ABSTRACT

XU, BEIL Development of Advanced Grid-Support Functionalities Using Battery Energy
Storage Systems. (Under the direction of Dr. Ning Lu).

The modern power grid is witnessing a paradigm shift driven by the integration of
renewable energy sources, demanding more resilient and flexible energy management
strategies. In this evolving landscape, Battery Energy Storage Systems (BESS) have
emerged as pivotal components, facilitating the mitigation of intermittent renewable
generation and enhancing grid stability. However, harnessing the full potential of BESS
for advanced grid-support functionalities presents intricate challenges that necessitate
innovative solutions. This thesis embarks on a comprehensive exploration of these chal-
lenges, motivated by the imperative to enable efficient microgrid operation and robust
power reserve management.

In Chapter 2, the BESS model is introduced, demonstrating its adaptability to operate
in both Grid-Forming (GFL) and Grid-Following (GFM) modes. By incorporating Grid-
Support Functionalities (GSFs), the BESS model attains critical functionalities that
encompass Black-start capability, the provision of both leading and lagging power factors,
rigorous voltage and frequency regulation, steadfast inverter protection, and intricate
coordination control with multiple Grid-Following Mode (GFM) BESS units. These
innovations are pivotal for ensuring stable BESS operation within microgrid systems,
serving as a foundational step towards more advanced control mechanisms.

Chapter 3 explores a novel a8 SRF-based control architecture designed to bolster
the grid-forming operation of BESS in isolated microgrids. Three key contributions arise
from this research. Firstly, a distinct comparison is drawn between the a8 SRF-based
inner voltage control scheme and the conventional dqg RRF-based control paradigm, ac-
centuating the superiority of the proposed approach in governing positive-sequence and
negative-sequence voltages. Secondly, empirical evidence demonstrates the effective atten-
uation of zero-sequence voltage, realized through the strategic integration of a grounding
transformer at the Point of Common Coupling (PCC). Finally, a novel performance
metric designed to regulate power unbalance is introduced, aligning with inverter voltage
unbalance requirements and contributing to system stability. The simulation results
further substantiate the efficacy of the proposed control structure, highlighting specific
configurations to regulate Voltage Unbalance Factor (VUF) within desired thresholds.

Chapter 4 introduces an innovative Under-Frequency Load Shedding (UFLS) schemes



for power reserve management in islanded microgrids with singular grid-forming resources.
By employing system frequency as an essential control signal, these UFLS methods enable
an autonomous demand response, overcoming challenges posed by unreliable communica-
tion networks. This chapter presents a sophisticated UFLS mechanism, achieving uniform
triggering delay for progressive load shedding, ramp rate monitoring to avoid inadvertent
shedding, and uniformly distributed recovery delays to mitigate large power fluctuations.
These features collectively refine the precision and resilience of UFLS, establishing it as a
critical solution for power reserve management. Furthermore, the utilization of sectional-
izers, smart meters, and controllable appliances contributes to a nuanced per-phase load
shedding strategy, rigorously tested using the advanced OPAL-RT eMEGASIM platform.
By transcending conventional sectionalizer-based UFLS, this research marks significant
strides towards better balanced three-phase voltages and broadened load-serving capabili-
ties, offering a robust framework for future development in power reserve management in

islanded microgrids.
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CHAPTERL

Introduction

1.1 The Need for Battery Energy Storage Systems

In recent years, the global demand for reliable, e cient, and sustainable energy has been
on the rise. As our societies continue to advance, we are becoming increasingly dependent
on electricity to power our homes, businesses, and industries. However, the traditional
electricity grid, designed to meet the demands of a bygone era, is struggling to keep up
with this growing appetite for power (Kirschen and Strbac 2018).

This is where Battery Energy Storage Systems (BESS) come into the picture. BESS
refers to the integration of advanced battery technologies with power grid infrastructure,
enabling the storage of electricity during times of excess generation and its subsequent
release during periods of high demand. These systems have emerged as a crucial solution
to address the challenges posed by the modern energy landscape (Mexis and Todeschini
2020).

One of the primary driving forces behind the need for BESS is the integration of
intermittent renewable energy sources (RES), such as wind and solar, into the power
grid (Panwar et al. 2011; Lu et al. 2020). Unlike conventional fossil fuel-based power
plants, these renewable sources depend on factors like weather conditions and daylight
availability, leading to a mismatch between variable generation and demand patterns (Qazi
et al. 2019). This intermittency results in energy imbalances and grid instability.



In microgrids (MGs), where renewable distributed generators (DGs) play a signi cant
role, the variable nature of these generators necessitates a compensatory energy source to
manage their uctuations (Adefarati and Bansal 2016). Microgrids also require energy
storage systems (ESS) to ensure seamless transfer to the islanded mode during islanding
events (Raya-Armenta et al. 2021). ESS enhances exibility in power generation, delivery,
and consumption, allowing variable generation resources to continue generating power
even in the absence of wind and sunlight. This ensures a continuous and reliable power
supply for electric utilities. ESS can also economically store energy from various sources
to serve shifting loads based on electricity prices and supply non-shiftable loads during
peak hours. The installation of BESS is rapidly growing, as indicated by Figure 1.1.

The employment of ESS would improve power quality via frequency regulation, bene t
electric producers by allowing them to generate power when it is most e cient and
least expensive, provide critical loads with a continuous source of power, and help the
society during emergencies such as electricity interruptions because of storms, equipment
failures, or malicious attacks (Hannan et al. 2021). According to (Boicea 2014; Divya and
@stergaard 2009), bene ts could be in the form of either avoided costs or additional revenue
received by the operator. Bene ts from avoided costs include the costs of alternatives to
the ESS which are avoided. Based on this concept, if an ESS is used such that there is
no need for generation equipment, the bene t of this ESS would be the avoided cost of
generation. For the ESS owner, bene ts from additional revenue would be associated with
the revenue from selling energy and other services. For an electricity end-user employing
ESS for reducing electricity bill, the bene ts would be lower costs of energy.

Moreover, BESS o er numerous bene ts beyond grid balancing. They provide a
decentralized and modular approach to energy storage, making it possible to deploy them
at various points throughout the grid, closer to the areas of high demand (Xu et al. 2019,
2020). This reduces transmission and distribution losses and enhances the overall e ciency
of the electricity network. Additionally, BESS can act as a backup power source during
outages or emergencies, enhancing the resilience and reliability of the grid.

Furthermore, battery energy storage systems have signi cant implications for the adop-
tion of electric vehicles (EVs) and the electri cation of transportation (Hannan et al. 2017).
With the widespread growth of EVs, there is an increasing need for charging infrastructure
and e cient management of electricity demand. BESS can support the deployment of EV
charging stations, ensuring optimal energy utilization and grid compatibility.

In conclusion, the need for battery energy storage systems has never been more critical.
With the integration of renewable energy sources, the increasing demand for electricity,



Figure 1.1: U.S. battery energy storage system market size, by application, 2016-2017
(USD Million)

and the rapid growth of electric vehicles, BESS emerges as a versatile solution to address
energy imbalances, enhance grid stability, and support the transition to a sustainable and
decentralized energy future. By harnessing the power of advanced battery technologies,
we can unlock the full potential of renewable energy and build a more resilient, e cient,
and environmentally friendly power grid. My thesis aims to develop some advanced
Grid-Support Functionalities Using Battery Energy Storage Systems.

1.2 Control Strategies for Inverter-Based Resources

From a control and functionality perspective, inverter-based resources (IBRs) can be
fundamentally managed using two types of control strategies: Grid-Following (GFL) mode
and Grid-Forming (GFM) control mode (Rocabert et al. 2012; Pan et al. 2019; Vandoorn
et al. 2013). These control modes are instrumental in shaping the behavior of IBRs,
bridging the gap between renewable energy sources and traditional power systems, and
ensuring their seamless integration within microgrids. They are crucial for regulating the
behavior of IBRs and ensuring their e ective integration within microgrids.

In GFL mode, the primary objective is to emulate the behavior of IBRs as current
sources, as depicted in Figure 1.2. This control strategy concentrates on regulating the
current injected by the inverter into the grid. GFL control plays a vital role in grid-
connected applications, where precise current control is paramount. One of the major
advantages of GFL control is its inherent simplicity in regulating current and manipulating
the active and reactive power output of the inverter, thereby optimizing energy ow.
However, the limitation of GFL control is its inability to directly regulate voltage and



Figure 1.2: Grid-following control mode

Figure 1.3: Grid-forming control mode

frequency. It relies on external grid parameters and typically requires connection to an
existing grid infrastructure to operate e ectively. This dependence may impose constraints
on exibility, especially in isolated or unstable grid scenarios.

Conversely, GFM control mode is structured to make the inverter function as a voltage
source, as shown in Figure 1.3. Unlike GFL, GFM control emphasizes direct control over
voltage and frequency, attributes that are particularly bene cial for islanded microgrid
systems. In environments where independent and reliable operation is paramount, GFM's
ability to operate in islanded mode represents a signi cant advancement. However, it's
essential to acknowledge that GFM control, with its intense focus on voltage and frequency
control, can be more complex to implement (Schomann 2019). It may encounter challenges
related to over-current or overload conditions, as it does not directly oversee the current
output of the inverter. This necessitates additional considerations for protection and
stability.

The dichotomy between GFL and GFM control modes accentuates the complex
nature of control strategies for IBRs. Understanding these key di erences is foundational



to developing tailored solutions that align with the speci c requirements, operational
constraints, and desired performance characteristics of microgrid systems. By judiciously
selecting the appropriate control mode and integrating supplementary control mechanisms
as needed, microgrid operators can adeptly balance the need for current, voltage, and
frequency control. This ensures the safe, reliable, and e cient operation of the inverter-
based resources within the microgrid, reinforcing the role of renewable energy in the
broader energy landscape.

The integration of GFL and GFM control modes within the operational framework
of microgrids represents a paradigm shift in the management of IBRs. As the world
increasingly pivots towards renewable energy, the mastery over these control strategies
becomes paramount. For the GFL mode, e orts are continually being made to overcome
its limitations, such as enhancing the adaptive capabilities to various grid conditions and
improving the robustness against grid instabilities. On the GFM front, innovations are
being directed towards simplifying its implementation and ensuring that the intricate
balance between voltage and frequency control does not compromise the overall system
safety. Furthermore, hybrid control strategies that synergize the strengths of both GFL and
GFM are also being explored. Such hybrid strategies o er a versatile and resilient approach,
bridging the operational gaps between grid-connected and islanded scenarios. The on-
going research and development in these areas not only signify the technical evolution of
microgrid controls but also underscore the commitment to harnessing renewable energy
in a sustainable and e cient manner. The future of microgrid operation and control
lies in the synthesis of these methodologies, optimized through continuous learning and
adaptation, leading to a more resilient and adaptable energy infrastructure that can meet
the dynamic needs of modern power systems.

1.3 Circuit Topologies for Battery Energy Storage Sys-
tems

In the development and deployment of Battery Energy Storage Systems (BESS), the
selection of inverter topology is a decisive factor in ful lling various application demands.
Two prevalent inverter topologies are extensively employed: the 3*single-phase inverter
model and the three-phase inverter model. A detailed comparison between these two
topologies, capturing their unique characteristics and functionalities, is presented in
Table 1.1.



Table 1.1: Battery Inverter Topology Comparison

3*Single-Phase Inverter Three-Phase Inverter
Model Model
- Separate circuit and controllers for| Integrated circuit and con-
Characteristic
each phase. troller.
Mostly used in the residential ap1 Mostly used in large industries
Application plications and for running lower| and for high power applica-
power loads. tions.
. Higher e ciency due to less
: Less e ciency due to more con; :
E ciency . .~ | conductors for the equivalent
ductors for the equivalent circuit. circuit
Cost Higher cost due to more semicon-Less cost due to less semicon-
ductors and LCL lter. ductors and LCL lter.
. . Have the ability to ensure that| Hard to realize balanced volt-
Grid-forming . .
output voltage is balanced when age when supplying unbalanced
mode .
supplying unbalanced loads. loads.
Grid-following Output power for each phase is Same output power per phase.
mode controllable.

The 3*single-phase inverter model, illustrated in Figure 1.4, is constructed of individual
circuits and controllers for each phase. This segregated design permits the independent
control of each phase, o ering exibility in handling diverse loading conditions. Often
chosen for residential and low-power applications, the single-phase inverter model aligns
with scenarios that require granular control over smaller loads. Its modular architecture
may, however, lead to complexity in some large-scale implementations.

In contrast, the three-phase inverter model converges the circuit and controller into a
uni ed structure. This consolidated design facilitates robust control, suitable for applica-
tions demanding higher e ciency and integration. It's primarily leveraged in industrial
and high-power settings, where its synergy with larger loads is a distinct advantage. For
battery inverters connecting to the feeder head of a distribution system, the three-phase
battery inverter often emerges as the favored choice, and as such, constitutes the core of
my research.

The three-phase inverter topology brings with it numerous bene ts, such as reduced
harmonics, enhanced e ciency, and cost-e ectiveness relative to the single-phase counter-
part. Its ability to interface seamlessly with industrial systems underscores its widespread
adoption. Nonetheless, it isn't without its challenges, particularly in maintaining balanced
voltage output when catering to unbalanced loads. This characteristic underlines a com-



plex area of study, inspiring further investigation into the voltage unbalance regulation
capacities of the three-phase battery inverter.

In Chapter 3, the exploration will delve into the intricate details of voltage unbalance
regulation with the three-phase battery inverter. The aim is to architect strategies and
techniques that pro ciently tackle this issue, without compromising e ciency or reliability.

By amplifying the voltage regulation capabilities of the three-phase battery inverter, the
goal is to fortify the dependable and stable operation of microgrid systems. This focus
particularly accentuates scenarios involving unbalanced loads, highlighting the importance
of a nuanced approach that aligns with the dynamic and increasingly complex energy
landscape.

Figure 1.4: Battery inverter topologies. (a) 3* single-phase inverter model; (b) Three-
phase inverter model



1.4 Real-Time EMT-TS Testbed

As the participation of IBRs in the grid increases, new simulation methods that can
integrate the fast response of power electronic devices must be developed (Matevosyan
et al. 2021). Conventional transient stability (TS) software packages that run at the
millisecond level are su cient to simulate synchronous generator dynamic behaviors in a
larger network. However, as synchronous generators are being displaced by energy systems
powered by IBRs with advanced GSFs (Paduani et al. 2021a), electromagnetic transient
(EMT) simulations are required for capturing IBRs dynamic responses at the microsecond
level.

Figure 1.5 illustrates the employed EMT-TS testbed framework, which serves as a
sophisticated simulation environment for microgrid studies connected to a distribution
feeder via a point of common coupling (PCC) (Paduani et al. 2022). The testbed is
partitioned into two intricately designed subsystems, each serving speci ¢ functionalities.

The rst subsystem is comprised of various distributed energy resources, including
a grid-forming BESS (Battery Energy Storage System), utility-scale Photovoltaic (PV)
systems, diesel generators (DGs), and a grounding transformer. This subsystem is meticu-
lously simulated at the microsecond level using eMEGASIM, a simulation platform known
for its accuracy and exibility in modeling complex power systems.

The second subsystem is more aligned with the distribution aspect, encompassing
distributed rooftop PVs, shunt capacitor banks, voltage regulators, ZIP load models, and
the unbalanced IEEE 123-bus network model. This set of components is designed to
emulate the operation of realistic distribution feeders. It is simulated in ePHASORSIM at
the millisecond level, ensuring the precision needed for studying the intricate interactions
between di erent elements.

It's noteworthy that a subsystem can be allocated to multiple cores if the complexity
demands it, but a minimum requirement is that each subsystem must have at least
one dedicated core. This provision ensures that the computational resources are aptly
distributed to meet the simulation's demands.

Furthering the integration, the EMS (Energy Management System) algorithms operate
externally. They are designed to read measurements, manipulate device statuses, and
transmit power setpoint commands through Modbus registers (Shirsat et al. 2023; Hu et al.
2020). This process echoes the functionality provided by a real-time simulation platform,
typically used for modeling communication links between the real-time simulator and
external computing systems.



The parallel simulation of both subsystems, coupled with real-time information ex-
change, introduces a delay in the propagation of events from one subsystem to another.
This intricate interaction has been studied in (Paduani et al. 2022), where a novel coupling
method is proposed. Here, the microgrid operates as the slack bus of the system, depicted
as a voltage source in the phasor domain. This approach enables the simulation of feeder
blackstart scenarios, where the microgrid, energized by BESS, utility-scale PVs, and/or
DGs, can orchestrate the re-energizing of sections of the feeder during system restoration.

Figure 1.5: EMT-TS co-simulation testbed framework.



This nuanced modeling and operational framework set the stage for advanced studies in
microgrid control and management, re ecting real-world complexities and challenges.

The ePHASORSIM solver allows grid models to be imported from CYME, PSS/E,
or PowerFactory softwares. However, if using these imports, only three-phase balanced
sources can be implemented in phasor domain for the EMT-TS coupling. Note that the
123-bus system was created in ePHASORSIM using an Excel le as the model le instead
of using importing tools. This is because when using importing tools, only three-phase
balanced sources can be implemented in phasor domain for the EMT-TS coupling. By
describing the entire system with an Excel description le, the system presents a higher
customizability such as the capability of modeling unbalanced voltage sources in the
phasor domain.

The testbed is validated against an equivalent EMT model developed as a bench-
mark (Paduani et al. 2022). Results demonstrate that the proposed model can capture the
transient response of BESS units for typical load steps. Furthermore, the framework can
be used for multi-EMT-TS coupling so that devices can be moved to the EMT domain
such that their transient responses can be captured in higher detail.

In this thesis, the testbed in Figure 1.5 is used in day-long simulations of the restoration
of a distribution feeder under high DER patrticipation, in which an energy management
system is utilized to control the DER devices.
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CHAPTERZ

Grid-support Functionalities of Battery Energy Storage Systems

Microgrids have gained considerable attention as localized energy systems that can operate
independently or in conjunction with the main power grid. BESSs play a crucial role
in supporting grid operations and addressing the unique challenges and requirements
within microgrids. Understanding the grid support functionalities and their corresponding
requirements is essential for optimizing the integration and utilization of BESS in microgrid
applications (Farivar et al. 2022).

One of the key functionalities o ered by BESS in microgrids is frequency and voltage
regulation (Wang et al. 2016; Serban and Marinescu 2013). Fluctuations in frequency and
voltage can occur due to variations in renewable energy generation or changes in load
demand. BESS can actively respond to these uctuations by injecting or absorbing power,
thereby regulating the frequency and voltage within the desired limits. The requirements
for frequency and voltage regulation functionalities in microgrids include fast response
times, accurate control mechanisms, and the ability to handle varying power levels. By
providing stable frequency and voltage, BESS ensures the quality and reliability of the
electrical supply within the microgrid.

Load balancing and demand response are also critical functionalities supported by
BESS in microgrids. Load balancing involves the e cient distribution of power among
various loads to ensure optimal utilization of available energy resources. BESS can store
excess energy during periods of low demand and release it during peak load periods,
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enabling load leveling and reducing strain on the microgrid. Additionally, BESS can
actively participate in demand response programs by adjusting power supply based on
grid operator signals or price signals, contributing to grid stability and e cient energy
management. The requirements for load balancing and demand response functionalities
in microgrids include accurate load forecasting, su cient energy storage capacity, and the
ability to dynamically respond to load variations and demand signals.

In microgrids, islanding and resynchronization functionalities are crucial for main-
taining grid stability during grid-connected and islanded modes of operation. When the
microgrid operates in islanded mode, disconnected from the main grid, BESS plays a
crucial role in ensuring uninterrupted power supply to critical loads (Cho et al. 2011;
Bipu et al. 2021). It manages power generation and load demand within the microgrid,
ensuring stability and reliability. When resynchronization with the main grid occurs,
BESS supports the smooth transition by synchronizing the microgrid with the grid and
minimizing transients. The requirements for islanding and resynchronization functionali-
ties include fast response times, precise control mechanisms, and the ability to manage
power generation and load demand during transitions e ectively.

Grid stability and power quality are essential aspects of microgrid operation, and BESS
contributes signi cantly to these areas. By providing reactive power support and voltage
regulation, BESS helps maintain stable voltage levels within the microgrid. Fluctuating
renewable energy generation can lead to voltage uctuations, and BESS actively injects
or absorbs reactive power to regulate voltage and enhance power quality (Alhejaj and
Gonzalez-Longatt 2016; Saez-de Ibarra et al. 2013; Gush et al. 2021). The requirements
for grid stability and power quality functionalities in microgrids include accurate voltage
control, su cient reactive power capacity, and the ability to respond quickly to voltage
uctuations and reactive power demands.

Furthermore, BESS in microgrids can provide ancillary services that support grid
integration and reliability. These services encompass voltage regulation, frequency re-
sponse, and reserve power provision. By participating in ancillary service markets, BESS
contributes to grid stability, mitigates grid imbalances, and facilitates the integration
of renewable energy sources (Datta et al. 2021). The requirements for ancillary service
provision in microgrids include precise control mechanisms, fast response times, and the
capacity to deliver the required power levels as per grid operator instructions.

In summary, BESS grid support functionalities in microgrids encompass frequency
and voltage regulation, load balancing and demand response, islanding and resynchro-
nization, grid stability and power quality, and ancillary services provision. Meeting the

12



requirements for these functionalities is crucial for optimizing the integration, operation,
and performance of BESS in microgrid applications. By ful lling these requirements,
BESS can enhance the stability, reliability, and e ciency of microgrids, facilitating their
transition towards sustainable and resilient energy systems.

2.1 Developed BESS Grid Support Functionalities

Table 2.1 provides a comprehensive summary of the Grid Support Functionalities (GSFs)
developed and incorporated into the Battery Energy Storage System (BESS) model. The
BESS model is meticulously designed to operate e ciently in both grid-forming and
grid-following modes, ensuring versatility and adaptability in its functionality.

When the BESS is assigned to operate in grid-tied or grid-following mode, the model
facilitates precise tracking of the inverter's output power to follow the reference values.
Furthermore, it integrates disturbance ride-through capabilities, adhering to the relevant
protection standards, thus guaranteeing the system's resilience and stability during grid
disturbances. The tangible outcome is a microgrid marked by resolute resilience and
unwavering stability, even amidst the turbulent tempests of grid disturbances.

In an islanded microgrid, the BESS assumes a pivotal role in regulating the PCC
voltage and establishing the system frequency, serving as the fundamental functionality in
grid-forming mode. Additionally, the model incorporates resynchronization functionality,
which seamlessly facilitates the reconnection of the distribution grid with the main grid
when required.

Within the grid-forming mode, the BESS model emphasizes the criticality of three-
phase imbalanced voltage regulation, taking into account the prevalent existence of
unbalanced loads or single-phase generation within the system. Moreover, the model
integrates sophisticated current limiting control mechanisms, e ectively protecting the
inverters from overcurrent conditions during overload or fault scenarios.

Furthermore, the developed BESS model accomplishes coordinated voltage regulation
in situations where multiple BESS units are connected to the distribution grid. By
employing a centralized secondary control approach, the model ensures e cient regulation
of the PCC voltage, harmonizing the contributions of individual BESS units.

In Chapter 3, a comprehensive and detailed exposition of the developed three-phase
imbalance voltage control will be presented. The tapestry of this chapter will extend
beyond the boundaries of imbalance voltage control, unfurling a panorama of other
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Table 2.1: Summary of the Developed GSFs for BESS

Operation

Module Functionality Requirement
mode
In grid-tied or grid-following mode, the
Grid- Real and react model should make the output power
following tive power reg-| of the inverter follow the reference val-
mode ulation ues and maintain the voltage reference
tracking.
When working in the grid-following
Disturbance mode, the machine will trip if the grid's
ride-through voltage or frequency goes beyond the
speci ed limits.
Gr'd'. Voltage and fre- It's responsible for regulating PCC volt-
forming quency regula; age and setting the system frequenc
mode tion 9 9 y g Y-
Battery In order to connect the MG to the grid,
Energy Re- the phase and amplitude voltage be-
Storage ... | tween the grid and the MG will be reg-
synchronization .
Model ulated as an equal value using the syn-
(BESS) chronization control loop.

Three-phase
imbalance
voltage control

If the distribution grid is imbalanced,
ES should quickly readjust its output
voltage to maintain voltage balance.

Current  limit-
ing control

The inverters must be protected from
overcurrent of the semiconductor de-
vices in overload and fault cases.

Coordinated

voltage reg-
ulation  with
multiple ES
units

If there are multiple ES units are con-
nected into the distribution grid and
worked as grid-forming mode, PCC volt-
age can be regulated using the central-
ized secondary control.
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signi cant functionalities seamlessly enfolded within the embrace of the BESS model.

2.2 Grid-following Operation Mode

2.2.1 Power Regulation

Power regulation in grid-following inverters is an essential facet of their role within
contemporary power systems. These inverters bridge the gap between renewable energy
sources or energy storage systems that generate DC and AC grid. Central to their
functionality is the ability to regulate the output power to align with predetermined
reference values. This power regulation ensures seamless integration with the grid, stabilizes
its operation, and maintains the quality of power injected into it.

The primary objective of power regulation in grid-following inverters is to ensure a
consistent and accurate matching of their output power with the reference setpoints. This
involves a dynamic adjustment of the inverter's output power in response to varying
load demands, grid conditions, and other external factors. To achieve this, grid-following
inverters typically employ control algorithms that utilize feedback from grid measurements
to ne-tune their power output. By adhering to these reference values, the inverters
contribute to grid stability by providing reliable power injection or consumption as needed,
while also adhering to regulatory requirements and maintaining power quality standards.
In addition to real power regulation, these inverters often engage in reactive power
control, which in uences the voltage levels and power factor of the grid. This capability
enhances the inverters' ability to support grid voltage stability and manage reactive power
uctuations, thus contributing to the overall stability and reliability of the power system.

The BESS unit, as illustrated in Figure 2.1, comprises several key components: (i) a
lithium-ion battery, (ii) a three-phase inverter designed to operate in grid-following mode,
(i) an LC output Iter, and (iv) an output Y-Yg transformer. It is worth noting that
the use of an LCL lIter at the inverter's output is unnecessary since the inductance of
the transformer already serves as an output inductance, forming an LCL Iter within the
LC lter structure. The circuit diagram of the BESS unit, along with its corresponding
control system, is displayed in Figure 2.1.

For this work, the control system is developed in the stationary reference frame
(SRF). It necessitates the implementation of a pair of Proportional-Integral (P1) controllers
for power setpoint regulation, as well as a pair of Proportional-Resonant (PR) controllers
for current regulation in the AC domain. In the GFL mode, the primary objective of the
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Figure 2.1: Main circuit and control diagram for GFL BESS

inverter is to regulate the output power in accordance with external setpoints, denoted as
Pref and Qref .

The control system includes an inner current controller responsible for regulating the
current, and a power controller responsible for maintaining the desired power output.
These controllers work in tandem to ensure accurate and e cient regulation of the BESS
unit's operation in response to varying grid conditions and external demands.

By adopting the SRF and implementing the appropriate control strategies, the
BESS unit achieves precise and reliable regulation of power output, enabling seamless
integration and operation within the grid system. The control system's design and
implementation play a crucial role in optimizing the performance and functionality of
the BESS unit, facilitating grid-following operation and ensuring adherence to speci ed
power setpoints and current regulations.
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2.2.2 Disturbance Ride-through

The implementation of Disturbance Ride-through (DRT) functionalities in inverters is a
crucial aspect in modern power systems, primarily driven by the increasing integration
of renewable energy sources and distributed energy resources. These functionalities are
designed to ensure the stability and reliability of the grid-connected inverters, particularly
during disturbances such as voltage sags, short-term voltage uctuations, and momentary
grid faults.

Voltage sags and disturbances in the grid can arise from various factors, including faults,
sudden load changes, or switching operations. These disturbances can have detrimental
e ects on grid stability and power quality. By enabling inverters to ride through these
disturbances without disconnecting from the grid, the overall stability and reliability of
the power system can be signi cantly improved. In various applications such as critical
infrastructure, hospitals, data centers, and sensitive industrial processes, maintaining a
continuous power supply is of utmost importance. In such scenarios, DRT functionalities
ensure uninterrupted power delivery by preventing unnecessary disconnections during
transient grid events.

In order to accurately emulate the behavior of a GFL BESS under abnormal conditions,
a disturbance ride-through functionality was meticulously incorporated into the BESS
model. This functionality allows the model to e ectively respond to and withstand grid
disturbances, ensuring its robustness and reliability in real-world scenarios.

To establish the threshold values for the disturbance ride-through functionality, the
widely accepted industry standard PRC-024-2 was adopted as a point of reference (Arias-
Guzman et al. 2019; Hu et al. 2016). This standard provides comprehensive guidelines
and criteria for the performance of generating facilities during system disturbances within
the Eastern Interconnection. By adhering to the speci ed threshold values outlined in
this standard, the BESS model can accurately simulate the behavior of GFL BESS units
and ensure their compliance with the recommended guidelines.

The integration of the disturbance ride-through functionality within the BESS model
not only enhances its realism but also contributes to the development of more resilient
and e cient grid systems. By e ectively managing abnormal conditions and maintaining
stable operation during grid disturbances, the BESS model o ers valuable insights and
solutions for grid operators and system planners, facilitating the optimal integration and
deployment of GFL BESS units in real-world applications.
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Figure 2.2: Frequency disturbance ride-through

Figure 2.3: Voltage disturbance ride-through
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Figure 2.4: Main circuit and control diagram for GFM BESS

2.3 Grid-forming Operation Mode

2.3.1 \Voltage and Frequency Regulation

Voltage and frequency regulation constitute the bedrock of stable and reliable power
systems, and within the realm of grid-forming inverters, they emerge as pivotal functions
that de ne the very essence of power quality. In grid-forming operation, the inverter takes
on the mantle of a voltage source, a masterful conductor orchestrating the symphony
of voltage levels across the distribution network. This function involves two intertwined
aspects: maintaining the PCC voltage within prescribed limits and establishing the system
frequency at a desired nominal value. The inverter, endowed with its voltage source
capabilities, endeavors to rectify deviations in PCC voltage through an intricate interplay
of control algorithms, ensuring that the voltage remains within acceptable bounds even
in the face of uctuations arising from load variations, disturbances, or intermittent
renewable sources. Simultaneously, the inverter assumes the role of a frequency maestro,
steadfastly preserving the rhythm of the grid by regulating the system frequency, thereby
facilitating seamless integration of distributed energy resources.

The orchestration of voltage and frequency regulation within grid-forming inverters
entails a sophisticated dance of control loops and algorithms. In the quest for precise
voltage regulation, these inverters employ intricate mechanisms such as droop control,
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where the output voltage is modulated in response to frequency deviations, and reactive
power-voltage droop control loops, which delicately adjust reactive power outputs to
ensure voltage stability. Frequency regulation within the grid-forming context hinges
on the utilization of active power-frequency droop control loops, whereby deviations in
frequency are skillfully addressed by modulating the active power outputs of the inverter.
This delicate interplay of voltage and frequency regulation forms the crux of the grid-
forming inverter's role in preserving power system stability, ensuring power quality, and
enabling harmonious integration of renewable resources into the energy matrix.

The commonly used grid-forming control of BESS takes a droop-based hierarchical
control structure as introduced in (Guerrero et al. 2010) by Guerreret al. As shown in
Figure 2.4, the conventional control structure consists of inner current and voltage control
loops (see Figure2.5(a)), primary (droop) control (see Figure2.5(b)), and secondary control
(see Figure2.5(c)). This structure allows the seamless transition between the o -grid mode
and the grid-connected mode without changing the control algorithm. When working in
the o -grid mode, the grid-forming BESS inverter operates as a voltage source with two
main functions: regulating PCC voltage vy, and setting system frequencyf .

The inner current and voltage control loops play a crucial role in regulating the
inverter's output current and voltage, ensuring accurate and stable power delivery. These
control loops provide fast and precise responses to maintain the desired current and
voltage references.

The primary (droop control) is responsible for adjusting the frequency and the am-
plitude of the voltage reference according to the active and reactive powers (P and Q),
by using the well-known P/Q droop method (Planas et al. 2013; Fusero et al. 2019).
The droop control allows the BESS inverter to participate in system frequency and
voltage regulation by dynamically adjusting its output based on the system conditions.
By operating within the droop characteristics, the inverter shares the load proportionally
with other grid-forming resources, contributing to the overall system stability. From the
inverter control diagram in Figure 2.5, the frequency and voltage reference for the inner
voltage controller can be expressed as:

fo= fre mp (P Pep)+ f (2.1)

Vv

Vref nq (Q Qref)+ \ (2-2)

wheref o and Vs being the frequency and amplitude of the PCC voltage referende,
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and Q as the active and reactive powerP¢s and Qe as their referencesm, and nq are
droop coe cients. In the grid-forming mode, we can seP, = Qref = 0. The proportional
droop gains can be designed as1, = f=2pP™ed:n, = Vv=2Q®d with f and V
being the maximum frequency and voltage allowed arfd™@®? and Q"9 are the maximum
active and reactive power delivered by the inverter.

The secondary control operates at a higher level and coordinates multiple BESS
units to achieve the desired system behavior. It ensures the coordinated control of active
and reactive power exchange among the BESS units, enabling e cient power sharing
and voltage regulation throughout the microgrid. The frequency and voltage restoration
compensator can be derived as follows:

Z
fo=kpr(frer )+ ki (free f)dt (2.3)

Z
VvV = kpv(Vref Vpcc) Kv  (Vret Vpcc) dt (2.4)

with ke, kit , Koy and ki, being the control parameters of the secondary control Pl
compensator. The frequencyf() in the MG are measured and compared to the references
fref and the errors processed through the compensator$ | are sent to droop controller
in order to restore the frequency of MG.

By implementing this hierarchical control structure, the grid-forming BESS inverter
can ful Il its vital functions of regulating the PCC voltage and establishing the system
frequency. This control strategy allows the BESS to seamlessly operate in both o -grid
and grid-connected modes while maintaining stable and reliable power delivery. In the
subsequent sections, we will delve into the detailed analysis and optimization of this
control structure to enhance the performance and capabilities of grid-forming BESS in
microgrid applications.

2.3.2 Current Limiting Control

In the GFM mode operation, it is crucial to implement e ective current limiting control

to safeguard the integrity of the inverter and its associated power electronics devices. The
current waveforms exhibited during faulted or large overload conditions in the inverter
di er signi cantly from those of synchronous generators (Manson and McCullough 2021),
as shown in the Figure 2.6. Failure to properly manage overcurrent conditions can lead
to permanent damage to the power electronics devices, resulting in compromised system
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Figure 2.5: Droop-based hierarchical control structure. (a) Inner voltage control; (b)
Droop control; (c) Secondary control.
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Figure 2.6: The fault current limitation of inverters versus generators

performance and reliability.

In the event of overloading or faults, the inverter's device components may be subjected
to excessive thermal stress, which can ultimately lead to their degradation or failure. To
ensure safe and reliable operation, it is imperative to design robust overcurrent protection
schemes that mitigate the risk of damaging the power electronics devices.

To address these concerns and mitigate the potential risks associated with overcurrent
conditions, a current limiting control mechanism is integrated into the BESS control
system. This control scheme actively monitors the current levels within the inverter and
implements appropriate measures to limit the current within safe operating limits. By
continuously monitoring and regulating the current ow, the current limiting control
ensures the longevity and reliability of the power electronics devices, protecting them
from potential damage.

The incorporation of the current limiting control functionality within the ES control
system is essential for promoting safe and reliable operation of the GFM BESS unit. It
underscores the signi cance of adequately managing overcurrent conditions to prevent
adverse consequences and maintain the integrity of the system's components. The im-
plementation of e ective current limiting control enhances the overall performance and
longevity of the BESS unit, facilitating its seamless integration into the grid system while
ensuring the highest levels of safety and reliability.

The overall control diagram and the ow chart of the working principle of the current
limiting method are illustrated in Figure 2.7 and Figure 2.8. The utilized method incor-
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Figure 2.7: Control diagram of current limiting control

Figure 2.8: Flow chart of the working principle
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porates both a current circular limiter and a virtual impedance scheme. This method
combines multiple control techniques to ensure that the inverter current remains within
the de ned threshold, promoting the longevity and reliability of the system.

The current circular limiter is the primary component of the current limiting method.

It functions by reducing the current reference when an overcurrent condition is detected.
This mechanism acts as a proactive measure to curtail the inverter's current magnitude
and prevent it from surpassing safe operating limits. By multiplying the current reference
by an appropriate factor, the current circular limiter e ectively limits the inverter's
overcurrent, thereby preserving the integrity of the power electronics devices.

While the current circular limiter provides an initial layer of protection, it may not be
su cient to handle scenarios involving large overload or faults. To address these cases,
a virtual impedance method is also integrated into the current limiting scheme. This
method introduces additional virtual impedance when the current magnitude exceeds
a prede ned threshold. By reducing the voltage reference in response to the excessive
current, the virtual impedance technique prevents the voltage controller from issuing
an excessively high current reference. This additional layer of control ensures that the
inverter current remains within the desired threshold, safeguarding the system against
the risks associated with large overload or faults.

The combination of the current circular limiter and the virtual impedance method
within the current limiting method provides a robust and comprehensive solution for
mitigating overcurrent conditions in the GFM BESS. The utilization of this method in the
control system contributes to the safe and reliable operation of the BESS unit, protecting
the power electronics devices and maintaining the overall performance and longevity of
the system. The current limiting method, as depicted in the gures, illustrates the key
steps and mechanisms involved, highlighting its e ectiveness in maintaining the inverter's
current within the speci ed limits.

2.3.3 Centralized Secondary Control for Multiple Grid-forming
BESS Units

This subsection addresses the coordination of multiple GFM BESS units in a microgrid for
the purpose of frequency and voltage regulation. A key challenge in this scenario revolves
around achieving e ective coordination among the ES units to ensure proper frequency
and voltage restoration.

To address this challenge, a centralized secondary control (CSC) algorithm is employed.
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Figure 2.9: Diagram of centralized secondary control

Each GFM BESS unit utilizes local control strategies such as Active Power-Frequency
Droop and Reactive Power-Voltage Droop for individual frequency and voltage regulation.
The centralized secondary controller serves two main objectives. Firstly, it aims to restore
the frequency and voltage of the microgrid to their nominal values. Secondly, it facilitates
the sharing of active and reactive power among the GFM BESS units.
As presented in the Figure 2.9, the frequency restoration loop generates an output,
I', that is then fed into the active Power-Frequency Droop control loop of each GFM
BESS unit. This mechanism helps compensate for any frequency deviations in the system.
Similarly, the voltage restoration loop produces an output, V, that is sent to the
Reactive Power-Voltage Droop control loop of each GFM BESS unit. This allows for
the compensation of voltage deviations within the system. The data transfer between
centralized secondary controller and GFM BESS units are depicted in Figure 2.10
Furthermore, the output of the reactive power sharing regulation loop, denoted as
Vi, is also utilized in the Reactive Power-Voltage Droop control loop to enable the
sharing of reactive power among the GFM BESS units.
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Figure 2.10: Data transfer between centralized secondary controller and GFM BESS
units

By integrating these control strategies into the centralized secondary control algorithm,
the coordination of multiple GFM BESS units for frequency and voltage regulation is
e ectively achieved. The secondary controller ensures that the frequency and voltage of
the microgrid are restored to their nominal values, while also enabling the sharing of
active and reactive power among the GFM BESS units.

2.4 Simulation Results

2.4.1 Overloading and Fault Cases

To comprehensively assess the e cacy of the implemented current limiting control strategy,
an exhaustive series of simulations were meticulously conducted, encompassing both
overloading and fault scenarios. The aim of these simulations was to thoroughly validate
the performance and robustness of the employed control strategy in diverse operating
conditions.

The circuit diagram utilized for these simulation veri cations is visually depicted in
Figure 2.11. The simulations were carried out with an initial condition with a load of 0.8
per unit (p.u.), representing the normal operating condition. At 1 second, an additional
load was introduced, resulting in a total load of 1.6 p.u. This deliberate imposition of
an overloading scenario persisted until the 1.2 second, at which point it was promptly
alleviated.
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Figure 2.11: Circuit diagram used for the simulation veri cation

Figure 2.12 shows the results with current limiting control, and Figure 2.13 shows
the results without current limiting control. By comparing the simulation results, it is
evident that the current limiting control e ectively maintains the inverter output current
within the desired limit of 1 p.u. During the overloading event, the inverter output voltage
experiences a drop due to the activation of the virtual impedance, which is an expected
behavior. However, despite the voltage drop, the system remains stable and is able to cope
with the increased load. This demonstrates the capability of the current limiting control
to regulate the inverter output current and ensure stable operation during overloading
scenarios.

In addition to the overloading tests, simulations were conducted to assess the perfor-
mance of the current limiting control during fault conditions. A deliberate three-phase
short-circuit fault was introduced at the 2 second, with resolution achieved by the 2.2
second.

The simulation results demonstrate that the current limiting control e ectively sup-
presses excessive currents during fault events. The inverter output current reaches a
peak of 1.2 p.u., which is well within the acceptable threshold for device protection. The
activation of the virtual impedance during the fault event leads to a reduction in the
system's output voltage. However, once the fault is cleared, the voltage promptly reverts
to its designated nominal reference level. This observation unambiguously underscores
the control strategy's remarkable pro ciency in maintaining operational stability, even
under the challenging conditions posed by fault events.

2.4.2 Cases with Multiple GFM BESS Units

To evaluate the response of the BESS system to the centralized secondary control, a test
platform is constructed using the IEEE 123-Bus system. The implementation methodology
for this test platform is described in the Figure 2.14.
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Figure 2.12: Results with current limiting control

Figure 2.13: Results without current limiting control
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Figure 2.14: Implementation of centralized secondary control

The CSC is executed through an external control script, which orchestrates the overall
coordination of the ES units. The dynamic response of the electrical system and primary
control is simulated using Opal-RT real-time simulators. To strike a balance between
computational e ciency and simulation accuracy, an EMT-TS co-simulation approach is
adopted.

In this co-simulation framework, the grid-forming energy storage units are simulated
at a microsecond level using eMEGASIM, while the load models and unbalanced IEEE
123-bus network model are simulated at a millisecond level using ePHASORSIM.

To facilitate communication between the centralized control script and the real-
time simulators, a practical communication network is established utilizing the Modbus
communication protocol. This communication infrastructure allows for the exchange of
command and measurement information between the control script and the simulators.
A communication sample rate of 10 Hz is set to ensure timely data exchange, while
introducing a communication latency of 200ns delay. This intentional delay realistically
simulates the impact of communication latency on the performance of the controllers.

Employing the developed test platform, the simulation with two GFM BESS units
are conducted. The Figure 2.15 illustrates the cold load pick-up results with the imple-
mentation of CSC, while the Figure 2.16 displays the cold load pick-up results without
CSC.

To provide a detailed analysis of the simulation results, speci c time instances are
highlighted. At the initial stage, a PV plant is gradually ramped up to 3MW over a
period of 300 seconds. This scenario represents the dynamic response of the system when
integrating renewable energy sources. At= 400s, a load group is energized, introducing
an additional demand on the system. Subsequently, &t= 500s, another load group is
energized, further impacting the system's load pro le. These events simulate real-world
scenarios where load variations occur over time.

By comparing the results with and without the implementation of CSC, notable
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