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ABSTRACT

The integration of Inverter-Based Resources (IBRs) with energy storage presents
significant challenges to modern power systems, including reduced dispatchability,
limited reserve capacity, impaired ancillary service performance, and compromised
transient stability. These complexities also hinder the applicability of conventional
operational reliability indices. This dissertation addresses these challenges by de-
veloping advanced methodologies to enhance grid dispatchability, transient stability,
ancillary service provision, and reliability assessment in systems with high penetra-
tion of IBRs and storage. Under hybrid power integration, diverse power profiles
emerge, such as dispatchable, non-dispatchable, arbitrage, and multi-tier reserve gen-
eration, each with unique boundaries and operational roles. To manage these profiles
effectively, a linear programming-based optimization framework is proposed to co-
optimize unit commitment and reserve scheduling, accounting for the variability and
uncertainty of renewable generation. The research further evaluates the co-integration
of solar photovoltaic systems with energy storage in electricity markets, emphasizing
dispatchability and reserve contributions to minimize operational costs and improve
market responsiveness. In parallel, the study explores the impact of renewable inte-
gration on transient stability, particularly in low-inertia systems. By examining the
transient and sub-transient responses of both conventional synchronous generators
and renewable-based units, the dissertation introduces novel stability metrics better
suited to capture the dynamic behaviors of evolving grid conditions. These metrics of-
fer enhanced accuracy in reliability assessments and stability planning. Additionally,
the work investigates harmonic mitigation and power quality improvements through
filter-less multilevel Cascaded H-bridge (CHB) inverters utilizing high-frequency Gal-
lium Nitride (GaN) switches. This approach demonstrates improved power conversion

efficiency and reduced total harmonic distortion (THD). To support decentralized op-



i

eration, a novel autonomous power-sharing method is developed using modified droop
control, enabling effective active and reactive power management and ancillary ser-
vice delivery in both grid-connected and islanded microgrid modes. Collectively, this
research advances the integration of renewable energy by proposing robust control
strategies, optimization frameworks, and hardware solutions that enhance the relia-
bility, efficiency, and resilience of future power systems. The proposed contributions
lay the foundation for more stable, sustainable, and economically viable energy in-

frastructures.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Background

While global leaders continue to set ambitious targets, such as achieving high re-
newable energy by 2040{2050, technical understanding of power systems has made
it clear that the road ahead will be complex [1]. Issues such as dispatchability, re-
serve capacity for ancillary services, and transient stability in both transmission and
distribution systems pose signi cant challenges. Traditional operational indices are
becoming obsolete in this evolving landscape, demanding innovative solutions and
adaptive thinking. Throughout this journey, the goal has been to address these crit-
ical challenges. It has been an emotional and intellectual rollercoaster, lled with
excitement, motivation, and, at times, discouragement. Nevertheless, it stands as a
deeply meaningful endeavor, one that has signi cantly shaped professional identity

and strengthened the commitment to advancing a resilient, renewable-powered grid.

For instance, one recurring problem is that certain grid and power system re-
sources often refer to the energy mix to provide only a general overview of power
generation pro les. Although this may su ce in a traditional grid setup, it falls short
in the context of modern power systems. With the increasing integration of variable
renewable energy sources and energy storage systems, the composition of the grid
becomes far more dynamic and complex. Accurately quantifying the percentages of
dispatchable and non-dispatchable generation, multi-tiered reserve capacity necessary
for ancillary services, and arbitrage potential is critical [2]. Arbitrage, in particular,
plays a key role in ensuring that storage is available during peak demand periods

and is e ciently charged during o -peak hours. This complexity is further ampli ed



by the growing roles of behind-the-meter resources, utility-scale storage, and electric
vehicle (EV) batteries-each contributing to grid exibility and stability in the face of
renewable intermittency. Before addressing traditional power system challenges using

these evolving resources, it is essential to quantify their contributions and constraints.

The research focuses on de ning the operational boundaries of various genera-
tion types-establishing lower and upper limits for dispatchable, non-dispatchable, re-
serve, and arbitrage capacities. Building on this foundation, it proposes a compatible
electricity market framework that accommodates diverse power pro les. Optimiza-
tion models are developed, incorporating both system-level and resource-speci ¢ con-
straints. Moreover, a set of novel operational factors is proposed, derived from hybrid
combinations of multiple power pro les. These factors more accurately re ect the sys-
tem's real-time capabilities in terms of dispatchability, reserve availability, arbitrage
readiness, and exibility. Designed to assist system operators and planners, they sup-
port the optimization of grid performance across various operational horizons, daily,
seasonal, and long-term, and are particularly valuable for a modern integrated power

grid with renewable storage.

Building on the identi cation of dispatchable and reserve power capacities for volt-
age and frequency regulation, the research next focused on improving power sharing
in low- and medium-voltage distribution systems. This phase was motivated by the
need for a modi ed droop control strategy capable of operating reliably across varying
line impedance characteristics, particularly under unpredictable X/R ratios. Initially,
the emphasis was on analyzing di erent controller types within grid-following con g-
urations. However, this investigation highlighted the limitations of such approaches
in scenarios like islanded microgrids or low-inertia grid conditions, where grid-forming

or grid-supporting inverters become essential. As the study evolved, a range of in-



verter control modes were explored, including PQ-controlled grid-forming (GFM) and
grid-following (GFL) inverters, voltage-frequency (VF) controlled GFM, and modi ed

droop control strategies tailored to uncertain and mixed-impedance networks.

Following the development of an appropriate controller and mathematical model
for ancillary services, the research progressed to investigating transient stability in
transmission systems under high Photovoltaic (PV) penetration. Initial e orts fo-
cused on distribution networks, analyzing the impact of aggregated PV inverters,
and identifying how the parameters of parallel-connected inverters in uence overall
system stability. The scope then expanded to the transmission level, where the ef-
fects of increasing renewable and storage integration on conventional Critical Clearing
Time (CCT) metrics were evaluated, particularly in scenarios involving the displace-
ment of synchronous machines by low-inertia resources. In the nal phase, attention
was directed toward transient and sub-transient periods-critical windows for energy
exchange and system recovery-culminating in the proposal of novel transient stability
parameters. These metrics o er a more accurate representation of system dynamics
during disturbances and provide a means to distinguish between the responses of con-
ventional and inverter-based generators, thereby enhancing the stability assessment

of renewable-rich power grids.

After addressing dispatchability challenges, designing appropriate controllers, and
implementing ancillary services, the research advanced toward enhancing transient
stability in both transmission and distribution systems using hybrid renewable-storage
con gurations. A key nding was that improvements in transient response could
be e ectively realized through the high-switching frequency characteristics of GaN
switches. By analyzing changes in the frequency spectrum in both simulation and

hardware implementations, it became evident that GaN-based inverters o er sig-



ni cant advantages in dynamic performance and control precision. This insight
opened new pathways for strengthening system resilience and operational e ciency
through the adoption of advanced semiconductor technologies. Overall, the disser-
tation presents a comprehensive progression-from foundational control strategies to
advanced market integration and stability analysis-ultimately contributing to the re-

liable and scalable integration of high levels of PV resources in modern power grids.

1.2 Literature Review

The integration of RDERSs like solar PV inverters with energy storage devices
(ESDs) into the power grid results in multiple power pro les due to PV variability
and storage constraints [3, 4]. These power pro les are crucial for optimizing storage
deployment and ensuring grid reliability, stability, and ancillary services. As renew-
able integration deepens, the grid must adapt to accommodate the variable nature of
renewable sources, necessitating robust models to assess combined PV-storage avail-

ability and dispatch capability.

The role of inverters in managing grid stability is further complicated by their
categorization into GFL and GFM types. Grid-following inverters, which adjust real
and reactive power set-points based on the point of common coupling (PCC) voltage,
often employ proportional-integral (P1) controllers operated through a phase-locked
loop (PLL) [5]. Conversely, grid-forming inverters utilize droop control to mimic
the characteristics of synchronous generators, o ering a solution for e ective power-
sharing and maintaining stability in grids with high levels of renewable penetration
[6]. This distinction highlights the need for innovative control strategies that can

adapt to the changing dynamics of modern power grids. In high-renewable grids, the



variability of power generation requires sophisticated power-sharing schemes to ensure
stability. Determining the necessary real and reactive power at speci c PCC nodes is
challenging due to the uncertainty inherent in highly integrated distributed generation
systems. Developing models that can accurately predict and manage these dynamics
is crucial for maintaining grid reliability and performance under varying operational

conditions [7].

The impact of renewable energy integration on power system transient stability
(TS) continues to be a critical focus in the literature. Studies have shown varied e ects
based on system con gurations and fault conditions. For instance, [8] reports that the
simultaneous disconnection of multiple PV units exacerbates voltage sag impacts on
TS, while [9] nds that PV systems without low-voltage ride-through (LVRT) capa-
bility may enhance TS under certain conditions. Virtual synchronous machines have
been proposed to improve inertia and frequency response in hybrid PV-hydro systems,
facilitating higher renewable penetration with minimal energy storage requirements
[10]. The work in [11] reveals that PV penetration levels, system topology, and fault
types signi cantly in uence both steady-state and transient behaviors, with mixed
outcomes. Additionally, [12] emphasizes the importance of maintaining su cient
synchronous generator reserves, even when fault ride-through-capable renewables are
present, and shows that changes in network topology can a ect generator stability.
However, these studies often overlook the role of transient and sub-transient (TST)
parameters-such as reactances, time constants, and current ratios-that directly deter-
mine whether a generator exceeds its critical energy threshold during a disturbance.
These parameters, along with system inertiaHsys), critically in uence TS metrics
like critical clearing time (CCT). As highlighted in [13, 14], analyzing TST param-
eters (e.9.,XJ, X T TY in conjunction with Hgys is essential for identifying and

mitigating stability risks, especially in renewable-rich power systems, where inertia,



network impedance, and fault location signi cantly a ect transient responses.

Recent developments in semiconductor technology, particularly in the domain of
wideband gap power devices such as GaN, have revolutionized the operation of in-
verters at MHz switching frequencies, a domain that remains largely unexplored.
GaN devices, due to their superior electrical properties, have markedly improved the
e ciency and power density of electronic systems, outperforming traditional silicon-
based semiconductors by operating at higher switching frequencies and incurring lower
losses [15]. These advancements underscore the limitations of silicon-based power
semiconductors, such as IGBTs and MOSFETSs, in commercial power converter de-
sign due to high voltage stress, low e ciency, and other issues [16]. However, SiC and
GaN devices o er solutions to these challenges, boasting superior resistance to junc-
tion temperature and enabling higher power density in applications like single-phase

inverters by reducing on-state resistance and minimizing passive components [17].

This shift towards high-e ciency semiconductor materials like GaN and SiC her-
alds signi cant implications for the design of power electronic systems, particularly
in how power converters handle higher frequencies without traditional Iter mecha-
nisms. This is especially crucial as the industry progresses towards higher switching
frequencies to reduce inverter size, which could lead to reduced sizes of Iter induc-
tors or even enable entirely lIter-less operations. Such advancements are pivotal for
the renewable solar PV industry, where the need for e cient, compact, and reliable

power conversion is increasingly important [15].



1.3 Problem Statement

The integration of renewable energy resources such as solar PV and wind into
the power grid introduces challenges associated with their intermittent and variable
output. This variability complicates the traditional grid management practices, in-
cluding unit commitment and reserve power scheduling, which are crucial for main-
taining grid stability and e ciency. As the share of renewable energy in the energy
mix grows, optimizing these aspects becomes essential to handle the uctuations in
power generation and ensure that the grid can reliably meet demand without ex-
cessive reliance on backup generation from fossil fuels. The deployment of energy
storage systems alongside renewables like solar PV helps mitigate the dispatchabil-
ity challenges posed by the intermittent nature of renewable energy sources. These
systems are key to smoothing out the power supply, enhancing grid reliability, and in-
tegrating renewables into electricity markets e ectively. However, integrating storage
solutions requires novel approaches to manage dispatchability, arbitrage opportuni-
ties, and reserve capacities, which are vital for economic dispatch and maintaining

market stability.

To address these complexities, the development of hybrid PV-storage power pro-
les was proposed. These pro les are designed to quantify key aspects such as dis-
patchability, reserve power, and power quality, providing valuable insights for In-
dependent System Operators (ISOs) or RDER owners. This approach facilitates a
deeper understanding of the interplay between storage capabilities, inverter function-
ality, and market dynamics. To mitigate intermittency and enhance ramp rates, these
grids integrate energy storage systems within both transmission and distribution net-
works. However, a high penetration of renewable and storage resources introduces

several challenges. For instance, providing ancillary services with these resources is



complicated by dispatchability issues. Additionally, transmission stability and protec-

tion systems may need to be recon gured to accommodate these changes e ectively.

The stability of grid-connected inverters, particularly under weak grid conditions,
presents another signi cant challenge. With increased penetration of distributed en-
ergy resources, inverters must manage not only power ow but also maintain stability
during faults and high renewable integration. This involves addressing issues such as
angular instability and synchronization problems, which can lead to potential system
failures if not managed properly. Developing advanced control strategies and enhanc-
ing inverter technology are critical to ensuring robust operation across various grid
conditions. This research focuses on the e ect of system inertia on the sub-transient
and transient reactance periods, not the causes. It shows how mechanical inertia
from generators and electrical network distances signi cantly impact TST reactances
during short-circuit conditions. These factors alter system behavior, especially during
sub-transient and transient periods. The study improves TST modeling, particularly

with PV penetration.

The transition towards decentralized power systems with multiple distributed gen-
erators and storage units necessitates the development of autonomous power-sharing
controls. Techniques such as modi ed droop control are essential for ensuring eg-
uitable power sharing among diverse resources without central coordination. This
is particularly crucial in islanded or microgrid scenarios, where local balancing of
load and generation enhances grid resilience but also introduces complex challenges

in maintaining stability and e ciency in power distribution.

Lastly, the integration of CHB (using GaN switches) inverters represents a signif-
icant technological advancement, particularly suitable for high-frequency switching

applications due to their e ciency and reduced size. These inverters are pivotal in



reducing total harmonic distortion and enhancing system e ciency in power conver-
sion applications, which is crucial for managing higher power densities and improving

the reliability of power electronics systems.

1.4 Contributions

This dissertation makes the following key contributions:

Proposes operational factors such as Availability Factor (AF), Dispatchabil-
ity Factor (DF), Spinning Reserve Factor (SRF), Non-dispatchability Factor
(NDF), and Storage Arbitrage Factor (SAF) to de ne the operational bound-
aries of hybrid renewable power pro les integrated with Energy Storage Devices

(ESDs).

Develops a Mixed-Integer Linear Programming (MILP) optimization algorithm
to extract RDERs with di erent power pro les, minimizing operational costs

and optimizing the selection of renewable energy resources for grid injection.

Introduces a comprehensive methodology for assessing and optimizing unit com-
mitment and spinning reserve power in distributed energy resources (DERS),
including how to manage energy arbitrage and non-dispatchable power during

the charging mode.

Presents a detailed interaction analysis between solar PV systems and storage
devices, optimizing power pro les based on dispatchability, reserve power fac-
tors, and energy market rates, thereby enhancing grid integration of PV-storage

systems.

Proposes a decentralized power-sharing strategy for GFM and GFL inverters,



10

using modi ed droop control and real-time power requirement calculations to

enable autonomous power sharing among inverters.

A

Analyzes the impact of PV integration on system stability by evaluating sensi-
tivity parameters for transient stability and critical clearing times, demonstrat-

ing the need for balancing renewable energy integration with grid stability.

Investigates the performance of GaN-based inverters in multilevel applications,
demonstrating their ability to operate at high switching frequencies with low
total harmonic distortion, o ering signi cant advantages for high-power appli-

cations.

1.5 Organization

The remainder of this dissertation is structured as follows:

" Chapter 2: Introduction of operational factors that de ne hybrid renewable
power pro les with Energy Storage Devices (ESD). It explores the Availability
Factor (AF) for calculating maximum power, the constraints on dispatchable
and reserve power during ESD discharge mode, and non-dispatchability and
storage arbitrage during charging mode. An MILP optimization algorithm is
applied to extract RDERs and optimize power pro le choices to minimize op-

erational costs.

" Chapter 3: Focuses on resource and operational constraints for distributed
generators (DG) with integrated ESD in unit commitment problems (UCP)
and spinning reserve power (SRP). The chapter proposes dispatchability and

spinning reserve factors during the discharge mode, and storage arbitrage and
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non-dispatchability factors for the charging mode. The LP optimization algo-
rithm optimizes UCP and SRP, enabling DER owners to manage energy mar-
kets and allowing system operators to manage reserve power while considering

seasonal variations.

Chapter 4. Explores the interaction between solar PV systems and storage de-
vices to create di erent power pro les. It employs MILP optimization to analyze

dispatchability, reserve power factors, and energy market rates. The chapter op-
timizes and constrains operational factors to improve the cost-e ectiveness and

e ciency of PV-storage integration into the grid.

Chapter 5: Investigates the impact of PV integration on system stability

by replacing low-inertia generators with PV systems. The chapter analyzes
transient stability and sub-transient responses, revealing that PV integration
reduces the critical clearing time (CCT), especially near low-inertia generators.
The chapter emphasizes the balance between renewable energy integration and

system stability.

Chapter 6: Investigates decentralized power-sharing strategies for GFM and
GFL inverters. It proposes a modi ed droop control method to make GFM
inverters independent of X/R ratios and introduces a real-time power require-
ment calculation method for GFL inverters using Pl control. This strategy
enables autonomous power sharing and sets the foundation for further research

in reactive power sharing and peak shaving.

Chapter 7: Focuses on the design and performance of GaN-based inverters,
particularly in multilevel applications. It explores CHB inverters with high
switching frequencies up to 1 MHz, achieving low THD. The chapter presents
simulations and hardware-in-the-loop (HIL) experiments to demonstrate the

advantages of GaN technology in high-power inverter applications.
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CHAPTER 2
CO-OPTIMIZATION OF OPERATIONAL UNIT COMMITMENT
AND RESERVE POWER SCHEDULING FOR MODERN GRID

2.1 Introduction

Di erent types of renewable distributed energy resources (DERS) including solar
photovoltaic panels/plants and wind turbines integrate with traditional generators
(Steam Turbines, Gas Turbines, Diesel Generators, etc.) in the modern grid's trans-
mission and distribution power network. Under high renewable energy penetration,
DERs should be utilized to provide unit commitment and spinning reserve power
alongside conventional generators [18]. However, the intermittent nature of DER
generators creates a unit commitment problem [19]. Also, if the DERs are assigned
to provide reserve power without Energy Storage Devices (ESDs), the DERs may
operate at set points below the available renewable power. In such a case, aside from
non-committed reserve power, some portion of renewable energy is wasted. To make
DERs responsible for stable grid operation, the ESDs incorporate these distributed
generators [20]. Without using a proportionate amount of ESD size, the high pen-
etration of DER into the existing grid creates grid power uctuations, which need
to be mitigated by optimizing the reserve power scheduling and minimizing the unit
commitment problem of an individual or a cluster of DERs [21]. However, to generate
the unit committed and reserve power from the combined solar-storage system, the re-
newable plant designer needs to explore all individual components (PV arrays/plants,
inverters, ESDs), resource and operational constraints, or the combination of these

components when operating concurrently.

In [22], the authors concentrated on grid-scale storage systems for day-ahead op-
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timal scheduling. However, the authors assumed that storage devices' reserve power
uniformity could not be maintained due to limitations of discharge rates or ramp
rates. Although in [23] the authors suggested a large storage system for load label-
ing when integrating with solar power applications, they overlooked how the charg-
ing/discharging cycle of storage systems signi cantly recon gures the active power
reserve market. By using a proper expression of reserve power associated with vari-
ous risk levels, a model for discovering optimal unit commitment power was developed
in [24]. In [25], the authors presented a single mixed-integer optimization model after
e ciently integrating unit commitment and generation growth planning. Nonethe-
less, these papers did not explore all the resource and operational constraints when
incorporating ESDs with PV inverters. ldentifying the operational factor and design-
ing operational constraints after considering all the DER resources is vital to extract

unit-committed and spinning reserve power.

Estimating unit committed renewable power generation with a speci ¢ amount
of reserve power is critical for a stable power grid. Unit commitment (UC) can be
expressed as the "determination of generating units to be invariant during a short-
term scheduling period (hours, a day, or a week)" [26]. The UC must satisfy system
demand and reserve requirements in an optimal, cost-e cient manner. Due to high
variability in the demand side, the researchers propose several factors, such as the
utilization factor and diversity factor [27]. These factors are utilized to accurately
schedule the generation power and reserve power for the conventional power plant.
Distributed renewable power generation has a high variability like load demand power.
Also, in the conventional generation system, the unit commitment decision is largely
in uenced by unit constraints, synchronization, start-up, shutdown, system capacity,
spinning reserve, and non-spinning reserve [28]. However, the DER inverters' start-

up and shutdown capacity are not the problems; instead, their issue is intermittency.
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Due to the high variability of the DER generator, this paper applies several opera-
tional factors as constraints to nd the maximum unit commitment power. When a
DER generator integrates with the storage device connected to the grid, a portion
of its power is immediately scheduled based on available power and storage resource
constraints. Also, a small segment is scheduled for reserve power, depending on the
system operator's request or load demand pro le. In this way, total scheduled power
is exible. Due to this exible scheduling, DERs operate similarly to a dispatchable

operational mode of conventional generators during the storage discharging mode.

Integrating the intermittent DER into the power grid would create frequency and
voltage uctuation due to the unit commitment problem. Therefore, before providing
ancillary services like frequency or voltage regulation or spinning reserve, the DER
must provide the unit committed power. Without any storage incorporation, the
DER would always generate non-unit-committed or non-dispatchable power even with
the perfect prediction of its generation. Therefore, it is critical for ISO operator to
know the maximum possible extraction of the unit-committed power for a given DER

resource and its operational constraints.

Before determining operational constraints, this paper de nes several operational
factors such as availability factor, dispatchability factor, non-dispatchability factor,
spinning reserve factor, and storage arbitrage factor. One of the main contribu-
tions this paper provides is to di erentiate di erent power pro les, such as dispatch-
able/unit committed power, non-dispatchable power, arbitrage power, and reserve
power, when performing operational optimization. After that, this paper maximizes
the unit committed power (UCP), considering all these resources and operational
constraints for an optimal spinning reserve power. In the proposed optimization

framework, the UCP ratio of DERs will increase for a set of optimal reserve power
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units by properly regulating ESDs' discharging/charging cycle and accurately read-
ing the current state of charge (SoC). In di erent seasons and on di erent days, the
output of solar PV can be higher or lower and necessitate higher ratios. In such cases,
this ratio can be further enhanced after increasing the energy arbitrage factor for a

speci ¢ storage system.

The paper is organized as follows: Section Il covers several resource constraints
and di erent operational factors. Section Il discusses the model formulation of the
optimization constraints and the objective function. Section IV presents the results

of case studies.

2.2 Resource Constraints and Di erent Operational Factors

DER inverter without incorporating an ESD does not contribute to the grid unit
commitment and reserve power [29]. Even if we can predict the DER generation
correctly, the unit commitment is not maintained because of its intermittent nature.

If a DER is not connected to any storage system and the system operator sets some
reserve power, that power might be wasted, which is not ideal. The DER power
pro les remain in the black-box model until this point. When the DER owners join
the electricity market, and the 1SO operator selects a particular DER set based on
prices, they are unaware of all the power pro les, which re ect the power quality. In
current models, both DER owners and ISO operators rely heavily on the electricity

price, which may not always consider in the best interest of a stable grid.

Along with dynamic demand power, the high penetration of DER into the electric
grid causes the grid to be volatile because of the uncertainty in the dispatchable and

spinning reserve amount. Determining the UCP and spinning reserve power (SRP)
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from the DERs enhances the grid stability or regulation resources. To assess the
DER's resources and operational constraints, this paper proposes several operational
factors, such as the DER's Availability Factor (AF), Dispatchability Factor (DF),
Non-Dispatchability Factor (NDF), and Storage Arbitrage Factor (SAF).

Essentially, these factors consider the combination of DER's resource constraints.
They accommodate the unit commitment both in DER set point and reserve power,
considering the operational and resource limitations. Calculating these factors sim-
pli es determining the total UCP and SRP for an individual DER, cluster of DERS,
and total DERSs. In addition, these factors accommodate to maximize the number of
UCP within a speci c interval. Initially, the arbitrage factor and discharge rate of
the ESD are set by the system operator to know the maximum amount of dispatch-
able, non-dispatchable, spinning reserve and arbitrage power. Also, knowing these
power pro les and maximum UCP will help the DER owner to join the electricity
market suitably. This paper proposes the availability factor which calculates the total

amount of solar PV and storage power in terms of the inverter's rated capacity.

Furthermore, the system operator determines the initial set-point of the spin-
ning reserve factor considering the ESD's mode and uniformity of the reserve power.
Later, the optimization algorithm determines the nal setpoint of dispatchable, non-
dispatchable, and reserve factor points. Finally, the dispatchability and nondispatch-
ability factors determine the number of unit-committed and non-dispatchable power.
The size of DER integration increases over time; knowing the ratio of UCP or dis-
patchable power vs. non-UCP provides information regarding the grid power avail-
ability. This paper also provides the standard size for inverters and storage devices

to maximize the resources.
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2.2.1 DER Availability Factor (AF)

This paper suggests the energy availability factor or simply availability factor in
determining the total available power or energy of both PVs and ESDs. After assign-
ing the speci c interval discharge rate of the storage devices, the system operators
need information regarding the total available power or energy. Considering the pre-
dicted solar PV and ESD generation compared to the inverter rated-power provide
the total available energy. Determining this factor is e ective in several ways. First,
this factor informs the system operator regarding the portion of total available power
ready to be dispatched and reserved during the ESD discharge mode. Also, this
factor reports the total amount of non-dispatchable and arbitrage power during the
storage charging mode. Using this factor improves ESD lifespan by not allowing ESD
to operate beyond the maximum discharge rate and preventing to operate charg-
ing/discharging simultaneously. Finally, this factor maximizes the inverter life span
by not allowing the inverter set-point to go beyond its rated capacity during the stor-
age discharging mode. As mentioned before, this factor is used in the optimization
algorithm to determine percent of UCP and spinning reserve power from the total

available power.

The ESD can connect to the grid in several points in the modern grid, such as small
size in the Behind-the-meter (BTM) and relatively large utility-scale of the substation
distribution feeder. Behind-the-meter ESDs represent the customer-sited stationary
storage systems coupled to the distribution system and corporate customers' side

utility service meter.
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2.2.1.1 DER Availability Factor for BTM' ESD

Under this connection, the customer able to provide UCP during the storage

discharging cyle. For the BTM storage system, the availability factor would be

£ %(SoC-SoG) ESC oL+ ppred 2.1)
I:)inv

where AF stands for Availability Factor, SoG, is the minimum SoC, ESC is the

Energy Storage Capacity of a given battery, DR is Discharge Rate in HourE’g\jed

is the historical solar PV average output with in certain interval, measured in kW,
and Pj,, is the DER inverter's rated capacity. Pg’\;ed is a rudimentary prediction of
the amount of power generated at a given point, though it can also be measured in

conjunction with things such as weather or condition of the solar panels.

This AF will determine the total energy availability by considering both battery
energy and the average historical performance of solar PV. To correctly calculate
the available energy of the battery, this factor includes the depth of discharge as
(SoC SoG,) and discharging rate (DR) and inverter rated power. Further, this
energy availability factor is a constraint when determining the Dispatchable Factor

(DF) and Reserve Factor (RF).

2.2.1.2 DER Availability Factor for Utility Scale' ESD

Under this condition, we assume only utility-scale storage devices connect to the
distribution feeder or the substation. If no other BTM storage connect to aggregated

n number of DER under this condition, then the AF would be,

9%(S0C-S0G,) ESC gk + PAE+ 11+ P 2.2)

AF =
Piv1+ Pinv2+ 11+ Pivn + Pusesp
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where Pysesp is the utility scale inverter size.

After determining the energy availability factor, the next step is to determine
the operational dispatchability and spinning reserve factor. This paper proposes the
dispatchability factor or DF to determine total dispatchable power, or UC power, for

a DER inverter.

2.2.2 DER Dispatchability Factor

To determine the maximum available dispatchable or UCP from the total avail-
able power, we proposed the dispatchability factor as a percent of the inverter's rated
power. This factor will only be used in battery storage discharging mode when incor-
porating a grid-forming DER inverter to minimize the power supply uctuation. It
refers to the fraction of rated inverter power that is dispatchable based on the power
grid operator's request. Dispatchable power is similar to a constant power set point,
which will not be a ected by the intermittent nature of solar radiation. Usually, this
power operates above the DER's historical average power as storage devices incor-
porate it. Choosing a proper DF is crucial to minimize the PV generation losses. If
dispatchable power is below the historical average of PV generation, some portion of
the generation might be wasted as the battery is already in discharging mode, or it

creates a mini charging and discharging cycle if the SoC of storage devices is low.

Dispatchable Power

DF =
I:)inv

(2.3)
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2.2.3 Spinning Reserve Factor

Spinning Reserve Factor (SRF) is only calculated while the energy storage system
is discharging. This unit-less factor represents the individual DER inverter spinning
reserve power, normalized for its rated power. Oftentimes, this reserve power is
supplied by the storage system. However, if the system operator demands more
reserve power than what is determined by this factor, that is more losses or mini

charging/discharging cycles that a ects battery life.

Spinning Reserve Power
I:)inv

SRF = (2.4)

2.2.4 Storage Arbitrage Factor

In the charging mode of the battery storage system, the DER inverter's setpoint
is a ected by the solar radiation and the energy arbitrage factor. A certain amount of
PV generation is consumed to charge the battery as it charges. The system operator
usually sets this amount to store the charge during the o -peak hour and deliver in
the peak-load hours. If the system operator does not set it, by default, the optimized

ESD's charging rate determines this factor.

Charging Rate

SAF =
I:)inv

(2.5)

where Charging Rate of the storage device in Kw.
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2.2.5 DER Non-dispatchability Factor

This factor will only be used if a PV inverter is connected without an ESD, ESD'
SoC is too low to dispatch, or the ESD is in charging mode. In that case, the supplied
power of the inverter is controlled by solar radiation and cannot give unit-committed
power. This is implemented to account for the main weakness of renewable energy:

that there is no way to control the power without shutting o the inverter.

Non-dispatchable Power
I:)inv

NDF = (2.6)

2.2.6 PV Inverter Sizing for Behind-the-meter Storage Sup-

port:

The inverter sizing can depend upon several factors such as average solar radiation,
peak radiation, line capacity, and connected battery sizing, if any battery is installed.
When the DER and ESS incorporate with the inverter, the system provides unit
commitment and reserve power; the power operator wants to know total available
power or energy considering the solar prediction, ESD' capacity, SoC, and optimal
discharge rate of a speci c interval. This amount might cross the inverter rating if
a low inverter rating is chosen. In this work, the inverter is sized to be equivalent
to the rated PV power plus the rated storage discharge rate, plus a percentage in

anticipation for of future upgrades.

Py = ppred 4 DR Max (2.7)

pv;max

whereDR™® is the storage maximum discharge rate in KW.
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2.2.7 Grid-Connected BTM and Utility Scale Energy Stor-

age

Energy storage system design can be categorized into two types: Centralized and
Decentralized or Distributed [30]. In centralized storage design, the ESDs provide
the peak shaving [30] but might need to provide high power density discharge. Also,
the centralized storage system will face reliability issues as a few cell damage might
cause a chain reaction and a ect the whole system [31]. However, a decentralized
or distributed storage prevents over-voltage on distribution feeders [32] but supports
frequency regulation [33]. Therefore, this paper considers that a decentralized storage
system with DER generators will be the modern grid, primarily focusing on solar PV

systems.

The decentralized storage system creates a more robust system in terms of pro-
viding ancillary services in distribution feeders, which provides frequency regulation,
protects from overvoltage, and increases reliability [33, 32]. In addition, it increases
reliability by providing power to communication devices in case of a DER shutdown.
In this paper, we specify the standard size of storage devices that increase the DER
UCP unit without losing power or creating a mini storage charging/discharging cycle.

The proposed storage size (SS) in Ah is as follows,

K, PV Size DRM

SS=

(2.8)

where SSV is storage system DC voltag&  is solar clearness index,s is storage
system e ciency, cc is charge controller e ciency, ,, is wiring e ciency, DoD is dept
of discharge,K, is percent proportional depends upon the solar power quality and
investors,D+ is the temperature derating factor, andDR ™ is the storage maximum

discharge rate is de ned in hours.
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2.2.8 Storage Charging and Discharging Approaches

Charge controllers are used to manage the charging and discharging rate of ESDs
to smooth PV generation from the inverters [34]. Over-charging the battery may
cause electrolysis, releasing H2 and O2 gases, thereby creating a re hazard. This
is avoided through each ESD's designated maximum charging limit. If the battery's
discharge rate is too great, the battery will drain rapidly. Thus, the battery would
cycle frequently enough to cause premature battery failure. A battery's internal
resistance is proportional to its charge, therefore, a battery nearer to full charge
draws a lower charging current, and thus wastes less energy. At di erent charging
levels, there are di erent rates of charging and discharging. So, multistage controllers
can be used to provide a more e cient method of charging and discharging, according

to [35].

2.3 Model Formulation: Optimization Objective Function

and Constraints Design

This paper extracts the maximum available UCP from a speci c distribution grid
after considering the xed minimum spinning reserve. Before extracting this total
spinning reserve from these DERs, the algorithm sets the individual minimum and

maximum spinning reserve for a particular DER.
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2.3.1 Objective Function

From the de nition of DF, it is clear that larger DF would provide larger dispatch-
able or unit-committed power. The objective is formulated to maximize the UCP or
dispatchable power for a given spinning reserve power of a distribution system as
follows,

X' h i
max P/  DF, (2.9)

inv;p
p=1

The optimization of these allocated powers is crucial, and maximizing storage de-
vices' e ciency by properly regulating their charging, discharging cycle, and accurate
reading of the current SoC. Furthermore, this optimization technique is critical to
identify the total available energy (both in storage devices and the predicted power
generation of solar PV) compared to the inverter rated capacity. Subsequently, the
allocated dispatchable and reserve power is determined. The summation of the dis-

patchable and reserve amounts shouldn't exceed the inverter rated power.

DF and SRF are only used in the discharging cycle of DERs' ESD. If the dispatch-
able amount is set less, energy could be lost in the peak solar radiation as the battery
is already set for discharging mode. In the case of a lower SoC of battery, there could
be a mini charging/discharging cycle. For this reason, this optimization technique

maximizes the UCP for a given total reserve power and individual minimum SRF.

By implementing all the constraints discussed below, the system operator controls

the ESDs charging and discharging rate.
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2.3.2 Energy Storage Constraints:

The SoC constraint for the battery is as follows,

SoC,n SoC So0Gax (2.10)

where SoG,ax should be 100 for fresh batteries, but will typically decrease over time

for units with memory problems such as lead acid or lithium ion batteries.

0<DR DR™ (2.11)

where DR™® is the maximum discharge rate allowed by ESDs. Also the charging

rate constraints are as follows,

0<CR CR™ (2.12)

whereCR is the storage charging rate an€R™® is the maximum charge rate allowed
by ESDs. If DER owner charge the BTM' ESD from PV directly andPg’\jed (max)

CR™* "then charging rate constraints are as

0<CR PP (max) (2.13)

which denotes that the maximum power taken from the system at a given instant is
identical to the power the PV system generates, which cannot be controlled, plus the
amount of power stored in the battery, which can be controlled. These constraints

are intuitive and in line with real world systems.

2.3.3 Dispatchable Factor Constraint:

As stated in Section 2.3, the DER only activates dispatch mode when the storage

cycle is in the discharging mode. The minimum unit committed amount is ideally
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equal to the predicted solar power average, and the maximum value is determined
in the optimization after assigning individual minimum spinning reserve factor and

total reserve amount.
8
%Pg’;?{’ DF, P™ AF, PV
P

b DF, PV AF, P}V
(2.14)

PPed  DF, PV AF, PV

pv;n
2.3.4 Spinning Reserve Power Constraints

Spinning reserve operate only the discharging mode of ESDs. The system operator
assigns the individual DER minimum reserve and total reserve power within certain
limit as follows,

8
% SRF{"™ SRF; SRF/"™

SRFJ™ SRF, SRF™
(2.15)

*SRFI™  SRF, SRF

After determining the individual DER maximum and minimum setting, the system
operator may de ne the total minimum spinning reserve for a particular distribution
system by following operational constraints.

“ SRETM P TSRP © SREP™  pim 2.16
P p P P (2.16)
p=1 p=1
where TSRP is the total spinning reserve power requirement from this distribution

system. However, an optimal spinning reserve from a particular distribution system
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for each interval is xed. Therefore, this power is constant for a single optimization

loop considering the above spinning reserve power constraints.

Table 2.1: Initial conditions of the system and Solar + Storage characteristics.

ESD

DER | Bus Pinv | Ppv:nis SoC | SoG,
NoO phases | KW | KW Cap. %) | (%) AF | DF | SRF | SAF
KWh
1 890 60 45 16 65 30 [ 0.96| 0.8 | 0.10| 0.4
(ABC) ' ' ' '
2 8aa 75 60 20 85 20 1.03|/ 0.78| O 0.29
(ABC) . . .
860
3 (ABC) 90 81 24 50 20 10.98(/0.88| 0.11 | 0.49
4 8as 82.5 75 22 90 20 1.18| 0.9 | 0.10 | 0.52
(ABC) . . : . .
830
5 ©) 45 37.5 12 95 30 1.05|/ 0.79| O 0.52
822
6 (A) 97.5| 825 26 40 35 [0.85|/0.75| 0.10| 0.31
806
7 (B) 75 66 20 80 35 1.03|/ 0.78| O 0.36
836
8 ©) 52.5 42 14 72 35 1092|085 0.12 | 0.37
860
9 ©) 67.5| 55.5 18 30 30 [0.84(068| O 0.59
862
10 (B) 105 90 23 90 25 1.08| 0.86| 0.14 | 0.51

2.3.5 Combined Dispatchable and Spinning Reserve Con-

straints:

The energy availability factor is a constraint when determining the Dispatchable
Factor (DF) and Spinning Reserve Factor (SRF). The sum of the maximum dispatch-
able power and minimum spinning reserve power equals the total available power. In

other words, the sum of DF and SRF should be equal to AF as follows
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8
%DFl + SRFl = AFl

DF2 + SRF2 = AF2
(2.17)

”DF, + SRF, = AF,
However, if energy availability exceeds the rated inverter capacity due to the larger
size of storage devices, this availability factor may be larger than one. In this case,
total dispatchable power and reserve power shouldn't exceed the inverter rated power.
Under this scenario, the inverter and storage devices' life are also maximized. In this
instance, the inverter power is equal to the summation of dispatchable power and

reserve power.

UCP + SRP = pated (2.18)

inv

which implies, in this condition, AF = 1 and,

DFp + SRFp =1 (2.19)

2.3.6 Combined Arbitrage Factor and Non-dispatchable Con-

straints

The arbitrage and non-dispatchable power operate only in the ESD charging mode.
If the DER owners directly charge the BTM' ESD from PV panels during the daytime,
then the sum of non-dispatchable and arbitrage power should equal PV generation
power.

P pred

NDF, + SAF, = 550 (2.20)
P
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This condition is applied during the daytime PV generation and storage charging
cycle. However, this operational constraint is not applicable during the nighttime or

no-solar situation, and the ESD is arbitraging power through a bidirectional grid.

2.4 Results and Case Studies

The proposed optimization is implemented on the modi ed IEEE 34 bus system
with ten DERSs in ten di erent buses. Table 4.2 shows the characteristics of each
DER and ESD, as well as the bus that it modi es. Each node is under its constraints
as de ned in section 2.3. We have created a day ahead power ow optimization that
spanned 24 hours in 15 minutes increments using that information. It calculates
the AF based on the predicted solar PV and storage capacity and current status.
It calculates the state of charge, the amount of spinning reserve power available, as
well as the unit committed and non-dispatchable generation capabilities at any given

point in time.

Figure 2.1: DER1 Di erent Power Pro les Change Over the 24 Hours Interval.

Figure 2.1 demonstrates how the proposed power pro les change over time for

DERL1. Based on the di erent PV generations, storage resources, and energy arbitrage
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pro les, these power pro les vary over 24 hours of 15 min intervals. The UCP depends
on the DER1 storage mode and PV generation pro le. During early morning, the
UCP is dominated by storage power due to low solar radiation. Gradually, solar PV
generation becomes a dominant segment for UCP. Even though solar PV generation
uctuates, the UCP remains the same for a speci c interval. The unit commitment

is lost when the storage ip to charging mode due to the intermittent nature. In that
case, the UCP becomes zero and non-dispatchable or ND power peak due to high solar
radiation. ND power decreases to zero due to no PV generation power during the
evening. Also, the arbitrage power shows up due to the storage charging mode. This
arbitrage power follows the standard storage devices charge pro le. In the beginning,
the charging rate is low, and arbitrage power is small. Then, it increases and grows
steadily before it decreases to the end. When the storage is fully charged around 9:30

PM, it triggers to deliver some unit-committed and spinning reserve power.

Figure 2.2: DER1 Operational Factors Change Over the 24 Hours Interval.

Considering the exact PV and storage prole in Fig. 1, Fig. 2 illustrates the
various proposed factors change for DER1 over the 24 hours. AF incorporates the
total available power in the PV generation and storage devices. Similar to Fig. 1,

DF and SRF continue to impact the DER power pro le during the storage discharg-
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ing mode. However, during the storage charging mode, DF and SRF become zero.
Conversely, the NDF and SAF become prominent in this mode. When there is no
solar PV generation, the NDF becomes zero. If the ESD is still in charging mode,
SAF continues impacting the DER power pro le. Comparing Fig. 1 and Fig. 2, DF
follows the exact UCP, SAF follows arbitrage power, NDF follows non-dispatchable
power, SRF follows same as spinning reserve power. For rest of this section, we will
only show the power pro les as it follows same trend of factors' dynamic pro les. The

availability factor represents the sum of PV-generated power and storage power.

The proposed operational matrices are tested on IEEE 34 distribution bus in
OpenDSS. Di erent power pro les (UCP, non-dispatchable power, arbitrage power,
spinning reserve power, total DER generated power, and feeder transmitted power)
are extracted. This paper considers average solar pro les and loads shapes in summer

and winter.

2.4.1 Case Study 1: Considering Summer Solar Pro le and
Load Shape Using Standard Storage Charge/Discharge

Rate

When the storage devices' charging/discharging rate, minimum and maximum
SOC are determined by the connected charge controller itself, de ned as storage base
case. In this condition, the system operator and DER owners can assess all the power
pro les under certain initial conditions, as shown in Table 1. Fig. 1 and Fig. 2
only show power pro le for DER1, and Fig. 3 and Fig. 4 show power pro le for all

combined DERs as given in Table 1.
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Figure 2.3: Summer Total DERs Power Pro les

Fig. 4.8 shows the total amount of unit committed, spinning reserve, and non-
dispatchable during the summer time. Indeed, the grid is more stable after providing
more UCP, and ESDs' storage cycles are independent of the feeder transfer power.
According to Fig. 4.8, the summer solar pro le largely in uences the total DER-
generated power. According to PJM [36], during the summer, the load is peaked from
17:30 to 20:00. When the DER storage is in the discharging mode, it can provide
the UCP. As a result, the UCP dominates the total DER power pro le most of the
time. However, the non-dispatchable power dominates during noon-time because of
high solar radiation. We do not consider peak load condition or solar pro le in this
case. DER's storage devices' charging rate follows the standard multi-stage charging

pro le [37], and storage devices won't discharge until it reaches the maximum SOC.

Reserve Power is higher when the higher number of ESD is in discharge mode and
vice versa. We assume the minimum spinning reserve consumption follows a Gaussian

distribution with a 50% mean to estimate feeder transmitted power.
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Figure 2.4. Summer Load, DER, Feeder Transmitted Power Pro les

Fig. 2.4 illustrates the total DER contribution to the grid for 24 hours interval.
This gure also shows the dynamic loads pro le, and feeder transfer power during
this season. Under this scenario, the DER power pro les change based on the solar
PV generation, storage resources, and standard charging/discharging rate of ESD.
In such a case, with certain initial condition during the summer load peak time, the
DER arbitrage power from the grid could be higher than the DER generated power.
In this load peak condition, the equivalent total DER power could be negative and
DER would act a load. This power pro le con guration suggests that the system
operator might need to interrupt the storage charge controller at least during the

peak hour.
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2.4.2 Case Study 2: Considering Winter Solar Prole and

Load Shape Using Standard Storage Charge/Discharge

Rate

Fig. 5 illustrates the average power pro les during the winter period. According
to PJM, system operators monitor two peaks during this time. Compared to summer,
the solar sun hours are much smaller. In this gure, we assume the average winter
solar hour from Henderson, Nevada [38] during this period. We have found two

negative DER' equivalent generations without considering the peak load.

Figure 2.5: Winter Di erent DER Power Pro les

In this case study, we consider standard storage charging/discharging rate. Be-
cause of that, system operator could not control the DER' di erent power pro les.
However, system operator would have the information about UCP, Non-dispatchable
Power, Arbitrage Power, Spinning Reserve Power, and number of units coming from

the feeder. Arbitrage power peak during the solar peak radiation. However, according
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to Fig. 5, we monitor second peak during the evening time.

Figure 2.6: Winter Load, DER, Feeder Transmitted Power Pro les

In Fig. 6, the total DER generation and feeder transmitted power are illustrated
for average winter load conditions by using the table 1 initial conditions. From this
gure, we are able to see two peak load hours in two di erent time intervals: one
happening in the morning 7:30-9:30am, the other in the 16:30-19:00 time interval.
According to this gure, the equivalent DER generated power become negative during

the evening peak load condition because of high arbitrage power.

2.5 Conclusion and Future Works

This paper has proposed several operational factors to ascertain all resource and
operational constraints from the distributed generator when incorporating ESD to
dispatch UCP and SRP. First, considering the ESD's maximum discharge rate, we

determine AF to assess the maximum dispatchable available power. Then, to deter-
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mine the percent UCP and SRP of this AF during the storage discharge mode, we
propose DF and SRF. After deciding the percent maximum-minimum range of indi-
vidual DER' SRF, we maximize the UCP for an optimum total SRP from a particular
distribution system using an LP optimization algorithm. Finally, we propose the SAF
and NDF to determine the arbitrage and non-dispatchable power during the storage
charging mode. Using these factors, constraints, and LP optimization algorithm, we
would be able to extract the individual DER or cluster of DERs with di erent power
pro les like UCP, NDP, SRP, Arbitrage power. These power pro les will help the
DER owner enter the electricity market, and the ISO operator picks a particular set
of DERs from others in a speci c interval. This paper also con rms that the system
operator can control the UCP in a particular interval after managing the arbitrage
factor, discharging rate, spinning reserve power in the previous intervals. Using this
methodology, this research has shown that one can easily and quickly optimize and
predict the behavior of a large number of DERS, even within a few minutes for a full
day's of operations. This paper also outlines how these factors and power pro les
change considering di erent solar shapes (summer and winter) using the same ESD
resources and PV size. Using the standard charging and discharging pro le of ESD,

this paper illustrates the base case DER power pro les for winter and summer.

In this paper, we only determine the maximum UCP using the maximum dis-
charge rate of ESD but not incorporating the DER electricity market. Future research
will focus on extracting the speci c number of UCP after determining the optimal
discharge rate using the electricity market. Also, the ESD charging rate would be
determined by the arbitrage market. Even though this paper has proposed these
operational factors only for individual DER in the distribution system, from the case
studies, it is evident that we can apply these operational factors for a cluster of DER

or all connected DER. When we combine all of the DER's di erent powers, we can
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de ne the proposed operational factors in a speci ¢ distribution system combining all
resources. Future research will propose these operational factors for all distribution
and transmission systems, eventually, for the whole power system to understand all

the power pro les.
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CHAPTER 3
DISPATCHABLE, NON-DISPATCHABLE, RESERVE AND
ARBITRAGE POWER WITHIN PV-STORAGE INTEGRATED GRID

3.1 Introduction

Integrating di erent kinds of renewable distributed energy resources (RDERS)
such as photovoltaic (PV) solar, wind turbine with energy storage devices (ESDs)
into the power grid can create di erent power pro les due to variability in RDERS
and resource constraints in ESDs [3]. Constraints associated with ESD's resources
and operations include both idle and active charge-discharge modes, rates, minimum
and maximum SoC levels, peak discharge ramp rates, and total storage capacities
[39, 40].To ensure grid operational reliability, stability, ancillary services, and pro-
tection using RDERSs, it is imperative to have a comprehensive understanding and
determine the magnitudes of these power proles. A study in [41] evaluates RDER
versatility for providing grid services including regulation, considering power elec-
tronics and interconnection, and highlights the need for potential models to quantify

their availability and dispatchability.

Incorporating ESDs reduces non-dispatchability problems of renewable sources
and supports reserves. As renewable source penetration increases, RDERs should
provide dispatchable power and primary spinning operational reserve power to en-
sure proper grid operation [21]. Distributed dispatchable resources, which include
ESDs (Battery, Fuel Cell, Micro Turbine, etc.), Diesel Generators, are capable of
producing power when required and o er a reliable supply of electricity as well as
exibility in responding to uctuations in energy consumption. Non-dispatchable

power sources, like RDERs, rely on natural events and are weather-dependent. Pri-
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mary reserve power is the excess capacity held by ESDs or RDERSs to maintain grid
functioning during unexpected demand increases or outages. In addition, energy stor-
age devices may utilize arbitrage power during lower electricity prices and discharge
during high prices. Quantifying and evaluating the operational factors determine the

percent dispatchability, non-dispatchability, arbitrage, and operational reserve.

Without ESD utilization, RDERs cannot be relied upon for reserve power, exclud-
ing non-unit-committed reserve, and may lead to the unnecessary wastage of a portion
of renewable generation. Even with perfect generation prediction, RDERs without
ESDs can only generate Non-dispatchable power. During the charging cycle of stor-
age, the RDER only can provide Non-dispatchable power, while the storage takes
Arbitrage power. This paper evaluates the resource and operational constraints of
PV arrays/plants, inverters, and ESDs to quantify dispatchable, Non-dispatchable,
arbitrage, and reserve power. The electricity market may pick a particular set of
RDERs and ESDs to control the percent penetration or consumption of these power

pro les.

Integrating RDERs with ESDs can improve grid exibility and accuracy after us-
ing a proper electricity market. However, previous studies [42, 23] have overlooked
the impact of ESD charging and discharging cycles on energy markets and complex
power proles. While some research has focused on nding optimal dispatchable
power through mixed-integer optimization models [25], few have considered all re-
source and operational constraints when integrating ESDs with photovoltaic (PV)
inverters. The evolving energy market will explore market revisions and new grid ser-
vices, such as bifurcating regulation service and implementing exible ramping and
fast frequency response, to enhance grid reliability with increased renewable penetra-

tion [43]. Therefore, it is essential to identify operational factors and constraints that
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consider all resources to extract power pro les for energy markets.

The operational limits of percent penetration of Arbitrage, Spinning reserve, Non-
dispatchability and Dispatchability are established by quantifying and assessing the
operational factors. This study proposes several individual and aggregated opera-
tional factors, such as the Availability factor (AF), Dispatchability factor (DF, ADF),
Non-dispatchability factor (NDF, ANDF), Primary Reserve factor (PRF, APRF) and
Storage Arbitrage factor (SAF, ASAF), to evaluate the operational boundaries of hy-
brid renewable power pro les. A modi ed extrapolated energy market is developed
based on the four RDER power proles. To minimize costs, a mixed-integer linear
programming (MILP) optimization problem is formulated that identi es a set of op-
timal operational factors for these power pro le units by selecting a speci c set of
RDERs. The resulting optimal operational factors are correlated with an interval
load demand. The nal set points of individual and aggregated operational factors
of individual and aggregated RDERs cluster illustrate the individual and aggregated

percent penetration or arbitrage of these hybrid renewable power pro les.

The paper is organized as follows. Section 5.2 discusses several resource constraints
and operational factors. Section 5.3 proposes a modi ed energy market structure.
Section 5.4 explains the mathematical formulation of the optimization problem. Sec-

tion 5.5 presents the result. Finally, section 3.6 provides some concluding remarks.

3.2 Resource Constraints and Di erent Operational Factors

The proposed operational factors consider the combination of RDERs and ESDs
operational and ESD resource constraints, generating di erent power pro les for indi-

vidual or clustered RDERs. This assists RDER owners in entering the energy market
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and ISO operators in selecting an optimal set of RDERs. The ISO operator's con-

ventional energy market selection overlooks power pro les that re ect power quality.

3.2.1 Grid-Connected ESD Available Power

The available power from an ESD can be expressed as follows.

1
= = 3.1
Pesp = ESC DR (3.1)

where DR is the discharge rate in hours, it depends on ESD type and is a function
of (SoC SoG,) or the maximum depth of discharge, and ESC is the nameplate
capacity of the battery in KWh. Speci ¢ maximum charging and discharging rates

are selected at a certain SoC level.

3.2.2 PV Inverter Sizing for Behind-the-meter Storage Sup-

port:

In this work, the inverter is sized to be equal to the maximum PV powetpymax
plus the maximum storage discharge ratdResp:max PIUS & percentage in anticipation

of future upgrades,Pg.p.

Pi:w = va;max + IDESD;max + PF;up (3.2)

3.2.3 RDER Availability Factor (AF)

This paper de nes an availability factor to determine the expected available power

from PVs and ESDs (maximum dispatchable and arbitrage power) for a given inter-
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val. It serves multiple purposes, such as informing system operators of available
discharging power, reporting Non-dispatchable and arbitrage power when charging,
and preventing inverter overload when discharging.

IDESD;max + P;\yg I:)arb

AF =
PiF\v

(3.3)

where AF stands for Availability Factor, P35 is the historical solar PV average output

within a certain time interval, measured in KW, andP;" , is the RDER inverter's rated

nv

power.

3.2.4 RDER Dispatchability Factor

Dispatchable power can be controlled and adjusted according to the grid's demand,
ensuring a operational grid. In ascertaining of this power boundary, the dispatchabil-
ity factor is employed as a constraint. Dispatchability factor determines the fraction
of power from the total available power used in ESD discharging mode usable to
minimize supply uctuations. It indicates the portion of the rated inverter power a

grid operator may request, behaving like a constant set-point una ected by sunlight

uctuations.
Dispatchable Power P39+ P
DF = ispatc arbe ower _ Pgy : ESD (3.4)
I:)inv I:)inv
Aggregated Dispatchable Factor would be
»
Povi + i Pespi
ADF = =t =1 .
F (35)
Py

where D is the number of RDERSs in dispatch mode and T is total number of avail-
able RDER. This paper applies both individual and aggregated dispatchability and

primary/spinning reserve factors during the ESD discharge phase to calculate the
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percentage of individual and aggregated dispatchable power and primary spinning

reserve power.

3.2.5 Primary or Spinning Reserve Factor

Primary or Spinning Reserve Factor (PRF) is only computed while the ESD is
discharging. This unit-less factor illuminates an individual RDER inverter spinning

reserve power normalized with its rated capacity.

Primary Reserve Power (PRP)
P/

nv

PRF = (3.6)

Maximum PRF is

1 1
PRF,ax = ESC 3.7
max DR DR (3.7)

System operators can bene t from the metric known as Aggregated Spinning/Primary
Reserve Factor (APRF), which o ers a comprehensive measurement of the spinning

primary reserve power for a cluster of RDER and ESD setups.

PRF, P

inv;i
— i=1
APRF = 7 . (3.8)

inv;i
i=1

where P is the number of RDERS in primary reserve mode.

3.2.6 RDER Non-dispatchability Factor

This factor is used when an RDER is installed without an ESD, the %SoC of
the ESD is too low to dispatch, or the ESD is in charging mode. In such cases, the

suppliable power of the inverter is dictated by sunlight, and its power pro le will be
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Non-dispatchable.

Non-dispatchable Power_ P39  Par

NDF = (3.9)
I:)ilrrw Pil;lv
Aggregated Non-dispatchability Factor is
' P;\Y? ' I:)arb;i
ANDF = =2 3 =1 (3.10)

P_I‘

inv;i
i=1

where N is the number of RDERSs in Non-dispatch mode.

3.2.7 Storage Arbitrage Factor

In the charging mode of the ESD, the RDER inverter's Non-dispatchable setpoint
is a ected by solar radiation and the energy arbitrage power. A certain amount of
PV generation is consumed to charge the battery. SAF is a ratio of power available

over the power consumed to charge.

(3.11)

The total energy available for arbitrage in a power system with RDER and ESD
is measured using the aggregated storage arbitrage factor (ASAF). The calculation
involves estimating the capacity and characteristics of the energy storage devices,
monitoring electricity market conditions, and aggregating the total energy storage

capacity available for arbitrage.

_ i=1
ASAF = 7 (3.12)
P!

inv;i
i=1

The individual and aggregated Storage Arbitrage factors and Non-dispatchability

factors are utilized to ascertain individual and aggregated Arbitrage power and Non-

dispatchable power during the ESD charging mode.
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3.2.8 RDER Aggregated Ramp Rate

In response to changes in demand or other system variables, a set of RDER
and ESD units can vary their combined power output at a rate known as the RDER ag-
gregate ramp rate. It is an estimate of a group of RDERS' overall acceleration and
responsiveness.

P maxiPe,(t GOl min[Pe(t GO

rA(t) = P
t in=1 I:)iiw;i

(3.13)

wherePg, = Pesp; is the abbreviate notation of power produced by ESD.

3.2.9 Storage State of Charge Determination

For any interval in the storage discharge mode, SeGp. (t+ t) is calculated
by taking the preceding interval's SoGsp; (t) and the amount of equivalent power

supplied by that particular ESD;.

P
S0Gespi (t+ 1) =S0Cesni () — pa (3.14)
1

where isPesp.ieps IS the equivalent power supplied byeSD;.

The SoGsp; (t+ t) for any interval during the storage charging mode is calcu-
lated using the SoGsp; (t) for the preceding interval and the amount of arbitrage

power used by that particularESD;.

Pesp-i
S0Gesp:i (t+ 1) = S0Cesp (1) + 7'5;;(;“’ (3.15)
]

wherePespiarh IS the amount of arbitrage power consumed by that speci ESD;.
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3.3 Energy Market Consideration

RDER owners would provide di erent dispatchable, Non-dispatchable, and re-
serve bidding prices via contract. The ISO would provide arbitrage bidding prices. In
this paper, the arbitrage price is proportionate to the market price (mear§36/MWh).
Energy market and arbitrage prices correlate with the de cit between traditional gen-
eration and demand. During peak demand, the arbitrage price should be higher so it
will not act as a large load. In this period, the storage charging is minimum or zero.
During the load demand o -peak time, the arbitrage power price (APP) is lowered,
meaning the RDER owner would set the charging rate higher to maximize utility.
Dispatchable power price (DPP), Non-dispatchable power price (NDPP), and reserve
power price (RPP) are all greatest during peak demand. These power pro le prices
follow standard energy price distributions, seen in [44]. NDPP directly correlates with
solar PV price, which is a weighted average &0.83/kWh or $83/MWh [45]. The
markup for DPP raises the price to$120/MWh from the existing energy market of
PV ($83/MWh) and ESD ($156/MWh), taken as an approximate average. All price
averages and variances are displayed in Table 4.1, and obtained from global market

research within [44, 45, 46, 42].

Table 3.1: PV-Storage Integrated Power Pro les Pricing

Mean Price MWh) Variance

AP Price, APP 36 1.5
NDP Price, NPP 83 3
DP Price (PV-ESD), DPP 120 4
DP Price (Only ESD), DPP 156 5
PRP Price, PRPP 50 2
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3.4 Model Formulation: Optimization Objective Function

and Constraints Design

MILP is employed in optimization problems with discrete and continuous vari-
ables, like dispatch, non-dispatch, arbitrage, and reserves power modes in renewable
energy. lts ability to handle integer variables, representing on/o states, is advan-
tageous in energy storage applications [47]. Utilizing MILP for RDER and ESD
selection in electricity markets can enhance resource use and decrease costs. This
paper rst determines the maximum available dispatchable power from a speci c dis-
tribution grid. Before extracting this total amount from these RDERSs, the algorithm
sets the individual minimum and maximum reserves for a particular RDER when
entering the dispatchable market. Later, the optimization algorithm determines the

nal setpoint of DP, NDP, SRP and SAP.

3.4.1 Objective Function

All these power pro les with di erent bidding prices can be included depending
on the load condition and generation source. The optimization algorithm is set to
minimize the cost for a certain fraction of these aggregated operational factors in a

speci ¢ interval.

0 3
% R
mn@ DPy DPPy + PRP, PRPP, 5+
d=1 r=1
1 (3.16)
X x
NDP, NPP, SAP, APP, A
n=1 a=1

where D, R, N, and A are the number of DERs in Dispatchable, Reserve, Non-

dispatchable, and Arbitrage modes in an interval. Using this optimization algorithm,
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this paper selects a particular set of RDER for di erent energy markets.

3.4.2 Energy Storage Constraints:

The SoC constraint for ESD is as follows,

SoC,n SoC So0Gax (3.17)

where SoGyax is the maximum andSoG,,;, is the minimum state of charge.

DR,in <DR DR (3.18)

where DR™ is the maximum discharge rate allowed by ESDs. Charging rate con-

straints are as follows,

0<CR CRiax (3.19)

whereCR is the storage charging rate an€ R™® is the maximum charge rate allowed
by ESDs. If the RDER owner charges the behind-the-meter (BTM) ESD from PV

directly and Ppy:max ~ CRmax, then charging rate constraints will be,

0<CR  Ppymax (3.20)

3.4.3 Dispatchable Factor Constraint:

As mentioned in section 5.2, the RDER enters the dispatchable market when
ESD is discharging. DP is between the average RDER generation and the maximum

available power.
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3.4.4 Spinning Reserve Power Constraints

The spinning reserve operates only when discharging. The system operator assigns

each individual RDER minimum reserve and total reserve power as follows,

0 PRF, PRFma,8 2R (3.22)

3.4.5 Combined Dispatchable and Spinning Reserve Con-

straints

The sum of the maximum dispatchable power and minimum spinning reserve
power less than the total available power. In other words, AF is the sum of DF and
PRF as follows,

DF, + PRF, AF, 802D (3.23)

However, if energy availability exceeds the rated inverter capacity due to the larger
size of storage devices, this availability factor may be larger than one. In this case, the
sum of dispatchable and reserve power should not exceed the inverter rated power.

Under this scenario, the constraint becomes,

DFp + PRFp 1 (3.24)

3.4.6 Combined Arbitrage Factor and Non-dispatchable Con-

straints

Arbitrage and Non-dispatchable power operate only when the ESD is charging. If

the RDER owners directly charge a BTM ESD from on-site PV panels, then the sum
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of Non-dispatchable and Arbitrage power should equal PV generation power.

NDF,+ SAF, = AF, (3.25)

This condition is applied during the daytime PV generation and storage charging
cycle. However, this operational constraint is not applicable during the nighttime or

no-solar situation, or whenever an ESD charges via the grid.

3.4.7 Aggregated Operational Factors Constraints

Aggregated dispatchable power (ADP), Non-dispatchable power (ANDP) and

spinning reserve power (ASRP) constraints are as follows,

»

ADP  Kpr  DFgmax  Pinva (3.26)
d=1
X

ANDP K NDE NDF nmax  Pinvin (3.27)
n=1

ASRP  Kpre PRFimax  Pinvr (3.28)

r=1
whereK pe , Kpre andKype are proportional to the demand of the customer. During

peak time and heat waves, these values are highest. During the o -peak, these values
are lowest. Aggregated storage arbitrage power (ASAP) constraint can be expressed
as follows,

%
ASAP  Ksar  SAFamax  Piva (3.29)

a=1

During peak time and heat wavesKk sar Vvalue is zero. During the o -peak, this value

is highest.

The aggregated ramp rate of the cluster of RDER must meet a minimum require-

ment:

ra(t) rmin 8t (3.30)
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3.5 Case Study and Results

The proposed optimization is implemented with ten RDERs with ten ESD for
summer solar hours from Henderson, Nevada [38] and load pro les. Table 3.2 shows
the characteristics of each RDER and ESD. We have created a real-time power ow
optimization that spanned 24 hours in 15 minute increments. Many grid operators use
15-minute interval scheduling for their energy markets, such as the Electric Reliability
Council of Texas and New York Independent System Operator, which o ers a more

detailed view of market conditions and allows more accurate pricing and bidding

approaches.

Table 3.2: Initial Conditions Of Solar PV-Storage
RDER Pr, PS¢ ESD Cap. SoC ESD MaxAF
No (kW) (kW)  (Kwh) (%) Mode 50% PV
RDER1 125 65 50 86 Dis 0.54
RDER2 95 50 40 85 Cha 0.26
RDER3 70 51 34 50 Dis 0.51
RDER4 85 50 40 90 Dis 0.48
RDERS 145 95 60 65 Cha 0.33
RDER6 975 525 46 40 Dis 0.50
RDER7 85 56 42 80 Cha 0.33
RDER8 1525 110 44 72 Dis 0.52
RDER9 67.5 455 35 30 Cha 0.34
RDER10 125 80 50 90 Dis 0.70

Fig. 3.1 demonstrates how the proposed power pro les change over time for
RDER1. These power pro les depend on RDER1's storage mode and PV genera-
tion prole. The DP is dominated by ESD power during the early morning due to

inadequate solar radiation. Gradually, solar PV generation evolves into a dominant
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segment for DP. Even though solar PV generation uctuates, the DP remains equal
for a speci c interval. Due to the stochastic nature, the dispatchable power pro le is
lost when the storage ip to charging mode. NDP drops to zero due to inadequate
PV power during the evening. Arbitrage power shows up due to the ESD charging

mode.

Figure 3.1: RDERL1 Di erent Power Pro les, %SoC Change.

Fig. 3.2 illustrates RDER cluster power pro le changes with the energy mar-
ket. DP extraction follows the same trend as the solar prole. However, during
the morning time, ESD is dominant. During the daytime, DP is dominated by PV
generation. A noticeable increase in arbitrage power extraction becomes apparent
during the early morning hours, particularly after 2 am. Reserve power levels are
elevated when a greater number of ESDs are in discharge mode and the load demand
is high. Due to the presence of Non-dispatchable power, the RDER equivalent power

term is considered as average power. As anticipated, this equivalent power reaches



53

its maximum during noon and turns negative after the evening peak, accompanied

by a substantial amount of arbitrage power.

Figure 3.2: RDER Cluster Dierent Power Pro les Change for Regular Full Shiny
Day.

Fig. 3.3 illustrates the power pro les for fty percent PV penetration. This gure
indicates dispatch to Non-dispatch power ratio is low before noon and high around 3
pm. The magnitude of arbitrage power following the evening peak is largely increased
in comparison to the full PV condition. Overall, the average proportion of arbitrage
power is higher, as anticipated. The spinning reserve proportion remains unchanged

since the number of connected ESDs stays constant.

Fig. 3.4 illustrates the power pro les for ten percent PV penetration on the
grid. As predicted, the Non-dispatchable portion is the lowest compared to other

case studies. Additionally, the arbitrage power proportion is relatively high after the
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Figure 3.3: RDER Cluster Dierent Power Proles Change for Fifty Percent PV
Penetration.

evening peak and after 2:30 am.

3.6 Conclusion

This study has introduced various individual and aggregated operational factors to
de ne individual and aggregated hybrid renewable power pro les' operational bound-
aries. Consequently, a comprehensive assessment of the operational and resource
constraints encountered by RDERs when integrated with ESDs is facilitated. Ini-
tially, an Availability Factor is computed to estimate the maximum obtainable power
from an individual node or specic RDER owner. Subsequently, the operational

boundaries of dispatchable and reserve power are constrained, utilizing this Avail-



55

Figure 3.4: RDER Cluster Di erent Power Pro les Change for Ten Percent PV Pen-
etration.

ability Factor during the ESD discharge mode. The Non-dispatchability and Storage
Arbitrage Factors are introduced to ascertain the percentage of Non-dispatchable and
Arbitrage power, while employing the Availability Factor as a constraint during the
ESD charging mode. Using these factors as constraints, a modi ed energy market,
and a MILP optimization algorithm, we extract the individual RDER or cluster of
RDERs with di erent power proles. These operational factors and power pro le
prices are used to pick a particular set of RDERS to inject power into the grid. This
paper con rms that the system operator can choose a particular set of RDER for dif-
ferent power pro les to minimize operational cost. The nal set points of individual
and aggregated operational factors of RDER cluster represent the percent penetration

and consumption of these hybrid renewable power pro les.
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CHAPTER 4
ASSESSING POWER PROFILE CHARACTERISTICS IN SOLAR
PV-STORAGE INTEGRATED ELECTRICITY MARKETS: A
QUANTITATIVE STUDY

Integrating renewable distributed energy resources (RDERS) like solar photo-
voltaic (PV) inverters with energy storage devices (ESDs), into the power grid re-
sults in multiple power pro les [3, 4] due to PV variability and storage constraints.
These constraints include charge-discharge modes, rates, state of charge levels, max-
imum discharge ramp rate, and total storage capacity. Understanding these pro les
is essential for optimizing storage deployment and ensuring grid reliability, stability,
and ancillary services. Research emphasizes the need for models to assess combined

PV-storage availability and dispatch capability for grid services.

4.1 Introduction

Renewable distributed energy resources (RDERS) like solar photovoltaic (PV) in-
verters, when combined with energy storage devices (ESDs) in the power grid, create
multiple power pro les due to PV variability and storage constraints[3, 4]. Storage
constraints constraints include charge-discharge modes, rates, state of charge levels,
maximum discharge ramp rate, and total storage capacity. Understanding these pro-
les is essential for optimizing storage deployment and ensuring grid reliability and
stability by providing ancillary. Research emphasizes the need for models to accu-
rately assess the availability and dispatch capability of combined PV and storage for

grid services.

Conventional generators traditionally provide unit commitment or dispatchable
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and reserve power for grid stability amid uctuating load demands. With increased
renewable energy integration, RDERs must also contribute dispatchable and pri-
mary reserve power alongside conventional generators [48]. The intermittent nature
of renewable energies poses a unit commitment challenge, where, without storage,
they produce non-unit-committed or non-dispatchable power [19]. If these renew-
able sources are used for reserve power without storage, aside from non-committed
reserve power, some renewable energy may be wasted as PVs might operate below
their potential. Storage devices are crucial for integrating PVs into the grid, and
their appropriate sizing is key to managing uctuations and optimizing reserve power
scheduling for PVs [21]. An optimal dispatch strategy for battery storage systems
in arbitrage markets, using mixed-integer linear programming is proposed[47] to ac-
count for energy e ciency losses and battery degradation. A new storage scheduling
algorithm proposed by [49] optimally allocates the state of charge for joint arbitrage
and operating reserve applications, enhancing economic e ciency through adaptive
allocation and soft constraints. The authors in [50] proposed a methodology for
the optimal coordinated scheduling of dispatchable and non-dispatchable energy re-
sources to maximize pro t, using a modi ed African Bu alo Optimization algorithm

and dynamic electricity pricing. These papers examined several hybrid renewable-
storage power pro les but did not cover all pro les collectively, nor did they identify

operational factors and boundaries.

The RDER power pro les evaluation and quanti cation are often black-boxed out-
side the realm of this paper. When the RDER owners join the electricity market, and
the ISO operator selects a particular RDER set based on prices, they are unaware
of all the power pro les that re ect the power quality. The dispatchability, non-
dispatchability, arbitrage, and reserve aspects of hybrid power systems are frequently

explored in research without precise quanti cation or de ned operational boundaries
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[51]. Dispatchability allows for on-demand control of renewable energy sources, con-
trasting with non-dispatchability, where output control is limited. Arbitrage involves
leveraging price di erences to balance supply and demand. Reserve factors are vital
for handling sudden demand or supply shifts. These factors are crucial for a stable
grid and achieving sustainability goals through optimal renewable energy penetration.
Understanding these factors from both PV-storage owner's and utility perspectives
is essential for market entry and resource allocation, ensuring grid stability beyond

conventional electricity bidding processes.

The electricity market signi cantly in uences power pro les for di erent energy
resources, employing strategies like net metering, feed-in tari s, and power purchase
agreements for renewable energy integration into the grid [52]. While a large stor-
age system has been proposed for solar power integration, the impact of storage
charging-discharging cycles on market behaviors and power pro les is often over-
looked. However, these studies lack a comprehensive exploration of resource and
operational constraints when combining storage with PV inverters. The evolving en-
ergy market focuses on revising market structures and introducing new services like
segmented regulation to enhance grid reliability with increased renewable integration
in New York Independent System Operator(NYISO [43]. The California Independent
System Operator (CAISO), with its 60-70% photovoltaic (PV) penetration and large
8-12% storage, faces unique operational challenges and opportunities [53]. The high
level of PV integration in CAISO's grid brings about variability and intermittency in
power generation, necessitating advanced operational strategies to maintain grid sta-
bility and e ciency. Therefore, determining the operational factors and developing
operational constraints considering all the resources are vital to extracting all power

pro les for the PV-Storage integrated electricity market.
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Quantifying and evaluating the operational factors determine the percent non-
dispatchability, arbitrage, and operational and supplemental reserve. In a conven-
tional power system, the utilization factor and diversity factor stand out as critical
considerations for e ectively managing the signi cant variability in demand. These
factors are utilized to schedule the generation power and reserve power for the tra-
ditional power plant accurately. Distributed renewable power generation has a high
variability like load demand power. In the conventional generation system, the unit
commitment decision is largely in uenced by unit constraints, synchronization, start-
up, shutdown, system capacity, primary or spinning reserve, and non-spinning reserve
[28]. However, the RDER inverters' start-up and shutdown capacity are not the prob-
lems; instead, their issue is intermittency and it creates multiple power pro les when

integrated with storage.

This paper makes several signi cant contributions to the eld of energy market
optimization and renewable energy integration. The key contributions are: 1) Propos-
ing innovative individual and aggregated operational factors for PV-storage systems,
de ning their constraints and boundaries, and using these as set points based on
demand power and grid conditions, 2) Introducing a framework for the development
of a modi ed electricity market, which addresses gaps in unied PV-storage mar-
kets and is tailored to di erent power pro les, essential for modern energy market
dynamics. 3) Formulating a mixed-integer linear programming (MILP) optimization
problem to minimize costs by identifying optimal operational factors for power pro-
le units, with a particular focus on PV-storage hybrid systems and alignment with
load demand, thereby providing a strategic blueprint for e cient and economically vi-
able energy market operations, necessitating a hybrid approach akin to conventional
power systems. 4) Lastly, by identifying primary, secondary, and tertiary reserves

in a PV-storage system, this approach provides a pathway for performing ancillary
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services using these resources. It also o ers insights into the operational dynamics of

renewable energy integration across various scenarios and seasons.

The paper is organized as follows: Section 4.2 de nes di erent hybrid renewable
power pro les and operational factors. Section 5.4 discusses the model formulation
of the optimization constraints and the objective function. Section 4.4 provides a
framework for the extrapolated electricity market. Section 4.5 presents the results.

Section 4.5.2 provides a conclusion.

4.2 Hybrid PV-storage Power Pro les, Resource Constraints,

and Di erent Operational Factors

A comprehensive understanding of the nature of hybrid renewable power pro-
les is essential for the design and operation of e cient and reliable energy systems.
Dispatchable, non-dispatchable, reserve, and arbitrage powers [3] represent di erent
aspects of the electricity system and how energy can be generated, stored, and man-
aged to meet the needs of the grid and electricity market bidders. Fig. 4.1 illustrates

di erent hybrid power pro les from PV-Storage integration.

Non-dispatchable power (NDP) refers to sources of electricity that cannot be dis-
patched or controlled by system operators such as renewable generation without in-
corporating ESD. Dispatchable power (DP) is immediately supplied to the grid, in
contrast to non-dispatchable power, which has a property of non-dispatchability due
to its variability and intermittency [54]. Increasing regulation reserves using the de-
centralized storage power is utilized to compensate for PV generation uncertainty

and improves system balance [55]. The authors addressed the reduction of PV power
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uncertainty and energy imbalance by using energy storage capacity, considering both
short-term [56] and long-term [57] perspectives. Their approach included forecast
error analysis, a k-means clustering algorithm for classifying weather based on so-
lar irradiance variations, and the incorporation of con dence levels. Modern ESDs
possess substantial discharge and ramp rates[58]. Integrating PV with appropri-
ate amounts of ESDs can signi cantly reduce the uncertainty associated with PV
power generation. This approach is particularly e ective when aggregating Renew-
able Distributed Energy Resources (RDERs) and ESDs over a large operational area.
Therefore this paper provides a certain storage size to remove non-dispatchability
from PV generation for a short period. Storages play a crucial role in storing excess
power from RDERs like PV and releasing it as needed, thus providing dispatch-
able power and enhancing grid stability [59]. However, storages have limitations like
charge-discharge constraints and storage capacity, leading to a mix of dispatchable

and non-dispatchable power.

The integration of PVs with storages necessitates consideration of reserve power,
such as primary reserve, which is immediately available to the grid for unexpected
demand surges or failures [60]. High RDER penetration can cause voltage and fre-
guency instabilities in the distribution grid, thus necessitating primary, secondary,
and tertiary reserves to maintain grid balance [61]. Storage arbitrage power (SAP),
consumed by energy storage systems through exploiting time-based electricity price
di erences, is another important aspect of managing non-dispatchability. Energy stor-
age devices can use SAP to charge during low electricity prices and discharge during
high prices while operational and supplemental reserve power is the extra capacity
kept by ESDs and RDERSs to ensure grid operation during sudden demand increases
or outages. This paper extracts primary reserve power (PRP) and secondary reserve

power (SRP), the two most crucial reserve powers, by considering the operational
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constraints of energy storage devices (ESDs) and bidding prices. This is due to the
non-committed, non-dispatchable nature of power from photovoltaic (PV) systems.
Tertiary reserves power (TRP) are frequently utilized to address energy imbalances
caused by unanticipated occurrences, such as changes in weather or equipment fail-
ures, which can result in a discrepancy between the supply and demand power. In
a hybrid renewable system, this TRP can be provided by adjusting the arbitrage
power ow or forcing the charging ESD to discharge power in case of hi@oC, or
curtailing or arbitraging the RDER inverter generation during periods of emergency

or high demand power. This paper emphasizes the need for optimization algorithms

Figure 4.1: Hybrid PV-Storage power pro les

and energy markets to e ectively manage these power types and ensure grid stability
and reliability. Operational factors are proposed to extract complete power charac-
teristics from PV-Storage combinations, taking into account both dispatchable and

reserve power capabilities.

To extract the complete power characteristics of individual or aggregated PV-
storage hybrid power pro les, it is crucial to establish their operational limits using

operational factors. To assess the combined PV-Storages' resources and operational
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constraints, this paper proposes several operation factors such as Availability Fac-
tor (AF), Dispatchability Factor (DF), Non-Dispatchability Factor (NDF), Storage
Arbitrage Factor (SAF), Primary Reserve Factor (PRF), Secondary Reserve Factor
(SRF) and Tertiary Reserve Factor (TRF). Knowing these power pro les and their
boundaries will enable the RDER owner to participate in the proposed modi ed elec-
tricity market. This paper proposes the availability factor, which calculates the total

amount of solar PV and storage power in terms of the inverter's rated capacity.

This paper also provides the standard size for inverters and storage devices to

attend the dispatchable market.

4.2.1 Dispatchable Power Energy Storage Sizing

In this paper, the capacity of an ESD in KWh can be computed as follows,

Kp PV Size DRpa

ESC =
Kt s cc w DoD Dy

(4.1)

where ESC is ESD capacity in KWh,Kt is solar clearness index, cc is charge
controller e ciency, . is wiring e ciency, s is ESD e ciency, DoD is the depth of
discharge,K, is percent proportional depends upon the solar power qualitf+ is
the temperature derating factor, andDR 5« is the ESD maximum discharge rate in

hours. The available power from an ESD can be expressed as follows.

ESC
ESD DR ( )

where DR is the Discharge Rate in Hours. Maximum charging/discharging rates are

calculated based on SoC levels.
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4.2.2 PV-Storage Availability Factor (AF)

The paper de nes the availability factor (AF) to determine the percentage of avail-
able power compared to the capacity of a hybrid system. The factor demonstrates the
proportion of the combined available power from RDER and ESD (discharge power
minus arbitrage power) about the system's installed capacity. Using the maximum
allowable ESD discharge rate, system operators and RDER owners can determine the
total available power during a specic interval as a fraction of the installed RDER
or PV inverter-rated power. This factor provides valuable information to the system
operator, informing them of the portion of total equivalent power of combined dis-
patchable, non-dispatchable, reserve, and arbitrage power in a network. This factor

is utilized as a constraint in the optimization algorithm.

For behind-the-meter (BTM) storage system, the availability factor for a PV-type
RDER would be for any intervalt; to t; + t [3]

Avg: PV Power+ Maximum ESD P ower
Inverter Rated P ower

AFgrm =

= (Pp®+ Pespimax  Pam)=Ph,

where PJ9 is the solar PV average output predicted within a certain time inter-
val, Pesp:max 1S the outgoing maximum power output of the ESDP,, is incoming
arbitrage power, andP;,, is the rated power output of the inverter connecting the

RDER and ESD.

This AF will determine the total energy availability by considering both battery
energy and the average PV power. In this con guration, a utility-scale ESD could be

used for a cluster of PV plants. Under this condition, we assume only utility-scale
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storage devices connect to the distribution feeder or the substation. If no other BTM
storage connects to aggregated RDER under this condition, then the AF would be

considering equivalent power from utility-scale ESD (UESD),

% 1 % 1
AFUS = ( I:)l(JE(I]ESD;max + P;?\Y? :(
i=1 i=1

where P{Esp.max IS €quivalent utility scale ESD maximum power Py, sesp IS the

Py + Piv.uesp ) (4.3)

inv;i

utility-scale inverter rating, U 1 is the utility-scale inverters number.

4.2.3 PV-Storage Dispatchability Factor (DF)

The dispatchability factor is a measure of the percent of dispatchable renewable
power compared to the rated generators. Dispatchability or Unit commitment (UC)
can be expressed as the "determination of generating units to be invariant during
a short-term scheduling period (hours, a day, or a week)" [26]. This factor is used
only during battery storage discharging mode when integrating a grid-forming PV
inverter to minimize power supply uctuations. Dispatchable power is akin to a
constant power set-point and remains una ected by the intermittent nature of solar
radiation. It typically operates above the PV historical average power generation

and a portion of storage devices power as follows[3, 4]
_ Avg: PV Power+ Portion of ESD Available P ower
- Inverter Rated P ower (4.4)

= ( p;\)/g + I:)ESD ):Pi:w

DF

where is the percent ESD contribution for dispatchable power.

The Aggregated Dispatchability Factor (ADF) serves as a key metric for utilities,

summarizing the total dispatchable power from PV-storage clusters.

» avg » X ;
ADF = ( P + i  Pespi )= P, (4.5)

pvii inv;i
i=1 i=1 i=1
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where D is the count of RDERSs in dispatch mode, and T is the total RDERs. The

Aggregated Dispatchable Factor can also be used to inform the development of new
renewable energy projects and energy storage systems, ensuring that the mix of PV-
storage units in the system provides adequate dispatchable power to meet the needs

of the grid.

4.2.4 Storage Primary Reserve Factor (PRF)

The Spinning or Primary Reserve Factor (PRF) is only calculated whilst the
energy storage system is in discharging mode. The delay in command time, in-
termittency of PV units, and an overall lack of inertia in modern control schema
prohibit units from entering the market without a su cient level of power to pro-
vide. This reserve power is supplied by the storage system as PV-generated power is
non-dispatchable [3, 4].

Segment of Remaing ESD Power _ PRP =P (4.6)

PRF = _
Inverter Rated P ower inv

Maximum primary reserve power or PRP is

PRP..x = Energy Storage Capacity (Max Discharge Rate

Dispatchable Discharge Rate (4.7)

where DRy is the ESD's discharge set point to generate dispatchable power. The

remaining power could be used as reserve power.

Aggregated Spinning/Primary Reserve Factor (APRF) is a useful metric for sys-

tem operators as it provides a consolidated measure of the primary reserve power for
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a mix of di erent RDER and ESD con gurations.

P_I’

inv;i

» X
APRF = ( PRF; Pi[w;i )=
i=1 i=1

(4.8)
where P is the number of RDERS in primary reserve mode.

By knowing this APRF, system operators or utilities can determine the maximum
amount of power that can be deployed in case of any contingency. This factor can
also be used in the optimization algorithm to determine the percentage of primary
reserve power that can be dispatched from the total available power during the storage
discharge mode. Therefore, selecting an appropriate APRF is critical for the e cient

operation of the system.

4.2.5 Secondary or Frequency Restoration Reserve Factor

(SRF)

The Secondary or Frequency Restoration Reserve is a power reserve that can be
deployed to restore the power system's frequency after a disturbance. The secondary
reserve typically stabilizes the power system in the short term, within a few seconds
to a few minutes after the disturbance. After determining the primary reserve set
point, we can determine the remaining available power as a secondary reserve power.

Available Power Dispatchable Power Primary Reserve Power
Inverter Rated P ower (4.9)

= (AP - DP - PRP) =P!

SRF =

where AP is the available power, DP is dispatchable power, and PRP is the primary
reserve power. In the optimization, if we already set for primary reserve power, the

remaining power should be considered as a secondary reserve.
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Maximum secondary reserve power or SRP is

SRPnhax = Energy Storage Capacity (Max: Discharge Rate Combined

Dispatchable and Primary Reserve Discharge Ratg

ESC (DRmax DRp)
(4.10)

Aggregated Secondary Reserve Factor (ASRF) determines the amount of secondary
reserve power that can be provided by a collection of RDERs or ESDs in a power
grid.

P_I’

inv;i

X
)= (4.11)

>
ASRF=(" SRF Pl

i=1 i=1

where S is the number of PV-Storage providing Secondary reserve power.

4.2.6 PV-Storage Tertiary or Supplement Reserve Factor

(TRF)

Tertiary power reserves address long-term power system imbalances, responding
slower than primary and secondary reserves. A tertiary reserve would be a combina-
tion of non-dispatchable, dispatchable, and arbitrage power. In a hybrid renewable
system, tertiary reserves can be provided by adjusting the arbitrage power ow or
forcing the charging ESD to discharge power in case of hig@oC, or curtailing or
arbitraging the RDER inverter generation during periods of high demand power. If
any RDER inverter-storage owner does not join an energy market due to unfavor-
able prices, the Utility or ISO operator can pick them up in emergencies to create
the tertiary reserve. The tertiary reserve factor would be known at the optimization

algorithm's end.
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Available Power+ Arbitrage Power Sum of all other power
Inverter Rated P ower (4.12)

= (AP+SAP-DP-NDP-PRP-SRP) =P!

inv

TRF =

In idle storage discharge mode, RDER ESD would not participate in the electricity
market, and arbitrage power could be considered as a tertiary reserve. If every other
RDER enters the proposed hybrid electricity market, the Aggregated Tertiary Reserve
Factor (ATRF) would be

inv;i inv;i
i=1 i=1 i=1

X o X
ATRF = ( SAF; P! + PESD;i ): P/ (413)

where ID is the number idle discharge mode ESD.

4.2.7 Storage Arbitrage Factor (SAF)

Arbitrage power is the power generated or stored in an energy system intended
to be sold at a higher price than the price it purchased. In energy storage systems,
arbitrage power is generated by charging the battery during o -peak hours when
electricity is cheaper and discharging it during peak hours when electricity is more
expensive. The amount of arbitrage power depends on the energy market prices, en-
ergy storage system e ciency, and charging and discharging strategy. In the charging
mode of the battery storage system, the RDER inverter's setpoint is a ected by so-
lar radiation and the energy arbitrage factor. The system operator usually sets this
amount to store the charge during the o -peak hour and deliver in a peak-load hour.

If the system operator does not set it, by default, the optimized ESD's charging rate

determines this factor.
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SAF = SAP=P", (4.14)
The aggregated storage arbitrage factor (ASAF) is a metric used to determine the
total energy available for arbitrage in a power system with PV and storage. The
calculation involves estimating the capacity and characteristics of the energy storage
devices, monitoring electricity market conditions, and aggregating the total energy

storage capacity available for arbitrage.

Y X
ASAF=(  SAF Pr. )=
i=1 i=1

P! (4.15)

inv;i

4.2.8 Non-dispatchability Factor (NDF)

The non-dispatchable factor (NDF) is determined by selecting the charging mode
of behind-the-meter storage in situations where the dispatchability factor cannot be
used. This includes scenarios where an inverter is connected without storage or its
SoC is too low to dispatch, or it is in charging mode. In such cases, the inverter's
supplied power is determined solely by solar radiation, resulting in a non-dispatchable

power pro le [3, 4].

NDF = (P39  Pan)=P}, (4.16)

Aggregated Non-Dispatchability Factor (ANDF) is

PR X
ANDF= (" P Pabi )= P, (4.17)

pv;i inv;i
i=1 i=1 i=1
where N is the number of RDERSs in non-dispatch mode. ANDF is calculated based
on the expected output of non-dispatchable sources over a certain period, usually 15

minutes to an hour, and is expressed as a percentage of their rated capacity.
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4.2.9 Battery Storage SoC Determination

During the storage discharge mode, Segp; (t+ t) for any interval is determined
by using the previous interval SoEsp; (t) and amout of equivalent power supplied by

that specic ESD;

S0Gesp;i (t+ 1) =S0Cesp;i (1)  (Pespiers =ESG) (4.18)

where isPesp.ieps IS the equivalent power supplied b SD; and its value determined

by following equation

Pespjeps = DPi P Vaygi + PRPE+ SRPS (4.19)

where PRPF; SRPS are the primary and secondary reserve consumption by specic
ESD;. During the storage charging mode, Saip; (t + t) for any interval is de-
termined by using the previous interval SoEsp; (t) and amout of arbitrage power

consumed by that speci cESD;

S0Gesp; (t+ t) =S0Cegsp; (t) + ( Pespsian =ESG) (4.20)

wherePesp.iarp IS the amout of arbitrage power consumed by that speci ESD;.

4.3 Model Formulation: Optimization Objective Function

and Constraints Design

Mixed-integer linear programming (MILP) is favored over Linear Programming
(LP) for solving optimization problems in renewable energy, particularly due to its
ability to handle both discrete and continuous variables. This is especially useful in

PV-energy storage applications, where MILP can choose charge/discharge/idle modes



72

and manage the systems on/o states. Employing MILP for PV-storage optimization
in electricity markets o ers enhanced resource utilization and cost reduction. The

optimization algorithm determines the nal setpoint of DP, NDP, PRP, and SAP.

4.3.1 Objective Function

All these power pro les with di erent bidding prices can be included depending
on the load condition and generation source. The optimization algorithm is set to
minimize the cost for a certain fraction of these aggregated operational factors in a

speci ¢ interval.

0
P R %
min@ DPy DPPy + PRP, PRPP, + SRPP; SRP; +
d=1 r=1 s=1 1 (4.21)
X x
NDP, NDPP, SAP, APP, A
n=1 a=1

where D, R, S, N, and A are the number of RDERSs in Dispatchable, Primary Reserve,
Secondary Reserve, Non-dispatchable, and Arbitrage modes in an interval. DPP,
NDPP, PRPP, SRP, and APP stand for Dispatchable Power Price, Non-Dispatchable
Power Price, Primary Reserve Power, Secondary Reserve Power, and Arbitrage Power
Price, respectively. The proposed optimization algorithm selects a day head fteen-

minute interval of a particular set of PV-Storage.
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4.3.2 Energy Storage Constraints

The SoC, Charging Rate (CR), and Discharging Rate (DR) constraints for ESD
are as follows,

8
§ S0Cnn  SOC  S0Cra
% mln DRmax (4'22)

0<CR CRpax
where SoGax is the maximum andSoG,, is the minimum state of charge DR ™
and CRx are the maximum discharge and charge rates, respectively. If the PV-
storage owner charges the behind-the-meter (BTM) ESD from PV directly anél,y.max

CRmax, then charging rate constraints will be,

0<CR  Ppmax (4.23)

4.3.3 Dispatchability and Reserve Factor Constraints

Since the maximum dispatchable power is a subset of the total available power,
it must be less than or equal to the total available power. As previously mentioned,
the RDER enters the dispatchable market when ESD is in discharging mode. The
number of DP is between the average solar PV generation and the maximum available
power.

Pova DFu Piva AFg Piye,8d2D (4.24)

The primary reserve operates only in the discharging mode of ESDs. The system op-
erator assigns the individual RDER minimum reserve and total reserve power within

a certain limit as follows,

0 PRF,  SRFima,8r 2R (4.25)
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The sum of the maximum dispatchable power and minimum primary reserve power
equals to the total available power. In other words, AF is the sum of DF and SRF as
follows,

DF, + PRF, + SRF, + TRFD = AF,, 8p2D (4.26)

However, if energy availability exceeds the rated inverter capacity due to the larger
size of storage devices, this availability factor may be larger than one. In this case,
the sum of dispatchable and reserve power shouldn't exceed the inverter-rated power.

Under this scenario, the constraint becomes,

DFp + PRFp + SRF, + TRFY =1: (4.27)

4.3.4 Ramp Rate Constraints

The ramp rate of each individual generator must not exceed its ramp rate limit:
(Pesp, (t)  Pesp,(t )=t rma, 8ti=1;2:5n (4.28)

The aggregated ramp rate of the cluster of RDER must meet a minimum requirement:
ra(t) rmn 8t (4.29)

The required minimum ramp rater i, directly correlates with the percent di erence

between two load demands.

4.3.5 Combined Arbitrage Factor and Non-dispatchable Con-

straints

The arbitrage and non-dispatchable power operate only in the ESD charging mode.

If the PV owners directly charge the BTM's ESD from PV panels during the daytime,
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then the sum of non-dispatchable and arbitrage power should equal PV generation
power.

NDF,+ SAF,+ TRF}P = AF, (4.30)

This condition is applied during the daytime PV generation and storage charging
cycle. However, this operational constraint is not applicable during the nighttime or

no-solar situation, and the ESD arbitrages power from grid.

4.3.6 Aggregated Operational Factors Constraints

Aggregated dispatchable power (ADP), non-dispatchable power (ANDP) Primary
reserve power (APRP) , and Secondary reserve power (ASRP) constraints, Aggre-

gated storage arbitrage power (ASAP) are as follows

8
ADP  Kopr ' 2, DFgmax  Piva
ANDP  Kypr ) het NDF nmax  Pinvin
APRP  Kpre R, PRFimac P (4.31)
§ASRP Ksre S, SRFsmax  Pive
P

ASAP K SAF §=1 SAFa;max I:)inv;a

whereKpr , Kpre, Ksgrr @and Kypr are proportional to load conditions. These
values are highest during peak loads and lowest during base loads. During peak loads

and heat wavesK sar IS zero. During the o -peak, this value is highest.
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4.3.7 Considering Peak and Emergency Conditions

During peak load and emergency conditions, the maximum S6C value require-
ment is reduced to 80% to produce dispatch and reserve powers. These emergency
conditions would be determined by the Utility or ISO based on the extreme load
needs and would last until frequency levels are placed within an acceptable tolerance.
Aggregated dispatchable, reserve operation factors are set highest, and aggregated

arbitrage, non-dispatchable set low in such conditions.

4.4 Extrapolated Energy Market

The power pro les of PVs combined with storage devices depend heavily on the
electrical market. PV-Storage owners would provide dierent dispatchable, non-
dispatchable, and reserve bidding prices via contract. The Utility or ISO would
provide arbitrage bidding prices. In this paper, the arbitrage price is proportionate
to the CAISO market price (mean,$ 36/MWh). Regular electricity and arbitrage
prices correlate with the de cit between traditional generation and demand. During
peak demand, the arbitrage price should be higher so it will not act as a large load.
In this period, the storage charging is minimum or zero. During the load demand
o -peak time, the arbitrage power price (APP) is lowered, meaning the PV-storage
owner would set the charging rate higher to maximize utility. Dispatchable power
price (DPP), non-dispatchable power price (NDPP), and reserve Power price (RPP)
are all raised to the highest during peak demand. These power pro le prices follow
standard energy price distributions, seen in [44]. NDPP directly correlates with solar
PV price, which is a weighted average & 0.83/kWh or $ 83/MWh [45]. The markup

for DPP raises the price to$ 120/MWh from the existing energy market of PV ¢
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83/MWh) and storage ($ 156/MWh), taken as an extrapolated average depending on
storage set points. All price averages and generated uniform distribution variances

( 2) are displayed in Table 4.1, and obtained intuitively from global market research
within [44, 45, 46]. The proposed variances of the power pro les are derived using
the uniform distribution of power limits during peak and o -peak times, as described

in Equation 4.32. In the optimization algorithm for cost minimization, the bidding
price di erence is allocated based on the standard deviation of these prices. Di erent
studies in the literature on PV-storage integrated electricity markets have identi ed a
range of Variances [62, 63, 64]. The variances of DPP and ESD-generated powers are
higher compared to arbitrage and non-dispatchable sources due to the diverse types

of ESDs, each with varying parameters and model types.

(Price During Peak Price During Off Peak )2
12

Given a proposed model, the price at any given instant is determined by the contri-

V ariance( ?) = (4.32)

Table 4.1: PV-Storage Power Pro les Pricing

Price Range® /MWh) | Variances
AP Price, APP 36 15
NDP Price, NDPP 83 3
DP Price (PV-Storage), DPP 120 4
DP Price (Only ESD), DPP 156 5
PRPP(Primary), SRPP(Secondary) 100 2

butions from the storage system and the photovoltaic (PV) sources. Mathematically,
this can be represented as follows: Léty (t) be the total price at time t, Egiorage(t)
the energy contribution from the storage system at time, and Epy (t) the energy
contribution from the PV at time t. The price Py (t) is then calculated using the

formula:

E storage(t) LW Epv (1)
PV
Estorage(t) + EPV (t) Estorage(t) + EPV (t)

Here, Wesp and Wpy are weighting factors representing the cost per unit of energy

Protar (1) = Wesp (4.33)

for the storage and the PV, respectively. These factors consider the respective costs
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of generating or storing energy in each system. This model provides a dynamic and
numerical representation of the price, adjusting following the varying contributions
of the storage and PV systems at any given instant. Rewriting the above equation in
the proposed dispatchable power prices (DPP) for the extrapolated electricity market

is as follows:

NDPP (DF Pesp)+ DPP(ESD) Pesp

DPP =
AF

(4.34)

This will impact the overall e ciency and will mean that, for instance, the utilization

of the resource will be incentivized when the storage is not in dis, as that will be when
the price will be determined solely by the NDPP. This will ensure that all power that
can be used at that moment will be used, and power that can be saved for later will
only be used when it is most needed, as the prices incentivize that cost-reduction

behavior.

45 Results and Case Studies

Table 4.2: Initial conditions of the system and Solar PV-Storage characteristics.

RDE P.m, Ppy | ESC |SoC|ESD |ESD |DR max AF, 50| Min.
No (kW) (KW) | (kwh) | (%) | Mode|Type |(C) Amac | 0 PV | PRF
\ 1 \890\ 125\ 65 \ 50 \ 86 \ Dis \Li-ion\ 0.70 \ 25 \ 0.54 \0.11\
| 2 |844| 95 | 50 | 40 | 85 |Cha| LA | 025 | N/A | 0.26 |N/A |
| 3 |838] 70 | 51 | 34 |50 | Dis | LA | 030 | 0.4 | 051 |0.11|
| 4 |834] 85 | 50 | 40 | 90 | Dis |NiCd | 0.40 | 0.8 | 0.48 |0.10|
| 5 [848]145| 95 | 60 | 65 | Cha |Liion| 0.85 | N/A | 0.33 |N/A |
| 6 |822|975|525| 46 | 40 | Dis |Lison| 050 | 1.70 | 0.50 |0.10|
| 7 |856| 85 | 56 | 42 | 80 | Cha |[NiCd| 0.25 | N/A | 0.33 |N/A |
| 8 |840|152.5 110 | 44 | 72 | Dis |NiCd | 055 | 0.85| 0.52 |0.12|
\ 9 \828\ 675\ 455\ 35 \ 30 \ Cha\ LA \ 0.45 \ N/A \ 0.34 \N/A \
| |

10 |862| 125| 80 | 50 | 90 | Dis |Li-ion| 0.95 | 3.2 | 0.70 | 0.12]
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Figure 4.2: Modi ed 34 Bus, Inserting Ten RDERs in Ten Buses.

A modi ed IEEE 34 bus system was used to implement the proposed optimiza-
tion, which consists of 10 RDERs in 10 di erent buses, and the characteristics of each
PV and storage, along with the bus it modi es, are listed in Table 4.2 and gure 4.2.
Each node adheres to its de ned constraints as outlined in section 5.4. This table
summarizes key initial conditions and characteristics of a solar and storage system
across various RDERs. Each RDER is uniquely numbered and linked to a specic
bus in the electrical grid. Important parameters include the inverter power (denoted
asPi,, ), photovoltaic power (Ppy ), and energy storage capacity (ESC), all measured
in KW and KWh respectively. The state of charge (SoC) for each RDER's storage
system is presented as a percentage, indicating its initial charge level. The table also
details the mode (either Discharge or Charge) and type of Energy Storage Device
(ESD) used, such as Lithium-ion, Lead-Acid (LA), or Nickel-Cadmium (NiCd) bat-
teries. Other signi cant parameters listed are the maximum discharge ratdR max ),
the maximum ramp rate (a,. ), the acceptance factor for systems with 50% pho-
tovoltaic contribution, and the minimum Power Reserve Factor (PRF). A day-ahead
power ow optimization was created for a 24-hour period in 15-minute increments

using this information. Due to the solar data being based on average information for
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a year, it is challenging to determine the look-ahead time. However, the simulation
can be executed quickly enough to run the procedure every 24 hours. For solar en-
ergy, shorter intervals like a few minutes to an hour are ideal due to rapid uctuations

in solar output [65]. A 15-minute interval is increasingly favored in energy markets
for providing detailed insights into market conditions, enabling precise pricing and
e cient energy resource management. This interval aligns with the scheduling used
by many grid operators, o ering a balance between detailed market analysis and
operational practicality[43, 53]. The optimization calculates the available primary
reserve power, state of charge, and the unit committed and non-dispatchable gen-
eration capabilities at any given time based on the predicted solar PV and storage

capacity and current status. The resulting value of AF is also calculated. Figure 4.3

Figure 4.3: RDER1 Di erent Power Pro les, %SoC Change Over the 24 Hours Inter-
val.

illustrates the changes in the proposed power pro les over time for RDER1, which
vary over 24 hours in 15-minute intervals based on di erent PV generations, storage

resources, and energy arbitrage proles. The dispatchable power is dependent on
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the storage mode and PV generation pro le of RDERL1. In the early morning, this
power type is dominated by storage power due to low solar radiation. As solar PV
generation gradually increases, it becomes a dominant segment of total power. De-
spite the uctuation in solar PV generation, the DP remains the same for a speci c
interval. However, the unit commitment or dispatchability is lost when the storage
mode ips to charging mode due to the intermittent nature of solar PV generation.

In this case, the dispatchable power (DP) becomes zero, and non-dispatchable (ND)
power peaks due to high solar radiation. The ND power decreases to zero as there
is no PV generation power during the evening. Additionally, the arbitrage power
appears due to the storage charging mode, following the standard charge pro le of
storage devices. Initially, the charging rate is low, and the arbitrage power is small.
However, it increases steadily before decreasing towards the end. When the storage
is fully charged around 9:30 PM, it triggers the delivery of some unit-committed and
primary reserve power. Figure 4.3 also illustrates the various power pro les change
for RDER1 over 24 hours if we divide these power pro les by the RDERL1 inverter
rating. AF incorporates the total available power in the PV generation and storage
devices. DF and PRF continue to impact the RDER power pro le during the storage
discharging mode. However, during the storage charging mode, DF and SRF become
zero. Conversely, the NDF and SAF become prominent in this mode. When there
is no solar PV generation, the NDF becomes zero. If the ESD is still in charging
mode, SAF continues impacting the RDER power pro le. DF follows the exact DP,
SAF follows arbitrage power, NDF follows non-dispatchable power, and PRF follows
same as primary reserve power. For the rest of this section, we will only show the
power pro les as it follows the same trend of operational factors. The availability
factor represents the sum of PV-generated power and storage power. The proposed

operational matrices are tested on IEEE 34 distribution bus in OpenDSS. Di erent
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power pro les (DP, average NDP, AP, PRP, SRP, and TRP) are extracted. This

paper considers average solar pro les and load shapes in summer and winter.

Figure 4.4: ESD Storage Mode Distribution during Summer

45.1 Case Study: Considering Summer Solar Prole and

Load Shape Using Incorporating Energy Market

Summer load demand is higher than any other season [36]. According to the PJM,
summer peak occurs during the evening (5 pm-7 pm). Arbitrage and other proposed
operational factors change with the interval load condition. Fig. 4.4 shows the dif-
ferent storage mode distributions during a regular summer day. During the peak
period, the optimization algorithm resumes arbitrage power, and the idle charging
mode of ESD shows up. The number of ESD with charging mode is highest during
midnight and morning. The occurrence of idle discharging predominantly at night is
primarily attributable to the variations in electrical grid demand. When the storage

devices' charging/discharging rate, minimum and maximum SOC are determined by
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the connected charge controller itself, de ned as the storage base case.

Figure 4.5: Summer Total RDERs Power Pro les using Di erent Power Pro le Bid-
ding Prices as the Uniform Distribution

Figure 4.6: Summer Total RDERs Power Pro les using Di erent Power Pro le Bid-
ding Prices as the Normal Distribution

Fig. 4.5 shows the total amount of dispatchable, primary reserve, arbitrage, and

non-dispatchable during the summer time by using di erent power pro le bidding
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prices as the uniform distribution within certain ranges. Indeed, the grid is more
exible after providing more unit commitment, and ESDs' storage cycles are inde-
pendent of the feeder transfer power. This gure also illustrates the summer solar
pro le largely in uences the total PV-storage generated power. As a result, the DP
dominates the total hybrid power pro le most of the time. However, non-dispatchable

power dominates during noon-time because of high solar radiation.

Figure 4.6 illustrates the total quantities of dispatchable power, primary reserves,
arbitrage, and non-dispatchable power during the summer season, based on di erent
power pro le bidding prices modeled as normal distributions with speci ¢ means and
variances as detailed in Table 4.1. Figures 4.5 and 4.6 yield nearly identical results.
Consequently, this study will proceed exclusively with the uniform distribution, as

indicated by the outcomes presented below.

Figure 4.7: Primary, Secondary, and Tertiary Reserve Power during Summer

All operation reserves (primary, secondary, and tertiary) allocation by RDER-
ESD cooperation during the summer is shown in Fig. 4.7. Primary and secondary
reserve power directly correlates to the number of ESDs in discharge mode. These

two type of reserve powers are high during the summer reserve schedule Fig. 4.7
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Figure 4.8: Summer Load, PV-storage Generated Power, Feeder Transmitted Power
Pro les

of 11:30AM-5:30PM. After the evening peak, these two reserve powers are depleted.
When the number of storage with idle discharging is high (19:30-23:30), the tertiary
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reserve power is high, and it is low when the number of storage with charging is high

(3:30 am).

Fig. 4.8 illustrates the total PV-storage contribution to the grid for 24-hour
intervals. This gure also shows the dynamic load pro le and feeder transfer power
during this season. Under this scenario, the PV-storage power pro les change based
on the solar PV generation, storage resources, and standard charging/discharging
rate of ESD. In such a case, with certain initial conditions during the summer load
peak time, the storage arbitrage power from the grid could be higher than the PV-
generated power. In this load peak condition, the equivalent total PV-storage power
could be negative, and this hybrid system would act as a load. This power pro le
con guration suggests that the system operator might need to interrupt the storage
charge controller at least during the peak hour. In essence, it is clearly shown that
both the summer and winter loads have far greater peaks than they would if they
were to simply run o of grid power. This is due to the system optimizing for price,
and charging as soon as the amount of energy falls to a reasonable level. It would
be prudent, in both cases, to either make the change in price more gradual for this
market, or to make a hard-coded policy that the batteries are not to charge above
a certain peaking threshold. The theoretical purpose of batteries and RDERs in an
electric grid, when not in an emergency, is to reduce the burden on transmission and
distribution lines. As can be seen in both Figures 4.8 and 4.11, price optimization,
when poorly programmed, can in fact exacerbate the very same congestion that these

devices were conceived of to prevent.

Figure 4.9 provides an in-depth examination of the 24-hour behavior of operational
factors in a group of PV-storage sources during the summer season. This interval is

marked by a single peak phase in the evening, a time when owners of RDERS pri-



87

Figure 4.9: Average Summer Aggregated Operational Factors 24-hours Dynamics

marily focus on supplying dispatchable and reserve power, owing to its increased

market value during these hours. The consolidated factors represented here encapsu-
late the percentage-based quanti cation of power pro les, speci cally in the context

of meeting power demand while adhering to existing policies on reserve capacities and

dispatchability.

4.5.2 Case Study: Considering Winter Solar Pro le and Load

Shape Using Energy Market

According to PJM [36], the system operator monitor observed two peaks during
this time. There is also, as is expected, far less power from RDERs during this period
when compared to summer levels. Fig. 4.10 illustrates the di erent storage mode
distributions during a regular winter day. During the morning peak (8:15 AM-9:45
AM) and evening peak (6:15 PM-7:35 PM) periods, we can see the idle charging to

reduce the arbitrage power consumption. The number of EDS with discharge mode
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is highest around noon. .

Figure 4.10: ESD Storage Mode Distribution during Winter

Fig. 4.11 illustrates average winter power pro les. According to PJM, the system
operator monitor observed two peaks during this time. There is also, as is expected,
far less power from RDERs during this period when compared to summer levels. In
this gure, we utilize average winter solar insolation levels in Henderson, Nevada [66]
during this period. We have found three negative RDER's equivalent generations

without considering the peak load.

Arbitrage power peaks during peak solar radiation, which is to be expected in
a system comprised solely of PV solar units. However, according to Fig. 4.11, we
monitor the second peak during the evening time, during which the battery units

discharge to match power needs.

Because of electricity market cooperation, the feeder transmitted power's peak
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Figure 4.11: Winter Total RDERs Power Pro les

Figure 4.12: Winter Load, RDER, Feeder Transmitted Power Pro les

hour di ers from the demand load hour peak. During the morning peak, the PV
storage supports the distribution grid, which lowers the number of feeder transmitted
power. Using a di erent arbitrage policy, the peak for feeder transmitted power could

be shifted further with a lower magnitude.

In Fig. 4.12, the total RDER inverters generation and feeder transmitted power
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are illustrated for average winter load conditions by using the initial conditions pro-
vided in Table 4.2. From this gure, we can observe two peak load periods in two

di erent time intervals. One occurs from 7:30-9:30, and the other from 16:30-18:30,
with both loads peaking at approximately 1750 kW. According to this gure, the
equivalent PV-storage generated power becomes negative before the evening peak
load condition due to a high arbitrage power, and the necessity of charging the sys-

tem in preparation for the incoming peak load.

Figure 4.13: Primary, Secondary, and Tertiary Reserve Power during Winter

Primary, secondary, and tertiary reserve power was extracted in this setup during
the regular winter day. In this winter reserve scheduling gure 4.13, primary and
secondary reserve powers are high from 12:00-16:30. These two reserve powers are
low after the evening peak. The tertiary reserve power is high when the number
of ESD with idle discharging is high (21:30-23:00) and is low when the number of
ESD with charging is high (20:30 and 4:30). This study posits that reserve power
can be restructured e ectively following the adoption of various aggregated or indi-
vidual primary and secondary operational factors, with tertiary factors constituting
the residual elements. These reserves demonstrate a swifter response compared to

traditional systems. This paper considers a linear correlation of these factors with
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demand. However, for enhanced correlation, a non-linear or higher-order positive

correlation approach could be employed.

Figure 4.14: Average Winter Aggregated Operational Factors 24-hours Dynamics

Figure 4.14 presents a detailed analysis of operational factor dynamics within a
cluster of PV-storage sources during winter. This period is characterized by two
peak phases, one in the morning and another in the evening, when RDER owners
predominantly aim to provide dispatchable and reserve power due to their heightened
market value. Consequently, this leads to a signi cant uptake of dispatchable and
reserve power by utilities, marked by an increase in dispatchable and reserve power
levels, reduced or idle charging, and elevated discharge activities. During nighttime,
the absence of solar radiation results in the absence of the non-dispatchability factor.
The gure further quanti es these operational factors, illustrating their percentage
penetration in the energy mix. In contrast to the summer season, the aggregated
operational factor dynamics di er, compelling utilities to adopt varied strategies for

dispatchability and reserve requirements.

Conclusion
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This paper explores the interaction between photovoltaic (PV) systems and stor-
age devices in forming diverse power pro les through the application of the MILP
optimization algorithm, revealing how various factors in uence these pro les. 1) The
process begins by calculating an Availability Factor (AF) based on the Energy Stor-
age Device's (ESD) maximum allowable discharge rate and average PV generation,
which helps determine the maximum available power. 2) From this AF, percentages
for dispatchability (DF), primary reserve (PPF), secondary reserve factor (SRF), and
a portion of tertiary reserve factor (TRF) are calculated during the ESD discharging
mode. 3) Conversely, during the charging mode, non-dispatchability (NDF), storage
arbitrage (SAF), and other TRF portions are established to de ne non-dispatchable
(NDP), storage arbitrage (SAP), and tertiary reserve power (TRP). 4) The study also
assesses extrapolated energy market rates for these power pro les based on current
market prices for PVs and storage devices, using these rates and operational param-
eters as constraints in the MILP to optimize and select speci ¢ sets of PV-storage
systems. This comprehensive approach ensures the operational factors and optimized
nal set points accurately re ect the desired power pro les, enhancing the e ciency

and cost-e ectiveness of the energy mix.
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CHAPTER 5
IMPACTS OF HIGH PENETRATION PV SYSTEMS ON POWER
SYSTEM STABILITY PARAMETERS

5.1 Introduction

Incorporating renewable energy sources in electrical power networks can decrease
system inertia, which is critical for maintaining the grid's stability [67]. This reduction
in system inertia can signi cantly impact the parameters associated with transient
stability (TS), highlighting the need for careful planning and analysis to ensure a
reliable and secure power system [68]. By selecting appropriate TS parameters for
comparative analysis, a power system operator can evaluate the relative stability of
power systems under varying penetration levels of renewable energy sources, such as
PV. This evaluation enables safe and reliable integration of renewable energy sources
into the existing grid, facilitating the transition to a more sustainable and resilient

energy system.

The impact of renewable on power system stability is a major point of inter-
est that has been and is being examined continuously in literature. In [8] authors
show that the simultaneous disconnection of multiple PV installations exacerbated
the impact of voltage sag event on TS. Conversely, TS is improved in scenarios where
PV systems are integrated without the implementation of low-voltage ride-through
(LVRT) capabilities, according to [9]. Virtual synchronous machines are proposed
in [10] to improve the TS of hybrid PV-hydro systems by increasing inertia, reduc-
ing frequency deviation, and enabling higher PV penetration with minimal energy
storage. The work presented in [11] explores the e ects of increased PV penetration

on large power systems' static performance and TS, revealing that PV penetration
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levels, system topology, and disturbance types in uence steady-state voltages, with
both detrimental and bene cial impacts observed in various scenarios. The study
[12] shows that while renewable energy sources with fault ride-through capability can
enhance transient stability, maintaining the su cient spare capacity of synchronous
generators is crucial for preventing stability deterioration. The work also concludes
that network topology changes can signi cantly impact the probability of generator
instability. These papers describe various transient stability phenomena with less fo-
cus on transient and sub-transient (TST) parameters that in uence these phenomena.
These parameters are explicitly responsible for power systems generators surpassing
the critical energy or stability boundary. However, these papers are less concentrated
on how the total system inertia Hsys) impacts the TS parameters such as critical
clearing Time (CCT) and TST parameters (reactances, time constants, current ra-

tios).

Analyzing transient stability parameters is essential for maintaining the stability
and reliability of power systems, especially in the context of high penetration of re-
newables. By analyzing transient stability parameters such as CCT, direct axis TST
reactances X, X9, TST time constants (TS, Ty and system inertia Hsys), power
system operators and planners can identify potential stability issues [13]. During a
fault, the TST currents and time constants of generators are a ected by system iner-
tia, faulted bus electrical distance, and the impedance of the rest of the power network.
In addition, the power system's inertia can also signi cantly impact the magnitude
and duration of the TST components (currents, reactances, time constants) during a

fault [14].

The kinetic energy stored in the rotating masses of the synchronous generators

can help to absorb and dampen these currents, reducing their magnitude and du-
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ration. Traditional synchronous generators inherently provide the necessary inertia
for operational grid, intermittent renewable like wind and PV, on the other hand,
require additional virtual PID inertia support, which is not yet standardized [69]. In
this study, we consider a zero inertia constant for PQ-controlled PV systems. Under-
standing the impacts of renewable energy technologies on grid stability is crucial, as
their lack of inherent inertia could compromise grid protection systems and reduce
CCT[70]. CCT encompasses other transient stability parameters which relatively
makes it more crucial for system stability. For instance, a low sub-transient reac-
tance would generate a high sub-transient current, but if it has a low sub-transient
time constant, the energy gain during the sub-transient period would not be signi -
cant. This paper establishes several equations to determine the unknown impact of

system inertia on sub-transient and transient reactance.

This paper formulates mathematical expressions that quantify the collective in-
uence of mechanical inertia from power generators and electrical power networks on
TST reactances. The TST reactances during the bulk short-circuit conditions are not
only in uenced by the inherent system reactances but also by the mechanical (inertia)
and electrical distances of the fault. Electrical distance is a measure that represents
the impedance between two points or buses within an electrical power system network.
The ndings of this study aid in accurately modeling and analyzing TST behavior
with PV penetration. To evaluate the e ects of PV penetration on the system, this
paper replaces one of the IEEE 9-bus synchronous generators with an equivalent PV
plant and then changes the PV penetration level. These changes are analyzed with
regard to the angle trajectories of generators, as well as the TST current injection
magnitudes. By comparing the relative stability of the modi ed system with the
original system, this paper provides insights into the impact of PV integration on

the transient stability of the power system. This research emphasizes the importance
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of analyzing TST short-circuit currents during faults, a ected by faulted buses, and

overall power system characteristics, including inertia.

The structure of this paper is as follows: Section 5.2 introduces several TS param-
eters. Section 5.3 provides the methodologies for TS analysis. Section5.4 showcases

the results, and lastly, section 5.5 illustrates the conclusion and future works.

5.2 Transient Stability Parameters

Transient stability parameters are important measures used to assess the stability
of power systems during transient conditions, which can arise due to sudden changes
in load or faults. The direct axis reactance and time constants are closely related
to the electromagnetic torque and the power transfer between the generator and
the rest of the power system. This directly in uences the generator's acceleration
and deceleration during transient events, which are critical factors in power system
transient stability assessment. This paper discusses critical clearing time (CCT),
direct axis TST reactances XJ, X3y, TST time constants (T?, T, and system
inertia (Hsys). CCT denotes the longest period a power system can endure a fault
without failure, while the TST time constants (TJ and Ty are utilized to evaluate
the performance of electrical machines during short-circuit fault occurrences. Finally,
system inertia (Hsys), or the amount of kinetic energy stored in the rotating masses
of the power system, plays an important role in maintaining stable operation during
transient conditions. Proper analysis and evaluation of these parameters can help
ensure the reliable and stable operation of the power system. This section provides a

comprehensive overview of these parameters.
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5.2.1 Critical Clearing Time (CCT)

The CCT is a parameter used in power system analysis to evaluate the stability of
a power system during fault conditions. When a fault occurs in a power system, the
electrical energy is released rapidly, causing a sudden and severe disturbance to the
system. The critical clearing time is the time it takes for the system to clear the fault
and return to a stable operating condition without any damages to the system. It is
the maximum time limit within which the fault must be cleared to ensure the system
remains stable and does not experience a further damage or instability[71]. Instability
occurs when phasor angles become out of synchronism due to single-phase faults

disrupting wavelengths or three-phase faults causing localized frequency imbalances.

The critical clearing time is determined by the amount of kinetic energy stored
in the rotating masses of the power system. The higher the inertia of the system,
the more kinetic energy is stored, and the longer the critical clearing time. A longer
critical clearing time provides more time for the system to recover from disturbances,
indicating higher system stability. Renewable integration can impact CCT in diverse
ways depending on the bus position and penetration of renewable energy sources
[11, 72]. While it will reduce system inertia and shorten CCT (potentially increasing
instability), strategically placing renewable enrgy sources can help redistribute power

ows, and improve system transient stability.

5.2.2 Weighted Average Inertia of a System

The weighted average system inertia parameter is an important parameter in
transient stability analysis, as it indicates the overall ability of the power system to

maintain stability during transient events. A higher weighted average system inertia
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parameter indicates a higher level of overall system stability, while a lower parameter
indicates a lower level of stability. Power system operators can use the weighted
average system inertia parameter to evaluate the impact of changes in the power
system, such as the integration of renewable energy sources, on the system's stability
and make appropriate adjustments to ensure system reliability. The weighted average
inertia of a power system refers to the measure of the collective kinetic energy of all
the rotating masses within a power system, weighted by their respective contributions
to the total power system capacity. In simpler terms, the weighted average inertia
of a power system is a way of quantifying the overall ability of the power system to
maintain stable frequency during disturbances. It takes into account the relative sizes
of di erent generators in the system, and how their rotational energy contributes to

the overall inertia of the system.

Mathematically, the weighted average inertia fisys) can be calculated as the sum
of the inertia constants of all the individual synchronous machines in the system,

weighted by their respective power ratings as follows [73]:

=)
Hsys = (HI | S %) (5.1)

where Hgys is the weighted average system inertia; is the inertia constant of the
i-th generator, typically expressed in per-unit or seconds (MVA/MVA or s), S; is the
power rating of thei-th generator, typically expressed in MVA (Mega Volt-Amperes).

The summation is over all the connected generators in the power system.

By calculating the weighted average inertia of a power system, engineers and
operators can roughly evaluate system's response to various disturbances and make
necessary adjustments to maintain stable operation. The problem introduced by re-
newable generators is that they have no or low inertia [8]. The energy produced

by most renewable sources does not rely on the inherent kinetic motion of any sys-
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tem. This aspect may not pose a substantial concern when renewable penetration
is within single-digit or low double-digit percentages. However, this concern is more

pronounced as the proportion of renewables integrated into the system increases.

5.2.3 Electrical distance for di erent fault locations and PV

positions

The electrical distance Eg) is a measure of impedance between two points or buses
within an electrical power system network, taking into account the resistance and
reactance between the points. This parameter plays a crucial role in understanding the
impact of di erent fault locations and PV positions on the power system's stability.

It is used to evaluate the impact of faults, load changes, or other disturbances on the
system, and helps to understand the in uence of transmission lines, transformers, and
other components on the TS parameters. Three primary computing methods include
impedance-based, sensitivity-based, and transient-based methods, each considering
di erent factors and applications [74]. By using the impedance-based method, the
electrical distance between two points in a power system can be derived from the
inverse of the bus admittance matrix (Y-matrix), which contains information about

the admittances (inverse of impedances) between the buses in the power system.

5.2.4 Short-circuit Transient and Sub-transient Reactance

If a short circuit occurs in all rotor circuits and balanced three-phase voltages are
suddenly imposed on the stator terminals, the initial ux linkage in the d-axis circuit

will depend on the sub-transient reactance. Following several cycles, this ux linkage
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becomes dependent on the transient reactance. The primary ux produced by the

eld winding aligns with the rotor's d-axis direction.

Xp+ Xg 2 Xap)
(XF XD:XE\D) 1

Xgo = Xa (5.2)

where X4 represents the direct-axis synchronous reactance, which describes the ma-
chine's steady-state electrical behaviolX p pertains to the damper winding reactance,
connected to windings that mitigate oscillations within the machineX ¢ refers to the

eld winding reactance, which is associated with the winding responsible for produc-
ing the machine's primary magnetic eld; andX ,p denotes the direct-axis mutual
(armature- eld) reactance, illustrating the interplay between armature current and

the magnetic eld generated by the eld winding.

During the sub-transient stage, the system's reactance is primarily determined
by the sub-transient reactance X jg), which is smaller than the transient and syn-
chronous reactances. This causes a higher fault current and a substantial voltage drop
at the machine terminals, leading to a decrease in electrical power output. The follow-
ing equation represents the calculation of transient reactanc& f) for a synchronous
machine.

0 X 2o

While reactance and the inertia constant represent di erent aspects of a synchronous
machine's behavior (electrical and mechanical, respectively), their interaction dur-
ing transient events in uences the overall dynamic response of the machine. The
reactance and inertia constant describe distinct aspects of a synchronous machine's
behavior, with reactance representing the electrical aspect and the inertia constant
characterizing the mechanical aspect. However, these parameters are not isolated,
as they interact during transient events, impacting the machine's overall dynamic

response. In order to comprehensively assess the TST' responses of connected gener-
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ators, it is essential to consider both inertia and electrical sensitivity. By accounting
for both parameters, we can better understand the generator's behavior during dis-

turbances and improve power system stability.

5.2.5 Short-circuit Transient and Sub-transient Time Con-

stant

The short-circuit sub-transient time constant (TYJ is an important parameter in
power system analysis that represents the behavior of electrical machines during the
rst few cycles after a fault occurs. It is used to evaluate the stability of the power
system during transient conditions and can help determine the optimal settings for

protective relays and circuit breakers. Short-circuit sub-transient time constant [75]:

oo ~o0  Xg°
Ta= Tgo X0 (5.4)

whereT X represents the initial value of the sub-transient time constaniX {%represents

the sub-transient reactance of the electrical machine; arXi§ represents the transient

reactance of the electrical machine. Short-circuit transient time constant:

0 0 chi)
T9= Tée < (5.5)
Xd
Sub-transient and transient reactances play a crucial role in determining the tran-
sient and sub-transient time constants, which govern the rate of decay of fault currents
during transient events. With the integration of PV into the power grid, the impact

of these parameters may vary, depending on the position and magnitude of the PV

penetration.
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5.2.6 Short-circuit direct axis bulk current

The short-circuit direct axis bulk current can be expressed as follows,
lse®=(17 196 =7+ (1% 1x)e = "+ 1y (5.6)

where | «(t) is the short-circuit current at time t; 1™ is the subtransient current; | °
is the transient current; | is the steady-state current; “is the subtransient time
constant; Cis the transient time constant; andt is the time elapsed since the start

of the fault.

The direct axis reactance and time constant components play a signi cant role
in the transfer of power between the generator and the rest of the power system,
a ecting the generator's acceleration and deceleration during transient events. The

direct axis short-circuit is given in (5.7).

00 0 _ 00 -0
Id;sc(t) = ( Id Id)e Fd+ (|3 Id;ss)e Fd+ Id;ss (5-7)
wherel gss = ¢4, lg= )E(ﬁfj ,and |y = X%fo

Equation (5.7) and the direct axis short-circuit current magnitudes, along with
time constants, play a critical role in assessing sensitivity in power systems with
varying PV penetration levels. These components provide insights into the generator's

behavior and the dynamic response of the power system during transient events.

5.3 Methodology

This study aims to investigate the relationship between sub-transient and transient

reactance and two key transient stability parameters: system inertia and electrical
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distance. The electrical distance of the faulted bus refers to the impedance between
the generator bus and the faulted bus within the power system network, while the
system inertia represents the overall system's ability to oppose changes in frequency

due to transient events such as faults or sudden load changes.

5.3.1 Proposed Relative Sub-transient and Transient Reac-
tance Considering System Inertia and Electrical Dis-

tance

Although the electrical distance and the inertia constant are not directly pro-
portional to the sub-transient reactance, both parameters signi cantly in uence the
dynamic behavior of the generator during transient events, such as faults or sudden
load changes. The electrical distance of the faulted bus refers to the impedance be-
tween the generator bus and the faulted bus within the power system network. While
the sub-transient reactance of the generator bus impacts the fault current and voltage
pro le at the faulted bus, it is not directly proportional to the electrical distance of
the faulted bus. As a result, this study introduces two new variables,y and g,
which are de ned as sub-transient inertia and electrical distance sensitivity parame-

ters respectively, to investigate the relationship between sub-transient reactance and

system inertia and sub-transient reactance and electrical distance.

This paper proposes a relationship between the modi ed system connected gener-
ators sub-transient reactanceX J3, ) and the original system generators sub-transient

reactance KJ3), the overall system inertia constant Hsys), and the electrical dis-
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tance (Eq4) as follows:

00 00
Xc(i)(l)\/l / Xg% Hsfs Ed d (5 8)

00 00
Xg’c,)w = Kng Xg% Hsyds Ed d

where the proportionality of these changes would be di cult to account for if the ex-
periment were to change all three variables. Creating the same fault and impedances
will ensure that the electrical distance remains the same for a speci c fault in a power
system. Therefore, by adjusting only the system's inertia, it is possible to simplify
the analysis and isolate the e ects of inertia on the transient and sub-transient reac-
tances. This allows for a more accurate evaluation of the impact of PV penetration

on CCT in terms of inertia sensitivity.

00 00

Xgn1= Kxo Xgy Hids Ego (5.9)

For modi ed PV system if the fault type, impedance and clearance time remain

the same
00

00
Xgha= Kxeo  Xgo  Hals Egd (5.10)

By using equation (10) and (11), we can get the following equation

| 00
X 3?4 1 H 1;sys o
= = : 5.11
X 3?4 2 H 2;sys ( )

By taking In on both sides and considering the voltage dynamics remain same
(veri ed in PowerWorld simulation), we can get the sub-transient inertia sensitivity

parameter as follows
n KB e
n Xd;H 2 - n Id;H 1 (5 12)
|n H 1;sys In H 1;sys '
H 2;sys H 2;sys

o
o

o
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Similarly, we can get the transient inertia sensitivity parameter for these genera-

tors by
xg'H 1 Ig'H 2
0 In xde 2 In IdiH 1
d— |n Hl;sys - |n Hl;sys (513)

H 2;sys H 2;sys

These sensitively transient stability parameters will be determined by using the

PowerWorld Simulator.

5.3.2 Transient Stability Analysis with PowerWorld Simula-

tor

Transient stability analysis is a crucial process in power system analysis that
assesses the ability of a power system to maintain synchronism after a disturbance.
PowerWorld Simulator is a powerful software tool that can be used for transient
stability analysis. The bene ts of using PowerWorld Simulator for transient stability
analysis include a user-friendly interface, detailed modeling capabilities for complex
power system components, advanced analysis tools for detailed analysis of the results,
and real-time simulation capabilities for studying the dynamic behavior of power

systems during disturbances and events.

5.3.3 Modied IEEE WSCC Nine Bus System

The Western System Coordinating Council (WSCC) IEEE 9-Bus system for tran-
sient stability is a simpli ed power grid model used to analyze power system dynamics
and test control strategies. It's nine buses, three generators, six transmission lines,

and three loads that provide a foundation for various stability scenario studies.
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Figure 5.1: Modi ed IEEE Nine Bus System

Fig. 5.1 displays the modi ed IEEE nine bus system. Generator three on bus
three has the lowest inertia constant (3.01) compared to other generators. For this
reason, this speci ¢ generator has been chosen to be replaced with an equivalent PV
plant, as it will have the lowest overall impact. This study investigates the impact
of sub-transient reactance, transient reactance, and system inertia on the dynamic
response of a power system during transient events. By analyzing di erent gener-
ator parameters and fault scenarios, the research aims to provide valuable insights
for maintaining stable operation in power systems with increased renewable energy

penetration.

Section Il of the paper introduces the TST parameters that are used to analyze
CCT. Section IlIA applies these parameters to evaluate the impact of PV penetration
on the sub-transient and transient responses. These TST parameters signi cantly
impact CCT. The results show that di erent generators have varying sensitivity to
changes in PV penetration, with some generators being impacted more than others.
The analysis of the parameters presented in Sections Il and IIIA allows for a better

understanding of the impact of PV penetration on the system's transient stability.
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5.4 Results For Dierent Levels of PV Penetration

In this results section, we investigated the impact of integrating a photovoltaic
(PV) system to enhance solar energy penetration by replacing the lowest inertia
third generator. We focused on sensitivity parameters for both transient and sub-
transient responses, and examined the changes in inertia with the base MVA capacity.
Proportionate reductions in the MVA capacities of generator one and generator two
were made based on the PV system's size, with generator two having twice the MVA
capacity of generator one. Speci cally, generator one's MVA capacity was reduced
by 33.3 % of the PV size, and generator two's MVA capacity by 66.7 % of the PV
size. This integration and capacity adjustment enabled a smooth transition with
improved renewable energy penetration. We observed that reducing the base MVA
of a generator also resulted in a proportional reduction in its inertia, leading to an
overall change in the system inertia, as evident in Table 1. Additionally, the analysis
was conducted under the same type of fault (near bus 7, line 7-5 fault) to provide a

comprehensive assessment of the system's behavior under the same electrical distance.

5.4.1 Sub-transient and Transient Sensitivity Parameters for

Generators when changing PV Penetration

Table 5.1 presents the transient and sub-transient per unit current values for both
generators at di erent PV penetration levels. Additionally, the table includes the
corresponding system inertia data, which is essential for determining the sensitivity
parameters for these two generators. This table also illustrates that as the PV pen-

etration increases, both the system inertia and the transient and sub-transient per
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Table 5.1: Di erent PV Penetration, Generator Fault Current and Hsys

Gen 1l Gen 2 Gen 1l Gen 2

VO T puy | a2 pu) | g pu) | g pw | Mo
| 0 | 440 | 6.80 | 4.08 | 4.47 |17.893
| 24 | 437 | 665 | 4.04 | 431 |16.766|
| 48 | 434 | 651 | 4.00 | 4.17 |15.676|
| 75 | 430 | 636 | 3.96 | 4.03 |14.494|
| 99 | 428 | 624 | 393 | 3.93 |13.481]
| 150 | 425 | 598 | 3.88 | 3.81 |11.452

unit current magnitudes of these generators decrease.

Figure 5.2: TSA Inertia Sensitivity Parameters for Both Generators

Even though the MVA reduction was applied proportionately to both generators,
the one with higher inertia was more signi cantly impacted. As anticipated, Fig
5.2 illustrates the TSA reactive sensitivity parameters exhibited negative values with
changes in inertia. Furthermore, the comparison between sub-transient and tran-
sient current magnitudes demonstrated that the transient current magnitude is more
sensitive to system inertia. These ndings highlight the crucial role of system iner-

tia in in uencing the behavior of the generators during transient events and suggest
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Table 5.2: Comparing Original Bus and Modi ed Bus CCT

Orig. Modi ed % Di . Modi ed Bus | % Di.
Cont. | From | To Bus | Bus Full PV | Between Half PV Between
No Bus | Bus | Esti. Estimated Original Estimated Full &
CCT CCT & Full PV CCT Half PV

| 1 | 7 | 5 |01750] 0.1524 | -1291 | 0.1665 | +9.25 |
| 2 | 7 | 8 |01751] 01525 | -1290 | 0.1667 | +9.31 |
| 3 | 5 | 7 |02877] 02351 | -1828 | 0.2642 | +12.38 |
| 4 | 4 | 6 |02472| 02163 | -125 | 0.2452 | +13.36 |
| 5 | 9 | 6 |0.2041] 0.2868 | +40.52 | 0.3134 | +9.27 |
| 6 | 9 | 8 |02041] 0.2868 | +40.52 | 03134 | +9.27 |
| 8 | 8 | 7 |02316] 02107 | -09.11 | 02303 | +9.30 |
| 10 | 6 | 9 |03305] 03181 | -375 | 03570 | +12.23 |

that adjustments in inertia can have varying e ects on di erent aspects of the power

system's performance.

5.4.2 Comparing Original Bus With PV Penetrated Bus

The study investigated the impact of integrating a photovoltaic (PV) system on
power system stability using the IEEE 9 bus system in PowerWorld. Several bus
three-phase line-line faults were conducted to compare the Critical Clearing Time
(CCT) between the original and modi ed PV-integrated bus. The results in table 5.2
showed a decrease in CCT, ranging from 3.75 % to 18.28 %, with less impact observed
on the bus near high-inertia generator two. Interestingly, the bus neighboring the PV
bus (Bus 9) experienced an increase in CCT. The replacement of generator three with

an equivalent PV system reduced the system inertia from 16.14 to 15.78.

After comparison with the original bus, Fig. 5.3 demonstrates the sub-transient
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