operation, and (iii) GFM-only operation. Quan-
titative results are summarised in Table 4.3, with the corresponding dynamic responses

shown in Figures 4.4-4.5.

Table 4.3: Voltage and frequency performance across four cases.

Peak Peal Lowest Lowest Ave- Frequ- .
vol- vol- Over- vol- vol- rage ency Severity
Case tage :iang; S?(; ())t tage :?nglz RoCoF  Nadir Irzgix
(4
(p.u.) (p.u.) (Hz/s) (Hz)

(s) (s)

Without IBRs 1.159 5.75 14.2  0.166 5.10 2.9544 47.5071 4.77
With GFL 1.177 5.23 16.0 0.183 5.09  1.2470 48.1359 4.10
With GFM 1.061 146 44 0.197 5.10 1.0950 48.9474 3.50

Coordinated
GFM & GFL 1.051 1.15 34 0.200 5.10 0.8081 48.9768 3.44
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Figure 4.4: Dynamic response at Bus 509 across four cases: (a) frequency, (b) active power,
(c) voltage, and (d) reactive power

Without IBRs, the system exhibits the most critical instability, with a frequency
nadir of 47.5 Hz, 14.2% overshoot, RoCoF of 2.95 Hz/s, and the highest severity index
(S =4.77). Under GFL-only operation, the nadir improves to 48.1 Hz and RoCoF falls
to 1.25 Hz/s, but overshoot increases to 16%, highlighting the limited ability of PLL-
driven current control to stabilise post-fault voltage. In contrast, GFM-only operation
reduces overshoot to 4.4% and raises the nadir to 48.95 Hz, yet voltage recovery is
slower (minimum 0.197 p.u. at 5.1 s), indicating degraded performance under prolonged
low-voltage conditions.

The coordinated GFM—GFL strategy delivers the most balanced response: overshoot is
limited to 3.4%, RoCoF is reduced to 0.81 Hz/s (a 73% improvement relative to the no-IBR
case), and the nadir increases to 48.98 Hz, yielding the lowest severity index (S = 3.44).
These gains arise from the complementary roles of GFL and GFM modes: GFL control
provides fast, current-limited active—reactive support, while GFM control supplies robust
voltage formation and inertia-like frequency support as severity increases. Through
the severity-dependent blending factor A(¢), the controller smoothly shifts from GFL-
dominant behaviour during mild events to greater GFM contribution during deeper faults.
This improved performance compared to pure GFM arises because, while GFM provides

robust voltage and frequency support, it can exhibit slower transient response and
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increased control effort under certain conditions. In contrast, the coordinated approach
combines the fast current-limited response of GFL during initial disturbances with the
sustained voltage-forming capability of GFM, resulting in a more balanced and effective

dynamic response.
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Figure 4.5: Comparative performance across four control schemes: (a) RoCoF and fre-
quency nadir, and (b) voltage dip and overshoot.

From a control viewpoint, the shared bus functions as a multi-inverter BESS plant
where GFM units act as stiff voltage sources and GFL units operate as PLL-synchronised
current sources. Guided by the severity index, GFM provides a strong local voltage-
frequency reference while GFL delivers rapid current support, and shifting part of the
plant from pure GFL to blended GFM-GFL operation improves frequency nadir, reduces
overshoot, and accelerates voltage recovery (Table 4.3).

Overall, the results show that the severity-aware coordinated strategy consistently
outperforms either single-mode configuration, combining their strengths to enhance
stability, damping, and resilience under grid-code fault conditions, thereby substantiating

the claims of Contribution 1.

4.4.2 Optimisation of GFM:GFL Penetration Ratios

The second contribution examines the impact of varying GFM:GFL penetration ratios (x €
{0,0.25,0.5,0.75,1.0}) while maintaining a fixed total generation of 330 MW. Frequency

and voltage dynamics are evaluated at bus 502, with results summarised in Tables 4.4-
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4.5 and illustrated in Figures 4.6-4.7. The analysis demonstrates a consistent trend:

higher GFM penetration yields progressively enhanced stability across both domains.

At full GFL operation (x = 0), frequency resilience is weakest, with a nadir of 48.71 Hz,
overshoot of 3.50 Hz, settling time of 5.05 s, and the lowest Vi of 0.525 p.u. Introducing
partial GFM support (x = 0.25) raises the nadir and shortens settling time, but error
indices remain high (IAE = 0.940, ITAE = 1.750). A more balanced response appears
at x = 0.5, where overshoot falls to 2.89 Hz, settling time reduces to 4.65 s, and both
TIAE and ITAE drop markedly. The strongest performance occurs at full GFM (x = 1.0),
with the highest nadir (49.19 Hz), lowest overshoot (2.50 Hz), fastest settling (4.21 s),
and minimum error values (IAE = 0.568, ITAE = 0.937). Voltage stability also improves
monotonically, as Vi, increases from 0.525 to 0.621 p.u. and AV contracts from 0.525 to
0.419 p.u.

Table 4.4: Frequency stability metrics under different GFM:GFL ratios.

X Nadir (Hz) Peak (Hz) Af (Hz) Settling Time(s) IAE ITAE

0.00 48.71 52.21 3.50 5.05 1.361 2.364
0.25 49.22 52.61 3.39 4.90 0.940 1.750
0.50 49.09 51.98 2.89 4.65 0.815 1.509
0.75 49.15 51.84 2.69 4.50 0.661 1.124
1.00 49.19 51.69 2.50 4.21 0.568 0.937

Table 4.5: Voltage stability metrics under different GFM:GFL ratios.

x Vinin (p-w.)  Vioper (pu.) AV (p.u.) Objective Function /

0.00 0.525 1.10 0.525 0.175
0.25 0.572 1.02 0.448 0.456
0.50 0.588 1.03 0.442 0.497
0.75 0.614 1.04 0.426 0.569
1.00 0.621 1.04 0.419 0.619
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Figure 4.7: Variation of (a) frequency and voltage indicators, and (b) objective function
(J) and ITAE across different GFM penetration levels.

This monotonic trend reflects the complementary control roles of GFM and GFL
inverters. For a fixed 330 MW BESS, increasing the GFM share x shifts more capacity
from current-following to voltage-forming, enhancing virtual inertia and voltage stiffness
at bus 502 and thus improving nadir, reducing overshoot, and accelerating damping.

The remaining GFL units exploit this strengthened reference to deliver rapid active
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and reactive current injection. Together, this coordination yields an = 60% reduction
in ITAE, an = 20% narrowing of AV, and a 3.5 fold increase in J(x) between x =0
and x = 1. J(x) rises steadily with GFM share, peaking at 0.619 when x = 1. Higher
GFM fractions deliver stability levels close to full GFM, improving frequency nadir,
damping, recovery, and voltage support. This confirms Contribution 2 and validates the

optimisation framework in weak-grid conditions.

4.5 Comparative Evaluation of Droop and VSM

Control

The final contribution compares droop and VSM performance at 50% and 75% GFM
(Table 4.6, Fig. 4.8), highlighting trade-offs in transient response and robustness. Four
cases are evaluated: droop—50%, droop—75%, VSM-50%, VSM-75% with each scenario

using a single control law.

Droop control provides faster and more bounded transients, with nadirs of 49.09 Hz
(50% GFM) and 49.15 Hz (75% GFM) and overshoots of 51.91-51.84 Hz. However, its
proportional P—f and @-V response lacks inertia emulation, leading to reduced long-
term frequency restoration, as reflected in the lower settling frequency at 75% GFM
(48.96 Hz). VSM control, by contrast, delivers superior inertial buffering and damping,
improving nadir recovery and raising settling frequency to 49.98 Hz (50% GFM) and
49.62 Hz (75% GFM), albeit with slightly higher voltage overshoot (1.05 p.u. versus
1.02 p.u. for droop).

Table 4.6: Comparison of droop and VSM control at 50% and 75% GFM share.

Metric Droop (50%) Droop (75%) VSM (560%) VSM (75%)
Frequency nadir (Hz) 49.09 49.15 47.9 49.07
Peak overshoot (Hz) 51.91 51.84 50.95 51.77
Settling frequency (Hz) 49.91 48.96 49.98 49.62
Voltage dip (p.u.) 0.57 0.61 0.63 0.62
Voltage overshoot (p.u.) 1.02 1.04 1.05 1.04
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Figure 4.8: Frequency (a) and voltage (b) responses of droop and VSM controls at 50%
and 75% GFM penetration levels.

Sensitivity analysis (Figure 4.9) shows that varying the droop gain &, (0.1-0.5) or the

VSM inertia constant M (1-5) produces only marginal changes in voltage dip (=0.565—
0.570 p.u.) and overshoot (=1.01-1.05%). This narrow response band confirms that both

control methods are highly robust to parameter tuning.

Overall, droop is favourable when rapid transient response and bounded overshoot

are prioritised, whereas VSM offers improved frequency recovery and resilience in low-

inertia weak grids. The complementary strengths identified here reinforce the need for

coordinated GFM-GFL deployment in high-renewable networks.
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Figure 4.10: Black start restoration at Bus 509 using GFM-BESS showing voltage and
frequency performance with (a) droop control and (b) VSM control.

4.5.1 Black Start Capability

The black-start analysis was conducted with a 75% GFM share for both the droop and
VSM strategies to verify whether coordinated GFM-GFL control can reliably achieve
restoration, rather than emphasising differences between the two modes. Results (Ta-
ble 4.7, Figure 4.10) confirm that both strategies enable successful staged re-energisation
of the system through GFM-BESS resources, including load pickup, generator cranking,

and island synchronisation.

Droop and VSM show broadly similar restoration performance, with droop offering
faster initial transients and VSM providing smoother trajectories with reduced oscilla-
tions. This close alignment demonstrates that the coordinated framework itself is capable
of facilitating black start restoration in weak grids when sufficient GFM share is present.
These findings highlight the viability of the proposed control architecture, which not only
enhances dynamic stability under disturbances but also enables full grid restoration.
This concludes the evaluation of the three contributions and leads to the final discussion

on conclusions and future work.

176



4.6. CONCLUSION AND FUTURE WORK

Table 4.7: Black start restoration sequence enabled by GFM-BESS.

Time (s) Action

Energise Bus 509 in GFM mode (black start resource)
Staged load pickup at Bus 509
Staged load pickup at Bus 315

12 Close line 507-509: energise cranking path

15 Load pickup at Bus 507

20 Generator cranking at Bus 507

22 Continue energisation toward backbone

26 Additional load pickup at Bus 507

30 Close line 504-508: transmission strengthening
35 Load pickup at Bus 508

40 Transformer energisation (Bus 501-504)

45 Generator cranking at Bus 501

50 Backbone energisation (504-508 and 505-507)
50-60 Synchronisation of islands/generators at Buses 501, 502, 503

4.6 Conclusion and Future Work

This chapter has addressed the stability challenges of renewable-dominated weak grids
by proposing a severity-aware BESS control framework where GFL and GFM inverters
operate in a blended manner governed by a severity index. The framework ensures
efficient current-following during mild disturbances while adaptively transitioning to
voltage-forming dominance under severe faults, thus combining operational efficiency
with resilience. Validation through parametric analysis confirmed monotonic improve-
ments in frequency nadir, RoCoF suppression, and voltage stability with increasing
GFM share, while comparative evaluation of droop and VSM strategies highlighted the
trade-off between droop’s faster transients and VSM’s superior damping and black start
capability.

The findings highlight severity-aware GFM-GFL coordination as a practical path-
way to resilient inverter-dominated grids, directly supporting SDG 7. Nonetheless, the
study is limited to simulation-based validation on simplified test systems. The detailed

RMS-domain simulations presented are suitable for system-level evaluation under weak
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grid conditions. By contrast, hardware or hardware-in-the-loop (HIL) implementation
would require extensive laboratory infrastructure and is therefore identified as an impor-
tant direction for future work. Future research should extend the framework to larger
networks with renewable variability, demand fluctuations, and real-world contingen-
cies, while exploring real-time optimisation of GFM:GFL allocation, hybrid droop-VSM
schemes, advanced black start protocols, and experimental or HIL implementations
(e.g., on RTDS/OPAL-RT platforms with physical inverters) to bridge the gap between

simulations and field deployment.

4.7 Chapter summary

This chapter developed a severity-aware coordinated GFM-GFL BESS control framework
to enhance frequency stability, voltage resilience, and overall dynamic robustness in
weak transmission networks dominated by inverter-based renewables. By introducing a
severity index to regulate real-time transitions between current-following and voltage-
forming behaviour, the framework demonstrated clear improvements in frequency nadir,
RoCoF suppression, and post-fault voltage recovery across varying GFM:GFL penetra-
tion levels. A comparative analysis of droop and VSM strategies further highlighted
distinct advantages in transient response, damping, and black-start capability, providing
practical insights for future REZ deployment. Together, these findings confirm that
coordinated inverter behaviour is essential for maintaining system resilience under high
renewable penetration and complement the cascaded optimisation results established in
Chapter 3. Notably, increasing the GFM contribution from x = 0.00 to x = 1.00 improves
the frequency nadir from 48.71 Hz to 49.19 Hz while raising the minimum voltage
from 0.525 p.u. to 0.621 p.u., demonstrating enhanced frequency and voltage stability.
The next chapter synthesises the key outcomes of this research, discusses its broader
implications for REZ stability, and outlines potential directions for future work, including
full-scale REZ modelling, hybrid storage integration, and advanced adaptive control

strategies.

178



CHAPTER

CONCLUSION AND FUTURE WORK

Chapter Composition

This chapter summarises the thesis by revisiting its research aims, synthesising
the key findings from the literature review and the two methodological chap-
ters, and highlighting the original contributions made to weak-grid renewable
integration. It discusses the limitations of the proposed frameworks, outlines
opportunities for extending the research through improved modelling, advanced
control design, and experimental validation, and concludes with final reflections
on the significance of the work for future Renewable Energy Zone development

and inverter-dominated power systems.

5.1 Overview

The increasing reliance on inverter-based renewable energy resources has imposed
significant operational challenges on weak transmission networks, particularly within
Australia’s Renewable Energy Zones (REZs). These networks, characterised by low short-
circuit strength, high impedance, and reduced inertia, exhibit heightened vulnerability
to voltage instability, fault-induced disturbances, and frequency degradation. This thesis
addressed these vulnerabilities through two complementary research objectives: the
development of a cascaded control optimisation framework to enhance voltage stability

and fault-ride-through (FRT) capability, and the formulation of a severity-aware coordi-
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nated BESS control strategy to improve frequency support and inverter interoperability.
Together, these contributions provide a systematic pathway for reinforcing the dynamic
stability of renewable-dominated weak grids and directly support the broader transition

toward sustainable and resilient energy systems.

5.2 Summary of Research Outcomes

5.2.1 Insights from Literature Review Part 1

The first part of the literature review examined the role of Battery Energy Storage
Systems (BESS) in mitigating the technical challenges inherent to weak-grid REZ
environments. This analysis showed that weak grids consistently suffer from limited
inertia, high voltage volatility, frequency instability, and poor power quality, all of which
hinder large-scale renewable integration. Although a wide range of energy storage
and control solutions has been proposed, the review revealed that existing approaches
remain fragmented, frequently focusing on isolated device-level improvements rather
than system-level coordination. In particular, there is a lack of unified optimisation
strategies that simultaneously address plant-level, network-level, and converter-level
dynamics, and existing performance metrics do not adequately capture resilience under
faulted conditions. These insights underscored the need for an optimisation-driven,
resilience-oriented framework, which ultimately shaped the development of the cascaded

control methodology presented in Chapter 3.

5.2.2 Insights from Literature Review Part 2

The second part of the literature review evaluated the capabilities and limitations of
grid-following (GFL) and grid-forming (GFM) inverters, emphasising their foundational
role in enabling renewable-dominated networks. While GFM inverters provide essential
grid-supportive functions such as virtual inertia, frequency regulation, and enhanced
FRT stability, the review highlighted several persistent gaps, including insufficient co-
ordination between GFM and GFL modes, inadequate modelling tools for low-inertia
networks, and a lack of standardised test frameworks for evaluating inverter behaviour
under REZ-specific conditions. Simulation studies and real-world deployments demon-
strate promising results, but the absence of adaptive, disturbance-aware coordination

strategies limits the effectiveness of existing inverter technologies. These findings moti-
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vated the need for an intelligent GFM-GFL coordination mechanism, ultimately forming

the conceptual basis of the severity-aware control framework introduced in Chapter 4.

5.2.3 Key Findings from Chapter 3

Chapter 3 presented a novel cascaded control optimisation framework that integrates
an enhanced Particle Swarm Optimisation routine with a Dynamic Resilience Metric
(DRM). This approach enabled simultaneous tuning of plant-level, network-level, and
converter-level controllers, resulting in a coherent, system-wide enhancement of stability
across a variety of renewable penetration scenarios. Simulation results on the simpli-
fied Australian 14-Generator Test System demonstrated substantial improvements in
both voltage stability and FRT capability. The optimised controller designs consistently
restored voltage profiles within three to four seconds following disturbances and sup-
ported fault-clearing durations of up to 270 ms, significantly exceeding the performance
achieved with conventional reactive-power-based approaches. These outcomes confirm
that coordinated multi-layer optimisation is not only feasible but essential for reinforcing

renewable-rich weak transmission networks.

5.2.4 Key Findings from Chapter 4

Building upon the need for improved frequency resilience and inverter coordination,
Chapter 4 introduced a severity-aware GFM-GFL BESS control framework. This ap-
proach employed a severity index to dynamically adjust the contribution of GFM and
GFL inverters based on disturbance intensity. Parametric studies revealed monotonic
improvements in frequency nadir, rate-of-change-of-frequency (RoCoF), and voltage
recovery as the proportion of GFM increased. In addition, a comparative evaluation
of Droop and Virtual Synchronous Machine (VSM) controls demonstrated that Droop-
based strategies offer faster transient response, whereas VSM-based controls provide
superior damping and black-start capability. These findings demonstrate that adaptive
inverter coordination offers significant benefits for weak grids and complements the

voltage-oriented optimisation framework developed in Chapter 3.

5.3 Research Contributions

This thesis provides a number of original contributions to the field of weak-grid renewable

integration. First, it develops a unified cascaded control optimisation framework that si-
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multaneously tunes multiple control layers using an enhanced PSO algorithm guided by
a novel Dynamic Resilience Metric. This represents a substantial advance over existing
single-layer or device-focused approaches. Second, it introduces a severity-aware coordi-
nated GFM-GFL BESS control strategy that adaptively allocates inverter roles according
to real-time system conditions, significantly improving frequency stability, fault recovery,
and inverter interoperability. Third, the thesis offers a comprehensive evaluation method-
ology that integrates weak-grid modelling, parametric inverter studies, and comparative
assessments of advanced GFM strategies. Collectively, these contributions establish a
robust foundation for enhancing the stability and resilience of renewable-dominated

weak transmission networks.

5.4 Limitations

Although the results achieved in this thesis are promising, several limitations should
be acknowledged. The cascaded optimisation framework presented in Chapter 3 does
not incorporate the effects of time-varying load profiles, which may influence optimal
controller behaviour under real-world conditions. Similarly, the study did not include
harmonic distortion analysis, limiting the extent to which power quality improvements
could be assessed. The severity-aware coordination framework developed in Chapter 4
was validated exclusively through RMS-domain simulations. While this approach is
suitable for system-level analysis, it does not capture fast electromagnetic transients and
detailed inverter switching dynamics, which may influence system behaviour under very
weak grid conditions. Furthermore, the thesis did not include hardware or hardware-in-
the-loop validation due to infrastructure constraints, leaving experimental verification

as an important avenue for future work.

5.5 Future Research Directions

There are several promising directions for extending the work presented in this thesis.
Future research should incorporate realistic and time-varying load models to improve
the fidelity of optimisation outcomes and expand weak-grid simulations to full-scale
REZ networks featuring diverse renewable and storage technologies. Additional em-
phasis should be placed on assessing power quality through harmonic distortion and
interharmonic analysis, especially under high GFM penetration. Further development

of real-time optimisation algorithms for GFM-GFL coordination would enable adaptive
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resource allocation in response to evolving operating conditions. Hybrid Droop-VSM
strategies also warrant investigation as they may offer a desirable balance between
transient speed and damping strength. Finally, hardware testing through HIL platforms
such as RTDS or OPAL-RT will be essential for bridging the gap between simulation
and deployment and for establishing standardised validation procedures aligned with

emerging international grid codes.

5.6 Final Remarks

In summary, this thesis advances the technical foundations required to support large-
scale renewable integration into weak transmission networks. By combining a cascaded
control optimisation framework with a severity-aware GFM-GFL coordination strategy,
the research provides a cohesive suite of tools capable of enhancing voltage stability,
fault resilience, frequency support, and overall system robustness. These contributions
not only address critical gaps in existing literature but also support Australia’s broader
REZ development strategy and global efforts toward clean, reliable, and sustainable
energy systems. The outcomes of this work lay the groundwork for continued innova-
tion through experimental validation, standardisation, and large-scale deployment of

advanced inverter and storage technologies in weak-grid environments.
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