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FOR FREQUENCY CONTROL OF NETWORKED MICROGRID SYSTEM

By
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December 2023

Chairman : Associate Professor Ir. Noor Izzri bin Abdul Wahab, PEng, PhD
Faculty . Engineering

An essential goal within power system operations is to ensure reliability, safe and high
standard of power supply. A pivotal measure for achieving this goal is through the
implementation of load frequency control (LFC). Essentially, LFC is an automated
process designed to regulate the system frequency and net tie line power between a
control area and its neighboring areas to align with their predetermined values of +0.2
Hz as per the IEEE Standard 1547. Nowadays, the power systems are becoming more
complex due to the increasing penetration of renewable energy sources (RES) and the
transition of the conventional unilateral system to digitization through communication
systems leading to the development of Microgrids and Networked Microgrids system.
This transition leads to frequency instability due to the intermittent nature of RES. Any
fluctuations in the load frequency that occur without a clear direction can cause damage
to distributed generators, auxiliary engines, and other hardware equipment. In severe
cases, such fluctuations can even pose a threat to the safety of the power grid itself. The
primary focus of this thesis centers on addressing the issue of frequency deviation in a
highly RE dominated power network and proposes a suitable control scheme with an
appropriate control technique. Initially, the study is made considering a fractional-order
proportional-integral-derivative (FOPID) controller designed in a centralized fashion,
whose parameters are tuned using a proposed chaotic atom search optimization (CASO)
for a RE integrated multi-area power system. However, this approach is deemed
unsuitable for ensuring the necessary flexibility for a stable network operation in the
event of an increase in Distributed Energy Resources (DERs) penetration. Furthermore,
this scheme is susceptible to a single-point failure. To address the limitation of
centralized control, a decentralized control strategy is employed using an improved
version of FOPID controller called nonlinear FOPID (NLFOPID) controller. During this
case, a hybrid atom search—particle swarm optimization (AS-PSO) approach is proposed
to tune the parameters of the NLFOPID controller. However, a coordinated operation is
impossible for a decentralized control scheme. This problem is addressed using
distributed control strategy (DCS) based on a leader-follower framework for the
coordination of multiple distributed energy resources (DERs) in NMGs. A chaotic



hybrid AS-PSO optimized federated average learning of recurrent zeroing neural
dynamics designed self-adaptive FOPID (FAL-ZND FOPID) controller is proposed for
frequency regulation of NMG using DCS. Furthermore, the LFC is studied for prosumer
and consumer-based P2P energy markets considering the proposed adaptive control
technique. Finally, the real power system validation is carried out by utilizing a New
England IEEE-39 test bus system. The results obtained proves that the proposed
distributed adaptive controller improves the frequency response of the system by 65 %,
54 %, 45 % and 42 % in terms of settling time, peak overshoot and undershoot and also
controller effort, respectively compared to decentralized and centralized control
schemes.
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Matlamat penting dalam operasi sistem kuasa adalah untuk memastikan
kebolehpercayaan, serta piawaian bekalan kuasa yang selamat dan tinggi. Langkah
pangsi untuk mencapai matlamat ini adalah melalui pelaksanaan kawalan frekuensi
beban (load frequency control, LFC). Pada asasnya, LFC adalah proses automatik yang
direka untuk mengawal frekuensi sistem dan kuasa garis sambungan bersih antara
kawasan kawalan dan kawasan-kawasan yang berdekatan untuk menyesuaikan dengan
nilai-nilai yang telah ditentukan £0,2 Hz menurut IEEE Standard 1547. Terkini, sistem-
sistem kuasa menjadi semakin kompleks disebabkan oleh peningkatan penembusan
sumber tenaga boleh diperbaharui (renewable energy sources, RES) dan peralihan
daripada sistem unilateral konvensional kepada pendigitalan melalui sistem komunikasi
yang membawa kepada pembangunan sistem Mikrogrid dan Mikrogrid Terangkai.
Peralihan ini mengakibatkan ketidakstabilan frekuensi yang berpunca daripada sifat RES
yang berjeda. Sebarang turun naik dalam frekuensi beban yang berlaku tanpa arah yang
jelas boleh merosakkan penjana teragih, enjin tambahan dan peralatan perkakasan lain.
Bagi kes yang teruk, keadaan turun naik sebegini boleh mengancam keselamatan grid
kuasa itu sendiri. Fokus utama kajian ini adalah untuk menangani isu sisihan frekuensi
dalam rangkaian kuasa sumber tenaga boleh diperbaharui dan mencadangkan satu skim
kawalan dengan teknik kawalan yang sesuai. Pada mulanya, Kkajian ini
mempertimbangkan pengawal tertib pecahan berkadar-integer-terbitan (fractional order
proportional-integral-derivative (FOPID)) yang direka bentuk secara berpusat dengan
parameter yang ditala menggunakan cadangan pengoptimuman carian atom berkecamuk
(chaotic atom search optimization, CASO) untuk sistem kuasa bersepadu pelbagai
kawasan tenaga boleh diperbaharui. Walau bagaimanapun, pendekatan ini dianggap
tidak sesuai untuk memastikan kebolehubahan yang diperlukan untuk operasi rangkaian
yang stabil sekiranya berlaku peningkatan penembusan Sumber Tenaga Teragih
(distributed energy resources, DERs). Tambahan pula, skim ini mudah terdedah kepada
kegagalan titik tunggal. Untuk menangani batasan kawalan berpusat, strategi kawalan
ternyahpusat digunakan menggunakan versi pengawal FOPID diperbaik yang



dinamakan pengawal FOPID tak linear (NLFOPID). Dalam kes ini, pendekatan hibrid
pengoptimuman kerumunan zarah dan carian atom (atom search—particle swarm
optimization, AS-PSQO) dicadangkan untuk menala parameter pengawal NLFOPID.
Walau bagaimanapun, operasi yang terselaras adalah mustahil untuk skim kawalan
ternyahpusat. Masalah ini ditangani menggunakan strategi kawalan teragih (distributed
control strategy, DCS) berdasarkan rangka kerja pengikut-pemimpin untuk penyelarasan
pelbagai sumber tenaga teragih (DERs) dalam NMGs. Sebuah kaotika hibrid AS-PSO
dioptimalkan belajar rata-rata persekutuan dinamik saraf berulang nol yang direka
FOPID adaptif diri (FAL-ZND FOPID) pengawal telah dicadangkan untuk pengaturan
frekuensi NMG menggunakan DCS. Tambahan pula, LFC dikaji untuk pasaran tenaga
pengeluar swaguna dan P2P berasaskan pengguna yang bergantung kepada teknik
kawalan suai yang dicadangkan. Akhir sekali, pengesahan sistem kuasa sebenar
dilakukan dengan menggunakan sistem bas ujian IEEE-39 New England. Keputusan
yang diperoleh membuktikan bahawa pengawal suai teragih yang dicadangkan mampu
meningkatkan tindak balas frekuensi sistem sebanyak 65%, 54%, 45% dan 42% masing-
masing dari segi masa penyelesaian, puncak terlajak dan lajak bawah, dan juga usaha
pengawal berbanding dengan skim kawalan ternyahpusat dan terpusat.
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CHAPTER 1

INTRODUCTION

1.1 Background

Renewable energy sources (RES), such as solar and wind, are becoming the primary
options for integration into power networks in the form of Microgrids (MGs). Factors
like environmental considerations, economic considerations, and the growing integration
of small-scale renewables are rendering the traditional centralized power generation
concept obsolete, steering the energy landscape towards a more decentralized future.
MGs, which operate at the low voltage (LV) electrical distribution level, consist of
distributed energy resources (DERs) including Distributed Generations (DGSs), Energy
storage units and loads (Xia et al., 2022). However, due to the limited capacity of an
individual MG, the concept of Networked Microgrid (NMG) systems has emerged.
These involves clustering multiple adjacent MGs together to enhance the power supply
flexibility (Liu et al., 2023).

The increasing integration of power electronics interfaced RE sources and DERs lead to
significant reduction in stored energy capacity and the ability to regulate system
frequency (Bevrani 2014). Frequency is a critical factor in maintaining the stability and
security of the power system. Hierarchical control approaches are generally employed
to regulate the frequency of the power, involving three levels of control tasks: Primary
(decentralized droop control), secondary (load frequency control (LFC)), and tertiary
(optimal power flow) control (Li et al., 2023).

Secondary frequency control, also known as LFC plays a crucial role in maintaining the
frequency stability and reliability of power systems. The control of secondary frequency
can be achieved through three schemes: centralized, decentralized, and distributed
control (Yang et al., 2022).

In this research, the three secondary frequency control schemes are investigated for
various power network to evaluate the effectiveness and test the suitability of proposed
scheme for NMG. A novel adaptive recurrent fractional order secondary frequency
controller is proposed in this research work by adopting the most suitable control scheme
by including all the control hierarchy for NMG with peer to peer (P2P) energy trading.
The robustness of the proposed controller is validated at various conditions. The models
and codes presented in this thesis are supported with simulation results using
MATLAB/Simulink.

1.2 Problem statement

The interconnection of RES into the electric power networks facilitates the
decarbonization of electricity system by effectively harnessing and distributing



substantial quantities of RE. (Arya et al., 2021). However, the RES like solar and wind
power leads to uncertain variation in power generation due to meteorological conditions
which introduces frequency oscillation that need to be controlled else resulting in
damage of equipment’s and blackout. To cater this issue, the secondary layer of the
hierarchical control generally employs centralized control scheme by incorporating
proportional integral (PI)/Proportional Integral Derivative (PID) control loops and
bandwidth communication systems to monitor real time frequency variations in the
network (Arya et al., 2017a).

On the other hand, tuning the gain parameters of the controller for RE incorporated
power system is a crucial task. Traditionally, tuning the gain parameters of these
controllers is done using established methods like Ziegler and Nichols (Z-N), Cohen-
Coon's Astrom, Hagglund, and other conventional approaches. However, these
techniques design the gain parameters for a specific set of operating conditions and may
prove ineffective for a broader operating range in real power system (Ziegler et al., 1942,
Dasetal., 2014). To resolve this, heuristic-based stochastic optimization techniques like
genetic algorithm (GA) (Daneshfar et al., 2012), sine cosine algorithm (Rajesh et al.,
2019a) and imperialist competitive algorithm (ICA) (Arya et al., 2023) are used to
optimize the controller’s gain parameters for LFC application. However, the
convergence properties of the stochastic optimization algorithms are strongly connected
to the random numbers generated by the random number generator (RNG) in each
algorithm (Yang et al., 2007). Because of this RNG, the solutions generated by the
optimization algorithms are not diversified to hit every mode in the multi-modal
objective landscape in search space. Therefore, it is crucial to explore and identify the
appropriate type and design of controller parameters, as they significantly impact the
performance and stability of the system which needs to be explored further.

In the period from mid-1980s, the electric power industry is undergoing a transition from
a model of vertically integrated utilities, where a single entity managed generation,
transmission, and distribution, providing power at regulated prices. This model is
evolving into a deregulated framework, where competitive companies offer unbundled
power to customers at reduced rates (Fathy et al., 2020). This transformation has sparked
a competitive environment in power generation, facilitating an open access policy for
transmission, and promoting competition at the distribution level. LFC is an important
ancillary service in the deregulated energy market for regulating the frequency to the
nominal value and minimizing the tie-line power deviations between control areas (Jin
et al., 2022). Conventionally, centralized control scheme is employed in the literature by
integrating numerous controllers for frequency regulation of deregulated system
(Shayeghi et al., 2021, Mohanty et al., 2020, Sasaki et al., 2003). However, adopting
centralized control has certain limitations such as its uni-directional, centralized design
leads to cascading failures resulting in blackout of the entire system. The lack of data
and control hinders modern demands and consumer participation (Gupta et al., 2022).
Therefore, a control scheme which solely provides benefits related to resilience,
flexibility, security, market dynamics and consumer engagement is necessary.

In the last decade, technological advancements in power electronics, energy storage
technologies, and communication systems have made it more feasible to integrate and
control distributed generation (DG) units into the grid systems. Further, the high



penetration of RES and the existence of several DG units in close electrical proximity to
one another have led to the development of the MGs.

Nowadays, the RES located in a distributed manner as opposed to the conventional large,
centralized power plants are connected to a larger and more complex NMGs (Li et al.,
2017). NMGs is a large nonlinear highly structured network consisting of several
interconnected distributed DGs or subsystems. The literature references (Xia et al., 2022,
Kamal et al., 2022) highlight two main approaches for controlling the frequency of large-
scale systems like NMGs: centralized and decentralized control. However, these control
schemes face difficulties in coordinating efficiently among DERs based on their own
information (Ding et al., 2019). Therefore, an efficient control scheme is required for
effective coordination of DERSs.

Moreover, commonly used controllers in these schemes are conventionally tuned
PI/PID. However, its effectiveness diminishes under diverse operating condition and
susceptible to uncertain disturbances in practical scenarios. Moreover, employing the
PID controller as a secondary frequency control may not provide sufficient damping of
frequency oscillations at a faster rate. While the PID controller is a simple and widely
used industrial controller, it may not be able to effectively dampen oscillations as
compared to more advanced controller like fractional order PID (FOPID) controller.

On the other hand, numerous adaptive control strategies are utilized as LFC in the
literature. Model predictive control (MPC) (Jayachandran et al., 2019) is employed for
maintaining the balance between generation and demand, ensuring the system operates
at a stable frequency. Moreover, MPC offers advantages in terms of adaptability and
robustness, as it considers future system behavior during the optimization process.
However, MPC involves solving optimization problems at each time step, leading to
high computational demands. Implementing MPC requires a great understanding of the
system dynamics and accurate modelling. Deviations between the model and the actual
system can affect performance. Similarly, sliding mode control (SMC) (L. et al., 2019),
had been extensively utilized as secondary frequency controller in the literature.
Nevertheless, SMC can exhibit chattering, which is a high-frequency oscillation in the
control signal. This can lead to wear and tear on mechanical components and is
undesirable in practical applications. Hx/H.. control (Zhang et al., 2020a) are also
employed to regulate the frequency of the power network. However, in certain cases, H
controllers may be conservative, leading to overestimation of uncertainties and
suboptimal performance. Therefore, a control technique with appropriate control scheme
is essential to coordinate the widely dispersed DERs in the NMG system.

On the other hand, the bi-directional power flow caused by DERs, along with the
intermittency and randomness of RES, introduces challenges in planning, operating, and
protecting power systems. Furthermore, the traditional retail market structure is no
longer suitable for the evolving energy landscape (Almasalma et al., 2017). To address
the technical challenges posed by DERs, innovative market schemes are being explored
to incentivize DERs in utilizing their flexibility effectively.



In response to these developments, the concept of peer to peer (P2P) energy trading has
emerged and is rapidly gaining traction worldwide. P2P energy trading markets enable
prosumers, market operators (MOs), and system operators (SOs) to establish bilateral
communication channels, facilitating efficient information exchange. However, the
high-frequency transmission of information in P2P energy trading also introduces new
possibilities and vulnerabilities for cyber-attacks (Ali et al., 2023). As a result, ensuring
the security of personal information and data becomes a critical concern in P2P energy
trading. Protecting personal information and data security is paramount in P2P energy
trading systems. Safeguarding the privacy of prosumers personal information, such as
their identities, contact details, and energy consumption patterns, is crucial. Additionally,
ensuring the security and integrity of data exchanged during P2P energy trading is
essential to prevent unauthorized access, tampering, or data breaches (Dinesha et al.,
2022). Furthermore, the controller deployed to regulate the frequency of the energy
trading systems are susceptible to deception attacks, particularly false data injection
(FDI). The FDI attack into the control process can lead to incorrect feedback values of
electrical data which potentially causing severe damage to the energy system (Yang et
al., 2022a). Therefore, a technology that can safeguard the trading and control action
against cyberattacks are needed.

The above problem statements can be summarized as follows:

1. The need to develop an optimization technique to optimize the fractional
order controller in centralized control scheme to overcome the drawback of
conventional optimization techniques of reaching local minima.

2. An efficient independent control scheme is essential for the fractional order
controller in deregulated power systems to address drawbacks like single
points of failure, low reliability, and instability.

3. An effective control scheme is vital for coordinating geographically
dispersed DERs. A novel adaptive recurrent fractional order controller is
necessary to counteract frequency oscillations caused by high-penetration
inertia-less renewable energy sources. Also, a technology must be adopted
to address the security concerns against FDI attacks by the eavesdropper on
the controller which may lead to grid instability.

1.3 Objectives

The aim of this research is to develop an adaptive controller to regulate the frequency of
RE dominated system and to facilitate the P2P energy trading. For this, the research
considers a NMG model that can enable the P2P energy trading with an adaptive
controller operating in distributed manner. To secure the P2P trading and control actions,
a blockchain technology is utilized. The objectives of this research are:

1. To develop a chaotic version of atom search optimization technique to
optimize the parameters of fractional order controller in a centralized scheme
to regulate the frequency of RE integrated power network.
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To propose and develop a decentralized fractional order controller for
deregulated system which consists of RE sources for greater competition and
market forces.

To develop a distributed leader-follower-based federated average learning of
recurrent zeroing neural dynamics designed self-adaptive fractional-order
PID (FAL-ZND FOPID) to achieve successful coordination of MGs in the
NMGs. Further, to implement a blockchain technology to secure the
controller and P2P energy trading in the NMG system against FDI attack.

Scope of the study

The scope and limitations of this research work are as follows:

1.
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The study uses linearized small-signal transfer function models for system
analysis, despite the inherent complexity and uncertainties in real-world
nonlinear systems. This simplification of nonlinear and uncertain systems
into linear mathematical models aims to reduce control efforts without
compromising performance.

The controller designed for this study are limited to fractional order PID
controllers. Further, the study involves designing the FOPID controller using
a recurrent based Zeroing Neural Dynamics (ZND) network also called as
Zhang neural network (ZNN).

The proposed secondary control is capable of regulating both the active and
reactive power. But, the investigation in this study is limited to regulate only
active power of the network as it control the frequency component of the
system.

The NMG model for P2P energy trading can operate independently or stay
connected to the main utility grid. However, the study focuses solely on the
islanded operation of NMG, allowing peers to engage in trading either within
or between microgrids.

For distributed frequency control against FDI attack, the blockchain requires
heavy computation and communication in short-time scales. So most of the
work is still at the concept of product stage because of the difficulty of the
practical blockchain implementation, the computational capability limited by
the blockchain itself.

Thesis outline

This thesis is organized into 5 chapters according to thesis format of Universiti Putra
Malaysia (UPM). Each chapter consists of key sections including introduction, literature
review, methodology, results and discussion, and conclusions.



In Chapter 1, the research work is introduced with a focus on providing a brief discussion
of the background, problem statement, objectives, scope, and research contributions.

After that, Chapter 2 begins with a detailed comprehensive literature review on existing
system model studied for LFC application, the hierarchical control architecture and
control schemes, and the various secondary control techniques implemented.
Throughout this review, the gaps in the current research of LFC problem are significantly
identified, which will be addressed in subsequent chapters.

Next, Chapter 3 provides a concise overview of the methodology employed to
accomplish the research objectives. The investigation focuses on optimizing the control
parameters using artificial intelligence (Al) techniques. The design and optimization of
FOPID controllers for LFC applications are explained, followed by the design of an
adaptive FOPID controller using federated learning-based ZND for addressing the
frequency control issues in a blockchain-based P2P energy trading framework.

In Chapter 4, the results obtained based on the methodology in chapter 3 is clearly
illustrated. Initially, a control technique is proposed to optimize the gain values of
centralized secondary FOPID controller for a RE integrated power network. The
simulation and quantitative results are compared with the existing techniques and real-
time variations of RES. Then, a decentralized control scheme is proposed to overcome
the limitations of conventional scheme. A new technique is proposed, and the simulation
results are validated in hardware in loop (HIL). Finally, a distributed control framework
is proposed for NMG system. An FOPID controller is designed using ZND concept. The
proposed control scheme performance is compared with the centralized and
decentralized control schemes for a New England IEEE-39 bus system to study its
effectiveness for a large-scale test system.

Finally, Chapter 5 presents a conclusion of the research study's findings, along with
suggestions for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Power system stability is the ability of the system, under a given initial operating state,
to maintain a state of operational equilibrium following exposure to a physical disruption
(Kundur et al., 2004). Throughout this process, most system variables remain within the
defined bounds, ensuring the integrity of the overall system remains intact. When
delving into the concept of power system stability, it is customary to categorize into three
facets: rotor angle stability, frequency stability, and voltage stability, as depicted in
Figure 2.1. Rotor angle stability refers to the system's capability to uphold
synchronization among generators following significant (transient angle stability) or
minor (small disturbance angle stability) transient disturbances. Such disruptions often
stem from short circuits in the transmission network and are frequently resolved without
affecting the mechanical power output from prime movers. Techniques like power
system stabilizers (PSS), thyristor exciters, and swift fault clearing mechanisms
contribute to maintaining rotor angle stability (Bevrani et al., 2011).

Voltage stability is the ability to sustain acceptable voltage levels post-disturbance. The
stability of voltages in the system is linked to the reactive power equilibrium in the power
system. The automatic voltage regulator (AVR) plays a pivotal role in stabilizing voltage
by regulating the internal voltage of the generators (Kumari et al., 2023).

Power system stability

Rotor angle stability|  |Frequency stability Voltage stability

l l

Small disturbance| | Transient stability Large disturbance | | Small disturbance
angle stability voltage stability voltage stability

Figure 2.1 : Types of power system stability (Kundur et al., 2004)

In contrast to rotor angle stability, the concept of frequency stability revolves around the
prolonged mismatch between active power generation and consumption. Initially, this
active power imbalance is absorbed by the kinetic energy of rotating system components
(such as turbines, generators, and motors), leading to change in frequency. This is similar
to water level fluctuations in a tank, due to surplus or shortage of water supply. However,



the solution is temporary, necessitating a corrective action to align mechanical input
from the prime movers with network loads. This realignment restores the frequency to
the desired level and is known as load frequency control (Naderi et al., 2023), the
fundamental theme of this thesis. Given that this thesis concentrates on frequency
stability rather than voltage stability and rotor angle stability. As, the voltage and rotor
angle perturbations are often localized and can be remedied without affecting the entirety
of the grid, frequency deviations are typically systemic, potentially jeopardizing the
operational integrity of the entire network. Moreover, with the increasing integration of
renewable energy sources (RES) and the evolving load profiles, maintaining a steadfast
frequency has become even more exigent (Bevrani, 2014). This underscores the
importance of load frequency control (LFC). LFC not only ensures that generators and
loads are in equilibrium but also that the system operates within a permissible frequency
range, thus safeguarding the grid from the ramifications of frequency excursions. To
achieve this, hierarchical control strategies are commonly employed to control the
system.

The hierarchical control upholds the frequency stability, which involves maintaining the
system frequency at a desired level despite variations in consumption or generation. This
is accomplished by continuously adjusting the power production to match the
consumption throughout operation. Because storing substantial amount of power is
generally inefficient (Machowski, 2020), as it need to be consumed. In addition, another
goal is to minimize the operating costs. The control hierarchy usually consists of three
levels: primary, secondary, and tertiary control (Li et al., 2023). Figure 2.2 illustrates
how these levels collaborate to address the power imbalances in power system, along
with the timescales when each level is activated.
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Figure 2.2 : Hierarchical frequency control loop in power system



Firstly, the primary controllers, known as governors, are local automatic controllers
situated at generating units. Generally, a proportional controller that adjust the
mechanical input power from the turbine based on the deviation in angular speed from a
nominal speed. These controllers need to respond instantaneously. To maintain stability,
governors ensure that an increase in shaft speed reduces turbine mechanical output and
vice versa. In steady state, the desirable relationship is given by,

Ac 1 .1)

where Ac is the change in valve positioning, A®y, is the deviation in generator angular
speed from the nominal angular speed, and p is a positive constant known as the speed-
droop coefficient.

Next, the secondary control in which when a long-term power imbalance occurs, primary
controllers alone might not fully restore the frequency to its initial state. Secondary
control (also called LFC) comes into play to alter the governor's set point, thus, adjusting
the power output even when Ao, =0 . It is slower than the primary control, and often

automated.

In many systems, LFC uses Pl based controller to generate inputs for each area, which
are then distributed to generating units using participation factor (Bevrani, 2014).
Finally, the tertiary control in which it operates manually by the Transmission System
Operator (TSO) which is slower than other control levels. Its objectives are to ensure
adequate LFC spinning reserves, optimal dispatch of LFC-participating units, and
restoration of LFC bandwidth.

2.2 Frequency Response Modeling

The system frequency relies on the equilibrium of real power. A modification in real
power requirement at a specific network location impacts the entire system by causing a
frequency adjustment. Thus, the system frequency serves as a valuable gauge for
demonstrating imbalances in system load and generation (Weedy, 2012). Any
momentary disparity in energy causes an immediate frequency shift due to the initial
counteraction by the kinetic energy of the rotating machinery. If there is a substantial
decrease in generation without an appropriate system reaction, it can result in severe
frequency deviations beyond the operational capacity of the machinery (Glover, 2007).
Apart from the primary frequency regulation, the majority of sizable synchronous
generators come with an additional secondary frequency control mechanism. A diagram
illustrating the configuration of a synchronous generator incorporating frequency control
loops as presented in Figure 2.3.
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Figure 2.3 : Schematic representation of synchronous generator with frequency
control loops (Bevrani, 2014)

Figure 2.3 illustrates the speed governor role in maintaining the system frequency. It
detects speed changes through primary and secondary control loops. The hydraulic
amplifier positions the main valve against the water pressure, and the speed changer
maintains its output. Each unit’s speed governor contributes to overall generation shift,
with secondary control adjusting the load reference via a speed changer motor. Feedback
integrates the frequency deviation into the primary control loop via a dynamic controller,
regulating using the outcome signal (APc). In Figure 2.3, load changes lead to transient
frequency shift (Af). The feedback mechanism triggers, aligning the turbine generation
(APm) with load to restore frequency after a load perturbation (APp) (Bevrani, 2014).

To study this effect, a linearized model describing the frequency response of the block
diagram depicted in Figure 2.3 for a single generator unit is presented in Figure 2.4. This
model is then extended to encompass an interconnected multi area power system. The
overall dynamic relationship between the incremental mismatch power (APm - APp) and
the frequency deviation (Af) can be succinctly captured by a swing equation:

+ DAF(t) (22)

dAF (t
AP (1) — AP (1) = 2H g dt( )

where, Af signifies the frequency deviation, APy, represents the alteration in mechanical
power, APp denotes the load change, Heq Symbolizes the inertia constant, and D stands
for the load damping coefficient. Typically, the damping coefficient is expressed as the
percentage change in load for a 1% shift in frequency. For instance, a customary value
of 1.5 for D indicates that a 1% frequency change would correspond to a 1.5% load
change (Elgerd, 1982). By utilizing the Laplace transform, the above Equation can be
expressed as follows:

AP, (S) — APp () = 2Hgq S AF (s) + DA (s) (2.3)
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The representation of Equation (2.3) can be depicted in a block diagram format,
illustrated in Figure 2.4.

APy
APy, 4 - 1 Af

D+2H,s —

Figure 2.4 : Transfer function representation of generator-load model (Elgerd,
1982)

A simplified model of the governor-generator system is developed in previous works
(Kundur, 1994, Obaid et al., 2016) and is illustrated in Figure 2.5. This model serves as
the basis for power system frequency analysis and control design. The governor-turbine
dynamics are represented using first-order transfer functions. The time constants of the
governor and turbine (Tg, Ty, Tw, and T,) are provided in Table 2.1 (Obaid et al., 2016).
The droop gain (R) is determined by the ratio of frequency change Af to the change in
generator power output AP, as depicted in Figure 2.5. The objective of the turbine-
governor control system is to maintain the desired system frequency by adjusting the
mechanical power output of the turbine, denoted as APm. The relationship between
frequency and power for turbine-governor control is described by Equation (2.4),

AP, =AP,, —%XAf (2.4)

In Equation (2.4), the term APc — APyt is represented by AP, and the droop gain is defined
as,

—R = Slope = Af/ AP (2.5)

The governors employ a droop control to regulate the generator power output in response
to deviations in frequency. This mechanism constitutes the primary frequency control,
which is automatically administered by the governors. For instance, if demand power
increases (or generation power decreases) leading to a frequency decrease, the governors
respond by providing a low-frequency service and vice versa. (Mohanty et al., 2014).
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Figure 2.5 : Primary frequency control model (Elgerd, 1982)

Table 2.1 : Values of the simplified power system

Tg Tt Ttr Tr 1/R Heq D
0.2s 12s 2s 0.3s -0.09 p.u., 4.44s lp.u,
(Elgerd, 1982)

2.2.1 Transfer Function Model of i" Area System

A multiarea power system is composed of interconnected tie-lines to connect various
control areas to balance the power. The variation in frequency recorded within each
control area serves as an indicator of the mismatch power trend across the
interconnections, encompassing more than just the local control area (Bevrani, 2014).
The secondary LFC system within each control area of an interconnected power system
is responsible for managing the exchange of power with other control areas alongside
maintaining its own local frequency. The power transmission through the tie-line from
area i to area j can be mathematically expressed as:

Vi Vi
Ptie,ij :%sin(éi _61) (26)
1

where, Vi and V; represent the voltage (in p.u.,) at the terminals of equivalent machines
in area i and area j, respectively. 8; and &; denotes the power angle of the equivalent
machines in areas i and j, and X;; stands for the reactance of the tie line connecting area
i and area j.

Linearizing Equation (2.6) around an equilibrium point yield
APyie jj = Tij (AS; — Adj) (2.7)
where, Tij represents the synchronizing torque coefficient defined as:
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:—l '” J|(:os(£‘3i0—AE‘3j0) (2.8)
ij

By substituting Equation (2.8) in (2.7) and applying Laplace transforms results:

i ol < i (2.9)
APyie i = z APyie ij = ZTijAfi *ZTijAfi
=1 =1 =1

J=i J=i J=i

The expression in Equation (2.9) can be depicted in the form of block diagram. When
integrated with the mechanical power mismatch (APm - APp) as described in Figure 2.5,
it results in the simplified interconnected power system block diagram as shown in
Figure 2.6.

In Figure 2.6, the shaded block represents the LFC loop introduced by the presence of a
tie-line. The change in tie-line power flow (AP, i) is fed back to influence the frequency
change (Afi) through this secondary feedback loop. Subsequently, the Area Control Error
(ACE;) signal is calculated according to Equation (2.10) and applied to the controller.

ACEl = APtie,i + BiAfi (210)

where, B; is a bias factor, which can be determined using Equation (2.11):

G (2.11)
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Figure 2.6 : Linearized transfer function model of i" area system
(Bevrani et al., 2011)
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2.3 Diverse Power System Models Utilizing LFC

The evolution of power system models has been a continuous process driven by
technological advancements, changing energy landscapes, regulatory developments, and
the need for more efficient, reliable, and sustainable electricity generation and
distribution. This section discusses, various system model that have been studied in the
literature from the conventional thermal power generation model to modern power
systems like smart grids, microgrids, and deregulation. To navigate the uncertainties and
complexities of these systems, various new control techniques have been proposed. This
section delves into the issues tied to traditional and modern power systems, highlighting
their transformation and the challenges they pose.

2.3.1 Traditional Power Systems

For decades, the traditional generating models that has been widely used in power
systems are thermal, hydro, and nuclear power resources. These systems are categorized
into separate groups based on their scale and control area: single-area, two-area (the most
extensively studied), three-area, and four-area power systems. While a few studies have
explored larger power systems with more than four control areas, such investigations
remain limited.

Researchers have extensively examined LFC in single-area power systems. For instance,
a study (Ismayil et al., 2014) investigates LFC in a single-area power model
incorporating thermal power plants. Another study (Doolla et al., 2006) evaluates a
single-area hydropower system and proposes a novel LFC technique utilizing an
ON/OFF control valve to reduce the size of the dump load. Frequency control of a single-
area multi-source power system using classical controllers is explored by Mohanty et al.,
(2014).

In the context of two-area power systems, challenges related to LFC are widely
discussed. Rahim et al., (2018) introduces Fuzzy Logic Control (FLC) based LFC and
Integral (I) control for a two-area interconnected system. Different optimization
techniques are utilized (Mostafa et al., 2018) to optimize the PID controller parameters
for a two-area power system. Additionally, the performance of LFC is studied (Mohanty
et al., 2014) for a dual-area interconnected power network with nonlinearities using
Differential Evolution (DE) algorithm-based PI and PID controllers.

LFC issues in three-area power systems are reviewed extensively. Fractional-order PID
controller design is explored for LFC in a three-area reheat thermal power system
(Delassi et al., 2018). A neuro-fuzzy controller-based LFC is evaluated in a three-area
hydrothermal system under varying load conditions (Saikia et al., 2014). An efficient
Model Predictive Control (MPC) design is proposed to regulate the frequency in a three-
area power system comprising nine power plants (Shiroei et al., 2013).
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To keep frequency fluctuations within the permissible limits, large power systems
interconnected by tie lines are often partitioned into multiple areas. Malik et al., (1988)
proposes the first LFC approach for a four-area hydropower system using a generalized
approach that combines dual-mode control, discontinuous control, and variable structure
systems, while considering system nonlinearities. Another study employs a modified
version of Bat Algorithm (BA) combined with fuzzy logic is implemented to optimize
PI controller gains for LFC in a four-area power network (Khooban et al., 2015).

2.3.2 Deregulated Power Systems

In the context of an open energy market, LFC plays a crucial role in regulating the
frequency to its nominal value and minimizing the tie-line power deviations between
control areas. The evolution of the electricity market, including privatization, the
establishment of free markets, and the pursuit of economic efficiency and reliability, has
led to the deregulation of power system regulatory structures. This transformation has
disintegrated the traditional vertical utility structure into distinct entities: Generation
Companies (GENCOs), Transmission Companies (TRANSCOs), Distribution
Companies (DISCOs), and Independent System Operators (ISOs), fundamentally
altering the operation and configuration of electric energy networks (Abazari et al.,
2019).

In a deregulated electricity market, LFC must account for various transaction types,
including bilateral transactions and poolco-based transactions. DISCOs can enter into
contracts with GENCOs or Independent Power Producers (IPPs) in bilateral transactions.
Within the same area, DISCOs contracting with GENCOs is referred to as a poolco-
based transaction. If a DISCO's demand exceeds the contracted power, it is considered
as contract violation. The incremental power production of an area is influenced by its
ACE, and each GENCO's is determined by its ACE participation factor (apf) (Christie
etal., 1996).

The concept of Distribution Participation Matrix (DPM) is introduced by Donde et al.,
(2001) to explore the interactions between GENCOs and DISCOs. Each element in DPM
is termed as contract participation factor (cpfs). Deregulated environment analysis of a
thermal generating unit in two areas is conducted using DPM. Mohanty et al., (2020)
extended the LFC analysis to multi-source power systems incorporating hydro, gas,
nuclear, and thermal components. Sasaki and Enomoto et al., (2002) adapt the North
American Electric Reliability Corporation standard to the Japanese energy system and
assess the compliance of their LFC scheme with these standards. A comparative analysis
of LFC in traditional and deregulated power environments is discussed elaborately by
Kumar et al., (2021). A performance comparison of various controllers and optimization
techniques in a deregulated environment is presented (Kumar et al., 2023). Another study
(Prajapati et al., 2020) provides an overview of Electric Vehicles (EVs) technologies.
Battery Energy Storage Systems (BESS) find widespread applications in mitigating
frequency deviation caused by unexpected demand variations, with economic and
operational advantages.
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Many investigations are carried-out in deregulated power system without the
incorporation of RES (Meliopoulos et al., 1999, Kumar et al., 2022, Latif et al., 2019).
Limited studies are only available in the literature integrating large scale RES in realistic
deregulated power system (Parmar et al., 2014, Kumari et al., 2020). An unequal three-
area deregulated system with realistic dish Stirling solar thermal system and non-
conventional sources in each area is studied by Babu et al., (2022). Another study
considered a two-area multi source power system having a geothermal, dish Stirling
power plant in each area with thermal power system (Tasnin et al., 2018). A three-area
power system with wind, Geothermal power plant (GPP) and PV plant in each area is
studied under various deregulated scenarios (Mishra et al., 2022). Similarly, a three-area
deregulated model comprising thermal system, wind energy system and super magnetic
energy storage device in each area is investigated by Das et al., (2021).

2.3.3 Microgrids

The rapid advancement of DGs have contributed to the widespread integration of DG
units into grid systems. Additionally, the significant penetration of RES and the presence
of multiple DG units in close electrical proximity have given rise to the emergence of
MGs. An MG is a segment of the grid encompassing DERs, including DGs, RES, ESS,
and load demands. MGs can operate in both autonomous/islanded and grid-connected
modes. To the best of the author’s knowledge, LFC has been applied on islanded MG
system only. LFC strategies in grid connected MG system is found nowhere in the
literature. The summary of literature works on islanded MG are listed in Table 2.2.

Table 2.2 : Summary on literature reviews on MG

System

. - Concluding remarks References
investigated

1. RES such as wind power generation (WPG) and | (Khaleel et al,
photo voltaic (PV) plants are considered as | 2023)
uncontrolled sources and diesel engine generator
(DEG) as controlled source.

2. To provide frequency stability, battery energy
storage system (BESS) and fuel cell (FC) are used.

3. An anti-windup PID controller is employed to
regulate the frequency.

1. RES such as wind and PV are considered as | (Naderipour et al.,
uncontrolled sources and DEG as controlled source. 2023)

2. ESS) such as such as AE, FC and flywheel energy
storage (FESS) are used.

3. Conventional PI controller is utilized to regulate the
frequency of MG.

Islanded MG

1. RES such as wind and PV are considered as | (Mansour et al.,
controlled sources. 2022)

2. To provide frequency stability, BESS and FC are
used.

3. An anti-windup PID controller is employed to
regulate the frequency.
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Table 2.2 : Continued

1. PV, wind and thermal systems are considered. (Kayalvizhi et al.,
2. FC and BESS are used as energy storage system. 2017)

3. Fuzzy tuned MPC is utilized to regulate the
frequency of isolated MG system.

1. RES such as PV and wind model are considered. (Khalghani et al.,
2. ESS such as BESS, FC are employed 2016)

1. DEG and plugin electric vehicle (PEV) is used as | (Khooban et al.
controllable sources 2017)

2. Wind and PV sources are uncontrollable

2. FESS and BESS are used as ESS.

3. Fuzzy tuned FOPID controller is used to eliminate
the frequency oscillations in MG.

1. Ship DEG, ocean wave energy and PV are used as
controllable sources (Kamal et al.,
2. FESS and BESS are used as ESS. 2022)

3. Fractional order PID controller is used to eliminate

Shipboard | the frequency oscillations in the MG.
MG

1. Ship DEG, ocean wave energy and wind are used as | (Khooban et al.
controllable sources 2018)

2. FESS and BESS are used as ESS.

3. SMC controller is used to eliminate the frequency
oscillations in the MG.

2.34 Networked Microgrids

MGs plays a significant role in advancing the deployment of DERs by integrating them
into the low or medium voltage distribution network. This integration not only improves
network reliability but also enhances controllability (Bandeiras et al., 2020). Meanwhile,
the increasing integration of distributed RES with unpredictable features poses
challenges to the operation of MGs. Nowadays, parallel advancements in technology,
smart meters, communication, and management have empowered individuals to play a
more proactive role. This progress has made P2P energy trading among MGs feasible.
Geographically proximate MGs can be interconnected in a cyber-physical sense, forming
the NMGs system (Zhang et al., 2020a). In this system, multiple MGs are collectively
managed to coordinate the inherent multiparty energy flow, information flow, and cash
flow. The networking of autonomous MGs is emerging as a strategic initiative, aiming
to provide high-quality and environmentally friendly energy and information services to
local end-users. This is achieved by maximizing the utilization of limited resources
shared among NMGs (Liu et al., 2018a). The summary of literature works on NMG are
listed in Table 2.3.
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Table 2.3 : Summary on literature reviews on NMG

System Concluding remarks References
investigated

1. A three-area MG cluster with DEG, wind and FC in | (Yang et al 2023)
each area.

2. A distributed reconfigured model predictive control
is used as a frequency controller.

1. Three-area NMG with wind, PV, EV aggregators | (Taghizadegan et
and FC. al., 2023)

2. A linear active disturbance rejection controller is
Islanded employed as a controller and state observer.

NMG 1. Two-area model with SG, wind, PV and BESS are | (Siti et al., 2022)
adopted in each area.

2. The optimal frequency deviation in each area is
solved using MPC.

1. Two-area model with thermal, PV, EV and BESS | (Aly et al., 2023)
in area-1 and hydro, wind, EV, and FESS in area-2.
2. A 3-degree of freedom FOPI controller is employed
to regulate the frequency of the NMG.

1. Two-area model with DEG, PV, wind and BESS in | (Luo et al., 2020)
each area.

2. An adaptive event triggered sliding mode controller
is used to regulate the frequency.

1. A three-area interconnected multi microgrid | (Latif et al., 2019)

network with biodiesel generator in each area and PV,

wave and geothermal energy sources in area-1,2 and

3.

NMG with | 2, BESS such as redox flow battery, capacitive, solar
DC link oxide are employed to improve the frequency

stability.

3. Proportional FOPID controller is employed to

supress the frequency oscillations.

1. A three-area consisting micro gas turbine, EV | (Fanetal., 2023)
Shipboard aggregators, and wind energy system.

NMG 2. A deep deterministic multi agent algorithm is
employed to control the networked microgrid.

2.35 LFC for P2P Energy Market

The rapid expansion of RES, such as PV, WPG, and PEVS, has paved the way for the
rise of small-scale energy producers known as prosumers. These prosumers can sell their
surplus energy to neighbouring peers, utility companies, or even directly to the power
grid through a mechanism known as P2P Energy Trading. The active involvement of
prosumers, who are both consumers and producers of energy, is crucial for the success
of P2P trading. A comprehensive overview of motivational psychology is provided to
support P2P trading by enhancing user participation (Tushar et al., 2019). Broadly, the
P2P sharing market is categorized into three types based on the trading method and
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information exchange among participants: coordinated market, decentralized market,
and community market (Hu et al., 2021). Notably, there has been a growing number of
studies integrating P2P trading mechanisms into the MG energy market. The
determination of P2P trading prices in the MG market with the market structure in south
Korea has been analyzed by An et al., (2020). Considering the seasonal factors and
uncertainties in RES, a novel P2P trading framework is introduced (Tushar et al., 2019).
For P2P trading in NMGs, Nasiri et al. (2022) introduces a novel bi-level hybrid robust-
stochastic framework to analyze the strategic market behaviour of NMG that are
interconnected and incorporate a high penetration of EV fleets. Similarly, a two-stage
aggregated control in community MG to realize P2P energy trading is investigated (Long
etal., 2018).

It is found that most existing studies only consider ‘energy’ as the main transactive
commodity in the P2P energy market. In fact, the coalitions of small-scale prosumers
can provide flexible ancillary service, which means the transactive commodities should
not be only limited to energy (Hu et al., 2021). It is worth studying how both energy and
ancillary can be co-ordinately traded. Ancillary services in the context of P2P energy
trading refer to additional functions and support services that are essential for
maintaining the stability, reliability, and efficiency of the electrical grid. Ancillary
services typically include frequency regulation, voltage control, black start capability
and demand response (Zhang et al., 2020b). According to the report of National Grid,
UK, the frequency response can be categorized into two types of service: dynamic and
non- dynamic. Dynamic frequency response is a continuously provided service to control
the normal second by second changes, whilst non-dynamic frequency response is usually
referred to the discrete service triggered at a defined frequency deviation (Siano et al.,
2021). In the MG, entities such as dispatchable generation units, ESS and demand
responsible loads can adjust their power generation or demand to flexibly offer the
frequency response service. A comprehensive P2P trading mechanism for the MG
should include ancillary service as a critical part of the entire trading process.

Several research works have attempted to integrate ancillary services into energy
markets at both the distribution and transmission levels. Du et al., (2020) used NMGs,
functioning as balancing service providers to the transmission system, participate in real-
time balancing markets by submitting bids. A day-ahead scheduling strategy is proposed
(Zhou et al., 2018) for integrated community energy systems to engage in joint energy
and ancillary service markets. However, these joint markets are typically situated within
the realm of wholesale markets. MGs are considered active prosumers that offer both
energy and ancillary services to the distribution network (Siano et al., 2021). While the
concept of joint energy and ancillary service exchanges is explored, the primary
emphasis of this research centres on the optimal management of the distribution system.
Additionally, an incentive contract between the independent system operator and
providers of frequency regulation services is formulated (Rayati et al., 2019), enabling
the simultaneous purchase of energy and ancillary services. An islanded MG with four
prosumers and three consumers simultaneously participating in P2P energy trading and
frequency ancillary services using LFC (Veerasamy et al., 2023). Further, the authors
adopted blockchain technology to secure the P2P trading in MG. From the above
literature studies, the crucial aspect of frequency regulation using LFC, which serves as
a tradable ancillary service within the context of NMG has not been thoroughly
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examined. Furthermore, securing the P2P energy trading and the control signals from
cyberattacks is not considered in the literature.

2.4 Control Strategies

The secondary frequency can be controlled via different schemes, such as centralized,
decentralized, and distributed control. The following subsections describe in detail each
control strategy.

24.1 Centralized Control

Centralized control strategies have been extensively studied for frequency regulation in
high-voltage conventional synchronous generation systems, encompassing various
power sources such as thermal, hydro, nuclear, and RES like micro-hydro and pumped
storage. Several type of controllers, including linear, nonlinear, adaptive, and intelligent
techniques, have been employed within the framework of centralized control. Research
articles often emphasize computational intelligence methods to optimize integer order
controllers. Notably, these studies are primarily concerned with optimizing centralized
control strategies as depicted in Figure 2.7.

For instance, a centralized PID controller is utilized to control a two-area multi-source
power system consisting of thermal, hydro, and gas units in each area. The PID controller
gain values are optimized using a class topper optimization technique (Rai et al., 2020).
A hybrid particle swarm optimization-gravitational search algorithm (PSO-GSA) is
applied to tune PID controller gains, and its performance is compared with classical
controllers such as I and PI controllers for a two-area conventional reheat thermal power
network (Veerasamy et al., 2019). A novel adaptive SMC to regulate the frequency of a
two-area thermal system, with sliding surface coefficients optimized using grey wolf
optimization (GWO) algorithm (Guo et al., 2021). Peng et al., (2017) investigates an Ho,
control approach with event-triggered communication for a multi-area system with
BESS.

Neural network-based control strategies are also integrated into frequency regulation.
For instance, a generalized Hopfield neural network (GHNN) based adaptive PID
controller for the frequency stabilization of a two-area conventional reheat thermal
system, accounting for system non-linearities (Ramacandran et al., 2018). A neuro
fuzzy-based PI1D controller is employed for LFC strategy (Jood et al., 2019). While many
studies focus on single-loop control, there is a recent shift towards improving closed-
loop performance by utilizing multi-loop/cascade combinations of PID and its modified
forms. The strategies are often combined with optimization algorithms. PSO-GSA
optimized cascaded PI-PD controller is applied to a two-unequal area system with
various generation units and RE sources (Veerasamy et al., 2020). Abou EI-Ela et al.,
(2022) studied a cascaded proportional-derivative with filter and proportional-integral
(PDn-P1) control approach with gains obtained through a coyote optimization algorithm
for a two-area thermal PV-wind energy system. Celik et al., (2021) employs a dragon fly
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algorithm to obtain gain values for a (1 + PD)-PID controller in a multi-area multi-source
power system.

Centralized Secondary control
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Figure 2.7 : Centralized control of the MG system

2.4.2 Decentralized Control

In contrast to a centralized approach, decentralized control is more favourable for large-
scale interconnected systems (Veerasamy et al., 2023). It offers advantages over
traditional centralized control methods by lessening computational demands and
simplifying control processes. Furthermore, it demonstrates greater resilience against
communication challenges and structural changes within the system (Pandey et al.,
2013). In terms of control, each DG within the system possesses its individual local
frequency information, contributing to the overall system frequency regulation, as
depicted in Figure 2.8. In a study by authors in (Magdy et al., 2019), a decentralized PID
controller, enhanced by PSO technique is introduced. This methodology is applied to an
Egyptian power system encompassing several types of power plants and addressing
communication delays.

Similarly, in a multi-area power system (Ebrahim et al., 2009) the authors employed PID
control coupled with a stochastic PSO technique, separately within each control area.
Another approach involves a Type-2 fuzzy-tuned PI controller implemented for a two-
area reheat thermal unit (Sudha et al., 2011). This decentralized control concept is
validated against both a Type-1 fuzzy Pl and a conventional Pl controller. An Internal
Model Control (IMC) technique is proposed to adjust gain values of a decentralized PID
controller specifically for a three-area reheat thermal system (Tan et al., 2011). For a
multi-area power system with various power sources, including non-reheat, reheat, and
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hydropower networks (Fu et al., 2018), an active disturbance rejection controller is
developed for each area to regulate the ACE of the power network.

Additionally, non-linear controllers such as SMC, H., control, event-triggered integral
SMC, and MPC are harnessed for managing the frequency of multi-area power systems.
Mi et al., (2013) employed SMC for a multi-area multi-source power system. Similarly,
an event-triggered integral SMC-based disturbance observer is adopted for a two-area
non-reheat thermal power system (Shangguan et al., 2022). A novel decentralized
control strategy is explored using switching control theory, addressing time delays and
packet losses. This strategy's performance is evaluated against H., and linear matrix
inequality-Linear quadratic regulator (LMI-LQR) controllers (Zhang et al., 2020c).
Shojaee et al., (2022) outlines a decentralized MPC design for regulating the system
frequency with a wind turbine generation unit and a diesel engine generator. The
efficiency of MPC is contrasted with the linear quadratic gaussian (LQG) controller and
verified through simulation.
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Figure 2.8 : Decentralized control of the MG system

2.4.3 Distributed Control

The distributed control (DC) is a coordinated control of multiple generating units or
plants to be controlled through proper communication channel within the system. In the
case of LFC, it has a secondary control as distributed to each unit and these controllers
communicate with its neighbors for coordinate operation. This scheme is more
advantageous, as it has the ability to operate even under uncertain disturbances. The fully
distributed data updating of the DC structure results in efficient data sharing that helps
in fast decision-making. Figure 2.9 shows the DC of the MG system and communication
among each interconnected MG system in the cluster. Several types of DC have been
carried out in distributed consensus-based control, leader-follower control, two-layered
consensus algorithm, pinning gain-based distributed control, and distributed consensus
cost minimization (Liu et al., 2018b). However, among these techniques, only a limited
control structure is studied for secondary frequency control applications.
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A distributed LFC scheme is proposed for a conventional power system by Andrade et
al., (2020), which feedback the rotor angle deviation internally to the generator governor
that acts as a distributed controller based on the control law. The developed control
scheme is tested on the IEEE 39-bus system. A randomized distributed demand response
algorithm is developed to stabilize the frequencies during contingencies (Vedady
moghadam et al., 2014). Smart appliances are considered as load aggregators connected
via a sparse communication network. The proposed control is validated on IEEE 9-bus
system, revealing that the demand side response algorithm has successfully minimized
the frequency deviation with minimum overshoots and undershoots.

A distributed averaging-based integral (DAI) control, also known as a consensus
algorithm, is developed for the frequency regulation of a four-machine two-area test
system (Schiffer et al., 2017). The robustness of the proposed distributed control is tested
by applying constant and time-varying delays and link losses. The authors developed a
distributed frequency regulation algorithm for a prosumer-based power grid. The
communication network between the prosumer regulates the system-wide frequency by
exchanging the frequency information (Honarvar Nazari et al., 2014). For ESSs in MG,
a distributed frequency control strategy is developed to adjust the power output of ESSs
and turbines by adaptive dynamic programming (ADP) control (Mu et al., 2019). The
proposed method adjusts the frequency deviations better than fuzzy, LQR, and PID
control. A leader-follower control strategy is employed for inverter-based cascaded
parallel MG (Bidram et al., 2013). Similarly, a co-operative secondary frequency control
for inverter-based MGs is proposed (Ding et al., 2019).
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Figure 2.9 : Distributed control of MG system

2.5 Control Techniques

Over the past few decades, a multitude of sophisticated intelligence-based control
techniques and approaches have been emerged in the context of LFC for modern power
systems. These methodologies encompass various areas of interest, and their
applications are closely scrutinized to achieve specific performance objectives. To
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succinctly outline the range of existing control methods in LFC, an overview is presented
in Figure. 2.10.
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Figure 2.10 : General control techniques used by researchers for LFC of power
system

251 Linear Control

The majority of research efforts within the realm of LFC predominantly focus on linear
control strategies. Classical control methods, such as Bode, Nyquist, and root locus
techniques, are commonly employed to derive optimal gains and phase margins. A brief
overview of these methods is presented in the following subsections.

a. PID Control

The PID approach stands as the most prevalent, forming the basis for over 90% of
industrial control loops (Kozak et al., 2014). In the context of LFC, the classical Pl
controller is proposed for a single-area electrical power system facing communication
delays. The stability boundary locus, analyzed through an analytic-graphical framework
is used to determine the appropriate Pl parameters (Saxena et al., 2018). Two area
thermal system considering generation rate constraints (GRC) and governor dead band
(GDB) are studied with the application of PID controller (Veerasamay et al., 2020). The
controller gain values are optimized using hybrid PSO algorithm. A PID controller is
employed for a two equal area multi source system consisting of WPG, PV, wave and
thermal power plant incorporating GRC in area —1 and WPG, PV and Thermal plant with
GRC in area-2 (Hasanien et al., 2018). The initial gain values of the controller are
optimized using whale optimization algorithm. Another study presents the design and
implementation of PID control tuned using the PSO algorithm, to manage LFC in a
standalone microgrid power network (Dhanasekaran et al., 2023). Despite the numerous
advantages it offers, the PID controller performance is ineffective for uncertain, coupled,
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and nonlinear systems. Furthermore, for integrating processes, an excessive overshoot
occurs due to a derivative kick.

b. FOPID control

A common fractional order (FO) controller based on FO calculus is FOPID. The
difference between integer order (I0) and FO calculus is the FO controller, based on the
extension of differentiation and integration to any order, which can be rational, irrational,
or complex (Celik et al., 2019). Over the last few decades, fractional-order calculus plays
a significant role in designing various controllers by expanding the fractional integrals
and derivatives to fractional orders to achieve robustness and superior performance
(Podlubny et al., 1999). FOPID controller is the generalization of traditional PID
controller which has two additional tuning parameters offering great flexibility to the
plant to be controlled. The unique features of FOPID controller are attaining a excellent
response to a minimum phase system, controlling of nonlinear system without
linearization, and less sensitive to system parameter variations (Cao et al., 2005). In the
investigation of LFC strategies, both traditional PID and fractional-order Proportional
Integral Derivative (PI*D*, where X represents the order of integration and p is the order
of differentiation) controllers, tuned using moth flame optimization (MFO) are explored
for single and dual-area power systems (Saurabh et al., 2020). The results indicate that
PI*D* outperforms PID in damping frequency oscillations and managing tie line power
fluctuations.

The influence of employing a fractional-order proportional-integral (PI*) controller in a
single-area-delayed LFC system is explored by Celik et al., (2019), with a particular
focus on its impact on delay margin improvement. Optimization techniques are
employed to fine-tune PI controller parameters for LFC in a three-area interconnected
system (Kumari et al., 2017). This study highlights the importance of precise tuning of
integral gain to strike a balance between desired transient response and minimal
overshoot in dynamic system performance. In the context of a hybrid energy distributed
power system, an FOPID controller is proposed with an effective biogeography-based
krill herd optimization technique (Daraz et al., 2023). The effectiveness of the controller
is tested on a three-area hybrid power system model.

C. Nonlinear FOPID control

The linear FOPID controller discussed above cannot maintain a reliable control
performance as the LFC of a power system usually operates at a wide range in real time
because of its associated uncertainties (Elyaalaoui et al., 2021). Furthermore, the linear
FOPID controller may cause instability if the operation condition varies significantly.
To counteract such complexities, a nonlinear function is inserted with the linear FOPID
control and termed as nonlinear FOPID (NLFOPID) controller. The NLFOPID
controller has been proven to be effective in various domains like control of highly
nonlinear redundant robotic systems (Kumar et al., 2017), hypersonic vehicle attitude
control (Song et al., 2015), underwater vehicle control (Hasan et al., 2020), and control
of wind turbines (Pathak et al., 2020). In LFC, a hyperbolic tangential function is
incorporated in to a linear FOPID controller of deregulated power system in presence of
EVs and RES (Fathy et al., 2022). A nonlinear FOPI controller is employed for primary
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frequency control application of two area power system model (Elyaalaoui et al., 2021).
Similarly, a hyperbolic secant function is embedded to improve the performance of the
FOPID controller for islanded MG network comprising WTPG, PV and DEG (Athira et
al., 2023). The hyperbolic functions used in the literatures are not as smooth or bounded
over their entire domain. For designing nonlinear controllers for control systems with
nonlinear behavior smooth and bounded saturation properties make it a versatile function
for limiting the control signal and ensuring stability and performance in control systems.
Therefore, a smooth and bounded hyperbolic function is needed to enhance the
robustness of the linear FOPID controller.

d. Approximation Techniques

For practical and simulation implementation of the FOPID and NLFOPID controller the
fractional order transfer function of the controller should be approximated to integer
order. Numerous strategies are available in the literature for approximating the FO
transfer function model. The most commonly used techniques are oustaloup, improved
oustaloup and Matsuda approximation techniques (Deniz et al., 2020). The oustaloup
approximation (Baranowski et al., 2015) that relies on recursive distribution of zeros and
poles in a selected frequency band has been used to convert the non-integer order transfer
function to integer order transfer function. The mathematical formulation of rational
oustaloup filter is described as (Deniz et al., 2016):
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where N is defined as an order of approximation, ®n and wy are the higher and lower
bound of the selected frequency band, o'iand w; are the zeroes and poles of the filter by
dividing the frequency range into 2N+1 intervals. However, the oustaloup technique has
a poor approximation effect in the frequency band near the lower bound and higher
bound (Gao et al., 2012).

To overcome the boundary fitting issue of oustaloup approximation, an improved
oustaloup approximation is proposed by Gao et al., (2012), which incorporates the
appropriate weight coefficients b and d in the approximation process to overcome the
boundary fitting problem. The fitting frequency range for improved oustaloup
approximation is specified at [wp, wn], and the order is N. For simulation, o, = 0.01
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rad/sec, on = 1000 rad/sec and N=5 is considered. The fractional-order operator s is
approximated as:

S
o [dmb j‘* ( ds? + bsor, ] 1 deop /b (2.15)
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where, b>0, d>0, 0< a <1, and s=jo, the fractional component K(s) can be expressed as
a rational transfer function in the form of poles and zeros:
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The zero and pole of k are defined below:
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A continuous rational transfer function model is obtained by approximating the irrational
fractional part of Equation (3.29)
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2.5.2 Intelligent Control

In the recent years, the integration of RES has led to increasing the size and the structural
complexity of power systems. The linear controllers are not sufficient to achieve the
desired level of accurate operation. To address this issue, intelligent techniques such as
artificial neural network (ANN), fuzzy logic, and meta-heuristic based optimization
algorithms have been used to solve this problem to a great extent. A concise review of
these approaches is provided in the following paragraphs.
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a. ANN Control

ANN is a concept motivated by biological nervous systems. The implementation of the
ANN controller to enhance the dynamic performance of LFC in a three-area
interconnected power system. ANN is utilized to tune the gains of PI controller (Kumar
et al., 2016). ANN observer-based nonlinear sliding mode control (SMC) designed for
LFC in a dual-area power system is presented (Prasad et al., 2020); ANN observer is
employed to estimate the power plant unmeasured states and unmatched perturbations.
A layered recurrent ANN based LFC is studied fora dual-area interconnected power
system with WPG (Sharma et al., 2020).

b. RNN Control

Recurrent Neural Network (RNN) a type of ANN which is used to design the dynamic
controller for LFC applications to deal with the system dynamics and uncertainties. For
instance, Hopfield neural network (HNN) is a subset of RNN which is applied for a two-
area thermal power system model. The control performance is compared with the linear
controllers (Ramachandran et al., 2018). The same authors used HNN as an adaptive
FOPID controller for multi-area RE integrated power network. The controller
performance is compared with HNN PID controller (Ramachandran et al., 2021).
Veerasamy et al., (2022) modifies the HNN as cascaded PID controller to regulate the
frequency of complex RE integrated system with EV aggregators. However, only limited
studies are available in the literature employing RNN-based dynamic control.

C. Fuzzy Logic Control

Due to its robustness and reliability, fuzzy logic control approach is applied to deal with
complex and nonlinear control problems that cannot be addressed efficiently by
traditional control methods. FLCs can be designed and implemented without modelling
the controlled process. This approach has widely been used for various LFC challenges
in power systems. Design and implementation of fuzzy-based hierarchical approach to
improve the frequency control performance in the Great Britain power system is
investigated by Sharma et al., (2020). Hence, the proposed design asserts its robustness
against different load conditions and parameters uncertainty of the investigated system.
A PI controller incorporated with fuzzy logic gain scheduling technique based on two-
level control strategy has been successfully employed for LFC for a dual-area power
system (Hussein et al., 2019). Using fuzzy self-tuning PID controller based on Tribe-DE
algorithm, LFC for an interconnected two-area power system is proposed (Jalali et al.,
2020).

2.6 Optimization Techniques

To guarantee reliable control and desirable dynamic system performances, optimization
algorithms have been considerably used by the researchers for LFC study to tune the
controller parameters. In the last decade, researchers have investigated the control and
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stability of power systems using different algorithms such as genetic algorithm (GA),
PSO, firefly algorithm (FA), Teaching learning-based optimization (TLBO), and so on
based on ‘No free lunch’ theory. GA and PSO are the most widely utilized algorithms to
address different issues in the field of power systems. The successful implementation of
these algorithms later is used to optimize the parameters of a fuzzy controller for LFC in
a dual-area power system with PV Plant (Cam et al., 2017). The decentralized LFC
synthesis is formulated as a multi-objective optimization problem and is solved using
GA to design well-tuned PI controllers in multi-area power system (Daneshfar et al.,
2012).

FA tuned Fuzzy logic based on Two-Degree of freedom PID controller is employed to
damp the frequency fluctuations and control the tie line power flow in an interconnected
diverse-sourced multi-area power system (Raju et al., 2020). FA tuned PI controller-
based LFC is investigated for a two-area system comprises PV system (Abd-Elazim et
al., 2018). An improved version of FA and pattern search tuned optimal gains of fuzzy
aided PID controller to damp out the frequency deviation is studied considering the
nonlinearity constraints (Rajesh et al., 2019b). In addition to the approved superiority of
the proposed design over other previous techniques, there is no need to retune the
parameters of the proposed controller when the system experiences different load
conditions or parameters uncertainties.

Besides all these techniques, recently numerous algorithms had been proposed and
implemented for LFC applications. An artificial rabbit’s algorithm is proposed for
optimal tuning of a PID controller in a three-area HPS. The performance of the proffered
control technique is compared with PSO, DE and JAY A algorithms. In terms of ST, PO
and PU, the artificial rabbit algorithm tuned PID controller outperforms than other
optimization technique (El-sehiemy et al., 2023). For a three degree of freedom PID
controller, a novel meta-heuristic technique namely equilibrium optimizer has been
developed for a two-area multi source power system model (Guha et al., 2021). The
outcomes have been evaluated with GA, PSO and GWO techniques. Similarly, for a two-
area interconnected power system Archimedes optimization algorithm is developed to
optimize the gain values of tilt integral derivative controller (Ahmed et al., 2022). The
simulation results reveals that the proposed control technique outdoes PSO, WOA and
GWO algorithms.

2.6.1 Atom Search Optimization

Numerous heuristic techniques have been employed to fine-tune controller parameters
for LFC applications. Nonetheless, optimizing the controller's gain values remains a
significant challenge for researchers, given the increasing uncertainties in power system
generation and load. Due to these challenges, researchers are actively exploring novel
optimization techniques to enhance system performance by optimizing controller gain
values. In this context, ASO a recent population-based metaheuristic optimization
algorithm inspired by physical theory of molecular dynamics, which describes the
structure of matter and how atoms interact at the micro level (Zhao et al., 2019a). ASO's
efficacy has been validated in various real-time engineering applications, such as
parameter estimation for hydrogeologic problems (Zhao et al., 2019a), Polymer
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Exchange Membrane (PEM) fuel cells (Mossa et al., 2021), feature selection (Too et al.,
2020), dispersion coefficient in ground water (Zhao et al., 2019b), power system
stabilizer (Izci et al., 2022) and many engineering problems (Sun et al., 2021).

The attractive feature of using ASO is the interaction force from the potential energy
expressed by Lennard-jones potential and the geometric constraint force between two
atoms are used to perform a search. The interaction force between atoms has two main
properties. The first is the repulsion to compression, which repels the atom when
crowdedness is within a certain range. The second is the attraction between atoms.
Constraint forces are employed to keep the bond length and angle between any two atoms
at the desired levels. During early iterations of ASO, an individual atom interacts with
other atoms through attraction or repulsion, and repulsion can prevent over accumulation
of atoms and premature convergence of the algorithm improving the exploration ability
across the whole search space. As iterations progress, the repulsion steadily weakens and
the attraction gradually strengthens, indicating that exploration is decreasing, and
exploitation is increasing. During the final iterations, each atom interacts with others
simply by attraction, ensuring that the algorithm has a better exploitation capability.
Throughout the iterative process, constraint force between each atom and the atom with
the best fitness always exists (Zhao et al., 2019b).

In LFC, ASO has been implemented to optimize the gain values of PID controller of
HPS. The effectiveness of the proposed optimization technique is compared with other
well-established techniques like GA, PSO, ALO and BA (Khokhar et al., 2020). The
proposed ASO tuned PID controller outperforms other techniques in terms of settling
time (ST) by 72 %, Peak overshoot (PO) by 56 %, Peak undershoot by 41 %. However,
ASO like other stochastic optimization algorithms rely on RNG to explore the search
space, make decisions, and guide the search toward optimal solutions. The convergence
properties of ASO are closely tied to the random numbers generated by the RNGs
utilized in each algorithm. The use of RNGs can sometimes limit the diversity of
solutions generated by optimization algorithms, preventing them from exploring all the
modes in a multi-modal objective landscape within the search space (Hekimoglu et al.,
2019). This limitation can particularly impact the exploration phase during the early
iterations, potentially leading to premature convergence and trapping in local optima.

2.6.2 Chaos based Optimization Techniques

To address the issues of poor convergence rate and pre-empt from being confined to
local optima in traditional RNGs based optimization techniques chaos functions is
introduced into the optimization algorithms. Chaos exhibits properties such as
ergodicity, dynamics, and non-repetitiveness (Barshandeh et al., 2021). These properties
are valuable in optimization as they contribute to a more diverse search. Chaos
introduces dynamism, enabling the algorithm to produce a wide range of solutions and
explore different landscapes within the search space. These characteristics of chaos
accelerate the search process by avoiding repetition and ensuring that the algorithm
explores various regions of the search space (Mundra et al., 2023). To incorporate chaos
into metaheuristic algorithms, chaotic maps are used to generate chaotic sequences
instead of relying solely on RNGs.
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The most widely used chaotic maps are one dimensional (1D) chaotic map due to their
simple structure and easy implementation (Zhang et al., 2023a). The various 1D chaotic
maps are circle map, cubic map, Gauss map, iterative chaotic map with infinite collapses,
logistic map, sine map, tent map, Chebyshev map, piecewise map, and singer map. Out
of all these, the logistic map, sine map, and tent map are the most popular 1D chaotic
maps used in optimization techniques to improve the convergence speed and search
capability (Singh et al., 2022). The chaotic maps studied in the literature works are
detailed as follows:

a. Logistic Map

The logistic map is widely used second-order, simple, nonlinear, and dynamic
polynomial map. This map's equation generally appears in biological population of
nonlinear dynamics exhibiting chaotic behaviour (Demir et al., 2020). Mathematically
the logistic map can be expressed as:

Xir1 = Xg (1% ) (2.20)

where k defines the number of iterations, xx signifies the chaotic variable, and r is the
control parameter lies in the interval (0, 4). In most of the literature work, the value of r
is chosen between 1 to 4 to generate the chaotic sequence (Tian et al., 2017, Zhang et
al., 2023b). Since, the value of r between 1 to 3 gives poor chaotic behaviour as inferred
from Figure 2.11. But the chaotic sequence is exhibited in the range of 3<r<4 with certain
selection of parameters.

0.8} r3
x 0.6719
0.6
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0.4}
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0
0 1 2

Figure 2.11 : Bifurcation diagram of logistic map
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b. Sine Map
Sine map is one of the simple 1D chaotic maps that generates similar chaotic sequences

as logistic map (Demir et al., 2020). However, the mathematical expression of the sine
map is totally different from the logistic map and is given as:

Xie1= rsin(mxy ) (2.21)

Figure 2.12 : Bifurcation diagram of sine map

Equation (2.21) describes the sine function, which maps the input angle in the range of
[0,4], where r is the bifurcation parameter, xx and Xw+1 denotes the current and next
iterative sequence between 0 and 1, respectively. The sine map shows satisfactory
chaotic behaviour when r € [0.7, 4]. Moreover, it is substantially revealed from Figure
2.12, that there is some correlation between the sine and logistic maps at the initial stage.

C. Tent Map

A tent map is a discrete-time, piecewise, linear chaotic map with some unique attributes
like simple shape, chaotic orbits, etc (Li et al., 2021). The mathematical formulation of
the tent map is given by

X
rZk Xj <2

(L-xk)
2

Xk+1 0<r<4; x, €[0,1] (2.22)

r

The dynamic behaviour of the tent map depends on the control parameter r which varying
from predictable to chaotic. The bifurcation diagram of the tent map is illustrated in
Figure 2.13. The tent map has distinctive advantages of higher iterative speed than
logistic map, and the probability density function is uniform compared with the logistic
and sine map (Fan et al., 2020).
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Figure 2.13 : Bifurcation diagram of tent map

2.7 Summary

This chapter provides a literature survey on LFC for power systems which covers a wide
range of topic, including, a conventional power system models, recent developments in
LFC methodologies for various aspects of modern power systems (deregulated systems,
MGs, NMGs and P2P market), and a concise overview of different control strategies.
Based on the literature survey, the following research gaps have been identified as
addressed:

Numerous researchers have investigated several control frameworks for deregulated
system. However, only few studies are conducted by considering suitable control
strategy with an optimum controller. Several studies have been explored to design the
gain parameters of FOPID controller with a control strategy used in LFC applications
for NMG system. However, there is a lack of research that considers the dynamic
variation of these controller gain parameters with a suitable control strategy in response
to changes in system parameters, RE power generation and loading condition. Various
researchers have adopted blockchain technology to secure the P2P transactions in energy
markets. However, limited research is available in the literature in order to secure the
controller and P2P energy trading in the NMG system against cyber threats.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter outlines the overall structure of methodology employed in this research.
Figure 3.1 provides an overview of the framework for the research work. The
methodology is applied to achieve three distinct objectives. The first objective focuses
solely on developing an improved form of ASO called chaotic ASO (CASO) algorithm.
An RE integrated two-area power system is developed in MATLAB/Simulink to
examine the robustness of the proposed technique. A centralized FOPID controller is
employed in this case, and the gain values of the controller are optimized using the
proposed CASO algorithm. Then, to further improve the performance of the algorithm,
a hybrid AS-PSO algorithm is proposed as the second objective. The effectiveness of the
proffered control technique is assessed to optimize the gain values of the controller in
regulating the frequency of a RE integrated multi-area power network developed in a
deregulated environment. To regulate the frequency of the network, a deregulated robust
NLFOPID controller is proposed, and the parameters are adjusted using the propounded
control technique. Finally, the third objective involves the development of a new
algorithm by combining CASO (objective 1) and AS-PSO (aobjective 2) called CAS-PSO
algorithm. The efficacy of the algorithm is further improved by modifying the constant
gain values of the algorithm into an adaptive one using the ZND based FOPID controller.
Further, the initial bias values of ZND-FOPID are obtained using the proposed CAS-
PSO algorithm. To evaluate the effectiveness of the proffered control technique, a NMG
power network is developed. Consequently, the robustness is exhibited for the real-time
P2P energy trading between the MGs in the NMG implemented using blockchain.
Additionally, the controller is also implemented in the blockchain environment to make
it more resilient against the attack. The implementation is carried out using a real-time
digital simulator called OPAL-RT simulator interfaced with Raspberry Pis (RPis) via
transfer control protocol/internet protocol (TCP/IP).
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3.2 The Design of Centralized FOPID Controller

Centralized FOPID Centralized FOPID
ACE. [ control optimized control optimized | _ACE:
using CASO in area-1 using CASO in area-2
r""""'"“"_'L“""“". """ oSt ! === m=—==—= ————— . ——.———l —————————————————————
Renewable energy Generating units in Generating units in Renewable energy

area-1 area-2

Figure 3.2 : Schematic representation of centralized control in LFC

In the first objective, FOPID controller is employed as a centralized control. Figure 3.2
depicts the schematic representation of centralized control scheme in LFC. Figure 3.3
depicts the proposed CASO optimized centralized FOPID controller approach for LFC
of power system. The transfer function and control output of centralized FOPID
controller are given as:

da—> at
u®=(K, +K; d* WP Ll 3.2)
dt> dt™

where, e(t)= Afj +APye i j . Af; signifies the change in frequency of i" area. APgejj defines

the change in tie line power between i and j" area. Kp, Ki and Kq are the proportional,
integral, and derivative gains of the controller, A and p represents the integral and
differential operators, which takes the values of arbitrary any real number. In this work,
the integral time absolute error (ITAE) is chosen as an objective function (J) to tune
parameters of FOPID controller by minimizing the ACE as it provides the superior
performance by reducing the settling time and undershoots of the plant to be controlled.
The objective function can be defined as (Sondhi et al., 2014),

J=ITAE= ]:DAfi +APﬁeyij|].tdt o0, j=1,2,3&j =i (3:3)
[0}
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Subjected to the following boundary constraints:

Kpmin < Kpi < Kpmax, Kdmin <Kg < Kdmax, Mmin << umax’ 64)
Kimin <K; < Kimax’ }Lmin <)y < j.max

L T Proposed 1.
|| tControlscheme 1 [ = T T )
SRR ER I o g

i lu@+
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Lot Ky + K~ 4 Ky = b 1 . i i LI
' e LT, & i Turbine model ! i model i ||

Reference
Frequency
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.............. =~ ] 1R

Figure 3.3 : Closed-loop feedback control of power system with CASO-FOPID
controller

3.2.1 CASO for Tuning of FOPID Controller
The steps for tuning the FOPID controller using CASO are detailed as follows:

Step 1: Initialize the gain and fractional order terms randomly, and its positions are

described as X, = (Xil,...xid ,...X;") , where i denotes an atom in the population (i=1,2,

...N), and d denotes the dimension (d=1,2, ...D) of the search space.

Step 2: Define the values of initial parameters such as depth weight (&), multiplier
weight (B), and a maximum number of iterations (T) and initialize the number of atoms
(N), its position, and velocity. For the given parameters, calculate the fitness function
defined in Equation (3.3) for each atom.

Step 3: Calculate the mass m;(t) of i™" atom using the equation defined below,

Fit; (t)-Fitpes (t)

(6= M) M (1)=e P (9 (35)
_Z;-Mi (1)
g
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where Fiti(t) is the i"" atom fitness value at t™ iteration and Fitpest(t) and Fitworst(t) are the
atom best and worst fitness value at t™ iteration which can be defined as

Fitpest (t) = ie{lljg,i.rj,N} Fit; (t) (3.6)
Fityorst (t) = ie{ﬂﬁfN} Fit; (t) (3.7)

Step-4: To intensify the exploration phase in the early stage of iterations, each atom
must interact with as many neighbourhood atoms with better fitness values as possible,
where the K neighbour atom performs to improve the exploitation during the final
iterations. Thus, each atom must interact with few atoms with better fitness values as
possible as its K neighbours. As a result, K decreases with progress in iteration number
corresponding to function of time as follows.

K(t):N-(N-Z)x\/; (3.8)

Step 5: Compute the total interaction force Fid(t) exerted by other atoms on the i" atom
in the d™ dimension space that can be expressed as sum of the forces with random
weights as follows.

Fd (t)= jebiest randJ-F,}j (1) (3.9)

where randj is a random number ranging between 0 and 1. The constraint force Gi(t) is
expressed as a force-controlled by the best atom on each atom. Therefore, the constraint
force can be calculated as

G (1) = 1(t) (xBest (1) -x (1)) (3.10)

-20t
where X is the Lagrangian multiplier expressed as A(t) =pe T , x%es(t) defines the best

atom found at t™ iteration in d™ position, x9(t) depicts the best atom attained at t™ iteration
in i position. Finally, the resultant force is obtained by adding constraint force and
interaction force.

R () =R (1) +G¢ (1) @11

Step 6: Determine the acceleration of each atom through interaction and constraint force
of atom as below,
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(3.12)

In case of ASO algorithm, the velocity of each atom is calculated using Equation (3.13)
defined as,

v (t+1):rand?v§j (t)+aid (t) (3.13)

In Equation (3.13), vi(t) and ai¥(t) denote the current velocity and acceleration vectors
of i atom in d™" dimension in search space, respectively, where vid(t+1) signifies the new
velocity values, and rand® generates a random number in the range (0,1).

In case of CASO, the chaotic sequences created by the chaotic map (logistic, sine, and
tent) replace the random parameter rand;® of ASO which improves the flexibility of the
atom in each iteration and convergence rate. The velocity updating equation of CASO is
defined in Equation (3.14), and the corresponding position of each atom is updated at
iteration t is formulated as given in Equation (3.15).

v (t+1)=x, v (1) +ad (1) (3.14)

3 (t+1)=x{ (1) +vi (t+2) (3.15)

Step 7: Check maximum number of iterations is reached and obtain the optimized
controller parameters as Xeest. If not, repeat from step 2 through 7 until the stopping
criterion is reached.

As a result, the optimized FOPID control parameters are obtained by reducing the ACE
of interconnected HPS by reaching the global minima with the atoms' location providing
the best optimal solution. The initialized parameters of CASO are T=100, N=50, a=50,
and 3 =0.2. The above steps are summarized in the form of flowchart for optimizing the
parameters of FOPID controller as depicted in Figure 3.4. The boundaries for tuning the
parameters of FOPID controller such as kp, ki and Ka [Kpi, min, Kpi, max, Kii, min, Kii, max, Kai,
min, Kdi, max] are bounded between [-3, 3], A and [ is selected between [0,1].
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Figure 3.4 : Proposed CASO algorithm to optimize FOPID controller for LFC

3.2.2 LFC Model Studied for Centralized Control Strategy

The developed centralized FOPID controller is tested on i area hybrid power system
(HPS) with reheat thermal, gas, and hydro unit, and RES like solar thermal and wind
power generation with energy storage devices as shown in Figure 3.5. In worldwide,
most of the base load demand is met by the above-mentioned conventional plants.
Countries like Malaysia where the major power generations are from thermal, hydro, and
gas power plants to meet the base load demand with the installed capacity of thermal,
hydro, and gas generation units in Malaysia being 13.5 GW, 6.7 GW and 42.3 GW,
respectively which supplying 62.78% of total load demand (Ali Kadhem et al., 2019).
Further, the remaining part of load demand is met by RES like solar, wind, biogas, and
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biodiesel, etc. Considering these aspects, the proposed study incorporates solar thermal
power generation (STPG) and wind turbine power generation (WTPG) with energy
storage devices such as AE and FC in the HPS model for LFC operation. In the case of
thermal unit, the non-linearities namely boiler dynamics (BD), generation rate
constraints (GRC), and governor dead band (GDB) are considered for realistic analysis
of the system.

In conventional steam plants, the change in generation is actuated by turbine control
valves, and boiler controls respond instantly to changes in steam flow and pressure
deviation. As the boiler dynamics generate steam under pressure, the pressure effects of
a drum type boiler are taken into consideration in this study. The primary reason to
consider GRC in this study is to simulate the practical constraints on the sensitivity of
the turbine. The value of GRC considered in this work is 0.0005 p.u.MW/s (Morsali et
al., 2014). On the other hand, the dead band in thermal steam units is induced by backlash
in the linkage that connects the servo pistons to the camshaft. Therefore, in this study,
the limiting value of dead band is set at 0.05 % (Tripathy et al., 1992). The nonlinearity
associated with the reheat thermal system, Gas, hydro, and RES generation unit is
mathematically linearized around certain operating points, resulting in a first-order
transfer function is described as follows:

Solar thermal power plants use the sun as a heat source to generate electricity.
Concentrating solar power is essential for reaching high enough temperatures for a
power plant to operate effectively. A thermodynamic cycle which converts the useful
heat received from concentrated solar thermal power into electricity (Boretti et al., 2021).
The solar collectors and working fluid are the two most important components of the
STPG system. Solar collectors with parabolic troughs are commonly used in the solar
field to collect solar energy, which is focused onto a tube filled with working fluid (oil,
air, or water) and circulates. When the working fluid is heated, it is used by the power
cycle to generate high-pressure steam in a boiler and then to generate electricity by
expanding it in a turbogenerator. For small-signal analysis, the STPG plant can be
linearized with a few approximations, and the transfer function model is described as
below (Kler et al., 2019):

- APsrpg | | Ks Ky
APy 1+STg 14T

Gs ()

(3.16)

where Ksand Ky signify the gain constant, Ts and T+ indicate the time constant of solar
collector and steam turbine, respectively.

Wind power has been steadily increased in recent years as a mature form of renewable
energy power generation, and its penetration into the electrical grid keeps rising. In this
study a double fed induction generator based WTPG is employed. Although wind power
has benefits in terms of environmental impact and supply, its intermittent nature in power
output causes overburdening of interconnected tie-lines, resulting in frequency deviation
of the power system. As the wind speed changes, a pitch control mechanism is activated,
which changes the pitch of the rotor in order to keep the power produced by the wind
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energy conversion system constant. As shown in Figure 3.5, three WTPG are considered
and represented by first order lag-based transfer function as (Kler et al., 2019):

AP, K
Gureo ()= e = e o
wind WTPG

where Kwree and Twrpc denote the gain and time constant of WTPG.
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Figure 3.5 : Transfer function model of multi-area multi-source HPS

The STPG/WTPG system with an abundantly clean power generation can meet the load
demand. However, the STPG/WTPG output power is not constant and varies with the
intensity of solar radiation and wind speed (Lee et al., 2008). Moreover, these
fluctuations result in variations in frequency. To overcome these issues, AE were used
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to absorb and produce hydrogen from the rapidly varying output power of STPG/WTPG.
The hydrogen produced is kept in a hydrogen tank and utilised to power fuel cells. The
total output power from STPG, WTPG and FC is supplied to meet the load demand (Lee
et al., 2008). Figure 3.6 depicts the energy exchange process of AE and FC. The

linearized transfer function model of AE and FC is expressed as:

KAE _ APAE

G S)= =
AE( ) 1+sTae  (APwrg +APstpg)1-K,)

(3.18)

where Kae and Tae represents the gain and time constant of AE, respectively.

K, = i

n = is presumed as 60%.
(Pwre +Pstee

where Krc and Trc denote the gain and time constant of FC, respectively.
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Figure 3.6 : Processes of energy exchange in AE-FC (Arya et al., 2017b)
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Figure 3.7 : Schematic representation of decentralized control in LFC

In this section, the concept of NLFOPID control designed in a decentralized manner is
discussed in detail. The schematic diagram of decentralized control in LFC system is
depicted in Figure 3.7. As discussed in Section 3.2, the linear FOPID controller
represents a relative differential representation of fractional order PI*D* with two
additional tunable parameters, namely the integer-order A and differential order p, which
makes the controller more robust and adaptable. However, a linear FOPID controller
cannot maintain a reliable control performance as the LFC of a power system usually
operates at a wide operating range. To counteract this, a hyperbolic cosine function of
instantaneous error is cascaded into the linear FOPID controller transfer function
equation as expressed in Equation (3.1) allowing the controller to behave as NLFOPID.
The schematic figure of the NLFOPID controller is illustrated in Figure 3.8. The control
law of the NLFOPID controller is given by Equation (3.20)

, a* av
u(t) = Kpe'() + K; e (1) + Ky s () (3.20)
where e'(t) is the output of nonlinear hyperbolic function defined as:
e'(t) =e(t) < y(1) (3.21)
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where y is the nonlinear hyperbolic function defined mathematically by Equation (3.25)

y(t) = cosh(Ae(t)) (3.22)
e(t) = e(t) |e(t)] < emax (1) (3.23)
 |emax (Dsgn(e(®) [e®)] > e ()

where, A, is a user-tuned positive constant. The hyperbolic cosine function is even,
smooth and bound, which means that it can be used as a saturation function to limit the
control signal in control systems. This property is particularly useful in nonlinear control
design. The variation in the nonlinear function y is confined t0 Ymin<y < ymax. When e(t)
=0, the lower bound of y(t) will be 1. Here, Anis optimized using the proposed AS-PSO
algorithm through the minimization of the ITAE objective function, in addition to the
FOPID controller parameters. The ITAE is considered as ACE, which accelerates the
frequency deviation and tie-line power deviation of the system. Hence, the objective
function is defined as:

il
I=ITAE=[[|e()]]-t-dt (3.24)
0

with the boundary constraints:

I(pmin < Kpi < Kpmax, Kdmin < Kdi < Kdmax’ l’lmin < W < umax

(3.25)
Kimin < Kii < Kimax, )Lmin S?\,i Skmax’lAnmin SAi gAnmax
. ITAE
'
Proposed AS-PSO
Algorithm
AI:)Lm,loc
Reference Governor- Power Af

Turbine system >
Model model

Af;

O
Ri

Figure 3.8 : Closed-loop control structure of NLFOPID controller for LFC
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To implement FO transfer function model in simulation, generally oustaloup
approximation technique is employed as discussed in section 2.5.1. Nevertheless, it has
poor approximation which leads to poor accuracy and performance of the controller.
Therefore, in this objective improved oustaloup approximation approach is applied to
implement the NLFOPID controller for the LFC of the deregulated energy system.

3.3.1 Hybrid Atom Search Particle Swarm Optimization

In this work, a maiden attempt is made to combine the non-swarm intelligence (i.e.,
physics-inspired) optimization-based ASO algorithm with the swarm-based PSO
technique. The physics-based intelligence technique is based on imprecise physical
systems and is often subjected to disturbances governed by physical laws. Thus, the
solutions obtained from these imperfect physical systems-based optimization techniques
possess better global search ability and robustness, but it is globally optimal. On the flip
side, the swarm-based intelligence technique possesses exploration characteristic that
makes the optimization problem to reach the local optimum but not robust. This paves
the way to incorporate the swarm-based technique into the physics-based optimization
methods.

As a result, it enhances the search and convergence ability of the method by deriving the
advantages of the collective behaviour of the swarm and attractive forces of the particle
in the nature of physics. This property makes the swarm of matter particles which are
subjected to forces. Thus, it has the characteristics of both exploration and exploitation.
Hence, it enhances the efficacy in obtaining the global optimal solution. Because of this
reason, a parallel hybrid AS-PSQO technique has been used for tuning the parameters of
the NLFOPID controller for frequency regulation of deregulated multi-area energy
systems. A description of ASO can be found in section 2.6.1. In ASO, each atom is
updated by its velocity equation to obtain the optimal solution as expressed in Equation
(3.13). To improve the search ability of ASO and to enhance the exploration
characteristics, the acceleration of the atom in Equation (3.13) is modified with the
flocking behaviour of PSO. The process of convergence by the PSO algorithm is
presented by Kennedy et al., (1995). The velocity updating of each particle in the search
space is defined as:

v (1) =0 v{ () ey B (X ppesti X§ (D)€ T (Xgpest X1 (1)) (3.26)

where ryand rpare the distinct random numbers ranging between 0 and 1. o is the linearly
decreasing inertia weight, c; and c; are the social and cognitive coefficients take the value
of 0.9 and 0.4, Xpest, is the personal best position of the i particle, Xgpest is the global best
position particle attained so far, xi(t) and vi(t) are the current position and velocity of the
i" particle at t" iteration, respectively. The first term in Equation (3.26) represents the

current velocity of the particle, the term ¢, -1} (Xppesi () associated with cognition

behaviour, and C; - I, (Xgpest x%(t)) depicts the social behaviour of particles which helps
to enhance the exploration behaviour. These behaviours are incorporated into the
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velocity updating of atoms in ASO, which intensify the search behaviour to reach the
global optimum. The modified form of Equation (3.26) can be defined as:

v (t+1)=0- v (t)+randn- al (t)+e, 1 (Kpp, X (D)+e, -1, “(Xg,., B0) (3.27)

where randn denotes the normalized random number between [0,1], ¢, and ¢, denote
the cognitive and social coefficients of the particle, r; and r, denotes the uniform random
number between [0,1], o denotes the weight factor. T and t denote the current iteration
number and the maximum number of iterations. In Equation (3.27), the first and second
terms correspond to the velocity and acceleration of i™" atom, and the third and fourth
terms represent the atom's cognitive and social behaviour, respectively. Thus, the
proposed heterogenous hybridization method helps to enhance the atom's search
capability and reaches the optimum solution with the minimum number of iterations.
The detailed steps of the AS-PSO technique for tuning the control parameters to maintain
the system frequency under deregulated environment are discussed as follows:

Step-1: Initialization - Set the parameters of AS-PSO like total number of atoms (N),
multiplier weight (), number of iterations (T), and depth weight (o), etc. Randomly
initialize the parameters of the controller and its positions which are specified as

X; = (.. x%,...x;") , i=1, 2...., N, where i and d specify the atom and its dimension

of the search region (d=1, 2, ..., D). Also, initialize the minimum and maximum
boundary of gain and fractional terms of the NLFOPID controller.

Step-2: Evaluation of fitness function - Compute the fitness function as defined in
Equation (3.24) for each atom to minimize the frequency error of the system and obtain
the optimal parameters of the NLFOPID controller.

Step-3: Computation of Mass - At the moment t, a selection process is performed to
choose the best atom based on their best fitness evaluation to compute the normalized
mass of the atom. The atom with heavier mass will take part in the consecutive iterations
and delivers a global optimum solution as it has the best fitness value. The mass of the
i" atom, m; is evaluated as given in Equation (3.5).

Step-4: Computation of resultant force - In this step, the resultant force F; is calculated
by adding the interaction force and constraint forces from Equation (3.11).

Step-5: Updating of acceleration - The acceleration of the i atom in the d dimension

space at the moment t is updated according to newton’s second law of motion as given
in Equation (3.12).

Step-6: Velocity Updating - The velocity of each atom is updated by combining the
global search ability of ASO and the local search capability of PSO using the
mathematical model described in Equation (3.27). guest refers to the global best position
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particle attained so far, and pesti implies the personal best location of the i atom. In
Equation (3.27), the primary portion of the equation {®-v{ (t)+c, -randn-a{ (t)}
depicts the velocity updating equation of ASO, which is predominantly dedicated to
exploration; and the second half c, -rl-(prest’i-xid ()+C3 15 - (Xgpest xd(t) is the

cognitive and social behaviour derived from PSO, which is used to attract the atoms in
the direction of the resultant force that emphasizes exploitation.

For instance, Figure 3.9 depicts an atom population of seven atoms, with the first four
atoms with the best fitness values indicated as the Kpest atoms and the forced condition
of atom x; with Xz, X3 and x4 are shown. Atom x; in the population search space has
attraction forces from atoms X2, X3 and X4, the repulsive force from ss, and constraint
force from Xgnest, the best atom obtained so far. Moreover, the atom x; contains PSO-like
attraction forces, which helps to obtain the best atom Xgpest, and its personal best atom,

X1, pbest-
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Figure 3.9 : Forces of atoms in AS-PSO
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Figure 3.10 : Flowchart of AS-PSO for tuning the parameters of NLFOPID
controller

Step-7: Position updating — The position of each atom is updated based on its updated
velocity as defined in Equation (3.15).

Step-8: Check the Convergence - The proposed hybrid AS-PSO technique converges
with the assumed maximum number of iterations, and the tuned controller parameters
corresponding to the gbest are obtained. If the number of iterations is not reached, repeat
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steps 2 through 8 until the terminating condition is reached. The various parameters
assumed for simulating the AS-PSO are N=50, T=100, a=50, and p=0.2 for tuning the
controller gain parameters of the NLFOPID controller. The detailed steps of AS-PSO
implementation are presented as a flowchart, as illustrated in Figure 3.10. To further
prove the robustness of the proposed technique, the developed deregulated Simulink
model is deployed in OPAL-RT 5600 system. This may involve selecting appropriate
solver settings and configuring communication interfaces between the simulation model
and the OPAL-RT system. The Simulink model with the integrated hybrid AS-PSO
algorithm and NLFOPID controller is compiled. The performance of the proposed
NLFOPID controller with optimized parameters obtained using the proffered AS-PSO
is analyzed under various scenarios to ensure that the controller meets the specified
optimization objectives.

3.3.2 LFC Model Studied for Decentralized Control Strategy

The deregulated energy system under investigation comprises three unequal areas with
a capacity of 2000 MW, 4000 MW, and 8000 MW, respectively. The reheat thermal
energy system (RTES) is considered as base load power generation in all areas with RE
sources of solar thermal energy system (STES), ocean thermal energy conversion
(OTEC), and geothermal energy system (GES) in area-1, area-2, and area-3,
respectively. In this study, a total of six DISCOs and GENCOs are participating in the
trading of energy via contracts. Each area of deregulated system has RTES (GENCO-2,
GENCO-4, and GENCO-6), and either of the RE sources such as STES (GENCO-1),
OTEC plant (GENCO-3), and GES (GENCO-5). The detailed transfer function
modelling of RES is described as follows:

a. STES Model

Solar energy is used as a heat source in solar thermal systems. The energy from the sun
is concentrated through a parabolic collector to achieve a high temperature for power
generation. The useful heat obtained using concentrated solar thermal power (CSTP) is
then converted into electricity through the expansion of steam following a
thermodynamic cycle (Rahman et al., 2022). In STES, the fundamental components are
solar collectors and working fluid. The parabolic trough solar collector is widely used to
collect solar radiation and guide it into a tube that is circulated with a working fluid
(water, oil, or air). A boiler produces high-pressure steam when a working fluid is heated,
which expands in a turbogenerator to create electricity (El haj Assad et al., 2021). Thus,
the process of STES is linearized with few approximations for small-signal analysis, and
the transfer function model obtained of solar field (Gss), governor (Ggs), and turbine
(Grs) is given below,

K K
G S) = ieiSTD , G S) = and G S) = TS
SS( ) 1+STSS GS( ) 1+STGS TS( ) 1+ST—I—S

(3.28)

where Tss, Tes, and Trs are the solar field, governor, and turbine time constants. Kss and
Krs define the gain constant of the solar field and turbine, and Tp denotes the transport
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delay of the solar field. The detailed transfer function diagram of STES is given in Figure
3.11.

apfi —»| 1 K AP
Ts STES
—» L »
X 1+sTgg 1+sTrg
K Governor Turbine
SS e-sTD
14sTgg

Solar Field

Figure 3.11 : LFC model of STES

b. OTEC Model

Ocean thermal energy conversion systems use the temperature difference between the
surface and deep ocean water to generate electricity. The temperature difference is
employed to vaporize and condense a working fluid alternately. The corresponding
changes in volume and pressure are used to operate a turbine, which in turn generates
electricity. The OTEC mechanism can be an open or closed cycle (Yang et al., 2022b).
An open-cycle OTEC system uses warm seawater as the working fluid, whereas the
closed cycle uses ammonia as a working fluid. The supremacy of using closed-cycle
OTEC over open-cycle OTEC is that the working fluid has been condensed and
recirculated back to the evaporator to repeat the cycle. The working fluid continues to
circulate in a closed system which significantly increases the efficiency of a closed-cycle
OTEC system than an open-cycle (Rahman et al., 2022). However, the temperature
difference between the surface and deep seawater is just 20-25°c, resulting in poor
thermal efficiency. To improve efficiency, an SC-OTEC plant is considered (Wang et
al., 2010). Hence, in this work, an SC-OTEC system is considered as one of the RE
generation systems, whose schematic representation is depicted in Figure 3.12. Thus, the
governor and turbine model of SC-OTEC is linearized into first-order transfer function
as:

K(L+sT,
Kl*sToea) | G (5) = —0T_ (3.29)

Gne(S) =
0 (%) 145Tog 1+sTor

where K and Korare the speed droop and gain constant of the governor and turbine, and
Toc1 and Torare the time constant of the governor and turbine, respectively. The transfer
function model is employed in the OTEC system of Figure, in which Tog is the time
delay. Pne is the net power in W.
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Figure 3.12 : LFC model of OTEC

C. GES Model

Currently, 86% of the world's energies are generated from finite energy sources buried
deep within the Earth's crust (Coal, oil, gas, and uranium). Geothermal energy is the only
form of RE in the Earth's crust. Recent studies have shown that geothermal energy is
used in 82 countries for power generation, with the United States being ranked as one of
the top 10 countries generating electrical power of ~3.45 GWe from installed geothermal
power plants (Rahman et al., 2022). To generate electricity, GES uses heat energy
beneath the earth's surface. The hot water with a temperature of 50-400°C is piped to the
power plant from 1000-2000 m deep boreholes (El haj Assad et al., 2021). Then, it is
connected to two or more separators to convert into steam to produce electricity. As the
operation of GES is similar to a conventional non-reheat thermal power plant. Hence,
the transfer function of the governor and turbine can be represented as:

KGGE

K
= SBE i) TCE 3.30
T, v e (S) (3.30)

Ggee(9) = 3 TosT
TGE

where Tece and Tree are the governor and turbine time constants, respectively. Keee and
Kree define the gain constant of the governor and turbine, respectively. The detailed
transfer function diagram of GES is given in Figure 3.13.

apfi__, Keee | | Kree APces
I+sToge I4+sToge

Governor Turbine

Figure 3.13 : LFC model of GES
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d. RTES Model

In the case of RTES model, the non-linearities namely BD, GRC, and GDB are
considered for realistic analysis of the system. In conventional steam plants, the change
in generation is actuated by turbine control valves, and boiler controls respond instantly
to changes in steam flow and pressure deviation. As the boiler dynamics generate steam
under pressure, the pressure effects of a drum type boiler are taken into consideration in
this study as shown in Figure 3.14. The primary reason to consider GRC in this study is
to simulate the practical constraints on the sensitivity of the turbine. The value of GRC
considered in this work is 0.0005 p.u.MW/s (Ramachandran et al., 2018). On the other
hand, the dead band in thermal steam units is induced by backlash in the linkage that
connects the servo pistons to the camshaft. Therefore, in this study, the limiting value of
dead band is set at 0.05 % (Arya et al., 2021).

A steam flow

: AP
apf; ; : :’ STy H Ti 8 -, RTES
—» [ ESA E l o [HLeshr T 5 Sl

Reheat steam T
Governor

Deadband >0V T . K, - turbine

Figure 3.14 : LFC model of RTES

e. DPM Computation

The DISCO participation Matrix (DPM) is used for trading the energy in the energy pool
using the contracts between DISCOs and GENCOs of control area (Donde et al., 2001).
A typical description of DPM for the system model considered is expressed in Equation
(3.31).

cpfy; cpf, cpfi; cpf, cpfis cpfy |
cpfy, cpfy, cpf,s cpfy,  cpfys  cpfyg
cpfy;  cpfy, cpfyy cpfy,  cpfys  cpfyg (3.31)
cpf,, cpf,, cpfy; cpfy, cpfys  cpfyg
cpfs; cpfs, cpfs; cpfs, cpfss  cpfsg
| cpfey  cpfe, cpfes cpfe, cpfgs  Cpfg |

DPM=

Each element in DPM, say cpfmn represents the fraction of the total load demand
contracted by DISCO ‘n’ from GENCO ‘m’. The amount of power generated by each
GENCO should be equal to the sum of the demands by all DISCOs with which a contract
of power is made. Therefore, the contracted power of m™ GENCO with the DISCOs is
given as follows:
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Ng
APy m :ZCpfmnAPL,n sm=1,2,....Ny (3.32)
n=1

where N is the number of GENCOs and N; is the number of DISCOs. In a deregulated
energy sector, DISCOs may have contracts with GENCOs in the same area as well as
other areas. Thus, the scheduled tie-line power of any area will vary as the DISCOs
demand varies. Hence, the net planned steady-state power flow from an area is written
as:

2 4 4 2
APtielZ,scheduIed = chpfmnAPL,n - Z Zcpfmn AF)L,n (3-33)

m=1n=3 m=3 n=1

The tie-line power error is defined as:

APtielZ,error = AI:)tie12,actual N AI:)tie12,scheduled (3-34)

The total load of the m™ control area is calculated by adding the contracted and
uncontracted load demand of the k™ control area DISCOs.

d
AI:)dm = ZAPL,n +APLm,Ioc (3.35)
n=1

where ‘d’ signifies the number of DISCOs in the m™area. AP, , represent the contracted
load demand of DISCOs in the n™ area and AP, . is the uncontracted or local load

demand of DISCOs in the m™ area. The schematic representation of deregulated energy
system under investigation is depicted in Figure 3.15.
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3.4 Distributed Control Framework

The proposed control scheme allows local controllers in each MG to communicate with
neighbouring controllers and adjust the frequency based on a reference value. The
schematic representation of distributed control in LFC framework is shown in Figure
3.16. The consensus-based distributed control framework aims to maintain the MG
system at a nominal frequency within an acceptable range (Liu et al., 2018b). Controllers
are interconnected through a communication network, enabling data transfer among MG
networks. When connecting with other MG networks, the controller follows the
frequency reference of the leading MG network. Additionally, in cases of frequency
imbalances, power is transferred through tie-lines to balance the demand. An
interconnection graph is a representation that specifies the topology or structure through
which MGs can access information about each other's state (Wen et al., 2015). This graph
outlines the connectivity and relationships between various MGs in a network, providing
a framework for information exchange and communication among them. The following
subsections briefly discusses about the graph topology and the proposed adaptive
distributed controller.
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Figure 3.16 : Distributed control framework in LFC
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3.4.1 Graph Topology

Graph topology provides a clear and intuitive way to represent the physical and
operational connectivity of MGs in NMG. Nodes in the graph represent the components,
while edges represent the connections and interactions between these components.
Figure 3.17 shows the representation of NMG in the sense of graph topology. The
following lemmas gives a clear understanding of the communication network of NMG
considered.

Lemma 1: The communication network for controlling the distributed NMG is depicted
as an undirected graph G=(N,E,A), with N ={Nj,....N}is a set of n nodes

representing the MGs involved and edges E = Nx N connecting adjacent MGs to form
tie-lines (Wen et al., 2015).

Lemma 2: The connectivity of the nodes is defined by the weighted adjacency matrix G
is A= [pijle R™M where pjj represents the weight for information transmitted between

agentsiand j (Liu et al., 2018b). if
0 {1 i # j&i, jare directly connected }
ij =

“ 10 i=jli, jare not directly connected

The communication link between MGs is bidirectional in this study
(Ni,Nj)EEj(Nj,Ni)EEVi,j'

Lemma 3: The communication links between MGs can be represented using the
Laplacian matrix, which is defined as

lij=—pij, =]
EEGe AL n >
j=2_pjj, i=]

i-1

where lij represents the element in the L and is equal to -pjjwhen i is not equal to j, and
when i is equal to j, l;; equals the sum of p;; over all n DGs. Here, D is a diagonal matrix,
referred to as the degree matrix, and is defined as diag(di, da, ..., dn), where d; represents
the number of MGs that have communication connections to the i™" MG (Bidram et al.,
2013).

Lemma 4: If G is an undirected graph and L represents its Laplacian matrix, then L is
both symmetrical and positive semi-definite. Additionally, the eigenvalues of L satisfy
the inequality 0=2; <Ay <...<A,. If the communication network satisfies the

spanning tree condition (also known as the pinning condition), a path connects every
pair of MGs in the network.
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To maintain system frequency, a fundamental consensus procedure can be employed to

reach an agreement among MGs with dynamics X; = u;. This algorithm is represented
as (YYang et al., 2023):

. N,
Xi = > Pij (Fmi — fmj) (3.36)
i=1
Here, fryi and fmj represent the frequency of the i and j MGs in the cluster. The
overall dynamics of the group of agents can be described by:

Xj =-Lx (3.37)

The convergence rate of the controller is determined by the matrix L and the weight that
need to be well-designed for faster convergence. The communication topology is
depicted in Figure 3.17.

Ref fd (t

@ Pinning MG Q MG

<«— Communication Link

Figure 3.17 : Communication Topology
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34.2 ZND-based Adaptive FOPID for DCS

In this section, ZND based FOPID controller is designed based on a leader-follower
consensus protocol to regulate the frequency of the NMG. The ZND model is a type of
recurrent neural network that is employed to solve equations and address dynamic
problems. These networks have the unique characteristic of having zero residual error.
The main concept behind ZND control involves constructing an error function and
monitoring the time-varying solution by utilizing the time derivative of the time-varying
parameter. The process of building DCS-based ZND FOPID control involves the
following steps.

Step-1: Define an error function — First, an error function is constructed as

e(t) = fq (1)-Frn (1) (3.38)

where fq(t) is the reference frequency, and fm(t) is the actual or measured frequency of
the plant.

Step-2: Defining an objective function — Using the Lyapunov theory and the frequency
error of the NMG system as the error signal e(t), define a positive value energy function
to be minimized as given in Equation (3.39).

1-2¢(1) (3:39)

Substituting Equation (3.38) in Equation (3.39) results in,

W %(fd o 8.1 (3.40)

In frequency regulation, the controller regulates the frequency (fm) of the plant to achieve
a balanced steady state. The output of the plant fn= T[u(t)], hence Equation (3.40) can
be changed as follows:

3= %(fd ® - Tlu(v)])? (3.41)

To define an error function based on the leader-follower consensus protocol with the
tracking frequency error of the local neighbourhood as

€ = X Pij(Fmi (1) = Finj () +; (Fri (1) — T (1)) (3.42)
jeN,

59



where a; is the pinning gain. i and fiy; are the measured frequency at node i and node j,
respectively. fg is the desired frequency.

Substituting Equation (3.41) in Equation (3.42) yields

2
)= 1{ > pij (TLui (1 TTu;(01)+a; (TLui (O] - Fg (t))} (3.43)

2 |jen,

The distributed control law for designing the FOPID controller in leader-follower NMG
are as follows

A

d
Ui (8) = Kpi (Frnj (O = Fini (0) O +Kig - (Fmj (D —Fmi (0 )e () (3 24

n
+ K % (fmj (1) —Tmi (t))e(t)

R

d
U} (0) = Kpj (Fmi (0 (0 ) () + K = (Fmi (O = Fmj (0 e (1) (3.45)

[
+Kg % (fmi (O —Fmj(©) ) e (1)

where K, Kii, and Kgi, are the gain values of the FOPID controller of leader MG. Ky;,
Kij, and Kgj are the FOPID controller gain values of follower MG. p and A are the
fractional operators that take the value of non-integer real numbers, on substituting
Equation (3.44) and Equation (3.45) in Equation (3.43) results in an objective function
to be minimized for determining the gains of the FOPID controller.

Step-3: Design of ZND FOPID control — To ensure the convergence of the error
function towards zero, the ZND network is constructed with its change in the dynamics
of Equation (3.43) as follows:

2-(2H3)

where, v is a positive coefficient used to scale the convergence rate. Equation (3.46) is
the dynamics of the ZND with its gradient minimizing monotonically to a steady
equilibrium state or zero state. During this case, the activation function is considered a
purlin-based linear function. Specifically, the parameter ‘x’ is the vector of unknown
variables such as Kp;, Kii, and Kgi that need to be determined. Also, these parameters are
the neurons representing proportional, integral, and derivative gains that are updated
using the ZND behaviour. The dynamics of these neurons are described in detail in step-
4.
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Step-4: Gradient update of ZND FOPID network — The gradients (V]) are calculated
for updating the state of the neurons using

-
V)= L (3.47)
OKpi Ky

The gradients for updating the neurons of the i leader and j follower MG-based FOPID
controller for DCS are described as follows.

e (t)Lg Py +aa}T[ui (t)]ei (1) §4
=T (t)[g Pi +ai}T[ui CIEAETs (3.49)
Eott (t)Lg. pij + 24 }T[ui 1% @ (3:50)
ai_Jm- =—7€j (t)g\l‘,l P T uj (1) ]ej (1) (351)
=0 T eTu ]G 5 @52)
Ay~ O 2T O] o) (353)

Initially in this work, a stochastic gradient approach (SGD) approach is employed by
calculating the gradient of the energy function with respect to the model parameters, and
adjusting it in the direction of negative gradient as:

Wik = Wik —0sVI(W, ) (3.54)

where Wi, kand Wik are the current and previous weights of the network. The structure
of the h-ZND-tuned FOPID controller for DCS is illustrated in Figure 3.18.
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Figure 3.18 : Structure of ZND FOPID controller
3.4.3 The Proposed Consensus-based Federated Average Learning

Generally, the SGD learning of ZND is employed initially which requires local training
data, which is limited due to memory constraints. As a result, the SGD-based ZND
controller becomes ineffective when dealing with large-scale system dynamics (Pokhrel
etal., 2020). To address these issues, this work adopted the concept of federated average
learning (FAL). It is a distributed machine learning which cooperatively trains the
network models using the data stored in each node's local memory. Then, it aggregates
the learned models on a parameter server. This iterative process continues until the
network reaches a stable response.
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Figure 3.19 : FAL learning of ZND based FOPID control

FAL approach is employed in various domains such as autonomous vehicle control
(Pokhrel et al., 2020), identification of anomalies in control systems Truong et al., (2022)
and smart grids for energy theft detection Posner et al., (2021). Within FAL, can
participate in cooperative model training, store, and analyze input data locally, and share
parameters with other nodes. Consequently, an FAL-based controller can effectively
operate in diverse scenarios such as real-time P2P electricity markets, despite
uncertainties and dynamic environmental conditions. In order to provide a collaborative
network architecture for distributed frequency control application while maintaining
privacy, an FAL-based approach is employed in this work.

Consensus-based FAL has revolutionized the training of neural networks by harnessing
the power of distributed global data from a cooperation of participating neurons while
maintaining the privacy and security (Wang et al., 2020). In this approach, each neuron
acts as a local learner and trains its own local network using its own data. The local
network is then aggregated by a central server to obtain the global model. Then it sent
back to the neurons, to update the ZND FOPID controller parameters. This process is
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repeated until the global model converges. The consensus based FAL technique used in
this study is described as

Pk = Wik +&t ) i (Wi — k) (3.55)
ieN,

where g is the consensus step size which controls the consensus stability and is set as (0,

A), where A = max(k) Z ay i | isthe graph highest degree representing the topology
ieN,

of the network interaction. The aggregated model otk is then used for updating the

network.

Wiiak = We i —05Vo (3.56)

The step size 05 is defined further to the consensus step size so that the gradient vJ
decreases with time. Figure 3.19 shows the consensus-based FAL learning approach in
updating the neurons of the network to auto-tune the controller parameters in each MG.

34.4 Hybrid Adaptive Chaotic Atom Search Particle Swarm Optimization

In this section, the hybrid AS-PSO intelligence technique is further improved by
optimizing the convergence parameter through adaptiveness, and the chaos function is
added to enhance the global convergence of the method for frequency regulation of
NMG application. The proposed method combines the strength of physics-inspired
CASO with swarm-inspired PSO to optimize the initial values of the ZND FOPID
controller for frequency regulation of distributed NMG system.

a. Adaptive Control of ASO Parameters

As discussed in section 2.6.1, ASO is a population-based stochastic optimization
algorithm that uses attraction and repulsion as interaction forces. The constraint force is
a significant medium for providing information within the atom population. The
interaction force at the t™ iteration acting on the i atom from the j" atom is given as
follows.

Fii O=m([2(h;(©)*~(h;; (1) ] (3.57)

where n(t) is the depth function, h;(t)**and h;;(t)” are the repulsive and attractive

20t
interactions. The depth function n(t):a(l-%)e_T adjust the repulsion or attraction

region to ensure the algorithm's exploration and exploitation. The depth weight a is the
most significant parameter in ASO that directly affects the interaction force. Usually, o
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is set to be 40 for optimization problems, as seen from the literature (Zhao et al., 2019b,
Barshandeh et al., 2021). However, owing to the nonlinear characteristic of ASO,
especially for highly nonlinear complex optimization problems like frequency control of
power systems where the frequency changes dynamically over time, a nonlinear depth
weight is more flexible to balance the exploration and exploitation. In this work, a novel
nonlinear method is used to optimize the value of o which can be expressed as follows

a
—_< 3.58
“"0.75 (3.58)
where a is defined as
a:1+0.1><sqrt(_ < j (3.59)
iter .y

where iter is the current iteration number and itermax is defined as the maximum number
of iterations. So, the value of a has nonlinear behaviour that encourages the global search
during the initial stage of the iterations and improves the local search at the end of the
iterations.

Similarly, the constraint force which plays a vital role in atomic motion is defined in

-20t
Equation (3.10). From the equation, where A(t)=peT defined as the Lagrangian
multiplier, B is the multiplier weight, the best atom found at the t™ iteration in the d®
position, and si(t) describes the best atom attained at the t™ iteration in the i position.
The multiplier weight B effectively guides the atom to find the optimal solution.

-20t
Moreover, it directly affects the force constant (e T ) value. Therefore, it is important to
strengthen the value of 8 to avoid the atoms trapping of local optima. So, a dynamically
adjusting multiplier weight is proposed to guide the atom to find the optimal value. The
nonlinear equation for 3 is given below.

iter oy

B=0.2x((1-ple )< 4.5) (3.60)

b. Adaptive Control of PSO Parameters

PSO is a probabilistic variant of a global search optimization algorithm and has been
applied to many engineering applications (Kennedy et al., 1995, Jin wang chun wei ju et
al., 2018), but it still has several shortcomings. In the final stages of evolution, the
convergence rate significantly decreases, and it can easily be caught in local optimums.
A lack of diversity in the particles is the main cause of premature convergence. To
overcome this, the inertia weight w should be adjusted to increase the diversity.
Therefore, a nonlinear adaptive strategy is introduced to train the inertia weights.
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w=iter x| Jmax"Pmin (3.61)
iter .

where ®minand ®wmax are the maximum and minimum limits of the inertia weight. In this
work, omin and mmax are set to be 1 and 3. Therefore, a nonlinear varying inertia weight
enables the PSO to balance global exploration and local exploitation.

Furthermore, to enhance the self-learning and group learning ability of the particles in
search space, the social and cognitive coefficients ¢ci and c; are changed to nonlinear
functions as given below.

clz(__z'os }xiter+2.55 (3.62)
iter, .
——
C,=| - iter+1.25 (3.63)
iter o

As seen from the above equations, during the initial stage of iterations, when ® decreases
from 3 to 1, ci increases, and ¢, decreases gradually, showing that self-learning ability
is enhanced. At the later stages of iterations, when ® decreases further from 2 to 1, c1
decreases, and ¢ increases indicating that the social learning ability is strong.

3.4.5 CAS-PSO Algorithm for Optimizing ZND FOPID Controller

In addition to the adaptive hybrid AS-PSO strategy, ensuring the ergodicity and diversity
of the entire search space of the proposed optimization process is crucial. Therefore, a
chaotic tent map ASO is hybridized with PSO to improve the ergodicity of the algorithm.
The primary steps to be followed for obtaining the initial gain values of ZND FOPID
controller are given below:

Step 1: Initialization of parameters- The parameters of AS-PSO, such as atom
population (N) and itermax are initialized. The multiplier weight () and depth weight (o)
of each atom are calculated using Equation (3.60) and Equation (3.58). Then, initialize
the searching area boundary, atom positions and the dimension of the search space D.

Step 2: Calculate the fitness of atoms-The fitness function of each atom is computed
using Equation (3.41).

Step 3: Calculate the mass of atoms-The mass of the i atom, mi(t), is evaluated using
Equation (3.5).

66



Step 4: Compute the resultant force-The interaction force Fid(t) employed by other
atoms on an i atom can be calculated using Equation (3.9) and the constraint force Gi%(t)
is computed as given in Equation (3.10).

Step 5: Update acceleration of atoms-The acceleration of the i atom defined by
newton’s law of motion is calculated as specified in Equation (3.12).

Step 6: Chaotic hybrid search-For mathematically imitating the proposed strategy by
combining the chaotic ASO and PSO, the atom velocity update is given as follows.

Vi (t+1) =0 x, - v{' (t) ey -af (£)+oy (1 - (Ppesti-Si (D)1, - (Zpest 5§ (1)) (3.64)

where r, and r; are the random number ranging between 0 and 1. The values of o, c;,
and ¢, are adaptive, and these can be generated using Equation (3.61), (3.62) and (3.63).
Xk defines the chaotic tent map. The mathematical definition of the tent map is defined
in Equation (2.22). In Equation (3.64), the primary portion of the equation {v&(t)+c,
ad(t)} depicting the velocity updating equation of ASO, which is predominantly
dedicated to exploration; and the second half ¢, - (r; * (Ppesti-55 (£)+12 - (8pest-s3 (D))
is similar to PSO, which attracts the atoms in the direction of the resultant force that
emphasizes exploitation.

Step 7: Update Position-Once the atom's velocity is updated, and each atom's position
is updated using Equation (3.15).

Step 8: Stop or continue the process-The optimum controller parameters gbest are
obtained once the required number of iterations has been attained. If not, proceed through
steps 2 through 8 until the terminating condition is reached. The detailed steps are also
presented as flowchart in Figure 3.20.
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Figure 3.20 : Flowchart of the Proposed CAS-PSO algorithm
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Figure 3.21 : Transfer function model of NMG system

The NMG are formed by interconnecting two or more islanded MGs via a common
coupling point, which facilitates power interaction between multiple MGs or with the
grid. In NMG the energy sharing between the MGs are carried over tie lines. In this
work, we assume that MG network operators act as prosumers and trade the energy
between the MG. Figure 3.21 illustrates the schematic representation of the NMG
considered in this objective.

The RES, such as PV and WPG units, are connected in all the MGs. However,
unpredictable variations associated with RE sources result in frequency instability. To
resolve this, inertia support is provided by DEG in MG 1 and 3, synchronous generator
(SG) and virtual synchronous generator (VSG) in MG 2 and MG 4. The EV aggregators
in the MGs act both as prosumer and consumer based on the market price. The trading
method uses a double auction pricing technique (Veerasamy et al., 2023). The primary
and secondary control layers are required to govern the system frequency, while the
suggested market design operates on the tertiary control layer. In each trading interval,
these lower-level control directs guarantee that supply and demand are balanced during
RE or load changes. The main objective of the market design is to provide a flexible
pricing that enables consumers and prosumers to agree on stable power contracts and
works as a supplementary control for frequency regulation applications.
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3.4.7 Blockchain Framework for Frequency Regulation

This objective utilizes a real-time digital simulator machine called RT-LAB and
incorporates blockchain technology for P2P trading, supplementary and secondary
controllers. The proposed framework comprises three layer or module in which layer 1
is a market layer where P2P trading take place with computation of contract participation
matrix (CPM). In layer 2, control and optimization which includes the secondary
distributed controller. Layer 3 is a physical layer called NMG system, where the MG
models has its local primary controller as depicted in Figure 3.22.

Through a double auction method where consumers and prosumers engage, the market
is cleared during P2P energy trading at the market layer. By considering the trading price,
information on the power shared by prosumers and consumers in the energy market is
arranged as CPM. In addition to traditional LFC, the suggested technique includes
supplemental control, which reduces frequency oscillations by providing prosumers with
additional power commands to meet consumer demands. Low-latency universal
datagram protocol (UDP) is then used to transfer the data from the NMG model in RT-
LAB to Ethereum blockchain using seven data transmission routes (four prosumers and
three consumers). The data is packed and transmitted to the blockchain system using
google remote procedure call (gRPC) for authentication and bidirectional streaming.
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Figure 3.22 : Blockchain Framework for frequency regulation
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Finally, in the physical layer, NMG model is implemented in MATLAB/Simulink and
integrated to RT-LAB. The secured control command from layer 2 of DCS based
federated average learning-based zeroing neural dynamics (FAL-ZND) FOPID
controllers is used as secondary controller. In addition, the received power reference data
from the prosumers is used as a supplementary control.

a. Implementation of P2P with CPM

In P2P energy market, consumers have the option to select prosumers and create contract
as per the bid pricing they want. This is carried out using a double-auction mechanism,
as discussed in detail as follows:

Step-1: Place the consumer bids, ci...,cq, in the descending order in comparison to the
price provided by utility grid (UG),

C1> Cr >> Ch >briT (3.65)

where brr is the tariff fixed by the UG. In contrast, the trade prices of prosumers, ps...,
pm, are placed in increasing order with respect to the cost submitted by UG,

P1<pP2<....<Pm<avc (3.66)

where ayg represents the UG retail market price. Figure 3.23 shows the market clearing
procedure using double auction pricing scheme. In this case, the market clearing is the
point of intersection between c; and ps. In the proposed work, the number of prosumer
and consumer considered are four and three.

Step-2: In this stage, after the market is cleared and establish the trading among the peers
in the network a CPM is developed. The CPM makes the visualization of the contracts
easier. The contractual portion of the overall load demanded by a consumer from a
prosumer is represented by each entry in the CPM. The CPM entries in each column are
always adds up to one, signifying that the demand from consumers is fully satisfied by
the prosumers. The CPM is constructed and deployed into the blocks of the blockchain
network, guaranteeing safe information exchange throughout the process of energy
trading. The detailed description involved in developing the CPM are summarized as
follows:

Step-2A: Initialize the CPM as a matrix of zeros with dimensions m x n, where m is the
number of prosumers and n is the number of consumers.

Ch -+ Gy
cpMm |G - Can (3.67)
Cnl CI'IZ Crnn



Step-2B: Obtain the demanding and selling prices from participating consumers and
prosumers. The market clearing process utilizes a double auction-based pricing
mechanism. The bidding prices of consumers and the selling prices of prosumers are
then sorted accordingly (Veerasamy et al., 2023).

Step-2C: To fulfil consumer demand at an optimal price, calculate every element of each
column in the CPM to guarantee that the total of each column equals one.

Step-2D: Check whether the amount of energy generated by a prosumer is equal or
greater than the energy required by a consumer. If it is, update the corresponding element
in the CPM accordingly. If generation is less than demand, calculate the CPM element
using the available generation and update the demand accordingly. Repeat this step until
all consumer demands are satisfied.
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Figure 3.23 : Double auction pricing mechanism

Step-2E: Repeat Step-2D for all consumers to ensure all the demand is satisfied. By
implementing these steps, the CPM is created in the P2P energy trading environment.

3.4.8 Proof of Authority-Blockchain based Hierarchical Control

The Proof of Authority (PoA) consensus mechanism is an algorithm that employs
Byzantine fault tolerance to determine which nodes are granted permission to validate
transactions, considering their reputation (Nazir et al., 2023). PoA blockchains are
verified and protected by reputable validators and system administrators, guaranteeing
that only they may process transactions and build blocks. This strategy reduces the total
weight and expense. PoA has advantages over proof of Work (PoW), such as a cheaper
computing cost, the lack of trust problems, and higher transaction throughput (Yang et
al., 2022). A distributed energy market has successfully used the PoA-based blockchain,
with no gas costs to aid in the growth of the trading platform. The transaction ledger,
which keeps track of all blocks containing database transactions, is a crucial part of POA
blockchains. The PoA blockchain, database, and applications are all connected through
middleware (Veerasamy et al., 2023).
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The P2P energy trading is executed in the tertiary layer of the hierarchical control
structure which includes the execution of smart contract that developed considering the
double auction mechanism and CPM, then this signal is added up with the distributed
controller in the secondary layer. The detailed steps for the implementation are as
follows:

Step-1: Install the Raspbian operating system on Raspberry Pi. Install eMEGASsIim
software for OPAL-RT, including Real-Time Simulation Platform and associated
drivers. Connect OPAL-RT hardware interfaces (such as 1/0O modules) to the Raspberry
Pi.

Step-2: The Ethereum is used as a blockchain platform. Geth private blockchain network
is setup. The accounts for participants in the P2P energy trading network and for the
controller are created.

Step-3: The blockchain is initiated by running the boot node (node-0) and connecting
other nodes using the script (“startnode.cmd").

Step-4: The cycle control timer is initiated to commence the cycle loop. To manage the
duration of each cycle and handle new data for analysis, a Python file named "timing.py"
is generated. This file resets for each cycle, allowing for the storage and analysis of fresh
data. When executing "timing.py" in the terminal, a summary of results is displayed.
This summary encompasses details such as consumer demands (quantity and price), the
maximum capacity of dispatched amounts and power reference values, prices for
prosumer generations and the CPM matrix allocation.

Step-5: Within a predetermined range, consumer demands, including quantity and price,
are created randomly. By invoking the functions in the smart contract, the values are
read from the blockchain and saved there. An exclusive flag on every node becomes true
when the information is effectively retrieved. The demands are then arranged according
to the bidding price in descending order.

Step-6: Similarly, each prosumer maximum capacity and energy price are randomly
created and recorded in the Hyperledger using appropriate functions. The data is sorted
in increasing order of selling price after their respective flags become true.

Step-7: The assignment of consumers to prosumers is carried out using the "Power
Dispatch" function, which considers the sharing ratio specified in the CPM entries. The
description for computing CPM is depicted as flowchart in Figure 3.24.

Step-8: The secondary distributed controller logic is written in Web 3 python scripts on
the Raspberry Pi. The node-accounts are created with distinct addresses and private keys
to represent the secondary controllers.
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Step-9: In this step, a connection has been established with the controller nodes using
the ‘Enode’ addresses recorded in the StaticNode.json file. ‘Enode’ is a connection port
provided by the Ethereum platform.

Step-10: Finally, the control signal u;(t) is sent back through transfer control protocol/
Internet protocol (TCP/IP) to OPAL-RT, where the plant model is implemented in HIL
simulations. Then, the recorded frequency response is passed as input to the secondary
distributed controller in the RPis. Thus, the RPis send the power command signal to the
OPAL-RT and receive the frequency information of NMG.
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Figure 3.24 : Flowchart for the implementation of CPM

35 IEEE New England 39-bus System

To benchmark the proposed distributed FAL-ZND FOPID controller on a real power
system, the New England 39-bus network is considered. This system, recognized for its
complexity and real-world representation, is widely acknowledged in the literature as a
suitable testing ground for evaluating various control strategies (Ramachandran et al.,
2021). The new England 39-bus network comprises a total of 10 generators, 34
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transmission lines, 12 transformers, and 19 loads with RES as shown in Figure 3.25. To
elaborate, buses 1, 2, and 3 host the generator buses (G1, G2, and G3) in area-1, while
buses 8, 9, and 10 serve as the generator buses (G8, G9, and G10) for area-2.
Furthermore, buses 4, 5, 6, and 7 acts as generator buses (G4, G5, G6, and G7) for area-
3. The combined installed capacity for the three areas is 881.2 MW, distributed as
follows: 218.96 MW generation and 265.25 MW load in area-1, 232.83 MW generation
and load in area-2, and 180.05 MW generation and 124.78 MW load in area-3.
Additionally, wind power of 12 MW and STPG of 8 MW are integrated into area-1 and
area-3.

WTPG

Figure 3.25 : Schematic representation of IEEE new England 39-bus system

3.6 Summary

This chapter outlines the research framework and methodology, consisting of three
objectives focusing on control schemes and strategies for LFC problem. The centralized,
decentralized, and distributed control strategies are evaluated on a power network. The
controller gain values are optimized using various improved versions of ASO algorithm.
The research primarily emphasized the utilization of a recurrent fractional order
controller employed in a distributed control manner to tackle the LFC challenges, with
the aim of achieving the predefined research objectives.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter provides a comprehensive analysis on results from various system model
that are studied for the proposed control techniques and schemes. These are essential in
achieving the objectives of this research work which are examined critically in this
section. Initially, a HPS is considered for the study as shown in Figure 3.5 in Chapter 3.
The FOPID controller is designed in a centralized fashion to regulate the frequency of
the network. During this case, a CASO technique is proposed to optimize the gain values
of the controller. The robustness of the proposed control technique is evaluated
particularly concerning its ability to withstand parametric uncertainty in the investigated
system. Due to the limitation of single point failure in centralized control scheme and to
improve the performance of proposed CASO, an improved form of FOPID controller is
designed in a decentralized manner for a multi-area deregulated power network to
effectively study the LFC in the open market environment as shown in Figure 3.15 in
Chapter 3. In this case, the performance of control technique is improved by
hybridization technique called AS-PSO to tune the control parameters. During these
cases, the controller gain values are static, and which makes the controller ineffective
for large disturbances in the system. Hence, a FAL-based ZND FOPID controller is
proposed for distributed frequency control of an NMG system. The system model studied
for this is shown in Figure 3.21 in Chapter 3. In order to obtain the initial bias values of
the recurrent controller, an adaptive form of CAS-PSO is considered by incorporating
the control techniques proposed in objectives 1 and 2. To benchmark the efficacy of the
proposed control method on a practical power system a modified New England IEEE 39
bus system is considered. To the end, the performance of various control schemes and
the strategies are compared to study its effectiveness in LFC study. From the results, a
suitable control strategy with its scheme of operation is suggested as an outcome of this
research.

4.2 Simulation Results of CASO Optimized Centralized FOPID Controller

In this section, initially the performance of the proposed CASO is verified by comparing
it with the standard ASO algorithm in terms of statistical results by considering the five
classical benchmark functions extensively reported in the literature. Furthermore, the
proposed CASO tuned centralized FOPID controller is analyzed for multi-area multi-
source HPS. The model is developed in MATLAB/Simulink and the simulation results
are obtained. The results of CASO (logistic map based chaotic atom search optimization
(LM-CASO), sine map based chaotic atom search optimization (SM-CASO) and tent
map based chaotic atom search optimization (TM-CASO) tuned FOPID controller are
compared with the standard ASO technique. The following section discuss in detail
about the results obtained for various benchmark functions and numerous cases of HPS
model.
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421 Validation of Benchmark Functions

To validate the performance of the proposed CASO algorithm with ASO algorithm, five
classical benchmark functions with diverse set of attributes are considered (Yousri et al.,
2021). Table 4.1 depicts the details of benchmark functions used for validation of various
forms of chaotic based ASO. The functions F1 and F2 are unimodal separable (US) and
unimodal non separable (UN) functions with a single global best as shown in Table 4.1.
The unimodal functions are often used in high-dimensional optimization scenarios, and
the choice of 30 dimensions is somewhat arbitrary but has become a standard in the
literature (Zhao et al., 2019b). The idea is to test the algorithm's ability to handle a
relatively high-dimensional search space, which is common in real-world optimization
problems. The algorithm exploitation ability is evaluated by the unimodal benchmark
functions, indicating that exceptional results require an algorithm with a strong local
search capability.

The functions F3-F5 depict multimodal separable (MS) and multimodal non separable
(MN) functions. The Kowalik benchmark function is a univariate function with four
parameters. When used in optimization, it's common to treat each parameter as a separate
dimension, resulting in a four-dimensional search space. The Shekel 5 benchmark
function is designed for four-dimensional optimization. The five terms in the function
represent different local optima, and the challenge is to find the global optimum among
them. In contrast to unimodal functions, multimodal functions have more than one global
best and are used to evaluate the algorithm exploration ability (Barshandeh et al., 2021).
Further, the chosen range of values for each parameter in the optimization problem
defines the feasible solution space that the algorithm explores.

The ranges are often selected based on considerations of the typical scale of the problem
or the expected range of parameter values in real-world applications. The selected ranges
should be broad enough to encompass a diverse set of potential solutions but not so broad
that they include unrealistic or infeasible solutions (hekimoglu et al., 2019).
Furthermore, the minimum/optimal values for the benchmark functions are chosen as
reference points. In optimization, the goal is often to find the global minimum of a
function (or a close approximation). Setting the minimum value to 0 for functions like
Sphere, Rosenbrock, and Rastrigin simplifies the interpretation of results. The objective
is to minimize the value of these functions and achieving a value of 0 indicates that the
global minimum has been found. For Kowalik, the minimum value of 0.0003 is a specific
value associated with the global minimum of that function. It represents the optimal
solution in that context. Similarly, for Shekel 5, the minimum value of -10.1532 is the
known global minimum for that function (lzci et al., 2022).

77



8.

=
7_o+ (o) (‘e- _xiwnﬁxr
- S

2€ST0T- [oT'0l 4 NN R S [933US
vx+mX_Q+N_n_ _ T=!
£000°0 [g's-] ¥ g Q)% ® ”,Wuo% NI ¥4 S1[eMOD
1=1
0 FARFARS og [,(1-%)+(*x1g)s0007T- ;X] Nuo& SIN £ uibLsey
=
0 [oe‘oe-] o€ [,(T-"+ NAN_x-T_xvoo:Nqur NN 4 5001qUBSOY
. P
0 [00T'00T-] 0€ X ”uWuoo,F sn 4 asayds
Emﬁwb_\/_ abuey co_mme_o ae|nwJ.oH adA1L aWweN uonounH

suollouny MJewyouag : Ty 9|qel



The statistical results of the algorithms on the classical benchmark functions are
presented in Table 4.2. These results are compared in terms of mean and standard
deviation (SD) of the best values achieved. Each algorithm is run 30 times independently
and the results are recorded. The various benchmark functions are tested using each
chaotic and standard ASO technique by considering the atom population of 50 and
number of iterations as 100, respectively. The number of iterations in an optimization
algorithm is a crucial parameter. It affects the balance between exploration and
exploitation. Increasing the number of iterations may allow the algorithm more time to
explore the search space thoroughly, but it could also lead to overfitting or spending too
much time in certain regions. Therefore, the algorithm iterations should be chosen
between 100 to 500 iterations (Zhao et al., 2019b).

The statistical results inferred from Table 4.2 show that the chaotic maps based ASO
have significantly improved not only the exploration phase but also the exploitation
phase. For both unimodal and multimodal functions, TM-CASO shows lower means and
standard deviations when compared with other chaos embedded ASO and standard ASO.

Table 4.2 : Statistical results of benchmark functions

Function Index TM-CASO SM-CASO LM-CASO ASO
Best 4.43e-24 5.32e-23 0.00015 270.97
F1 SD 1.85e-23 5.74e-22 7.01e-05 290.69
Mean 8.40e-21 3.75e-22 3.14e-05 600.84
Best 86.75 84.01 452.18 22815.96
F2 SD 30.84 190.99 127.31 22438.31
Mean 45.22 155.33 165.42 34152.12
Best 66.66 67.65 56.71 91.76
F3 SD 3.82 16.13 17.68 34.58
Mean 62.07 63.67 64.08 118.33
Best 0 0 0 7.61
F4 SD 0 0.0033 0.0033 17.22
Mean 0 0.0014 0.0015 39.60
Best 0.001 0.0013 0.0014 0.0016
F5 SD 0.0002 0.00036 0.0004 0.005
Mean 0.0011 0.0011 0.0013 0.0054
4.2.2 Time Domain Analysis of Interconnected System

In this section, the proposed CASO is further validated for the LFC application of HPS
by optimizing the parameters of FOPID controller in each area of interconnected system.
The tuned values of FOPID controller using standard and chaotic based ASO for two-
and three-area HPS are given in Tables 4.3 and 4.4, respectively.
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Table 4.3 : Controller gains for two-area HPS

Proposed control methods to Case 1
tune FOPID controller Ko Kq y Ki A
TM-CASO -3.3573 -1.2357 0.9895 -4.9961 0.8804
SM-CASO -3.0573 -1.1610 0.9567 -3.9889 0.8727
LM-CASO -2.8095 -0.9178 0.9825 -2.9397 0.8864
ASO -1.9698 -1.5232 0.7980 -2.9807 0.8775

Table 4.4 : Controller gains for three area multi-source power system

Proposed control methods to tune Case 2
FOPID controller Ky Kq U Ki A

Area-1 -0.9574 -0.8309 0.9880 -2.9986 0.8110

TM-CASO Area-2 0.4931  -2.5689 0.6257  -2.3836 0.8621
Area-3 -1.2824 -1.9583 0.8430  -2.4521 0.9028

Area-1 -0.8773  -0.8744 0.9720 -2.9989  0.8237

SM-CASO Area-2 0.4927  -25338 05024  -1.9549 0.8211
Area-3 -1.8421  -2.1095 0.7579 -1.6505 0.9889

Area-1 -1.6068 -1.0242 0.9874 -2.9949 0.8064

LM-CASO Area-2 0.7536  -2.7315 0.6697 -1.7803 0.9721
Area-3 -1.8873 -1.5059 0.7985  -2.4186 0.9065

Area-1 -15826  -1.0834 0.9868  -2.9907 0.7937

ASO Area-2 0.8381 -2.5749 0.6792 -2.6118 0.8254
Area-3 -1.6945 -2.3021 0.6861  -2.5195 0.9748

The effectiveness of the proposed method is examined in various cases of power system
operation as described in the following case studies.

a. Case 1: Two-area HPS

In this case, a two-area HPS model that comprises reheat thermal system incorporated
with BD, GDB, GRC, and RES like WTPG and STPG combined with energy storage
systems of AE and FC were considered. A step load perturbation (SLP) of 50 MW and
30 MW is applied in area-1 and area-2 of interconnected system, respectively. The total
power generation of HPS can be expressed as,

Ps :PThermaI +|:)Wind +PSolar 'PAE +PFC (4'1)

The system dynamic responses (frequency deviation and tie-line power variations) are
illustrated in Figure 4.1. It is clear from the response that the FOPID controller tuned by
TM-CASO damped out the frequency deviations more rapidly than other methods. In
terms of transient specifications as given in Table 4.5, the proposed method (TM-CASO)
exhibits minimal ST (4.96 s, 6.4329 s) and P-U (0.0395, 0.0251) in area-1 and area-2,
respectively. Further, the tie-line power tends to be smooth and stable for the case of
CASO. In addition, the other form of CASO such as SM-CASO (6.1219 s, 6.81 s) and
LM-CASO (6.7148 s, 7.4139 s) tuned FOPID controller also have minimum ST than
ASO (7.29 s, 7.8381 s) adapted FOPID controller. As the chaotic map embedded in ASO
algorithm generates the search agents more dynamically which improves the exploration
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and exploitation capabilities of standard ASO. The transient performance indices like
ST, SE, and P-U are improved by 18% to 32%, 41% to 43%, and 31% to 57%,
respectively using TM-CASO than ASO method. On the other hand, the steady-state
performance indices like ISE, ITSE, IAE, and ITAE are significantly enhanced by a
proportion of 22% to 25%, 25% to 40%, 24% to 28%, and 41% to 44%, respectively by
the proffered TM-CASO based FOPID controller than other methods presented in Table
4.5,

0.01] ‘ ' ‘ ' 0.01}

o) w
< 0 <
- o
3 5 0

-0.01

0.02 -0.01

-0.03 -0.02
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e L M-CASQ == == = ASO -0:03%=2 —SM-CASO === ASO ]
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x10°
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Figure 4.1 : Transient performance response of two-area HPS (a) change in area-1
(b) change in area-2 (c) change in tie-line power deviation
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Table 4.5 : Performance Indices of two-area HPS

Afl Af2
Performance TM- SM- LM- T™M- SM- LM-
Case Indices CASO CASO CASO ASO CASO CASO CAsO ASO
IAE 0.0333 0.0341 0.0391 0.0445 0.0298 0.0317 0.0372 0.03914
ITAE 0.068 0.0842 0.1034 0.1212 0.067 0.0827 0.1013 0.1135
ISE 0.0006 0.0007 0.0008 0.0008 0.0004 0.0004 0.0006 0.0006
Case ITSE 0.0003 0.0003 0.0004 0.0005 0.0002 0.0002 0.0004 0.0004
1 CE 0.0092 0.0114 0.0147 0.0151 0.0089 0.0114 0.1096 0.0150
ST (s) 4.96 6.1219 6.7148 7.29 6.4329 6.81 74139 7.8381
SE (x10%) 1.324 1.862 2.175 2.246 1.33 1.909 1.391 2.315
| P-U | 0.0395 0.0403 0.0420 0.0419 0.0251 0.0265 0.0287 0.0361

b. Case 2: Three-area HPS

The robustness of the proposed control technique has been studied for three-area
interconnected multi-source power system comprises reheat thermal system with
nonlinearities like BD, GRC, and GDB in all areas, hydro generating unit in area-1 and
area-3, and gas turbine power plant in all areas of interconnected system. An increased
SLP of 60 MW in area-1, 30 MW in area-2, and 50 MW in area-3 were applied,
respectively. The dynamic response of the system with optimal values of FOPID
controller using TM-CASO is significantly better than LM-CASO, SM-CASO and ASO
tuned FOPID controller as shown in Figure 4.2. The proposed method (TM-CASO) has
minimum ST with less undershoots compared with other methods presented. The work
done by the controller is evaluated in terms of CE and the results exhibits that the TM-
CASO optimized FOPID controller achieve low CE even for the large-scale system of
three-area compared with standard ASO and other chaotic forms (SM-CASO and LM-
CASO). The response of the standard ASO suffers from transient oscillation due to poor
exploration and exploitation ability.

Table 4.6 provides the performance indices of IAE, ITAE, ISE, ITSE, CE, ST, SE, and
P-U which are enhanced by 7% to 20%, 16% to 25%, 24% to 34%, 35% to 43%, 17%
to 22%, 27% to 46%, 7% to 29% and 10% to 15%, respectively for TM-CASO tuned
FOPID controller than standard ASO method.
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Table 4.6 : Performance Indices of three area multi-source power system

Case Performance Indices TM- SM- LM- ASO
CASO CASO CASO
IAE 0.0864 0.1021 0.0914 0.1046
ITAE 0.283 0.3417 0.2928 0.3504
Afl ISE 0.0025 0.0032 0.0027 0.0033
ITSE 0.002 0.0029 0.0023 0.0031
CE 0.0381 0.0431 0.0452 0.0484
ST (s) 7.25 9.5957 9.7215 9.9842
SE (x107%) 4.75 6.635 6.615 6.691
|P-U]| 0.0606 0.0649 0.0648 0.0697
IAE 0.0879 0.1093 0.0947 0.1098
ITAE 0.2952 0.3787 0.3261 0.3916
Case 2 ISE 0.0021 0.0028 0.0024 0.0032
Af2  ITSE 0.0025 0.0040 0.0303 0.0044
CE 0.0439 0.0488 0.0430 0.0529
ST (s) 6.76 11.2885 11.4213 12.5658
SE (x107%) 4.96 6.309 5.822 7.032
|P-U| 0.0466 0.0532 0.0510 0.0545
IAE 0.0891 0.0935 0.1074 0.1096
ITAE 0.3059 0.3146 0.3421 0.373
ISE 0.0022 0.0022 0.0024 0.0031
ITSE 0.0024 0.0026 0.0039 0.0041
Af3 CE 0.0420 0.0487 0.0430 0.0540
ST (s) 7.12 11.4580 10.2467 11.9152
SE (x107%) 4.92 6.08 6.286 6.786
|P-U| 0.0505 0.0513 0.0531 0.0560
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4.2.3 Robustness Analysis

To validate the robustness of the proposed TM-CASO optimized FOPID controller, the
two-area HPS model has been tested with real time variation in solar and wind power.
Furthermore, to test the adaptability of the proposed technique the two-area HPS has
been considered by varying system parameters like inertia constant (H) and system
loading (which reflects frequency dependent system loading).

a. Case 1: Real-Time Variation of RES
In this case, the variation in STPG unit output power is considered for real-time monthly-

average irradiance data at Universiti Putra Malaysia from Subang meteorological center
in Malaysia (Lurwan et al., 2016). The irradiance values are taken from January to
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December 2014 for 200-time slots of 0.5 s as given in Figure 4.3. The developed HPS
model is tested for this real-time solar power variations and the dynamic response is
recorded as given in Figure 4.4 for CASO and ASO method. It is inferred that the TM-
CASO tuned FOPID controller shows better and smoother response with minimum
overshoot and undershoot than other tuning methods. Similarly, the wind power
variation for change in wind speed is obtained in real-time at the Malaysian
Meteorological Department in Kuala Terengganu (Ali Kadhem et al., 2019) with
latitude= 5°23' N and longitude=103°06" E (considering elevation=5.2m) for a whole
year and converted into seconds to assess the reliability of the controller, as depicted in
Figure 4.5. The frequency response and tie-line power deviation for this variation in wind
power is shown in Figure 4.6. Itis observed that the TM-CASO has minimum frequency
oscillations with less SE compared to other techniques presented. Thus, overall, it is seen
that among the chaotic map that used to improve the performance of the ASO method of
tuning FOPID controller the proposed TM-CASO performs remarkably to regulate the
system frequency and tie-line power to steady state under step load perturbation and real-
time variation in RES.
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Figure 4.3 : Solar Power Profile
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b. Case 2: Performance under uncertain variation in loading and inertia

In this case, the system parameter, inertia (H) and loading conditions are varied from
their nominal values. The inertia (H) and loading conditions in a power system are
crucial for LFC. Variations in these parameters can impact the stability and performance
of the system. Several studies have addressed the impact of variable inertia and load
damping on frequency control (Ramachandran et al., 2021, Veersamy et al., 2020). The
inertia is defined as the ability of a power system to oppose changes in system frequency
due to the resistance provided by the system. The decrease in system inertia is due to the
integration of RES needs to be restored by the controller. The increase in inertia can
affect the stability of the system. Therefore, it is essential to consider the effects of
variable inertia and loading conditions on LFC to ensure the stability and reliability of
power systems. As per the guidelines given by Elgerd et al., (1983), the nominal value
of H is chosen as 5. To test the real time applicability of the proposed control technique,
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the value of the H is changed by +25 % (3.75 and 7.25) from its nominal value (H=5)
and the tuned values under nominal conditions as given in Table 4.3 is considered. Figure
4.7 shows the frequency and tie line power response obtained for change of H by +25 %
from its nominal value (H=5). From this figure it is observed, the efficacy of the
controller tuned using TM-CASO is optimum for wide variation of H.

The work on LFC by Elgerd, (1983) states the importance of nominal system loading.
For example, if the power system capacity is 2000 MW the system nominal loading
should be chosen as 50 % from its overall capacity to protect the power system from
overloading. Therefore, the nominal loading for HPS network considered is chosen as
1000 MW. In case of any change in the load demand from its nominal value (50 %), it
will affect the generator's shaft speed to deviate from the pre-set value, leading to a
deviation in the system frequency from the standard value. Additionally, the rate of
change of frequency increases with load changes, making the frequency of the system
respond quicker to power imbalances. Therefore, changes in system loading of 25 %
from the nominal value (50 %) is considered to test the feasibility of the proposed control
technique. Figure 4.8 depicts the dynamic response of frequency and tie line power
variations for changes in system loading. It can be noted that the system adjusts to
changes in system loading more quickly, without any delay in response. Hence, it can be
concluded that the controller tuning parameters need not to be re-tuned for parameter
changes as the proposed control strategy is adaptive for any change in system parameter
or uncertainty.
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4.2.4 Computational Cost

To investigate the computational complexity of the proposed CASO technique compared
to the standard ASO method, this section presents the convergence performance of the
proposed algorithm (TM-CASO, LM-CASO and SM-CASO) for tuning the FOPID
controller of two-area HPS model. Figure 4.9 shows the convergence curve which
depicts the minimization of ITAE of ACE for HPS model considered. It is inferred that
the various CASO methods converge faster compared to the standard ASO. However,
the TM-CASO algorithm is faster than the LM-CASO and SM-CASO method of tuning
the controller. Also, from the results obtained it is seen that the TM-CASO is more
reliable in producing superior results with an optimum computation time of 678 seconds
with minimum fitness value by avoiding the premature convergence due to its
diversification of chaotic sequences compared to the LM-CASO (928 seconds) and SM-
CASO (1128 seconds), where the chaotic sequence is appeared for minimum time span.
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Thus, the exploration and exploitation capability of the ASO is significantly improved
by the tent map compared to other chaotic maps.

—-—- AsO
— — LM-cASO
1 TM-CASO
SM-CASO
0.8 1
@D
=
o8-y, T % A  A=———— \
w - — —-— e e T |
2
E I ASO
= 0.4l Lmcaso 1> 1
i : SM-CASO —
\ TM-CASO =
0.2 i1 a J
1\
L= PSS = ;-—— = o .
0
[ 20 a0 60 80 100

number of iterations

Figure 4.9 : Convergence curve of the algorithms

4.25 Stability Analysis

For practical implementation of fractional-order controllers, fractional-order operators
are approximated to integer order. In literature, many methods like oustaloup, Carlson,
Matsuda, and continued fraction expansion are considered as rational continuous
approximations in the frequency domain (Deniz et al., 2020). In this study, the most
commonly used oustaloup approximation approach has been used. To analyze the
frequency stability of the power system, the two area HPS model is considered with the
proposed TM-CASO tuned FOPID controller is considered. As the performance of TM-
CASO is predominantly remarkable for several cases considered compared with other
chaotic methods (SM-CASO and LM-CASOQO) of tuning FOPID controller. By applying
the oustaloup approximation method for @ € [102,10%] and N=4 to convert the FO
transfer function (FOTF) to the integer-order transfer function. The order of transfer
function after approximation reaches 48 as given in appendix A and it is difficult to
analyse the system stability for high order system. Hence, the higher-order plant transfer
function is reduced to a second-order transfer function using the Hankel norm method
(Veerasamy et al., 2020). The steps to reduce the higher order system is explained briefly
in appendix A. The reduced lower order transfer function obtained using Hankel method
for all the control techniques can be expressed as follows:

0.5987s+2.103s5+4.38 4.2)
s2+9.8525+15.29

CLTFrpmcaso™
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2
1.35s°+6.403s+0.8 (4.3)

CLTF yycnce =
EM-CASO ™ 5 2352+33.025+0.84

2
0.583s°+8.35s+2.86 (4.4)

CLTFpy concey =
SM-CASO ™ g 9552 +0.855+85.6

Figure 4.10 represents the frequency response plot of two-area HPS model considered.
The bode analysis response shows that the closed-loop system is stable for the proposed
TM-CASO tuned FOPID controller. Similarly, the stability has been proven for other
compared control techniques as shown in Figure 4.10.
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Figure 4.10 : Bode stability analysis

4.3 Simulation Results of AS-PSO Optimized Decentralized Controller

In this section, the performance of the proposed hybrid AS-PSO algorithm performance
is initially tested for standard benchmark functions to validate its effectiveness and
applicability for real-time optimization problems than the technique presented in the
literature. Furthermore, the robustness is examined for the real-time optimization
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problem of modern energy systems frequency control. To study this, a three unequal area
interconnected energy system under the deregulated environment with NLFOPID
controller is used to normalize the frequency within the acceptable limit of + 0.2 Hz. The
forthcoming subsections describe the results of the hybrid AS-PSO technique in detail.

431 Validation of Statistical Functions

This section presents the performance of the AS-PSO technique for general classical
benchmark functions, and the results have been compared with the ASO and PSO to
provide a fair assessment of its efficiency. The various benchmark functions utilized in
this study are Step, Schwefel 2.22, Rastrigin, Griewank, and Kowalik. The descriptions
of these benchmark functions, including their mathematical formulation, constraints, and
optimal value, can be seen in Table 4.7. Among these five functions (F1 to F5), F1 and
F2 are single-peak functions. These functions have a single global optimum solution. On
the flip side, F3—F5 are multipeak functions characterized by the presence of many local
extremums. The various initialization parameters assumed for testing the optimization
technique are as follows: population size is set to be 50, and the maximum number of
iterations is set as 500. The code was developed in the MATLAB platform in a PC with
the following characteristics: Intel Core i5-4810MQ CPU, 3.20 GHz and 16 GB RAM.
Each benchmark function has been run for 30 trial runs, and the statistical findings
obtained are shown in Table 4.8, which depicts the best, maximum (max), minimum
(min), mean, and standard deviation (Std) values. Figure 4.11 illustrates the convergence
curves of the benchmark functions considered. It is inferred from the results that the
proposed AS-PSO algorithm minimizes the fitness function optimally with its
predominant exploration and exploitation characteristics than the ASO and PSO
technique. Furthermore, the minimum value of Std shows that the proposed method for
all the benchmark functions provides maximum consistency.

Table 4.7 : Statistical functions considered for experimentation

Dimension

Name Function (d) Range Optimum
Step F1 d 30 [-100,100] 0
)=, 0 +05)
i=1
Schwefel F2 d d 30 [-10,10] 0
L f(x)=Z|xi|+H|xi|
i=1 i=1
Rastrigin ~ F3 d 30 [-5.12,5.12] 0
)= ) [x?-10c0s(2mx; ) (x;-1)° ]
i=1
Griewank F4 d X2 d X 30 [-600,600] 0
= 1 Jcos| =L |+1
— 4000 H [ﬁ j
Kowalik  F5 0 Z X (b7 4bx,) (b +bx,) 4 [-5,5] 0.0003
i=1 " b2,
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Table 4.8 : Comparative results of statistical functions

Value AS-PSO ASO PSO
Best -8.93E+03 -1.19E+04 -1.07E+07
F1 Mean -7.35E+04 2.80E+02 5.60E+05
Std 6.98E+03 2.81E+02 8.95E+03
Execution Time 2.324 6.89 9.23
Best 0 1.25E-3 1.35
F2 Mean 6.56E-04 1.86E-02 2.5
Std 3.61E-03 1.98E-02 3.2
Execution Time 4,534 9.58 9.25
Best 2.83E-18 5.98E-05 5.95E-6
F3 Mean 1.68E-23 6.83E-04 6.74E-05
Std 6.75E-25 1.38E-03 2.58E-03
Execution Time 5.32 4,53 4.32
Best 0 1.26E-03 0.87
F4 Mean 6.86E-25 1.81E-02 1.04E-02
Std 3.62E-03 1.96E-03 1.85E-03
Execution Time 4.47 4.25 4.18
Best 0.01 0.03 0.92
F5 Mean 0.014 0.0160 1.56
Std 0.0096 0.02 5.87
Execution Time 0.39 5.89 9.58
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Figure 4.11 : Convergence curves of the benchmark functions
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43.2 Time Domain Analysis of Deregulated Energy System

In this section, the real-time applicability of proffered AS-PSO technique has been
applied for tuning the decentralized NLFOPID controller in the deregulated energy
system with different generating sources, as shown in Figure 3.15. The robustness of the
AS-PSO technique has been analyzed for various operating cases of an energy system
based on contracts made between the consumer (DISCO) and prosumer (GENCO).

a. Case 1: Bilateral Transaction

In this scenario, DISCOs can contract with any GENCO in their or other control areas
based on their selling price. In this case, all DISCOs contract for power with all available
GENCOs by accepting the contract and this is clearly seen in DPM depicted in Equation
(4.5). A large step load change of 0.05 p.u. M.W. is demanded by each DISCOs from
GENCOs.

0.2 02m Gdd 0.2 022
gl 020 Ol 0.1, 0.2 4R
01 0.2 0.2 .-029e2f0:2 (4.5)
01 01 02 02 0.1 0.2
02 0.1 off 0.24201%.2
02 02 02 01 02 0.1

DPMBijlateral =

For the DPM in Equation (4.5), the actual power to be generated by GENCOs is
calculated using Equation (3.32). Rewriting the equation gives,

APGENCO-ibilateral =CPfi1 AP 1 +CPFfio AP 5 +CpfiAP 3

4.6
+ cpfi4AP,_‘4 + cpfisAP,_’5 + cpfieAP,_’s (4.6)

By using the Equation (4.6), the power generation of GENCOs are calculated as follows:

APGENCO—l,biIateral = (02 —+ 02 + 01+ 02 + 02 + 02) X 005
— 0.055 p.u. MW

(4.7)

Similarly, for GENCO-2 = 0.045 p.u. M.W, GENCO-3 = 0.055 p.u. M.W, GENCO-4 =
0.045 p.u. M.W, GENCO-5= 0.05 p.u. M.W, and GENCO-6= 0.05 p.u. M.W. Also, the
change in scheduled tie-line power exchange is calculated using Equation (3.33).
Rewriting the equation results in,

APyien2 scheduled = (CPTL3APL 3 +CPf14APL 4 +CpfygAP 3+CpfasAPL 4)

(4.8)
- (cpfa1APL 1 +CpfapAP 5 +Cpfag AP 1 +CpfgpAP )
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APyie12.scheduled = (0-1x0.05+0.2x0.05 +0.1x 0.05+0.1x 0.05)
~(0.1x0.05+0.2x0.05+0.1x 0.05+0.1x 0.05) (4.9)
=0p.u.MW

Similarly, for APyie2s, scheduled=APtie13, schedulea=0 p.U. M.W. The apf for each GENCOs is
calculated using the procedure given by Parida et al., (2005). The apfs are apf11=0.55,
apf1,=0.45, apf21=0.55, apf»,=0.45, apfz1=0.5 and apfs,=0.5, respectively.

In this scenario, the proposed AS-PSO optimized the NLFOPID controller of a
decentralized deregulated system, and the performance was compared with conventional
ASO and PSO algorithms. The gain values obtained while optimizing the control
objective of ITAE using the various algorithms are given in Table 4.9. The dynamic
response frequency, tie-line power variation and deviation of power in GENCOs of
Decentralized Deregulated Energy System (DDES) are recorded and presented in Figure
4.12. 1t is clearly observed from the results that the initial dynamic oscillations of
frequency response are less with minimum ST for NLFOPID than the linear FOPID
controller and other methods of tuning NLFOPID controller even though the proffered
technique has more PO. Figure 4.13 portrays the steady-state Pls of IAE, ITAE, ISE,
ITSE, SE, CE, ST, and PU, which indicates that the proposed controller performs better
than the FOPID controller and other control techniques. Moreover, the Pls like ST, CE,
and SE are improved by 38.6 % to 75.2 %, 5 % to 36 %, and 7 % to 43 %, using AS-
PSO tuned NLFOPID controller than other methods. Similarly, the ITAE, IAE, ITSE
and ISE are substantially increased by an amount of 15 % to 35 %, 7 % to 21 %, 12 %
to 28 %, and 10 % to 22 %, respectively, by the suggested method than other techniques.
However, during real time implementation, when sudden uncertainties happen in the
power system, the proposed NLFOPID controller responds with large control actions
which leads to undesirable effects, such as instability or oscillations in the power system.
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b. Case 2: Poolco Transaction

In this case, the GENCOs trade the energy within the energy pool, i.e., DISCOs
participate in the trading within the same control area. The DPM calculation during this
scenario is given in Equation (4.10), depicting the area participation factor (apf) values
within the same area as fractional values representing the fraction of power demanded
from the generator in the respective area. For instance, area-1 DISCOs only request load
from area-1 GENCOs, not from area-2 and area-3. For each DISCOs, a load demand of
0.05 p.u. M.W. is considered.

4.10
DPM Poolco — ( )

The apfs in area-1 apf11=0.6, apf1,=0.4, in area-2 apf,1=0.45, apf,,=0.55, and in area-3
apfs1=0.55 and apf3»=0.45. Under a steady state, the generation of GENCOs must be
sufficient to meet the demand of the DISCOs that have contracted with it. The real power
generated by each GENCOs is calculated using Equation (4.6) as follows.

APgeNCO-1,poolco = (0-6+0.5+0+0+0+0)x0.05 = 0.06 p.u. MW (4.11)

Similarly, for GENCO-2 = 0.04 p.u. M.W, GENCO-3 = 0.045 p.u. M.W, GENCO-4 =
0.055 p.u. M.W, GENCO-5 = 0.055 p.u. M.W, and GENCO-6 = 0.045 p.u. M.W. The
time-domain response of frequency and tie-line response for the poolco transaction of
DDES is shown in Figure 4.14. It is observed that the response of the proposed
NLFOPID controller optimized using AS-PSO performs better in damping the initial
response faster than other techniques. Moreover, the Pls like ST, CE, and SE is
significantly minimized by appropriately tuning the control gain values through
optimizing the Jirae of DDES, as shown in Figure 4.15.
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C. Case 3: Contract Violation

In this case, a DISCO participating in energy trading may violate a contract by
demanding more power than the one specified in the contract. To study this scenario, the
DPMgiiaweral given in Equation (4.5) is considered to emulate the contract violation by the
DISCOs. For instance, consider the case of DISCO-1 and DISCO-3 breaching a contract
by demanding an additional power of 0.01 p.u. MW. This excess energy needs to be
traded by the GENCOs in the respective area as the DISCO. This power should be
reflected as an area's local demand, not as a contract demand. So, the local load of area-
1 and area-2 is calculated using Equation (3.35) is given below,

APy, =load of DISCO-1 (0.05)+load of DISCO-2 (0.05)+0.01 (4.12)
=0.11 p.u. MW

APy, =load of DISCO-3 (0.05)+load of DISCO-4 (0.05)+0.01 (4.13)
=0.11 p.u. M.W

In this case, the local demand for area-3 remains the same (0.1 p.u.). For the above
DPMsiiaweral, the actual power to be generated by GENCOs for contract violation is
calculated using Equation (3.32).

cpfiy AP, ; +cpfi, AP, , +CpfigAP 3 +cpfi, AP 4 +
AI:)GENCO—i,contract violation =

cpfisAP, 5 +CpfigAP, ¢ ] (4.14)

+(apf;, x uncontracted load demand)

By using the above equation, the power generation of GENCOs are calculated as
follows:

APsenco- contractviolation = (0-2+0.2+0.140.2+0.2+0.2) +(0.05x0.01)
= 0.0605 p.u. MW

(4.15)

Similarly, for GENCO-2 = 0.505 p.u. M.W, GENCO-3 = 0.0605 p.u. M.W, GENCO-4
= 0.0495 p.u. M.W, GENCO-5= 0.05 p.u. M.W, and GENCO-6= 0.05 p.u. M.W. Also,
the change in scheduled tie-line power exchange is calculated using Equation (3.33).

APyt scheduted = (CPTiaAP 5+ i, APL 4 +CpfygAP 5 +CpfpAP, 4 )

(4.16)
'(Cpf31APL,1 +CpfyAP 5 +CpfyyAP 3 +CpfypAPR , )
APyier schecuted = (0-1x0.05+0.2x 0.05+0.1x 0.05 +0.1x 0.05)
~(0.1x0.05+0.2x 0.05+0.1x 0.05 +0.1x 0.05) (4.17)

=0p.u.MW
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Similarly, for APtie23, scheduled=APtie13, scheduled=0 p.U. M.W. To examine the efficacy of the
proffered hybrid technique, the controller tuned during the bilateral transaction is used
for this scenario. The transient response of frequency and tie-line power aberrations are
portrayed in Figure 4.16. From the response, the performance of the intended hybrid AS-
PSO tuned NLFOPID controller outperforms predominantly than FOPID controller and
other tuned techniques. As the contract violation emulated the sudden increase in load
demand of area-1 and area-2, which shows a gradual rise in the undershoot of Af; and
Af, then compared to the response during the bilateral transaction. Moreover, the
transient Pls like CE and SE values are also increased moderately, as shown in Figure
4.17. However, the proposed AS-PSO optimized NLFOPID controller gives optimal
transient performance even after an uncertain increase in load demand over FOPID
controllers and other tuning methods. It is evident from the various cases that the
proffered control approach is robust to any change in load demand or uncertainty, and
the controller need not be re-tuned for any changes in the system operating conditions.
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Figure 4.17 : Measured performance indices under contract violation
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4.3.3 Robustness Validation under Different Conditions

In this case, the robustness of the proposed NLFOPID controller is examined by applying
different types of load patterns and real time variation of RES in the deregulated energy
system.

a. Robustness Analysis under Various Load Patterns

A realistic load pattern is developed by combining step load change (e.g., loss of a
generating system and rapid switching offload) and ramp load change (e.g., industrial
load provides a random shift in the fast load change like the motor pick-up). A
combination of high random load change (industrial load), medium random load change
(official load), and low random load change (residential load) is therefore considered as
a realistic load. The pattern of the realistic load is given in Figure 4.18 (a), with the
corresponding dynamic response of Afl is presented in Figure 4.18 (b), (c) and (d). It is
interpreted that AS-PSO tuned NLFOPID controller has a better and smoother response
with minimum ST. Moreover, a zoomed view of each figure shows that the proposed
method has reached the steady-state value before the linear FOPID controller and other
control techniques.
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Figure 4.18 : (a) Different realistic load patterns (b) frequency response in area-1
under industrial load (c) frequency response in area-lunder official load (d)
frequency response in area-lunder residential load.

b. Robustness Analysis Against Stochastic Variation Of RES

To further asses the robustness of the proposed AS-PSO optimized NLFOPID controller,
variation in STES unit output power is considered for real-time monthly-average
irradiance data at Universiti Putra Malaysia (UPM) from Subang meteorological centre
in Malaysia (Lurwan et al., 2016). The irradiance values from January to December 2014
for 100-time intervals of 0.3 s is presented in Figure 4.19 (a). The frequency response
for the variation in solar irradiance is given in Figure 4.19 (b), (c) and (d). It is observed
that AS-PSO optimized NLFOPID has minimum frequency oscillations with less SE
compared to other techniques presented. Thus, overall, it is seen that AS-PSO optimized
NLFOPID performs remarkably to regulate the system frequency to steady state under
real-time variation in STES.
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Figure 4.19 : (a) Solar power profile (b) frequency response in area-1 under real
time solar variation (c) frequency response in area-2 under real time solar variation
(d) frequency response in area-3 under real time solar variation

434 Convergence Cost

The convergence behavior of the proposed AS-PSO algorithm is compared with the ASO
and PSO techniques of tuning the decentralized NLFOPID controller for three unequal
area-deregulated systems to assess the computational complexity of the suggested
method. Figure 4.20 depicts the convergence curve representing the proposed hybrid
strategy converging to a lower cost value with lesser iterations than ASO and PSO. Based
on these results, the AS-PSO optimizer outperforms in terms of obtaining a better
solution with faster exploitation and attaining an equal tradeoff between exploration and
exploitation to avoid being confined to local minima.
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Figure 4.20 : Convergence curve

4.35 Proof on Stability

To examine the stability of three unequal DDES models operating in a bilateral
transaction scenario is considered. The stability analysis is carried out by applying the
improved oustaloup approximation method by selecting m,=0.01, mr= 1000, the weight
coefficients of b= 10 and d=9 (Kumar et al., 2022). The integer order transfer function,
after applying improved oustaloup approximation for the proposed AS-PSO optimized
NLFOPID and other compared optimization methods has a transfer function order of 12.
However, it is hard to investigate the stability of the system for a much higher-order
system. Hence, a model order reduction technique of the Hankel norm approach is used
to reduce the higher-order into a second-order transfer function using a detailed
procedure discussed in the previous study (Veerasamy et al., 2020). The transfer function
obtained using the Hankel approach for the proposed method is given as G, the AS-PSO
tuned FOPID controller reduced order transfer function is given as Gz, ASO optimized
NLFOPID as Gz and PSO tune NLFOPID as G4 as illustrated in Equations (4.18) -
(4.212):

_ 2.1517s+0.788 (4.18)
s 4 2135+21.2

G, _ 0.06768s” —8.918s +2.5355x10 *° (4.19)
2 s% +8.885s + 35.49
—0.0144s% —5.8645+1.989x 1071
Gy = (4.20)
3 s2 +23.155+141
2 —12
G, = —0.08989s% —1.6965 +1.38x10 (4.21)

s? +4.75s+35.99
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Figure 4.21 shows the frequency response through bode analysis. It is seen in the
response that the proposed method has a gain and phase margin of gm=o0, pm=166.50
degrees. According to the stability theory of control, if the gm=c0, it means that the system
can tolerate any amount of gain without becoming unstable, and this is because the phase
margin is sufficient to keep the system stable. Moreover, the proposed method bode plot
has a higher phase margin which means it is more stable and have a better ability to reject
disturbances.

Bode Diagram
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Figure 4.21 : Bode stability analysis

4.3.6 Experimental Validation Using RTDS

Experimental validation of the proposed AS-PSO optimized NLFOPID controller of
DDES is implemented in real-time using a real-time digital simulator through hardware-
in-the-loop simulation in OPAL-RT. An OP4510 is an entry-level simulator that
combines the RT-high-performance LAB's Rapid Control Prototyping and HIL system
core features and is used for implementation. It offers 128 fast I/O channels with signal
conditioning, extra RS422 channels, and high-speed connection connectors, and it is
completely integrated with MATLAB/ SimPower System. Combining upscaled Intel
multi-core processors with efficient Kintex 7 FPGA gives more simulation power and
sub-microsecond simulation time steps. The three unequal areas of DDES during
bilateral transaction scenario is considered for the purpose of validation. Figure 4.22
shows the response of frequency and tie-line power deviations measured using RTDS
through an oscilloscope. The result reveals that the frequency deviations of three control
areas and tie-line power variation obtained using MATLAB simulation agree with the
RTDS response.
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Figure 4.22 : RTDS output of DDES during bilateral transaction (a) frequency
response of area-1 (b) frequency response of area-2 (c) response of area-3
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4.4 Simulation Results of CAS-PSO Optimized Distributed ZND Controller

Initially, the effectiveness of the proposed distributed intelligent-based hybrid CAS-PSO
algorithm is tested for six well-known standard benchmark functions. Then, the proposed
distributed control strategy for NMG illustrated is studied to evaluate the effectiveness
of the proposed design method for real-time application. The results are validated
through different case studies and compared with other optimization techniques. Further,
the considered NMG model with the control strategy is implemented in OPAL-RT
OP4150 for HIL validation.

441 Benchmark Function Validation

Generally, numerous benchmark functions are available in the literature that has been
used specifically for evaluating the performance of optimization algorithms. Therefore,
any new algorithms proposed must be tested against them. The most standard benchmark
functions used to validate the performance of the proposed CAS-PSO algorithm are
given in Table 4.10. To measure the efficiency of the proffered algorithm, the authors
have considered several measuring indices such as standard deviation (STD), min,
execution time and best fit at each run. For the validation of benchmark functions, the
population size and number of iterations are set as 50 and 500, respectively, for all the
algorithms. The simulation and analyses are carried out in MATLAB platform. Each
benchmark function has been run for 30 trial runs, and the benchmark findings obtained
are shown in Table 4.11. The findings from the Table indicates that the proposed hybrid
CAS-PSO minimizes the fitness function optimally with its predominant diversification
and intensification characteristics than AS-PSO, CASO and ASO technique. Moreover,
the minimal value of STD proves that the proposed strategy offers maximum consistency
for all benchmark functions.
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Table 4.10 : Statistical functions

. . Dimension Global
Function Formulation (d) Range Optimum
d d
Schwefel —
A F1 F(x)—Z:|xi |+ H'Xi| 30 [-100,100] 0
i=1 i=1
d
N4
Quartic  F2 F(X)‘Z ixj" +random[0,1) 30 [-10,10] 0
i=1
d
Schwefel  F3 F(X):'Z(Xi siny[x; |) 10 [-500,500] 0
i=1
Six hump 1
camel-  F4  F(X)=4xZ - 2.1 +=XC +X,X, —4X5 +4%) [-5.5] 1,031
back 3
51 , 5 e
= ° 2
Branin  F5 F(X)—[Xz e e —6j 2 [-5,5] 0.398

Table 4.11 : Comparative results of statistical functions

Value CAS-PSO AS-PSO CASO ASO
Best 0 0.01267 1.17 115.13
Mean 0 0.0289 1.09 96.12
F1 STD 0 6E-07 0.016 16.93
Execution Time 0.79 3.89 5.89 6.19
Best 1.13E-58 39.07 0.00278 0.00279
Mean 0.2246 43.56 35.77 0.002789
F2 STD 10.2744 10.68 54.68 4.12E-19
Execution Time 1.58 5.61 5.72 5.23
Best 0 0 0.000268 0.000275
Mean 3.58 2.14 1944.54 0.0002718
F3 STD 41.44 9.95 118.84 4.34E-20
Execution Time 0.85 1.25 5.89 7.95
Best 3.64E-10 3.73E-10 4950 3549062.1
Mean 3.64E-10 3.73E-10 133639.5 355896.2
F4 STD 5.36E-14 5.95E-26 1768776.5 1139708.5
Execution Time 2.31 4.69 8.12 6.27
Best 0.00024 0.00025 13.253 40.145
Mean 0.00026 106.65 225.30 57.826
F5 STD 1.08E-07 235.22 322.07 49.256
Execution Time 1.56 5.25 5.3 5.10
4.4.2 Implementation of Distributed Frequency Control of NMG System

The proposed distributed frequency control architecture for the NMG system with P2P
energy trading is depicted in real time in Figure 4.23. In this work, it is assumed that
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each MG in the network participates in trading as prosumers, and also the aggregated
EV consumers in MG 1, 2 and MG 3 act as a consumer. The prosumers and consumers
are generally represented as the nodes in the blockchain network, and the MG controller
is also implemented in the RPis. The RPis communicate with the PC connected to the
OPAL-RT simulator via TCP/IP. Each RPis are reserved with static IP address in order
to participate in the trading and connected to the RT-model of NMG using UDP. The
Raspbian Stretch is used as an operating system in RPi. Furthermore, each device
running on RPi operates Go Ethereum (Geth) as full authority nodes within a private
instance of an Ethereum PoA blockchain. The software includes Geth, Node.js, and
Web3 of versions 1.10.6, 6.14.6 and 5.12.0.py with a smart contract developed in solidity
incorporating a double-auction mechanism, CPM, and secondary control, deployed on
blockchain nodes. The NMG network is simulated in MATLAB/Simulink and executed
in RT-LAB, with OPAL-RT handling the primary droop controller and the RPi
managing secondary and supplementary control, providing power references to
prosumers post-market clearing. The outcomes achieved under various scenarios are
discussed as follows:

e
Prosumer RPis -
il

Figure 4.23 : Experimental setup for frequency control of NMG with P2P trading
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Figure 4.24 : Aggregated EV Consumers demand power and price (a) Consumer 1
(b) Consumer 2 (c) Consumer 3
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Figure 4.25 : Prosumer generation and selling price (a) MG 1 (b) MG 2 (¢) MG 3
(d) MG 4

a. Case 1:P2P trading in Blockchain

A set of randomly generated selling and bidding prices are considered in this scenario to
determine how the prosumers and consumers would trade the energy depending on their
individual energy capacity. The prosumer and consumer pricing value ranges from 0.1
to 1$/kWh for trade to occur. The range of consumer loads for consumers 1 through 3 is
300 kW to 500 kW, 350 kW to 600 kW, and 550 kW to 720 kW, respectively. In order
to satisfy the consumer expectations, the prosumers 1 to 4 generation also ranges
between 600 kW to 750 kW, 400 kW to 500 kW, 350 kW to 500 kW and 200 kW to 300
kW, respectively. Figure 4.24 shows the demand requirements and bidding price for
aggregated EV consumers 1 to 3. Figure 4.25 displays the MG 1 to 4 selling prices and
maximum power dispatching capacities. The prosumers determine the contract and
calculate the CPM to satisfy each consumer's demand before trade begin. To satisfy the
consumer demand as depicted in Figure 4.24, the CPM is computed, and the power
reference is transferred to each prosumer in NMG.

Let's consider a specific scenario of market clearing that occurs at the 1516™ cycle within
the blockchain, as depicted in Figure 4.26, showing the respective values for consumer
demand (CD) and prosumer generation (PG). The demand CD; with the highest price,
417 kW for 1$/kWh; CD; is 591 kW for 0.8$/kWh and CD3 is 412 kW for 0.3%/kWh;
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while PG; with the lowest price, 630 kW for 0.3$/kWh; PG, is 489 kW for 0.6$/kWh;
PGs is 264 kW for 0.8%/kWh and PG, is 432 kW for 0.8%/kWh, respectively. As a result,
the entry in the CPM starts with the consumer demand at the highest price and with
generation at the least expensive value. Now, the computation of CPM is carried as per
the flowchart given in Figure 3.24. The CD; is 417 kW, while PGy is 630 kW. Here PG;
> CD;, then the corresponding element is

~1 (4.22)

“u=cp,
1

Update the value of ci; in CPM while setting the remaining elements in the column to
zero as the sum of the first column is equal to one. Now, update PG; as
PGy temp = PGy —CD; = 630-417 =213 kW. Then, update PG; = PGy t¢mp and increase

the consumer count by 1. In the next step, as shown in Figure 3.27 the control is
transferred to the if condition. Here PGi< CD; (213 < 591 kW), the if condition failed
and the value of c12 is calculated using

_ PO, 218 [F (4.23)

Now, update the value CD2, temp = CD; - PGy = 591 - 213 = 378 kW and increase the
prosumer count by 1. PGz > CDy, temp (489 > 378), S0 €2 is computed as

Cpp =1-> Cyp =1-0.36 ~0.64 (4.24)
i=1

Then, update the value of ¢z in CPM as the sum of the second column is equal to one,
enter all other elements in the column to zero. Now, update PG, as
PGy temp =PG, —CD, = 489 - 378 =111 kW. Then, update PG, = PG2 temp and

increase the consumer count by 1. Here PG, < CD3 (111 < 412 kW), the if condition is
failed and the value of c3 is calculated using

_ PG, 111

=22 21026 (4.25)
CD; 412

C23

Now, update the value CDs3, temp = CD3 - PG, = 412 - 111 = 301 kW and increase the
prosumer count by 1. Then, check PGs> CDs,temp the if-action is not satisfied and the
value of cs3 is computed as

Cy3=—F—=—7~R 0.64 (426)
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Now, update the value CDs3, emp = CD3 - PG3 = 412 - 264 = 148 kW and increase the
prosumer count by 1. Then, check PG4 > CDs,temp the if-action is satisfied and the value
of ca4 is calculated as

C43=1-)C43=1-0.26-0.64~0.1 (4.27)
i=3

Finally, the resultant CPM is calculated as given in Equation (4.28).

1 036 O

0 0.64 0.26 (4.28)
0 0 0.64

0 0 0.1

CPM=

Due to Solidity language limitations, fractional CPM values are converted to integers by
multiplying matrix elements and prices by 100. The resulting power reference values as
shown in Equation (4.29) indicate consumer requirement met by prosumers, facilitating
frequency regulation in the NMG model analyzed in OPAL-RT.

100 36 O 62976
417

cpmz| O 64 26| | | | 48536 (4.29)
0 0 64 26368
412
0 0 10 4120

In this instance, P2P trading causes a change in the NMG system frequency. In addition
to the secondary frequency controller, the supplementary control is used to control the
frequency by transmitting the power reference value, and send to the plant model in
OPAL-RT. The power instructions and the primary droop control work together to keep
the P2P trading system frequency within the allowed tolerance of £0.2 Hz.
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Figure 4.26 : 1516 cycle of CPM implementation
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Figure 4.27 : Frequency response of MG 1 in blockchain

For instance, the frequency response of MG 1 is given in Figure 4.27. From the results,
it is obvious that the FAL-ZND control has better frequency oscillation regulation than
the ZND approach. Additionally, the usage of blockchain enhances security and interest
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among peers participating in the trading process by ensuring that neither prosumers nor
consumers may break the contract.

b. Case 2: Response During FDI Attack

In this case, blockchain based technology is implemented on the controller to secure the
control signals from the attacker who manipulates or injects false data into the control
signals in order to change the dynamics of the power grid. To prove its reliability, an
FDI attack is investigated by infusing a random signal in MG 1 that changes by 80 %
with plant frequency information. Figure 4.28 (a) depicts the frequency response of an
intruder's FDI assault started at 3 s without and with blockchain enabled controller,
whereas Figure 4.28 (b) depicts the consensus error during FDI assault.
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Figure 4.28 : Response during FDI attack on control (a) Frequency of MG 1 (b)
Consensus error of MG 1

As a result of the attack at 3 s, the proffered controller response considered without
blockchain oscillates around the permissible range of 50.1 Hz to 49.8 Hz till 22 s, it
means the proffered controller tries to maintain the frequency within the allowable limit,
however the response reaches unstable state after 30 s whereas the blockchain enabled
controller response is intended to maintain system stability in the event of an FDI assault.

C. Case 3: Performance During Communication Delay

In a practical NMG system, the information exchange between the MG is usually prone
to delays due to unreliable communication channels. In this case, the performance of the
proposed control is validated using various communication delays. Figure 4.29 depicts
the frequency deviation plot of MG 1, 2, and 3. It is seen that a communication delay of
15 ms is activated at 20 s with a load change of 0.14 p.u. in MG 2. Due to the delay, the
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frequency data between MG 2 and MGL1 and between MG 2 and MG 3 are delayed,
which results in small oscillations in the frequency profile. To further prove the
robustness of the proposed control, a large delay of 30 ms is given at 30 s in MG 2, the
performance of the frequency deviation is still under the nominal value. Therefore, the
proposed distributed controller guarantees the system's robustness under different
communication delays.
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Figure 4.29 : Frequency response during delay (a) MG 1, (b) MG 2 and (c) MG 3

d. Case 4: Performance During Communication Failure

In a distribution system, the MGs may be far apart, affecting the communication
services, such as communication delays, communication link loss, etc. Therefore,
communication link failures may affect the control performance, leading to system
instability. Hence, to show the performance of the proposed control, a communication
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failure test is conducted in this case. To assess, the communication link between MG 2
to MG 3 and MG 2 to MG 1 are disconnected at 20 s and gets restored at 35 s. Figure
4.30 illustrates the frequency response plot of the MMG system under this scenario.
Despite the loss of communication link, it is clearly seen that the communication

network is still connected and has a balanced Laplacian matrix.
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Figure 4.30 : Frequency response during failure (a) MG 1, (b) MG 2 and (c) MG 3

443 Comparative Study

To validate the robustness of the proposed controller, the performance of the proposed
controller is compared with other state-of-the-art controllers. The performance analysis
is carried out with four prosumers generating constant power at fixed prices to satisfy
consumer demand. The prosumers 1 to 4 trade energy at rates of $0.4, $ 0.6, $0.7, and
$ 0.8 per kWh with dispatching powers of 600 kW, 400 kW, 225 kW and 400 kW.
Consumers 1 to 3 are bidding at $ 0.5, $ 0.3, and $ 0.2 per kWh with demand capacities
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of 450 kW, 600 kW, and 400 kW. In this instance of P2P energy trading, the CPM is
obtained in order to provide the power reference for DG as stated in Equation (4.30).

100 25 0
0 66 O

CPM= (4.30)
0 9 43
0o 0 57

The frequency response, depicted in Figure 4.31, demonstrates the dynamic change in
NMG system. It is inferred from the figure that the FAL-ZND FOPID approach settles
at 5.64 s at steady state (50 Hz) in the shortest time, followed by ZND FOPID at 10.25
s, NLFOPID at 15.1 s, and FOPID technique at 22.5 s. This is also inferred from the
consensus error, for instance shown in Figure 4.32. The magnitude of the error is small
in the case of proposed control, and it reaches to zero steady state faster compared to
those of other techniques. Additionally, the computational burden can be evaluated by
examining the convergence of the Lyapunov-based energy function, defined in Equation
(3.39) and illustrated in Figure 4.33. Moreover, the steady state performance indices like
IAE, ITAE, ISE and ITSE are significantly enhanced by a proportion of 18 % to 35 %,
15 % to 41 %, 28 % to 48 % and 35 % to 54 %, respectively by the proposed FAL-ZND
FOPID controller. Further, the transient performance indices like ST, RT, |P-O| and CE
are improved by 23 % to 83 %, 10 % to 25 %, 36 % to 62 % and 23 % to 81 %,
respectively by the proposed control technique. The energy profile reaches the global
minima faster using the proposed FAL-ZND FOPID technique, with a minimum
computational time (4 seconds), compared to ZND FOPID (8 seconds) approach,
effectively minimizing the dynamics of the network, and attaining stable equilibrium
state as shown in Table 4.12.
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444 Analysis on Large Scale System

To prove the real time applicability of the proposed controller, the New England 39-bus
network is considered. In addition to the distributed control, a comparison of the
proposed FAL-ZND based FOPID controller in both the centralised and decentralised
control is considered with the supplementary control is investigated in this system. An
increase in load demand by 3.283 MW, 0.233 MW, and 3.601 MW is imposed in Area-
1, Area-2, and Area-3, respectively.
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Figure 4.34 : Frequency response of NMG for New England 39-bus system
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In the context of LFC, only a single generator within each area is crucial for the
frequency control task. The specified generators for this responsibility are G1 in Area-
1, G9 in Area-2, and G4 in Area-3. Figure 4.34 visually represents the frequency
response acquired from the 39-bus test system. It is evident that the proposed distributed
controller highlights a quicker ST of 11 seconds in area-1, 6.35 seconds in area-2 and
4.56 seconds in area-3. Further, the PO and PU of the proposed distributed control
technique is also minimal compared to other control strategies. Moreover, the transient
performance indices such as ST, PO, PU and CE are improved by a percentage of 23 %
to 69 %, 5 % to 23 %, 10 % to 42 % and 32 % to 45 %, respectively.

45 Summary

This section provides a comprehensive summary of proposed control techniques
implementation for frequency control in the thesis. The results are obtained to fulfil the
three key objectives of the thesis. A centralized FOPID controller is initially designed to
regulate the power network frequency, and a CASO control technique is proposed to
optimize the controller's gain values. The proposed control technique's robustness is
evaluated, particularly its ability to handle parametric uncertainty in the system under
study. Then, a decentralized control scheme is developed for a deregulated power
network, focusing on effective LFC in a market environment. The control technique's
performance is further enhanced through hybridization of PSO with ASO. Finally, a
control technique is proposed by incorporating the control techniques in objectives 1 and
2. A federated learning-based recurrent adaptive FOPID controller is proposed for
distributed frequency control of NMG system. The initial bias values of the recurrent
controller are obtained through the propounded hybrid CAS-PSO technique. The
modified New England IEEE 39 bus system is chosen to validate the proposed FAL-
ZND FOPID control in different control schemes.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

5.1 Conclusions

This section sums up the conclusions derived from each objective and provides a
summary of the significant findings obtained through this research. Additionally, the
contributions to the field and recommendations for future research are discussed to
further advance our comprehension in the ongoing research. Several fractional order
secondary frequency controls were designed based on various control schemes to
maintain the frequency within £0.2 Hz in different testbed systems. In order to achieve
the best possible dynamic performance of the control, numerous intelligence-based
control techniques were utilised to find the optimum values of the controller.

In this research, a centralized control scheme is initially implemented for a multi-area
renewable energy (RE) integrated power network using a fractional order proportional
integral derivative (FOPID) controller. The gain values of the controller were optimized
using a proposed chaotic atom search optimization (CASO) algorithm. Then, to enhance
the robustness of the FOPID controller and to overcome the drawbacks of centralized
control scheme, a nonlinear FOPID (NLFOPID) controller is designed and implemented
in a decentralized fashion on a complex RE integrated deregulated power network. A
new hybrid atom search particle swarm optimization (AS-PSO) algorithm is developed
to optimize the parameters of NLFOPID controller. Further, to coordinate the operations
of various areas of microgrids (MGSs) in the network, a distributed control scheme is
studied based on a leader-follower framework.

Furthermore, the robustness and adaptive features of the FOPID controller is improved
by a federated average learning of recurrent zeroing neural dynamics designed self-
adaptive fractional order proportional integral derivative (FAL-ZND FOPID) controller
for distributed frequency control of NMG system. The initial bias values of the
propounded controller are obtained using an hybrid chaotic AS-PSO algorithm. To
conclude, the performance of the proposed distributed leader-follower based adaptive
consensus control is tested in a New England 39-bus system and the results obtained
reveal that the distributed control scheme is more robust compared to other schemes.
The conclusions attained from specific research objectives are as follows:

Objective 1: Design of Centralized FOPID controller optimized using CASO
The specific conclusions attained from the first objective is as follows:
. An improved form of ASO algorithm called CASO by embedding the
characteristics of tent map is proposed to tune the parameters of centralized

FOPID controller for multi-area multi-source HPS that consisting of both
conventional and RE sources.
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Initially, to establish the competence of CASO over ASO, five classical
benchmark functions have been evaluated. The output results in terms of
mean, best and standard deviation values clearly substantiate the competence
of TM-CASO over SM-CASO, LM-CASO and ASO algorithms.

Further, to prove the efficacy of chaotic version of ASO they are used to
optimize the FOPID controller for two and three-area power system and the
performance is compared with standard ASO by minimizing ITAE of ACE.
The results of frequency deviation and tie-line power variation obtained for
different cases reveal that the CASO method outperforms significantly
compared to standard ASO.

This claim has been verified by measuring the steady state and transient
performance indices, it is seen that the CASO has improvement of 24 % to 95
% in terms of ST, PO, and CE, respectively.

The robustness of the controller has been tested by considering +25 %
variation in system parameters and its real-time applicability has been
validated for uncertain variation in solar thermal and wind power variations
as per the Metrological data obtained from Malaysia.

Obijective 2: Design of Decentralized NLFOPID controller optimized using AS-PSO

The conclusions attained from second objective are as follows:

A decentralized NLFOPID controller is designed and analyzed for LFC of the
restructured energy system. The study considers various energy transaction
scenarios through a contract via DPM among DISCOs and GENCOs for
frequency control application.

A local decentralized NLFOPID controller is developed in each control area
to regulate the frequency and tie-line power of three unequal area energy
systems comprising renewable and conventional sources. A hybrid AS-PSO
technique is proposed to tune the parameters of the NLFOPID controller.

The effectiveness is validated for different energy trading scenarios and
standard benchmark functions. The results from later clearly demonstrate the
superiority of the AS-PSO algorithm over the ASO and PSO for benchmark
functions considered. Furthermore, the simulation results for frequency
control applications by optimizing the NLFOPID controller for the DDES
model considered revealed that the area frequency and tie-line power
oscillations are well regulated within the standard limits.

This claim is validated by evaluating the steady-state and transient Pls. The
result proves that the AS-PSO tuned NLFOPID controller has an
improvement of 75.2 % of ST, 36 % of CE, and 43 % of SE to FOPID
controller and other optimization techniques, respectively. The robustness of
the controller has been tested under various real-time load patterns.
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Obijective 3: Design of an adaptive distributed frequency control of NMG

The conclusions obtained from third objective is,

5.2

For a direct P2P energy market in NMG, this study presents a cyber-secure
distributed controller for frequency regulation. To enable prosumers to trade
energy with appropriate consumers a CPM is implemented on a PoA-based
private blockchain.

To effectively control the system frequency, a federated average learning
based ZND FOPID controller has been proposed. The HIL simulation
environment, the robustness of the proposed FAL-ZND FOPID controller is
compared with ZND FOPID controller together with blockchain
implementation.

An AS-PSO algorithm is proposed to obtain the initial bias values of the FAL-
ZND FOPID controller. The controller resiliency is tested against FDI attack,
communication failure and delays. The findings demonstrate that the
proposed distributed control scheme regulates the frequency with the least
amount of steady-state error.

A comparative analysis of the proposed control scheme is made with the
conventional centralized and decentralized scheme and with the state-of-the-
art to validate the performance of the proposed FAL-ZND FOPID controller.

Contributions of the Research

The significant contributions and findings from the thesis can be summarized as follows:

An improved form of ASO algorithm called CASO algorithm is proposed for
the first time to optimize the gain values of the centralized FOPID controller. A
considerable contribution is performed in improving the efficacy of the
proposed control technique by avoiding the premature convergence due to its
diversification of chaotic sequences compared to the standard ASO algorithm.

An NLFOPID controller is proposed for the first time to regulate the frequency
of a complex deregulated power network through decentralized control. Then,
a maiden attempt has been made to hybridize ASO with PSO to optimize the
parameters of NLFOPID controller.

Finally, a comprehensive design of distributed frequency control using FAL-
ZND based FOPID controller for NMG system is proposed for the first time.
Then, a maiden effort has been performed by hybridizing the control techniques
proposed in contribution one and two i.e., CASO algorithm is hybridized with
PSO algorithm. Further, to improve the performance of the algorithm, the
constant parameters in algorithm are modified into an adaptive value by
incorporating nonlinear equations. The initial bias values of the adaptive
controller are attained using the proffered CAS-PSO algorithm.
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5.3 Recommendations for Future Research

Based on the results and findings obtained from the research work, several
recommendations for future research endeavours are identified to further advance the
field of LFC study:

o The proposed hybrid metaheuristic algorithms can be further hybridized with
deep learning algorithms to leverage the strengths of both approaches to
improve the optimization performance.

. Advanced ZNDs, including networks of higher order or fractional order, can
be explored to boost the effectiveness of ZNDs and utilized in addressing
contemporary challenges and problems within power systems.

. The practical applicability of the proffered FAL-ZND controller for
frequency regulation of NMG system can be studied in real-time by
considering demand side management.
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APPENDICES

Appendix A

In chapter 5, in section 4.2.5, The 48" order of transfer function obtained after
approximation is given below

Numerator=
—6s*" —690.55% —3.034x10%s* —6.791x10°s*® —8.593x10%s%° - 6.338x10"s* - 2.682x108s*

-6.212x10%5% —7.668x10°%5% — 4.839x10%5%® —1.384 x10%s%" —1.376%10" 5% —3.995x10°5%
~4.18x10%5% —2.8x10%5%* ~12.89x10%s%° ~16.25x10°5™® —2.8x10"s™ —3.995x10°s™
~4x10°s™ -8.252x10%5% —12.89x10%s™ —16.25x10°s* — 2.8x10s® —3.995x10°s?
8.1x10%s" —2.5x108s° — 25x108s* - 2.22x107s% —9.995x10°s

Denominator=
5% +115.15" +53025% +1.387x10%s* + 2.406x10%* + 2.841x107s* + 2.173x10%s* +9.974x10%*

+2.553x10%% +3.671x10%5™ + 2.985x10%™ +1.372x10°5% +3.348x10%™ +3.036x10"s* +7.708x10%

10.25x10°5% +3.85x10°s% +18.2x10%%" +5.20x10°5% +3.12x10%% +9,03x10"s* +9.25x 107 (A1)
+6.25x10%5™ +15.23x10%™ +0.25x10%s"" +5.36x10%+9.25x10%' +8.25x10"s° + 0.89x10°

+0.753x10%" +8.32x10%° +12.85x10°5° +89.2x10%s* + 46.8x10%" +89.25x 1075 +8.21

To assess the stability of the proposed work, the higher-order plant transfer function
given above should be reduced to a second-order transfer function. This reduction was
achieved by preserving the dominant poles of the system through the utilization of the
Hankel matrix method. The state space matrix (A, B, C, and D) for the Closed-Loop
Transfer Function (CLTF) given in Equation (A.1) is given below.
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[ 15 0 0% 0 0 1 098 64623 0 0 0 1 0 0 ]
-1%7 -005 045 0 0 6465 -085 0 0 0 1 0 0 0
05 05 -8%5 0 0 1 1 0 0 0 1 0 0 1
-1262 098 825 0 0 0 0 1 1 1 0 0 0 0
058 15 2% 0 0 0 0 1 0 0 1 10 0
758 045 38 7512 1 1 1 0 1 0 1 0 1 0
A 0 0 -12%2 0 1 0 1263 925 80 012 0 0 0 0
0 0 -8% 0 85 0 -158 887 -1585 56 0 1 0 0 (A.2)
0 0 91 0 2% 0 3% 0 36 -1%8 0 0 0 -23
0 0 125 0 -8 0 34762 0 100 0 -10215 0 0 -1585
0 -1262 0 0 0 1 0 0 67852 1 0 0 0 0
0 0 1 0 1 0 0 0 0 -100 -125 0 0
-1521 3285 0 1852 0 0 0 0 0 0 0 0 0 0
| 987 -12%8 0 64628 0 0 1 1 1 0 1 0 78632 1

foo0015 0 00000000 0] A3
1000 0O 185000000000 '
C=[L0100000000010 (A4)

The Hankel matrix is derived from the state space matrix in a general form as outlined
below.

CB Bl .. .. CATB|
CA'B CAB ... CA™B

HY =| .. (A5)
CA™B CA™B .. .. CA*B
|[CA™B CA™B .. .. CA™B|

As given in Equation (A.1) the transfer function's order is 48 (n=48), the matrix Equation
(A.2) mentioned above can be represented in Hankel form as follows:

ell e12 e13 e e1n
e21 e22 e23 i e2n
o) _
H 4848 e31 e32 e34 e eSn (AG)
_enl enz enS enn a
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The simplified form of Equation (A.3) is represented as
Hig =[H{ H] (A7)

The Hankel matrices in Hermite normal form are represented as follows

6.12x10%  30x10%  298x10%°  6.32x10"  5.23x10%  -7.12x10%®  5.36x10™
83x10"  298x10™  3.19x10"  525x10%  -325x10®  8.15x10%  -5.89x10"
300x10%  159x10%  8.08x10%  -0.05x10® 9.17x10®  -0.29x10"°  9.43x10“
159x10%  8.08x10%  -0.05x10® 9.17x10®  -020x10°  9.43x10%  -9.57x10%
8.08x10%  -0.05x10® 9.17x10®  -9.29x10° 943x10%  957x10™  9.71x10*
9.05x10®  9.1704x10™ -9.29x10°  9.43x10%  -957x10* 9.71x10°  -9.85x10®
C1927x10®  -929x10°  943x10°  -957x104  9.71x10°  -9.85x10™®  1.00x10%

(0)

H7 = 920x10°  043x107  -057x10%  971x10%  0.85x10°  100x10"  -1.01x10%
943x10%  -957x10“  9.71x10°  -0.85x10® 1.00x10*  -1.01x10%®  1.03x10%
057x10"  9.71x10°  -9.85x10"®  1.00x10%  -1.01x10%®  1.03x10%®  -1.04x107
9.71x10%  -0.85x10®  1.00x10%  -1.01x10%  1.03x10°  -1.04x107  1.06x10%
085x10°  1.00x10%  -1.01x10%  1.03x10°  -1.04x107  1.06x10®  -1.07x10*
159x10™  9.29x10° 957x10“ 1.00x10*  1.03x10®  536x10®  9.17x10%
043x10%  -9.29x10°  159x10"  9.05x10®  525x10%  9.47x10®  9.43x10%
9.29x10°  9.43x10%  -957x10Y 9.71x10®°  -9.85x10®  1.00x10*
043x10%  957x10% 9.71x10®  -9.85x10® 1.00x10*  -1.01x10%
957x10%  9.71x10"  -0.85x10"®  1.00x10%  -1.01x10®  1.03x10%
9.71><101618 -9.85><10i 1.00><102; -1.01><1(2)523 1.O3><102527 -1.04x1(2)927
-0.85x10 1.00x10*  -1.01x10®  1.03x10 -1.04x107  1.06x10
1.00x10%  -1.01x10®  1.03x10®  -1.04x107 1.06x10®  -1.07x10%

HO _ -1.01x10%  1.03x10®  -1.04x107 1.06x10®  -1.07x10% 1.09x10%®

2 T11.03x10®  -1.04x10° 1.06x10®  -1.07x10* 1.09x10%®  -1.10x10%®

-1.04x107  1.06x10°  -1.07x10*  1.09x10®  -1.10x10%  1.12x10%
1.06x10®  -1.07x10%  1.09x10®  -1.10x10® 1.12x10¥  -1.14x10%
-1.07x10*%  1.09x10%  -1.10x10%°  1.12x10¥  -1.14x10®°  1.15x10*
1.09x10¥  -1.10x10®  1.12x10¥  -1.14x10%®  1.159x10* -1.17x10®
-1.10x10®  1.12x10%  -1.14x10®  1.15x10"  -1.17x10®  1.193x10%
[1.09x10%  1.00x10*  121x10°  3.85x10°  971x10°  -1.89x10®

Thus, the reduced-order function can be derived by solving the state space parameters
using the elements of the Hermite form as follows

A= 71 0

il

C,A, " =[0.0677 -8.918]

[—8.885 —35.49}
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Appendix B

In chapter 5, in section 4.3.5, The 12" order of transfer function obtained after
approximation is given below

num = —6s™ —1392s™ — (1.004 x10°)s™ — (2.418x10°)s°®
—(3.218x107)s® — (2.636x10%)s” — (1.132x10°)s®
—(2.653x10%)s® — (3.511x10%)s* — (2.116 x10°)s®
—(4.302x108)s2 —(2.512x10")s

den=s +1.932s!! + (8.674><104 )slo + (9.26 x10° )519
+(18.044x104)58 +(6..383x107)s’ +(36.23><107 )s6
+(15821x10° )s° +(7.486x10* )s* +(1.449x10'°)s? (A8)

(

+ 1.621><102°)52 +(9.87x103)s1 +(9.88><105)s

To assess the stability of the proposed work, the higher-order plant transfer function
given above should be reduced to a second-order transfer function. This reduction was
achieved by preserving the dominant poles of the system through the utilization of the
Hankel matrix method. The state space matrix (A, B, C, and D) for the Closed-Loop
Transfer Function (CLTF) given in Equation (A.8) is given below

0 —0.44 0 0 1 0 0 0 0 0 0 0
-0.05 0.44 0 0 0 0 0 1 0 0 0 0
-6 0 0 0 0 0 0 0 0 0 0 0
0 10.24 =125 0 0 0 0 0 282.1 —-80 0 0
0 0 125 -0.1 0 0 0 0 0 0 0 0
0 0 2083 0.17 -3.33 0 0 0 0 0 0 0
A= —-646.47 —-10.24 0 0 0 —12.5 0 0 0 0 2821 -80
0 0 0 0 0 125 =01 0 0 0 0 0
0 0 0 0 0 20.83 0.17 -3.33 0 0 0 0
0 —1.01 0 0 0 0 0 0 0 0 0 0
0 12.62 0 0 0 0 0 0 347.62 —100 0 0
-5.77 1.01 0 0 0 0 0 0 0 0 0 0
—-796.64 —12.62 0 0 0 0 0 0 0 0 347.62 -100
(A.9)
T
B_000.10000000000] (A10)
0 00 125 0 0 0 0 0 0 0 O O '
c=[1 100 0000000 0 1] (A.11)

By following the steps for the Hankel norm reduction as given in appendix A, the
reduced-order function can be derived by solving the state space parameters as given
below
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—2.13-21.2
S

]

C,A, ' =[2.1517 1]

The data for simulating the HPS model presented in Figure 3.8 is as follows

Case 1. Two-area HPS - Synchronizing coefficients: T2 = T2=0.08674
p.u.MW/rad.Hz, Power system block gain and time constant: K = 200 Hz/(p.u. MW),
Tpi = 20 s, Reheat gain and time constant: K= 0.5, Ti = 10 s, Governor time constant:
Tgi= 0.08 s, Steam turbine time constant: T =0.3 s, Frequency bias coefficient: B; =
0.425 p.u. MW/Hz, Governor speed regulation: Ri= 2.4 p.u. MW/Hz, Change in step
load perturbation with frequency: Di=8.33 x 10—3 p.u. MW/Hz, System inertia: Hi=5
s. Solar collector gain and time constant: Ks =1.8,Ts = 1.8 s, Solar thermal steam turbine
gain and time constant: Ky=1, Tt = 0.3 s, Wind turbine gain and time constant: Kwrc
=1, Twre= 1.5 s, Aqua Electrolyzer gain and time constant: Kag = 0.002, Tag = 0.5 s,
Fuel cell gain and time constant: Kec = 0.01, Tec = 4 s, area capacity ratio: a;z= —1,
constant for renewable power sharing K, = 0.6 and loading = 50%.

Case 2: Three-area HPS - Hydro turbine model parameters: Ty =28.75s, Trs =15, Tru
= 0.3, Tw =3.06 s, Ky = 0.5747 and Gas Turbine model parameters: C4=1, by =0.05 s,
Xc=0.65, Yc=1s, Tcr=0.01s, TF=0.23 s, Tcp = 0.2 s, Kg = 0.1304. Synchronizing
coefficients: T12 = T2=0.08674 p.u.MW!/rad.Hz, Power system block gain and time
constant: Kpi = 120 Hz/(p.u. MW), Tpi = 20 s, Reheat gain and time constant: K= 0.8,
Tii= 20 s, Governor time constant: Tq= 0.06 s, Steam turbine time constant: T;=0.5s,
Frequency bias coefficient: B;= 0.425 p.u. MW/Hz, Governor speed regulation: Rj= 4.8
p.u. MW/Hz, Change in step load perturbation with frequency: Di=4.33 x 10-3 p.u.
MW)/Hz, System inertia: H;j= 3.75s.

The data for simulating the deregulated model presented in Figure 3.18 is as follows

RTES data: Ty = To3= T13=0.08674 p.u.MW/rad.Hz (tie-line power synchronization
coefficient), Kp1 = Kp2 = Kpz = 120 Hz/(p.u. MW) (power system block transfer function
gain), Tp1 = Tp2= Tps = 20 s (power system block transfer function time constant), K1 =
Ktz = Ky3 = 0.5 (reheat transfer function gain constant), Tx = Ty, = Tis = 10 s (reheat
transfer function time constant), D;= D, = D3 =8.33 x 10-3 p.u. MW/Hz (area damping
coefficient), Ri1= Ro= R3= 2.4 p.u. MW/Hz (governor speed regulation), Hy = Hy =Hs3 =
5 s (inertia constant), Tg1 = T2 = Tz = 0.08 s (governor time constant), Tu = T = T =
0.3 s (steam turbine time constant), B1 = B, = B3 = 0.425 p.u. MW/Hz (Frequency bias
coefficient).
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STES data: Solar field gain constant Kss = 1.8, solar field time constant Tss = 1.8 s,
Governor time constant Tgs = 1 s, Turbine gain constant Krs = 1 's, Turbine time constant
Trs=3s.

GES data: Governor gains constant Kege = 1 s, Governor time constant Tgee = 0.2 S,
Turbine gain constant Krge = 1 s, Turbine time constant Ttge = 0.5 s.

OTEC data: Speed droop and gain constant of the governor and turbine: K =20, Kot =
1s. Time delay Toc2=1s, T1= 0.1 s. Turbine time constant Tor = 3 s, Net power Ppet =
87 W.

The data for simulating the NMG model presented in Figure 3.22 is as follows

MG 1: Ti2 = Taz = Tiz3 = 0.08674 p.u.MW/rad.Hz (tie-line power synchronization
coefficient), Kp1 = 120 Hz/(p.u. MW) (MG block transfer function gain), Tp: = 20 s (MG
block transfer function time constant), Kv = 1, Tv = 2 s (valve actuator gain and time
constant), Kpe = 1, Toe = 1.8 s (diesel engine gain and time constant), Ri= 2.4 p.u.
MW/Hz (governor speed regulation), B: = 0.425 p.u. MW/Hz (Frequency bias
coefficient), WPG gain and time constant: Kwee = 1, Twpe = 1.5 s, PV input kic= 1, Tic
=0.8s, , Kgess= 1, Tgess=0.1 s (BESS gain and time constant).

MG 2: Kpz = 120 Hz/(p.u. MW) (MG system block transfer function gain), Ty =20 s
(MG system block transfer function time constant), K¢ = 0.5, T¢ = 0.5 s (governor
transfer function gain and time constant), Ky = 0.5, Tt=0.3 s (turbine transfer function
gain and time constant), Ro= 2.4 p.u. MW/Hz (governor speed regulation), B, = 0.425
p.u. MW/Hz (Frequency bias coefficient), Solar collector gain and time constant: Ks =
1.8, Ts=1.8s, Kges= 1, Tees=0.1 s (BES gain and time constant).

MG 3: Kyz = 120 Hz/(p.u. MW) (MG system block transfer function gain), Tps =20 s
(MG system block transfer function time constant), Hi = 5s (inertia constant of VSG), D;i
= 0.5 s (damping constant of VSG), Rs= 2.4 p.u. MW/Hz (governor speed regulation),
Bs = 0.425 p.u. MW/Hz (Frequency bias coefficient), Solar collector gain and time
constant: Ks = 1.8, Ts = 1.8 s, Solar thermal steam turbine gain and time constant: Kr =
1, Tt = 0.3 s, Wind turbine gain and time constant: Kwec = 1, Twee = 1.5 s, Aqua
Electrolyzer gain and time constant: Kag = 0.002, Tae = 0.5 s, Fuel cell gain and time
constant: Kec = 0.01, Tec = 4 s, Solar thermal input Psoiar= 0.15 and wind input Pying=0.1,
Kges= 1, Tees=0.1 s (BES gain and time constant).

MG 4: Contribution factor, ay= 1.8, delay, e*"=0.5, Gain and time constant of EV
battery, Key = 0.1, Ty = 0.5 s. Kpa = 120 Hz/ (p.u. MW) (MG system block transfer
function gain), Tpsa = 20 s (MG system block transfer function time constant), H; = 5s
(inertia constant), D; = 0.5 s (damping constant), Rs= 2.4 p.u. MW/Hz (governor speed
regulation), Bs=0.425 p.u. MW/Hz (Frequency bias coefficient).
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