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Chapter 1. Introduction

I.1 Context

Recently, global energy production has undergone a radical transformation due to
an increase in electricity demand. This shift has led to a reliance on renewable en-
ergy sources (RES) as an effective solution to cope with environmental and eco-
nomic constraints, paving the way for sustainable developments. For instance, due
to the significant transition towards RESs, these cities and regions produce almost
90% to 100% of their proper energy from renewable sources, such as Albania, Costa
Rica, and Norway [1]].

In addition, many countries and organisations have launched programs and in-
vestments in the context of the integration of RESs to completely dispense with non-
renewable sources. The Climate Investment Funds Program (CIF’s renewable energy
integration program) launched approximately 373 projects and programs in 81 coun-
tries, where the main target is to shift from fossil-based to zero-carbon through the
smooth integration of intermittent renewable energy generators into power systems
[2]. The International Energy Agency (IEA) report for 2024 highlights the current
investments and strategies major economies are implementing to boost clean en-
ergy manufacturing and support incentives for renewable energy. On the other hand,
many countries aim to triple renewable energy generator capacity by 2030, according
to IEA and achieve 100% production based solely on RESs in 2050 [3, 4, 5].

Furthermore, the centralised generators present challenges in terms of transmis-
sion and distribution of electrical energy from the large centralised power plants to
end-users via a complex network of transmission and distributions where relying on
distributed generator units located close to the point consumption is considered as
one of the most critical solutions for providing energy, especially in rural and iso-
lated regions. The concept of distributed generator (DG) mainly depends on small-
scale power generator units such as solar photovoltaic, wind turbines, and geothermal
power generators, which present the friendly impact of DGs on the environmental as-
pect. It allows the power to be supplied for consumption, bypassing the transmission
network issues.

Incorporating renewable sources (RS) as a source of electrical production has
many benefits. However, it has several drawbacks that impact the quality of energy
and system stability. The individual and the direct integration of RS into the grid
present a major challenge due to the intermittency of generation. Additionally, most
RESs and DGs mainly depend on power electronic devices in the transformation
phase, which is offset with many problems such as low inertia propriety, connection
and disconnection of DGs, energy storage issues, and the intermittency of generation
due to the weather conditions.[6, [7, [8]].
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1.2 Background on Micro-grid Concept

The concept of microgrid (M G) is introduced as a potential solution to cope with the
problems associated with the integration of individual distributed energy resources
(DER) into the grid. It is paramount for modern power systems to deal with power
quality challenges. MG can be described as"A network of low voltage power gener-
ating units, storage devices and loads capable of supplying a local area such as sub-
urban area, industry or any commercial area with electric power and heat"[9, [10].
From the IEEE2030.7 standard and international standard /EC62898 — 2 "a mi-
crogrid is a group of interconnected loads and distributed energy resources within
clearly defined electrical boundaries that acts as a single controllable entity with
respect to the grid. A microgrid can connect and disconnect from the grid to enable
it to operate in both grid-connected or island-mode"[11, 12].

According to the previous definitions and those provided in [13} [14} [15, [16], the
MG is a small-scale power grid (low voltage system) including hybrid energy sources
and energy storage system (ESS) for supplying power to consumers with the ability
to operate in grid-connected or islanded modes as shown in figure [.1]

MicroGrid
central controller

Battry ESS

Loads Controllable load

Figure I.1: Microgrid configuration.

I.2.1 Microgrid applications and research interest

Recently, the shift towards green energy has led to an increase in the number of
MGs. Globally, the major countries have moved towards investing in the field of
the MGs (177, 18]. It is applicable in several areas, such as educational institutes,
approximately equal to 33% of the total number of the existing M Gs, remote areas,
military bases, commercial and industries, and others [[17].

In terms of investment, the precedence researcher, the global MG market, was
evaluated at USD 36.30 billion in 2023, and it 1s approximately USD 43.19 billion in
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Figure 1.2: (a) Microgrid project location in Algeria, (b) Kabartin renewable energy station in Adrar.

2024; this value 1s expected to reach USD 206.69 billion by 2033, with a compound
annual growth rate of 19%, where the United State is the leader market followed
by a fast-growing of Asia Pacific [19, 20]. According to the 2023 statistics, M Gs
are particularly prevalent in North America, Europe, Asia Pacific, Latin America,
and the Middle East and Africa, where the number of MGs in the United States is
approximately equal to 3700 MGs in operations, and 692 M Gs are concentrated in
Alaska (Kodiak Island powered by wind and hydro-power), California (Stone Edge
Farm MG based PV system, wind turbines, and ESS), New York (Brooklyn MG
based PV system), Georgia, Maryland, Oklahoma, and Texas [20, 21]].

While other countries are endeavouring to incorporate MG technologies by devel-
oping investment plans and programs in green energies, Algeria is increasingly using
MGs as a means to improve energy accessibility and include RESs into its overall
energy plan (see Figure [[.2a)[22, 23]]. An exemplary initiative is the pilot Ghardaia
MG, which integrates the PV system, ESS, and cutting-edge grid control technolo-
gies. The purpose of this MG is to provide a consistent provision of electricity in an
area that experiences sporadic connection to the main power grid [24]].

Additionally, as shown in Figure [.2b] the Adrar MG project relies on PV sys-
tems and wind turbines with battery storage systems to power the local community
to cope with the challenges of sustaining a stable grid connection in the desert. Fur-
thermore, the Timimoun hybrid MG combines PV systems and diesel generators to
supply power for remote areas [25]. The Touat MG project aims to combine solar
energy with battery storage to meet the energy requirements of the local community.
Another notable endeavour is the Hassi R’Mel MG project, which investigates the
integration of PV systems and ESS to decrease dependence on diesel generators and
encourage the adoption of sustainable energy practices.
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1.2.2 Architecture of micro-grids

Figure [[.3] illustrates the architecture of MG [26]. Each component plays a cru-
cial role in ensuring the optimal operation of the MG. Typically, MG consists of
localised power generation units designed to supply electricity to loads using ei-
ther RESs such as solar photovoltaic panels (PV panels) and wind turbines, which
are non-dispatchable (meaning their output depends on external conditions like sun-
light and wind and cannot be easily controlled to match demand), or non-renewable
sources like diesel generators, which are dispatchable (able to be turned on or off,
or adjusted to deliver a specific amount of power as needed). Often, these sources
are combined in what is known as hybrid generations, which are the most commonly
used configuration [27, 28, 29]. Additionally, ESS are essential for balancing supply
and demand, controlling power, maintaining quality, and providing rapid response
times. [16, 29, 30].

MG
Controller

“~
y o || & 3 e A
generator generator farm farm
Electrical Dispatchable Non-dispatchable Energy storage
Loads generations generations system

Figure 1.3: Conceptual diagram of a microgrid.

Electrical loads within M Gs can be categorized into linear and non-linear types,
with critical loads, such as hospitals, requiring constant power supply, while de-
ferrable loads that are adjustable for MG load balancing [16, 31]. The control sys-
tem serves as the central management unit of the MG, overseeing power distribution,
load management, and the connection and disconnection from the main grid. It coor-
dinates the various components of the MG under all conditions, ensuring both power
quality and the dynamic stability of the system [32]. Additionally, automatic trans-
fer switches (AT'S) are vital for their reliability in facilitating seamless transitions
between grid-connected and island modes, ensuring uninterrupted power supply.

1.2.3 Micro-grid coupling architecture

The diversity of power sources in the MG has been demonstrated to be a crucial
factor in enhancing the system’s reliability. Since all power sources possess distinct
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operational characteristics, it is essential to select an appropriate connection architec-
ture for these resources utilizing converters and buses to supply the load. Multiple
topologies exist to integrate diverse energy sources into a working hybrid system.
Energy storage units are interconnected via a bidirectional converter, which is em-
ployed to store energy and can fulfill the load’s requirements during periods of inad-
equate supply. The primary purpose of these structures is to provide optimal energy
flow to end users, minimize complexity, eliminate conversion losses, and enhance
system reliability and cost-effectiveness. In this context, MGs are divided into three
main categories: direct current MG (DC — MG), alternative current MG (AC — MG),
and AC/DC hybrid MG. Each type offers several advantages to power systems and
comes with specific challenges for different operational conditions [33, 34, 35, 36].

1.2.3.1 Direct current microgrid

Typically, DC — MGs are linked to the grid utility through DC/AC converters. How-
ever, the different MG components are connected to the MG via a common DC bus,
as illustrated in Figurdl.4] [37]. It can power AC and DC loads with varying levels of
voltage using power electronic converters such as DC/AC and DC/DC converters.
This type of MG offers better stability to the power system ( no reactive power) with
lower power conversion losses, providing high efficiency, which makes it preferable
for the integration of RESs [36), 38, 39, 40].

Utility grid

___________________________________________

DC Loads

DC Microgrid DC bus

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1
I | Distributed . i
1 Distributed |
Generator 1 4-9
i A Generator2 |
1
1 1
1 1
1 1
1 1
1 1
1 1
]

Figure .4: DC microgrid architecture.

1.2.3.2 Alternative current microgrid

The AC — MG is most architecture compatible with the present power systems, which
enhances the controllability and flexibility of the system. The different AC — MGs
components are connected to the MG via a common AC bus as illustrated in Figure
[L.5][37]], which facilitates the transitions between islanded and grid-connected modes,
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respecting the synchronising conditions by maintaining voltage magnitude, phase
angle, and frequency. Additionally, the DC components as DC loads and PV systems
are interfaced to the AC bus through DC/AC converters, which influence the system
efficiency [36, 38, 40].

Utility grid

AC Distributed
AC || Generator1
Distributed !
Generator 2 AC Distributed
DC ||Generator 3
DC !
Loads
. . Loads
AC Microgrid ACbus

Figure 1.5: AC microgrid architecture.

1.2.3.3 AC/DC hybrid microgrid

The AC/DC microgrid combined both DC — MG and AC — MG to benefit from the
advantages of each one, as shown in Figure[[.6][37]. It includes a DC bus and AC bus
to supply power to AC and DC loads where the MG components can easily connected
to DC and AC sides without synchronisation for the generation and storage system.
It aims to improve the reliability and efficiency of the whole system by minimising
the number of conversion stage and interface devices [36, 38, 40].

Distributed Distributed
Generator 3 Generator 4

Utility grid AC DC

DC Loads —

AC/DC Microgrid
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Figure 1.6: AC/DC microgrid architecture.
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1.2.4 Operating modes of microgrid

Both stand-alone and grid-connected operations are possible with MG, as shown in
Figure |I;7[ It depends on various criteria, such as load demand, weather conditions,
the capacity of storage, and grid contingency. The subsequent section will provide a
concise overview of the two operational modes.

Bypass on

Synchronisation

Import / export
Power

Grid-connected
Mode

Restoration

Bypass off

Figure 1.7: Operating modes of microgrid.

1.2.4.1 Islanded Mode

Islanded MG, also referred to as stand-alone MG, operates independently of the
main grid where usually the local power generation relies on DGs-based RESs and
integrates ESSs such as batteries to ensure power supply to local loads such as rural
regions. However, this mode necessitates a control system with high performance to
meet the dynamic stability (voltage and frequency) and ensure efficient power system
management with fewer power losses. It is designed with the ability to connect to
the main grid in case of high demand and less power generation [27]].

1.2.4.2 Grid-connected Mode

This mode allows the bidirectional power flow between the MG and the main grid
by importing the energy when there is a defect in the MG and exporting it in case
of excess to support the main grid. In this mode of operation, the voltage amplitude,
frequency, and phase are determined by the main grid; these parameters can easily
be obtained at the point of common coupling (PCC). The PCC is a connection point
between the MG and the main grid. Distributed energy resources usually work under
grid-feeding control strategy also they able to work in grid-forming if it is necessary.
The synchronization between the main grid and the MG, in this case, is carried out
by a phase-locked loop (PLL).[27].

I.3 Microgrid control criteria

MGs differ from conventional power systems in terms of generation sources, scale,
distribution and transmission. It also differs in the control system in terms of com-
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plexity, objectives and scope. The control in the conventional system focuses mainly
on controlling the traditional generation units and dealing with the large distribution
and transmission of energy to ensure the stable operation of a large and intercon-
nected system [138,, 41, 42].

However, MG depends on DGs and RESs, which are intermittent generation units
due to weather conditions such as wind speed and sunlight. Unlike the traditional
system, ESSs represent an important component in MGs, especially for the control
systems to ensure power management. In addition, it should deal with the con-
nection and disconnection of loads and generation units to meet the stability of the
whole system, resulting in specific needs in terms of power quality to handle different
scenarios[43, 44].

Consequently, the MG control system plays a critical role in accommodating its
reliable operation in both operation modes. The key recommendations for the MG
control system are shown in Figurel.§| It should meet the power balance, synchroni-
sation and power exchange with the main grid, smooth transition between operation
modes, coordination of DGs, ensuring power quality, voltage and frequency regula-
tions with consideration of the sensitivity of system components [43), 145, 46]].

Between MG
operation modes

demand a Grid fault
TN T
Equipment damage
Manage peak

loads R
Functional requirements for Power Between the main grid

q Exchange and the MG

microgrid controls
e MG dispatch plan

Stability 0

Frequency & voltage| |Frequency and
regulation phase angle

Power flows Voltage

Figure 1.8: Functional requirements for MG controls.
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1.3.1 Hierarchical control for microgrid

Managing the operation of MG presents significant challenges, particularly in main-
taining stability and efficiency under varying conditions. To address these chal-
lenges, a hierarchical control structure is commonly employed, offering a robust
framework to coordinate the operation of MGs effectively. This structured approach
is a hybrid strategy consisting of three levels: primary, secondary and tertiary con-
trollers, and it can only be in two levels (primary and secondary), which is bi-level
control, serves for monitoring and supervising MG [39, 47, 48]. Each level is de-
signed with specific objectives and methods to ensure particular tasks, such as com-
manding and overseeing lower-level systems. It is designed to improve operating ef-
ficiency and offers flexibility with less communication pressure, minimising operat-
ing costs and performing better load and current sharing. Each level should generate
reference signals to the lower levels without impacting the system stability, resulting
in a decrease in bandwidth with the increase in control levels. This control strategy
improves the power quality, and it offers reliability and stability of MG in different
modes [41, 49, 50]. Additionally, it ensures proper power flow and management, a
synchronisation process with smooth transitions between mods, and accurate power
sharing between DGs, which provide more expandability to the system with more
integration of RESs. Power management within an MG and power exchanges with
the main utility grid have been implemented using hierarchical control structures via
a "multi-agent system" for two European M Gs: one on the Greek island of Kythnos
and another in the German ’Am Steinweg project.

The architecture of the hierarchical control is illustrated in Figure The pri-
mary control is the basic level designed as decentralised control to ensure power
sharing between DG units. It is a local frequency and voltage control implemented
for each DG, generally based on a droop controller; it operates at the millisecond
scale to control the common bus voltage, frequency, and current. However, in case
of severe disturbances and malfunctions, it presents the drawbacks of frequency and
voltage deviations and less efficient reactive power sharing. Hence, the secondary
control is introduced as centralised or distributed control to restore the frequency
and voltage to their set points, eliminate the deviations, ensure the synchronisation
of MG with the main utility grid and improve the power quality. It operates from
milliseconds to minutes. Finally, the tertiary control (slowest control), which is cen-
tralised control, operates on timelines of hours to days for the detection of islanded
mode, and it is activated during the transition from the islanded to grid-connected
mode to managing the bi-directional power flow between MG and the main grid. In
addition, it focuses on managing the battery storage, DGs scheduling, and dispatch.
The following sub-sections will provide detailed descriptions of the fundamental
structures of each control level.(see Figure [[.10).
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Figure 1.9: Hierarchical control architecture for MG.
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Figure 1.10: Hierarchical control implementation for AC-MG.

1.3.1.1 Primary control

In theM G system, adequate power sharing between the units is crucial. The primary
layer of the hierarchical control is designed to ensure this specific task is based on
local measurements such as voltage, current, and active and reactive power to gener-
ate and send the control signal at milliseconds directly towards the power converter
to realise the power-sharing among different DGs, addressing some power issues to
contribute in the stabilisation of MG. Each DG unit operates autonomously to con-
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trol load disturbances, ensuring the local frequency and amplitude regulation with
less fluctuation [138, 149]].
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Primary control

Figure I.11: Primary control architecture.

Mainly, the primary control for voltage source inverters (V SIs) based on fre-
quency and voltage droop controllers for active and reactive power sharing, respec-
tively, between DGs to deal with load changes where the idea comes from the con-
ventional primary control of synchronous generators realised by turbine-governors
and voltage regulation. The droop controller is based mainly on the implementation
of two main properties the mechanical power compensation from the rotating ma-
chine in the case of increasing in power damned and voltage drops in the case of
increasing reactive power sharing, which is the basic idea of the exciter control of
synchronous generator [49].

The primary control loops are droop control, inner loop, virtual impedance loop,
and power calculation block, as illustrated in Figure.T1] Firstly, the phased locked
loop (PLL) is used to measure the output current and voltage (i,,v,) for the power
calculation block to calculate the average value of active and reactive power (P, Q).
Then, the calculated values are used from the droop controller to adjust the frequency
and voltage (f4r00p,Vdroop) Proportionally to active and reactive power deviations,
respectively. Besides, the current and voltage control loop unit serves to achieve the
inverter voltage (V;' ), frequency, and amplitude stabilisation. On the other hand, the
virtual impedance loop is integrated to improve power-sharing accuracy, compensate
for line impedance differences, and address harmonic distortion [38, 49].

12
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1.3.1.2 Secondary control

During islanded mode operation, the secondary control is the highest control layer; it
serves to suppress the frequency and amplitude deviations produced by the primary
control layer. On the other hand, during the transition from island to grid-connected
mode, the synchronisation of the MG with the main grid is ensured from this con-
trol layer. Additionally, it can suppress circulating currents and eliminate harmonics
within the MG, allowing the energy management system (EMS) to proceed by con-
sidering the power flow and power quality [38, 47].

The structure of the secondary layer can be implemented as centralised or dis-
tributed control as illustrated in Figures [[.12a] andl.12b| In the centralised secondary
control structure, the frequency and voltage of each DG are transmitted to a central
control unit that coordinates the DGs via a high data rate communication bus to re-
store the MG frequency and voltages. However, it is suffering from a single point of
failure. On the other hand, the distributed structure is based on a local measurement
of frequency and voltage that is communicated to the other DG units. The exchange
of information between DGs is ensured via a peer-to-peer communication network.
For both strategies, the voltage, frequency, and amplitude are estimated through PLL
and compared with their reference values; then, the errors 6w and 6 E are sent to all
the units to restore the output voltage. In addition, to synchronise the MG phase with
the main grid, the phase between the grid and the MG is measured and sent to all the
modules [38, 49]].
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Figure 1.12: (a) Centralised secondary control architecture. (b) Distributed secondary control archi-
tecture.

1.3.1.3 Tertiary control

In gird-connected mode, the tertiary control level is introduced as a global central
controller to ensure load balance and control of active and reactive power flow be-
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tween the MG and the main grid at the point of common coupling (PCC), and it
1s deactivated when islanding mode is detected. It is used for optimal bidirectional
control of the active and reactive power flow, power management, and coordination
of DG units at optimal set points. In grid-connected mode, the primary objective of
tertiary control is to manage power flow by enabling any energy deficit in the MG
to be supplied by the utility grid and by sending any excess energy in the MG to the
main grid.

According to the structure of the tertiary control for multiple DGs formed MG
connected to the main AC grid shown in Figure[[.12b] it defines the desired active and
reactive power values by providing the voltage amplitude and frequency set points to
the lower control levels to control the bidirectional power flow, where the active and
reactive power (P, Q,) can be computed from the measured grid current and voltage
(ig,vg). These quantities are compared with their corresponding desired values P,
and Q,. Then, the new amplitude and frequency set points are calculated using PI
compensators and sent to the secondary control layer for power flow control at the
inverter level [38,, 49].

Microgrid
P’l ’ Q'l

DG_1 Primary
Control

Fg. Qg

'SEi €  m— Py, Q;
N pPCC — DG 2 [ Primary l
-/

Control

Secondary [ J
Control

Tertiary Control

Figure 1.13: Tertiary control architecture.

I.4 Research and motivation

In MG, power transmission from DG units to consumers mainly depends on power
electronic devices; on the other hand, the prolific integration of RESs is matched by
a significant reliance on power electronic devices; in this way, the rotating machines
are constantly decreasing, which present challenges for frequency control of modern

14



Chapter 1. Introduction

power systems. Conventionally, system frequency is controlled within a specified
range by inertial response and frequency regulation from a synchronous generator
(SG). While a generator trips offline or the load increases, the frequency deviates
from its set point. Hence, the kinetic energy stored in rotating mass, which refers
to the physical inertia from the SGs, resists these changes; it helps to absorb or
release the imbalance, which highlights the significant impact of inertia response
in frequency regulation. It directly contributes to the initial response and reserve
power for primary and secondary frequency control. As illustrated in Figure[[.14] the
high inertia system provides a buffer against fast frequency changes with the slowest
rate of change of frequency (RoCoF) and less frequency nadir, which ensures great
system stability [S1,152]].
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Figure 1.14: The correlation between inertia and frequency response.

However, the increase of DGs interfaced with power electronic devices resulted
in a consistent decrease in the total inertia of the whole system. Consequently, sud-
den load or generation disturbance causes degradation of frequency performance
for low or no-inertia systems, such as large frequency deviation and high RoCoF,
faulty protection action, or even system split and blackout. Furthermore, the inher-
ent dampening effect of inertia is reduced in systems with low inertia. This decrease
in damping results in more prominent and persistent oscillations after disturbances,
which might strain system components and diminish the overall reliability of the
power system. This lack of inertia and damping results in the high RoCoF, lead-
ing to abrupt frequency variations with larger amplitudes and load-shedding, even at
a small disturbance [53]]. Additionally, due to the intermittency of generator-based
RESs, ensuring a balance between power supply and demand becomes increasingly
challenging in low-inertia systems. It requires faster and more dynamic frequency
regulation services (see Figurel. 15).

Consequently, in normal operation, the DGs and RESs have a low capacity to
engage in frequency regulation processes. Hence, integrating them into the power
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Figure 1.15: Impact of inertia on frequency response.

system will inevitably result in a decrease in the overall system inertia and damping.
This might have adverse effects on power system dynamics, frequency and voltage
regulation, and other operational and control concerns. During severe scenarios,
these issues have the potential to result in system instability and cascading failures
and may lead to blackout [52].

1.5 Thesis objectives

To address the stability issues previously mentioned regarding the low inertia system,
this thesis addresses the following objectives:

* To elaborate on the concept of active power-based inertia compensation regard-
ing frequency control to give a clear understanding of inertia compensation and
frequency control.

* To review existing literature on inertia compensation techniques for MG to pro-
vide a comprehensive overview of current knowledge and understanding.

* To produce a frequency response model of an islanded and interconnected M Gs-
based load frequency control using hierarchical control topology to study and
analyse the system responses and controllers’ performance regarding the rate of
integration of RESs.

* To design virtual inertia control VIC-based ESS to ensure inertia compensation
for low inertia systems and enhance the dynamic stability and power quality of
MGs operating in an islanded or interconnected mode.

16
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* To examine the impact of VIC parameters on system stability. Assess the per-
formance of the MG under various scenarios through simulations.

* To develop advanced VIC techniques tailored specifically for interconnected
MGs integrated with RE'Ss to manage power fluctuations and frequency changes
adaptively.

I.6 Thesis Outline

The rest of this thesis is organized as follows:

» Chapter 2: provides a comprehensive overview of virtual inertia, a fundamen-
tal principle emulation of physical inertia from SG behaviour, and its significant
impact on modern power systems. It emphasizes their importance in maintain-
ing system stability and presents a literature review of virtual inertia control
strategies implemented in artificial inertia for modern power systems.

* Chapter 3: introduces the frequency response model for islanded and inter-
connected M Gs-based VIC. It analyses MG dynamics, highlighting the role of
virtual inertia in frequency stability. This chapter develops a state-space model
that accurately captures MG components’ dynamics, justifying its simplified
version for efficient control design and simulations. It also discusses the design
and implementation of VIC strategies for stabilizing MG frequency under dy-
namic operating conditions. It examines the impact of control parameters on
system stability.

* Chapter 4: Presents the development of fuzzy-virtual inertia control to im-
prove the frequency response of interconnected MGs. Also, the validity of the
proposed controller is verified based on several tests.

* Chapter 5: Presents the advancement of adaptive virtual inertia and damping
control utilizing artificial neural networks for frequency regulation in an in-
terconnected power system with significant renewable energy integration. The
control system observes critical indicators such as frequency deviation, RoCoF/,
and renewable energy source power fluctuations to enhance precision and flex-
ibility, intelligently adjusting virtual inertia and damping for each region, even
amidst disturbances. The approach improved coordination between multiple
virtual inertia across interconnected regions. The obtained results are presented
and discussed, and these performances are compared to conventional methods.

Finally, the thesis concludes with a section summarising the main contributions of
this research and outlining potential directions for future work
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Chapter II. Overview of virtual inertia control

II.1 Introduction

Recently, power generation infrastructures based on fossil fuels shifted toward inte-
grating RESs to fulfill the load dammed and cope with the economic and environ-
mental criteria. Unlike the classical power system based on high inertia, the design
of modern power systems is based mainly on power electronic devices to convert the
power from renewable power generators (RPG) to consumers with low or no inertia,
such as the PV system. Generally, reducing inertia in modern power systems brings
challenges for maintaining the stability of the system [54, 55].

From this point, virtual inertia is introduced to cope with the impact of reduced
inertia from modern power systems. This concept aims to provide additional iner-
tia to the system by controlling power electronic devices via control algorithms to
emulate the inertia response of conventional power systems. This artificial inertia
stabilises the system and improves the integration of RESs while maintaining the
system reliability [54, 56, 53].

This chapter aims to provide a comprehensive understanding of virtual inertia, a
fundamental principle based on the emulation of physical inertia from synchronous
generator behaviour, and its significant impact on modern power systems. It aims
to highlight its importance in maintaining system stability. Additionally, it offers
an overview of control strategies for virtual inertia implemented through artificial
inertia in modern power systems.

II.2 Fundamentals of inertia in power systems

I1.2.1 Traditional inertia response

Generally, coal, natural gas, and nuclear fission reactions are the main sources used
in the conventional power system, which is based on SGs to transform the mechanical
power to electrical power [57]. The stator and rotor are the main parts of SGs where
the rotational speed of the rotor (n, in rpm) is expressed by equation [Tl

ny = <@> (1)
p

Where f is the system frequency (in Hz), and p is the number of poles.

From the equation 1], the speed of the rotor is directly proportional to the fre-
quency of the host power system with which the governor is connected. Besides, the
rotor’s mass (m in Kg) offers inertia to the system; as a result, it resists rotational
speed changes and opposes the frequency shift. The significant inertia represents a
buffer against grid collapse, as it contributes substantial kinetic energy [54, 57, 5]
where the inertia (J) of SG and the kinetic energy (Ex) are expressed by equations
L2, and and the rotational speed of the rotor @, (in rad/s) is giving by equation
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4.
J= /rzdm =r’m (IL.2)
15
Ex=Jo, (IL.3)
L) 1.4
W = 27 (IL4)

Where r is the radius of the rotor (in m).

The load or generation disturbances cause the imbalance between the power sup-
ply and dammed; as a result, the rate of change of kinetic energy stored in the rotating
mass of SGs is equivalent to change in generation (AP,) and load (AP) [BR8]. It is
given as:

dE
d—t" — AP, — AP, — D(@,, — @) (IL.5)
Where D is the damping factor, @y refers to the rotational speed of the stator (in
rad/s).
Considering the apparent power (S) rating of the generator and total kinetic energy

stored in the rotor, the inertia constant (H) can be expressed by equations [L6.

. Ex . J (x),%

s 28

Hence, in the case of several SGs connected to the power system, the total inertia

constant can be represented as the resistance caused by the exchange of kinetic en-

ergy between rotating machines. This exchange helps compensate for the frequency

deviations during the power imbalances, representing the inertial response during

a few seconds [8Y]. The total inertia constant (Hp,;) 1s dictated by the following
equationll

(IL6)

Expp  Yie1SiHi
S Total ?: 1 Si

Hrotal = (I1.7)

Typically, the RoCoF of the power system is used to adjust active power and the
system frequency in response to power imbalance. Besides, it is used to assess power
system inertia. Therefore, the system inertia constant is determined by the RoCoF

as follows:
dw, Wy,

dt 2HS
On the other hand, small disturbances lead to deviation of rotor speed due to me-
chanical loss; the damping effect of the rotor generated from the damper or armature
winding in SGs plays a significant role in restoring the synchronous speed of the
rotor. During the deviation in the speed of the rotor, the air-gap flux rotates with the
synchronous speed. It penetrates the damper armature, causing an electromagnetic
force and current to be induced in it, which produces a damping torque severs to

RoCoF = [AP, — AP, — D(@, — ;)] (IL.8)
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restore the synchronous speed of the rotor. When A < 0, then the damping power
(Pp) rejects the deceleration of the rotor’s speed and vice versa; afterwards, the rotor
will follow its usual path and attain synchronism without continuous oscillations[54].

Consequently, the inertia response refers to the ability of rotating masses to resist
changes in rotational speed, resulting in maintaining the stability and frequency of
the power system.

Reserve Frequency

Deployment of Reverse

Inertial Primary Secondary Tertiary
Response

nom

Stabilization

Recovery

Contingency

Figure II.1: Stage of frequency response in traditional power system.

Additionally, as illustrated in Figure [L1l, after a few seconds from the distur-
bances, the governor of the traditional generators acts to supply or absorb real power
based on its droop characteristics via primary regulation (i.e. primary control) for 10s
to 30s, where the total power generated or absorbed from governor action is directly
related on the frequency deviation (Af), it can be expressed by equation ILI[57].

ng A
Pgmtal - Z f

j=1
Where R0p 18 the droop constant and P, , , is the generator power.

However, it introduces a frequency nadir resulting in study state error; hence, the
secondary control is operated to reset the frequency to its set point. It can persist
for around 30s — 15min. When the tertiary control is activated power, it adjusts the
frequency through the re-dispatching of the committed generators [57].

(I1.9)
Rdroop

I1.2.2 Impact of reduced inertia

With the increasing integration of RESs, the inertia response of power systems sig-
nificantly decreases with the retirement of traditional power systems. Furthermore,
weather conditions such as sunlight, wind speed, temperature, and humidity in-
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fluence modern power generation, where most MG components, such as solar PV
plants, are associated with more uncertainty. On the other hand, the nature of loads
connected to MG, such as electric vehicles (EVs) and non-linear light loads, may
introduce harmonic distortions into the host grid. Most MG components are also
matched with power electronic devices with no rotating masses. As a result, they do
not contribute to inertia response [5Y].

Figure presents the impact of the integration rate of RESs on frequency re-
sponses and the RoCoF. Where the high integration of RESs introduces power sta-
bility issues, and where reduced inertia and damping responses cause frequency sta-
bility issues, increasing the risk of system instability. While the conventional power
system benefits from the inertia response by providing inertia and damping power to
slow down the frequency changes, it limits the RoCoF and frequency nadir during
grid contingency, which gives more stability to the system, the modern power system
relies on power converters with low or no rotating masses suffering from the reduced
or the absence of inertia response which impacts the system stability where the in-
creased RoCoF indicated the rapid changes of frequency under load or generation
disturbance, the frequency response is faster with deeper frequency nadir compared
with the conventional sources[58, 57, bO].
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Figure I1.2: Impact of inertia on frequency response.

This variation may exceed the frequency limits and standards and lead to cascad-
ing failures of the whole system, resulting in blackouts and collapses, which was
the case in 2016 in South Australia, where the grid equipped with a wind generator
collapsed. It led to catastrophic incidents and losses in the distribution and trans-
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mission network. After the analyses carried out by the experts, they concluded that
the collapse of the network was due to the reduced inertia from the wind generators,
which allowed the increase of RoCoF' and frequency deviations and led to cascading
failure of the system. This event approximates the one in Taxes Winter Storm 2021,
where the power grid suffered from significant stability issues. The decrease in gen-
eration capacity and the limited inertia from renewable sources (PV systems) led to
widespread outages and frequency instability. This event highlights the susceptibili-
ties of low-inertia systems during extreme conditions [52].

Table L1 presents the top five power system stability problems identified and
classified by European transmission system operators (European TSOs) as published
by the European Network of Transmission System Operators (ENTSO-E) [589, 61]
where the decreased inertia of power system has the highest score of 17.35 which
demonstrates the real impact of reduced inertia in power system and highlights the
importance of developing strategies and mechanisms to provide additional inertia
such as virtual inertia to deal with stability issues and enhance the dynamic perfor-
mance of modern system [b1].

Table I1.1: Power stability issues classified by European TSOs.

Classification Score Issue

1 17.35 Low inertia

2 10.16 Resonance caused by power electronics and cables

3 9.84 Reduced transient stability margins

4 8.91 Power electronics-connected generators participation in
frequency containment is either absent or incorrect

5 8.19 Interactions between power electronics controllers and

passive AC components

II.3 Concept of virtual inertia

In a low inertia power system, the most important target is to achieve a suitable in-
tegration of RESs for stable operation. This necessitates coping with the frequency
issues by increasing the system inertia to ensure frequency support in the first mil-
liseconds from the contingency. From this point of view, the virtual inertia concept
was first introduced in [62] via power converters for modern power systems to pro-
vide inertia response (inertia and damping properties) in the frequency regulation
process. It is defined in [63] as "A facility provided by a Power park module or
HV DC system to replace the effect of the inertia of a synchronous power generating
module to a prescribed level of performance.
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This concept is based on emulating the inertia response of conventional SGs,
which is possible based on sophisticated control techniques for power electronic de-
vices. Unlike the physical inertia in SGs, which is derived from the kinetic energy
of rotating masses, the virtual inertia is generated by controlling power electronic
converters that connect RESs and DGs units to the power system. It is introduced in
literature under various typologies and labels such as virtual synchronous generator
(VSG), virtual synchronous machine (VSM), virtual inertia control (VIC), and syn-
thetic inertia (SI) where all strategies aim to control the power converters to behave
as real SGs to improve system stability by providing a faster and adaptive response
to frequency, equivalent to the conventional inertia response [b4, b5]

I1.3.1 Principal of virtual inertia

The basic operation of virtual inertia mimics or emulates the mechanical behaviour
of SGs by absorbing or releasing power from converters to cope with the frequency
deviations as illustrated in Figure [52]. The virtual inertia is created by modu-
lating the active power via an inverter similar to the speed of the SG rotor based on
control algorithms inspired by the concept of SGs, where the most proposed algo-
rithm is based on the mathematical model of SGs. The main parameters, i.e. virtual
inertia and virtual damping, are chosen according to the power size of the system,
the rate of integration of RESs, and the available power reserve [53, 57].

DC bus

ESS @— converter AC bus
(1)
oot

Inner control Virtual Inertia
loops Control (eq 11.9)

Figure I1.3: Conceptual diagram of virtual inertia.

The frequency measurement is essential for virtual inertia emulation to contin-
uously monitor the power system’s frequency. Where the measured frequency is
processed through a control algorithm which is designed to deal with the concept of
virtual inertia to adjust the output power of the connected DGs or ESSs via a power
converter, it rapidly injects or absorbs power, enabling virtual inertia to react almost
instantaneously to frequency changes[64].
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II.4 Overview of virtual inertia control topologies

In the past year, this concept has received much attention and has seen significant ap-
plications to reproduce the mechanical property of real SG in power converters based
on the swing equation, SG modelling, and SG phasor-diagram to benefit as much
as possible from the SG to support the low-inertia system in maintaining stability
[62, 62, bA]. It is introduced in [67] for a grid-connected voltage source converter
(VSC) controlled as a Virtual Synchronous Machine (V. SM) based on the swing equa-
tion of SG to provide a power-balance-based synchronisation of the converter control
system to the grid. In [b&], the concept of virtual inertia used the SG modelling to
control inverter-based RESs to stabilise the frequency similarly to the SG behaviour
during contingency. One other study presented in [51] for signal area power sys-
tem presents the impact of virtual inertia and damping factor of system-based RES's
where the frequency response is improved with the increase of virtual inertia and
damping parameters. The authors in [69] aim to prove the efficiency of virtual iner-
tia in frequency regulation for low inertia power systems where the proposed strategy
1s implemented in parallel inverters based on the swing equation of SG and compared
with real SG behaviour. Reference [[/(J] used this concept for wind turbines to ensure
fast frequency support. The virtual inertia emerged for the PV systems via a power
electronic converter based on the SG phasor-diagram in [[/T] to compensate for the
lack of inertia as a result of improving the dynamic performance of the power sys-
tem. In [[77], the VSG based on the mathematical model of SG is introduced for a
single-phase inverter based on RESs to support the frequency and voltage stability.
The experimental results presented in[73] show the efficiency of virtual inertia com-
pensation for modern power systems. Germans applied the virtual inertia concept
in MG to overcome the frequency issues. All these studies highlight the significant
impact of virtual inertia in compensation for the lack of inertia in modern power sys-
tems by enhancing the regulation process of frequency, resulting in better dynamic
performances.

The fundamental principles of virtual inertia in the literature are mainly identi-
cal because its definition is based on its effect rather than the implemented strategy.
Therefore, multiple topologies can be distinguished based on their specific model
and application strategy as shown in Figure [L4 [51, 64]. One approach to replicat-
ing the behaviour of an SG in topology is to use its mathematical model. Another
approach is to directly use the swing equation of synchronous machines to simplify
the implementation of power converters. Additionally, some approaches incorpo-
rate responsive DGs to react to frequency changes. The following sub-sections will
present the basic structures of main virtual inertia topologies and their detailed de-
scription.
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Figure I1.4: Virtual inertia classifications.

I1.4.1 Synchronous generators model-based topology

II.4.1.1 Synchronverters

Synchronverters is a developed topology in [68]; it aims to allow inverters-based
RESs to behave as real SGs by replacing the mechanical power exchange with the
DC bus; it can have all properties of an SG. Unlike the SG model, this technique can
choose system parameters such as inertia, friction coefficient, field inductance, and
mutual inductances, as well as the values of parameters that are impossible in a real
SG with no magnetic saturation and no eddy current.

Furthermore, the synchronverter can be operated with connection to the main
power system as a generator with the conventional control algorithm in the same
way as SG or as a synchronous motor, deciding the direction of energy flow be-
tween the DC bus and AC bus automatically according to the system frequency. This
concept consists of filter inductors and capacitors associated with a control algorithm
based on the dynamic equations of SG (the electrical torque (7,), terminal voltage (e)
and reactive power (Q)) additionally to the regulation of active power via frequency
droop control [b4, 68]. The main control equations are expressed as follows:

—

T, = Myis(i,sin 6) (I1.10)
e = OMjyifsin @ (IL11)
Q = —6Mjis(i,cos 6) (I1.12)

Where My is the magnitude of the mutual inductance between the field coil and
the stator coil, 0 is the angle between the rotor axis and one of the phases of the
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stator winding, and i is the rotor excitation current. Denote

_ia_ [ sin 0 ] [ cos 6 |
i=|iy|:sin0 = |sin (6 — Z%) | :cos0 = |cos (6 — 2Z) (IL13)
_ic_ _sin (9 — 47”)_ | cos (9 — 47”)_

The configuration of this strategy is depicted in Figure [L3. It consists of two main
parts: the power part is represented by a red dashed box, acting as an SG connected
in parallel with three capacitors to ignore the ripple (small oscillations in voltage and
current).

On the other hand, the inductors L, help in synchronisation and power control,
ensuring that the output of the synchronverter aligns correctly with the grid; the
energy storage system on the DC bus is essential to absorb the power from the virtual
prime mover which represents the mechanical power input in a real SG and the inertia
power of the virtual rotating part of the SG. The capacitor voltage represents the
terminal voltage of virtual SG, and the Lg; Rg depicts the stator windings of virtual
SG. Additionally, the average of e(eg, epe.) is the back EMF due to the movement
of the virtual rotor. On the other hand, the DC source iy is adjusted to feed the virtual
field (rotor) windings.
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Figure II1.5: The conceptual diagram of the synchronverter.

The digital signal processor (DSP) and associated circuits control switch under a
special program represent the electronic part of the synchronverter, including voltage
and current sensors, signal conditioning circuits, and analogue/digital converters.
Where the equations [LTO,MLTT, and with the frequency and voltage droop loops
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are the core part for implementing the electronic part of synchronverter as shown in
A [64, bX].
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Figure I1.6: Detailed control diagram of the electronic part of synchronverter.

Where P*,Q* are active and reactive power references, @, is the nominal pulsa-
tion, and 7, is the mechanical torque.

To enhance the transient response, the controller part of the synchronverter is
modified in [[74] by adding a damping correction loop to act only during the tran-
sients. In [[75], two major changes in the electronic part of the synchronverter to de-
velop a self-synchronisation strategy to overcome the PLL drawbacks; first, a virtual
impedance is introduced to calculate the virtual current (/) for initial synchronisa-
tion which offers a sluggish synchronisation process, second, a PI controller is added
to the frequency control loop to allows for the generation of an incremental phase an-
gle, which effectively eliminates the steady-state inaccuracy in torque. The concept
of synchronverter is adopted to single-phase systems with a low pass filter for active
and reactive power in [[Z6]. The authors in [[/7] proposed a modified synchronverter
for three-phase PWM rectifiers to operate a rectifier to mimic a synchronous motor
to directly control the real power extracted from the source and the output voltage.

I1.4.1.2 VISMA and IEPE’S VSG topologies

The ideal-linear model of SG is the main concept proposed by the Institute of Elec-
trical Power Engineering (IEPE) to emulate the inertia response for modern power
systems, which is called virtual synchronous machine (VISMA) [[/&]. It emulates the
stator circuit of SM and the mechanical subsystem to introduce the virtual rotor and
damping effect based on the electro-mechanical power balance. Furthermore, this
topology was implemented via two types: VISMA — Method — 1, where the mea-
sured grid voltage is used to feed the VISMA algorithm, and then the inverter is
controlled via hysteresis control by the calculated stator current in real-time from the
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VISMA (voltage-to-current model) as shown in Figure I73 [[79].

However, the VISMA — Method — 2 used the voltage reference for PWM to con-
trol the inverter (current-to-voltage model) as shown in Figure IL’7H [R0]. The second
technique achieves better power quality compared to the voltage-to-current model (79,
R11].
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Figure 11.7: Block diagram of : (a) the VISMA-Method 1. (b): the VISMA-Method 2.

I1.4.1.3 KHI’S VSG topology

The phasor diagram of SG is considered by Kawasaki Heavy Industries (KHT) [[/8,
87] to reproduce the inertia response for the grid-connected inverter without crossing
over the electrical dynamic of the generator. This topology is called virtual gener-
ator model of the algebraic type, where the control system is configured to emulate
the inertia response with the automatic voltage regulator (AV R), and the frequency,
voltage, power factor controllers are performed similarly to the traditional SG. The
designed control is based on the algebraic relation between the current and voltage
phasor, as illustrated in Figure [L8 [R?]. Additionally, the active power deviation
with a droop represents the governor model to provide the rotor angular speed of the
virtual generator; on the other hand, the voltage reference is produced via the AVR
based on reactive power deviation with a droop.

I1.4.2 Swing equation-based topology

I1.4.2.1 ISE VSM topology

In [R3], the Information Systems Engineering (/SE) laboratory proposed the concept
of virtual inertia through a virtual synchronous machine (VSM) based on the swing

equation of SG to emulate the kinetic energy stored in the rotor. The main idea is to
ensure power-frequency regulation by providing the virtual inertia response via ESS.
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Figure I1.8: Block diagram of KHI’S VSG topology .

The PLL and power meter used the measured voltage V, and current i, in the output
of the inverter to calculate the frequency of grid @, and the active power output P,
respectively for the virtual inertia loop to generate the appropriate phase angle 6,
used fro PWM also a governor model shown in 1s used to give the active power
input P;,, where the main control equations are formulated as:

Py, —P,; = Ja)md% + D(0, — )

P (IL.14)
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Figure I1.9: Control diagram of ISE VSM topology.

According to [84], the voltage amplitude reference V,. s is generated according to
the voltage-reactive droop control, and the frequency-active power droop controller
can be used to provide the reference power P, rather than the governor model given
by equation [LIS. Additionally, a virtual resistance control loop is added to the
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designed control to get a short time constant of the current imbalance.

A® = 0, — ) = —Rp(Pn— Fy)
AV = Vm - VO — _Rq<Q0ut - Qn>
Where Rp is the active power droop constant, Rq is the reactive power droop

constant, and V,, and V|, are the measured and nominal voltage, respectively. P, and
O, are the nominal active and reactive power, respectively.

(IL15)

I1.4.2.2 Synchronous power controller topology

The synchronous power controller (SPC) is introduced for inverters-based DGs to
ensure better interaction between converters and power system [KS, K6]. The SPC
control scheme mainly consists of two blocks, the electro-mechanical and virtual
admittance blocks, as shown in Figure [LT0. Depending on the grid requirements
and the DC side configuration, outer loops can be added. Additionally, Q —V droop
controller is used for weak grid support and island grid forming, while an outer P —
V4. droop control is associated with P — F' droop for limiting the power reserve. The
inertia propriety can be integrated into the electro-mechanical control loop through
the appropriate design of the power loop controller [R5].
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Figure I1.10: Detailed diagram of the synchronous power controller.

According to the control schema presented L1, the electro-mechanical block is
based on the power loop controller (Gpy¢) characterised by equation ILT6, which is
designed according to the swing equation of SG where the calculated power devia-
tion is used for the Gpy¢ to generate the phase signal 8. The voltage reference is
generated from the reactive droop control and used from the voltage oscillation con-
trol (VOC) to determine the virtual EMF. On the other hand, the virtual admittance
impedance emulates the output impedance of the SG; it is used as an inner control
loop to generate the current reference for the current controller of inverters. It is cru-
cial in load sharing and provides a natural voltage magnitude droop feature for grid
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voltage support [85].
1

O (Js+ &)

The SPC is introduced in [K7] for the PV system to operate seamlessly in grid-
connected and island mode. The authors of [KX] offered new SPC to decrease the
cost of the power converter by removing the synchronous control from the internal
controller and substituting a central synchronous controller; it regroups the different
power converters united into a unique virtual synchronous generator.

Gprc = (IL16)

I1.4.3 Frequency power response-based topology

I1.4.3.1 Virtual synchronous generators

The virtual synchronous generator (VSG) is proposed to cope with modern power
system challenges. The concept of VSG topology is based mainly on frequency-
power response associated with a basic droop controller to emulate the inertia and
damping proprieties of real SG; this approach considers both the dynamic and steady-
state performances without incorporating the detailed equation of SG, which makes
this typology easy for implementation [[/8, 51/]]. It used the RoCoF (dﬁ—t“’) and fre-
quency deviation (A®) to determine the virtual inertia power (Pyy) needs during
power disturbances according to equation [LT7.
dAw

In island MG, the RoCoF may rapidly increase and introduce system instability;
however, the impact of virtual inertia on the RoCoF and the effect of the damping
factor enhances the frequency dynamics. The conceptual schema of VSG topology
1s illustrated in Figure [LT1l, the PLL is used to measure the frequency deviation, and
the RoCoF is to be used in the calculation of active power reference according to
equation [TT7. The current reference (I;)is generated for the current inverter control
loop according to equation [LTR.

e 2VaPy — V40
d— 7 2
3 VIHV?

(II.18)
Where V,;,V, are the voltages representing the d — g frame.

I1.4.4 Droop based topology

To ensure effective power-sharing for MG, the droop controller is the most recog-
nised approach, which includes P — F and Q —V droop controllers as outlined in
equation [LTS. However, to improve the inertia response for inverters-based DGs,
the P — F droop controller is modified as depicted in Figure where a low pass
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Figure II.11: Control diagram of the virtual synchronous generators.

filter is introduced for the measured active power output P, to filter out the noise
and the high-frequency components from inverter [8Y, B(]. Where Ty is the filter’s

—_———————— e e —
Low Pass Filter \

(

n |

| Pout ——|1 + sT, ST[ |

| |

| | orey
I Pm

| |

| |

l

Virtual inertia with droop

-__________________-—

Figure I1.12: Basic diagram of virtual inertia-based droop controller.

time constant.

Consequently, the droop controller associated with a well-designed filter can be-
have as real SG, which can be expressed in equation ILT9 similarly to the virtual
synchronous topology:

1 1
4

Where mathematically, the virtual inertia is introduced from this topology as time
delay and virtual damping can be written as droop gain as follows:

1
J=Trz,

1
D=

p

(11.20)

I1.4.5 Virtual oscillator control

The virtual oscillator controller (VOC) is an additional VSM topology that synchro-
nises DG units without communication. Instead of simulating SG or induction gener-
ators, the controller incorporates a non-linear oscillator to ensure the inertia response
to the power system. In the case of DGs, managing the grid, making this approach
1s particularly advantageous as the controller can share the system load and maintain
synchronisation [91], 97].
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I1.4.6 Inducverters

The principle of the inducverter is mostly based on the inertial characteristics of an
induction machine [93]. An induction machine possesses both self-start and soft-start
capabilities. The system can detect changes in the grid and automatically synchro-
nise itself with the grid. The inducverter employs these identical principles to imitate
inertia. An inducverter is a device that controls the active power and frequency by
utilising the virtual rotor inertia of a power electronic inverter.

The inducverter consists of two main components: a) an electrical component,
which is an inverter with a filter, and b) a control component, which generates volt-
age signals to make the inverter function like an induction machine. Figure
depicts the control diagram of the inducverter. The control section of the inducverter
comprises two main components: a power damping/synchronisation unit and a core
controller unit [BX, 93].
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Figure I1.13: Detailed control diagram of inducverters.

The power damping/synchronisation device generates the reference frequency
and is designed to achieve grid stability and automatic synchronisation. The inverter
reduces the need for a synchronisation device and a phase-lock loop. Additionally, it
has self-start or soft-start capabilities. The central controller unit modifies the volt-
age references for three-phase power to provide the predetermined real and reactive
power values. The system is composed of two separate channels: the first channel of
the core controller governs the actual power using a proportional-integral controller,
and the second channel enforces the management of reactive power. The virtual
impedance block transformed the reference currents produced by the core controller
into voltage references and then applied them to the pulse width modulation gen-
erator. Therefore, the power electronic inverter, controlled by the inducverter, can
contribute to an inertial response in the event of a power imbalance. The inducverter
regulates the inertial response and can control the voltage amplitude through the re-
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active power control loop. A grid can benefit from increased inertia by incorporating
a power electronic inverter and an inducverter, especially when a significant presence
of RES [B8].

I1.4.7 Summary of virtual inertia control topologies

The summary of major Key features and drawbacks of the main topologies used
to emulate the inertia and damping properties of real SG for low-inertia systems is
outlined in Table IT2.
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II.5 Conclusion

The transition to modern power systems, characterised by the integration of RESs
and reduced reliance on traditional SGs, has necessitated innovative approaches to
maintaining system stability and frequency regulation. This chapter explored virtual
inertia as a critical solution to diminishing physical inertia in power grids.

We began by examining the fundamentals of inertia in power systems and the
adverse impacts of reduced inertia on system dynamics. Then, we introduced the
concept of virtual inertia, highlighting its ability to emulate the inertial response of
conventional generators using advanced control strategies and power electronics.

Various virtual inertia control (VIC) topologies were discussed in detail, including
synchronverter-based models, swing equation-based designs, and frequency-power
response-based approaches. These topologies offer diverse methods to achieve fre-
quency stability, each with distinct advantages and limitations tailored to specific
grid conditions. Emerging strategies such as virtual oscillator control and inducvert-
ers demonstrate the ongoing innovation in this field.

Virtual inertia is a transformative concept that bridges the gap between traditional
and modern power systems. By emulating the inertial characteristics of SGs, virtual
inertia enables grid operators to enhance stability, support renewable integration,
and maintain reliable power system operation. The diversity of control topologies
discussed in this chapter underscores the importance of continued research and de-
velopment to refine these technologies and adapt them to the evolving needs of power
systems worldwide.
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III.1 Introduction

The increasing penetration of RESs into M G presents significant challenges for main-
taining grid stability, particularly regarding frequency regulation. Unlike traditional
power systems, where large SGs provide inherent inertia, the decentralised and in-
termittent nature of RESs reduces the effective system inertia, leading to rapid fre-
quency fluctuations. To mitigate these issues, VIC has emerged as a crucial solution
that mimics the behaviour of physical inertia through advanced control strategies.

This chapter focuses on developing and implementing a VIC strategy for inter-
connected M Gs, with the primary aim of mitigating reduced inertia in modern power
systems, particularly with the increasing penetration of RES. It delves into the de-
sign of VIC based on ESS and the state-space modelling technique to capture isolated
and interconnected M Gs dynamics. The analysis highlights the critical role of VIC
in enhancing frequency stability by exploring the frequency response model of M Gs.
Furthermore, it examines the impact of reduced inertia on system stability and eval-
uates the effectiveness of VIC under different scenarios. The chapter also provides
a detailed analysis of the impact of VIC parameters on system response to highlight
the importance of VIC in ensuring the stable and resilient operation of interconnected
MGs with significant RESs.

III.2 Frequency response modelling

The balance between real power generation and demand directly influences the fre-
quency of a power system. A shift in real power demand at any location within
the network affects the entire system by causing a frequency change. As a result,
system frequency serves as a reliable indicator of imbalances between supply and
demand. Any short-term energy imbalance leads to an immediate frequency varia-
tion, with the kinetic energy stored in rotating machinery initially compensating for
the disturbance. However, if a substantial generation loss occurs and the system can-
not respond appropriately, this can lead to severe frequency deviations beyond the
plant’s operational limits [94, OS5, U6].

The real power output of a generator is governed by the mechanical power sup-
plied by its prime mover, which can include devices such as steam turbines, gas
turbines, hydro turbines, or diesel engines. In steam and hydro turbines, control
valves regulate the flow of steam or water to adjust the mechanical input. Contin-
uous regulation of this mechanical input is essential to ensure the generator’s real
power output aligns with the system’s demand. Maintaining near-constant system
frequency is critical for stable power system operation, as frequency deviations can
indicate imbalances between generation and load. Proper control mechanisms are
therefore necessary to ensure frequency stability and efficient system performance
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[94, 95].

In addition to primary frequency control, most large SGs are equipped with a
secondary frequency control loop. This secondary control plays a vital role in stabil-
ising system frequency by correcting any remaining deviations after primary control
actions. A schematic block diagram illustrating a synchronous generator equipped
with both primary and secondary frequency control loops is presented in Figure LTl

Torque AP,
Rotation ] ARy N —
N )
[Prime mover | .,-§ Generator Altemator): Load J
= J \ J N

Measured signal A PL

v
Frequency

measurement

¢

AP
Speed change Speed Hydraulic
motor governor amplifier

4+ Valve/Gate

+— Water/Steam

Secondary control Hydraulic power

Figure III.1: A schematic block diagram of synchronous generator-based primary and secondary
control

Where J; is the moment of inertia of the prime mover, AP¢ the ACE action change
(signal) from secondary control, AP, is the Load power variation, AP, is the me-
chanical power the turbine provides to the generator, AP, is the change in valve/gate
position for controlling the turbine’s power output, and AP, is the electrical power
output of the generator.

II1.2.1 Structure of frequency response

Power systems’ dynamic behaviour is often characterised by time-varying and non-
linear attributes. Nevertheless, a simplified linear low-order model is utilised to im-
plement frequency control synthesis in response to fluctuations in load or the output
power from RESs. It is crucial to recognise that the frequency response dynamics
occur slower than the rotor angle and voltage dynamics, typically spanning seconds
to minutes [51]].

Furthermore, analysing both slow and fast dynamics in power systems requires
an in-depth investigation of generation and load behaviours, often demanding com-
plex numerical techniques. These techniques enable adjustments to the simulation
time step in response to variations in system parameters. By disregarding the rapid
dynamics associated with rotor angle and voltage, the overall complexity of com-
putation, data requirements, and modelling processes can be significantly reduced,
leading to more straightforward results and analyses.
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Secondary Control

loop loop
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1
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Droop
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Controller
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(b)

Figure III.2: Schematic block diagram of the load-generator model for frequency control (b) Reduced
block diagram of a synchronous generator with primary and secondary frequency control.

This section elaborates on a frequency response structure based on the schematic
diagram in Figure [IL1. The overall dynamic relationship between the incremental
power mismatch (AP, — AP;) and the frequency deviation (Af) can be described
using the swing equationlILTl.

dAf (1)
dt
where H is the inertia constant and Dyy is the load damping coefficient, which rep-

resents the percentage change in load corresponding to a 1% shift in frequency.
Using Laplace transform, the equation LT can be written as:

AP, (1) — APL(t) = 2H + Dy Af (1) (IIL.1)

APy (5) — APL(s) = 2HysSAf(5) + Dy Af (s) (I1.2)

According to the equation L7, Figure IL.2-a represents the block diagram of the
load-generator model for frequency control. This model reduces the complexity of
the closed-loop SG block diagram from Figure I, with the final simplified diagram
shown in Figure [IL72-b.

The non-reheat steam generator proposed in Figure is the most useful in
MGs that integrate RESs. It can complement these intermittent sources by providing
a steady backup power supply. Their ability to operate effectively in variable con-
ditions helps enhance the overall stability and reliability of the MG. The governor-
turbine system in Figure is represented using first-order transfer functions to
accurately capture its dynamic response. It is utilised to analyse power system fre-
quency dynamics and develop control strategies.

where T, and 7; are the time constants of governor and turbine, respectively.

The primary function of the turbine-governor control is to regulate the system’s
frequency by modulating the turbine’s mechanical power output (AP,,;), ensuring that
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Af
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Turbine
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Figure I11.3: Block diagram of non-reheat steam generator.

the system frequency remains within the desired range. The relationship between
the frequency deviation (Af) and the change in generator output power is depicted
in Figure T4,

Frequency (Hz)

Speed change is set to give 100% rated
frequency at 100%% rated output power

e \
/=50

0.5 P

Power output (MW)

Speed change is set to give 10004 rated
frequency at 507 rated output power

Figure III.4: Characteristic of the frequency -power relationship.

According to Figure L4, the droop gains (R) characterise the frequency-power
relationship of the turbine-governor can be expressed by equation as:

_4f
R=" (111.3)

When power demand increases or generation decreases, causing a drop in fre-
quency (Af < 0), the governors automatically increase mechanical power output
(AP > 0) to restore frequency stability. Conversely, when demand decreases, result-
ing in a frequency rise (Af > 0), the governors reduce power output (AP < 0) to
prevent overproduction.

II1.2.1.1 Physical constraints for frequency control

The governor dead band is a critical physical constraint in frequency control. It
refers to a small range of frequency deviations around the nominal system frequency
(typically 50 Hz or 60 Hz) where the governor remains inactive. This dead band
prevents unnecessary turbine adjustments in response to minor fluctuations caused
by transient or short-term events, thereby reducing wear on the turbine and improv-
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ing overall efficiency. The typical dead band is set between 0.03Hz and 0.05Hz,
depending on the system’s design. Once the frequency deviation exceeds this range,
the governor adjusts the turbine’s output to restore the system’s frequency [51].

Another key physical constraint is the generation rate, also known as the genera-
tion rate of change (GRC). It defines how quickly a non-reheat unit can modify its
power output in response to frequency deviations or set-point commands. Since non-
reheat units lack a reheat cycle, they can respond faster than reheat units, as they do
not undergo the intermediate steam reheating process. This faster response time is
crucial in managing sudden frequency changes, with typical generation rates ranging
from 3% to 10% of the unit’s rated capacity per minute [51, 97, O8].

When the system frequency surpasses the governor dead band’s limits, the tur-
bine’s steam flow is adjusted to correct the deviation. The generation rate governs
the speed of these adjustments, with non-reheat units offering faster responses than
their reheat counterparts. These physical constraintsgovernor dead band and genera-
tion rateare essential in maintaining frequency stability and ensuring effective control
within the power system.

The GRC and governor dead band can be analysed by incorporating hysteresis
patterns and limiters into the turbine-governor model, as illustrated for a non-reheat
steam turbine in Figure LS. The variables V;, and Vi represent the lower and upper
constraints that regulate the valve or gate’s opening and closing speeds.

Governor Turbine

Figure II1.5: Dynamic structure of the GRC and governor dead band for on-reheat steam generator.

II1.2.1.2 Considering RESs effect in modern power system

In power system operations, DGs and RESs are classified as uncertainties or distur-
bances due to their unreliable nature in maintaining power system stability. Specif-
ically, the variable output from RESs, which is difficult to forecast accurately, com-
plicates power system management and requires additional measures to handle these
fluctuations. Furthermore, RESs can trigger rapid frequency changes when their out-
put suddenly decreases, such as during unexpected changes in weather. As these
sources cannot provide inertia, the power system becomes more vulnerable to fre-
quency deviations. Additionally, with greater integration of RESs, the system’s over-
all inertia declines, making it more susceptible to disturbances and requiring faster
responses from conventional generators or alternative balancing mechanisms.

45



Chapter III. Modelling and design of interconnected MGs-based virtual inertia control

The simplified model of wind and solar systems, as depicted in Figure IILA, is
deemed adequate for frequency stability studies and analysis. Consequently, the
model employed in this work is sufficiently accurate for studying frequency stability
[Q9, 100, TOT, 10?2, T0O3]. It is important to note that the simplified model incorporates
the effects of external inputs, control or manipulated signals, and uncontrollable dis-
turbances, all of which are accounted for in the mathematical models of RESs/DGs
and loads.

Secondary Primary Control

I
I
1
v loop

CAB,
ACE . ﬂ&

Turbine 4'

Control loop

Area Control Error System inertia

(ACE) Unit and load damping

APy

Figure II1.6: Dynamic frequency response model of the modern power system.

III.3 Interconnected power system

A multi-area power system is composed of numerous regions that are connected by
high-voltage transmission lines or tie lines. The aggregate power mismatch across
the interconnected system is reflected in the frequency trends observed within each
control area rather than just within an individual control area. Load Frequency Con-
trol (LFC), also known as secondary frequency control, regulates the local frequency
and power exchange with other regions within the interconnected network in each
control area. In this context, Figure II7 illustrates a power system comprised of N
control areas.

Control area 1

(M6 1)

Control area n

(s 6 V2)

Control area 3
(/3,85 V5)

Control area 2
(f2.62,V2)

Figure II1.7: Dynamic frequency response model of the modern power system.

The power transfer via the tie-line from region 1 to area 2 is defined in Equation
' ViV
12 .
Biej2 = ~— sin(61 — &) (II1.4)
12
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Where Vi, V, are the voltages (in p.u.) at equivalent machine’s terminals of areas
1 and 2; &, &, are the power angles of equivalent machines of the areas 1 and 2; and
X1 1s the tie-line reactance between area 1 and 2.

By linearizing L4 about an equilibrium point (510, 520) ;

APie 12 = T12 (A0 — A) (IIL.5)
where 77, represents the synchronizing torque coefficient presented by
V1|V
1, = Vel o (5{’ - 6§> (IIL6)
X12

By considering the relationship between the area power angle and frequency,
Equation is rewritten as follows:

APyo.12 = 27T} ( / Afi— / Afz> (I1.7)

where Af| and Af, are frequency changes in areas 1 and 2, respectively.
The Laplace transform of 7 results in Equation IILX:

APtie,l2(S) = 2?7[7'12 (Afl (S) - Afz (S)) (IH.S)

Similarly, the net power interchange between Al and A3 is given in Equation
[9:

APse 13(s) = ?TB (Afi(s) —Af3(s)) (I11.9)

Considering equations and MY, the total tie-line power change between area
I and the other areas can be calculated as expressed in ITLT{:

2r
APie,1 = APjie,12 + ARje,13 = —— [ Y njaf- Y T jAfj] (I11.10)
J=2,3 j=23

Similarly, for N-control areas (Figure 1), the total tie-line power change be-
tween area 1 and other areas is

N o [N N
APiei= Y APieij = — [Z TiAfi— ), TijAfj] (IIL11)
j#i > LA j#i

Equation LTl can be represented by a block diagram, which can be added to the
mechanical power mismatch (AP,, — AP;) that was described in Figure L.

Hence, the simplified block diagram of the interconnected power system is shown
in Figure I R. It represents the secondary control loop in the presence of a tie-
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line. The tie-line power flow change (AP;e ;) is added to the frequency change (Af;)
through a secondary feedback loop. The area control error (ACE;) signal is then
computed as shown in Equation and applied to the controller K(s):

ACE; = AP;e i + BiAf; (IIL.12)

Where f3; is a bias factor, which can be obtained according to Equation [3]:

1
Bi = —+D; (II1.13)
R;

In response to a frequency drop within the area, the Load Frequency Control
(LFC) controller, K(s), will act to bring the Area Control Error (ACE;) back to zero.
It achieves this by sending corrective signals to the governor, thereby adjusting gen-
eration to restore the area’s frequency and ensuring the net interchange power aligns
with the scheduled level.

The control system (see Figure IILY) of each region is based on primary control
which dependent on the governor unit of the thermal generator to limit frequency de-
viation, and load frequency control uses the area control error to return the frequency
to its nominal range[104]. [T05], [TO6]. The frequency response of each region is
obtained from the frequency deviation based on changes in power generation from
thermal generation (AP,,), the generated power change from RESs (APgrgss), the
total load change (AP.), and the change in tie-line power transfer between areas
(APrie ). As expressed in the following equations [5T]:

1
APnils) =17 o APy i(s) (IIL.14)
N
AP, i(s) = —— ( APycp i(s) — —A (IIL15)
s ) = (g) — — . .
8! 1 4sTy,; \ o BT R
1
APRgss,i(s) = T sTome APggs i(s)) (111.16)
N
K;
APycE i(s) = " (BiAfi) + (APric,(s)) (I1.17)
2T N N
APrici(s) = - Y T.Afi— Y TiiAf; (111.18)
7 &
1
Afl(s) = Hos —|—Dsys,i (APm’i(S) +APRES,1'(S) — APL’i(S) — APTie, i(S)) (II1.19)

Where s is the Laplace transform operator, Af is the frequency deviation, AP,
is the power generated by the turbine system, APscg is the area control error, the

48



Chapter III. Modelling and design of interconnected MGs-based virtual inertia control

turbine time constant is 7;, the governor time constant is Tg, R is the governor droop
constant Tggs is the renewable energy source’s time constant, f3; is the bias factor, k;
is the integral controller gain, 7. ; is the synchronising coefficient, the system inertia
is H, and the system load damping is Dyys .

Area Control Error
(ACE) Unit

System inertia and
Solar generation Unite load damping

1 V) ap,

T w
Z Ti;Af;i
=

J=i

Figure II1.8: Synoptic schema of load frequency control (LFC).

II1.3.1 Design of virtual inertia control based ESS

As previously mentioned, all areas were blended with primary and secondary con-
trols. However, this approach is still insufficient due to the low inertia characteristics
of systems, including RESs, which affect the stability and power quality. Conse-
quently, VIC is added in all areas based on the ESS as a first step to address the
inertia issue and improve the frequency response. The reaction of VIC is obtained
through virtual inertia power as given by the equation below:

dAf

Py =J==+DAf (111.20)

Where J is the inertia coefficient, D is the damping factor, the frequency deviation
is Af, and the inertia power is Py;.

According to the equations above and the Control diagram of VIC presented in
Figure LY, it is clear that the power system changes lead to a frequency change,
which means that the frequency regulation depends on the active power amount.
As a result, the control system must be robust and perform well to ensure active
power and frequency regulation. As a result, the P — F droop controller is associated
with VIC, where the power inertia can be extracted through a dynamic model of the

inverter from [T0A]:
1 s.J+D
APy = A I1.21
Pyr <Rv1> s Ty f ( )
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Ry 1s the virtual inertia droop constant, and 7Tjyy is the inverters time constant.

Virtual Rotor
(Inertia Control)

Virtual
Damping

APy

Af

Power limiter

Figure II1.9: Control diagram of virtual inertia control.

Consequently, in addition to the virtual inertia power, the frequency deviation
expressed in equation (IIL.T9) becomes:

1

Afi(s) =
fl(S) 2HiS + Dsys,i

(APyi(s) + APgress i(s) — APypi(s) — APy i(s) — APrie i(s))
(IT1.22)

II1.3.2 State space modelling

To analyse the responses of the interconnected power system and facilitate the study,
state-space modelling [51] is used, where the variables (x;,xp,x3,w,u) are based on
the power changes of the thermal generators, virtual inertia power, RESs, tie-line
power, load frequency control (APrrc,),Af, and RoCoF from each region. The
studied system can be described using the state space model provided below:

X=Ax+Byw+ Bou (II1.23)
Where the state variable x,w is the disturbance signal, and u is the control input
signal given by:
xT = [x1x0x3]
With:

X1 = [AfiAPy1 APy 1 APLEC1 APy 11 APRESIAP 1 ] ;
X2 = |AfL AP APOAPLEC APy nAPRESIAPricr | 5
x3 = [Af3AP3AP3 APLcR3 APy 3APRES3APTe3) ;
w! = [APrs1 APRES2APRES3APLI AP AP 3] ;

ul — |dAfdAf dASs
S| dt dt dt

The coefficients A,B; and B, of the state space model of three interconnected
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areas are given as :

Al A A
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II1.4 Implemented power system-based virtual inertia control

II1.4.1 Isolated system

Figure MLT04 shows the configuration of the studied stand-alone MG equipped with
virtual inertia control-based ESS. The MATLAB/Simulink software develops the
small-signal/dynamic response model. The simulation parameters are listed in Table
LT [5T], and the simulation model is shown in Figure [ILTOR.
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Figure II1.10: (a): Configuration of the studied MG (b): Dynamic model of MG with virtual inertia
control.

This section examines the simulation results to investigate the system’s dynamic
behaviour under various conditions. The analysis focuses on several key aspects,
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including the impact of reduced inertia, which highlights the challenges posed by
diminishing system inertia on stability, as well as the influence of virtual inertia
control parameters on overall performance. Additionally, it examines the role of
virtual inertia in enhancing system stability, the contribution of the damping factor
in suppressing oscillations, and the effects of the active droop constant on power-
sharing and frequency regulation. Each of these aspects is discussed in detail, with
supporting data and observations presented in the subsequent subsections.

Table III.1: Simulation Parameters of Island System

Parameters Values
Gain of Integral controller K(s) 0.1
Governor time constant T,(s) 0.07
Turbine time constant 7;(s) 0.37
Governor droop constant R(Hz/p.u) 2.6
Bias factor B (p.u/Hz) 0.98
Virtual inertia constant J (p.u.s) 0.6
Virtual damping constant D (P.u/Hz) 0.3
Virtual inertia control droop R,;(Hz/p.u) 2.7
Time constant of inverter-based ESS T;,, (s) 1.0
Time constant of wind turbine 7;,; (s) 1.4
Time constant of solar system 7T}, (s) 1.9
System inertia H (p.u.s) 0.0830
System load damping D;ys (p.u./Hz) 0.0160

II1.4.1.1 Impact of reduced inertia

A test scenario involving sudden changes in system load and generation was sim-
ulated to evaluate the impact of reduced system inertia. Att = 2 s, a sudden load
increase of 0.025 p.u. was applied to the system, followed by a sudden rise in re-
newable power generation at t+ = 20 s, with solar and wind power contributions of
0.015 p.u. and 0.01 p.u., respectively. The system’s response was analysed under
conditions where the system inertia (H) and load damping (Djys) were progressively
reduced from 100% to 40% of their original values. Figures ?? and [ILT1 highlight
how these reductions affect the system’s stability, frequency deviations, and overall
dynamic performance with and without virtual inertia control.

Figure IILTT illustrates the frequency response of the system under varying lev-
els of reduced H and Dy, without virtual inertia control. Following a sudden load
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Figure II1.11: Frequency response with virtual inertia control and under reduced inertia.

increase at t = 2 s, the system experiences a sharp frequency drop, with the magni-
tude of the deviation increasing as H and D decrease, particularly for lower inertia
cases (e.g., 40%), where the frequency deviation reaches approximately —0.12 Hz.
The system struggles to recover, exhibiting large oscillations and prolonged settling
times, which indicate reduced system stability. Similarly, when renewable energy is
introduced at t = 20 s, a sudden increase in solar and wind power generation causes
a frequency rise. Systems with lower H and Dyy, show larger overshoots and longer
settling times, highlighting their diminished ability to recover quickly from distur-
bances.

Figure ILTT presents the same scenarios but with virtual inertia control applied.
At 2 seconds, the frequency drop due to the load increase is significantly reduced
across all cases, with overshoots limited to around 0.03 Hz, even in the 40% inertia
case. The frequency stabilises much faster, with less pronounced oscillations and
quicker settling times. When renewable energy is introduced at t = 20 seconds, the
frequency deviation is much smoother, with minimal spikes, and the system rapidly
returns to its nominal frequency. Virtual inertia helps absorb the impact of load and
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renewable fluctuations, ensuring a stable response across different inertia levels.

A comparison of the overshoot and undershoot across the different inertia lev-
els, both with and without virtual inertia, is summarised in Table III”). The table
provides precise numerical values that further highlight the improvements in system
performance with virtual inertia, illustrating how it effectively mitigates the impact
of reduced physical inertia by stabilising frequency deviations and ensuring faster
recovery.

Table III.2: Performances of virtual inertia control.

) ) Overshoot (Hz) Undershoot (Hz)
Inertia and Damping
Without VIC | With VIC | Without VIC | With VIC
100% H and D 0.04 0.03 -0.08 -0.05
80% H and D 0.04 0.03 -0.085 -0.058
60% H and D 0.04 0.03 -0.1 -0.06
40% H and D 0.04 0.03 -0.12 -0.062

In Figures LT, the thermal and virtual inertia power responses are shown un-
der reduced system inertia. Figure I 174 shows that the thermal power response
without virtual inertia exhibits notable oscillations and a slower recovery time, par-
ticularly when inertia is reduced to 40%. However, in Figure [ILI7H, the applica-
tion of virtual inertia significantly improves the power response, as seen by reduced
oscillations and faster stabilisation across all inertia levels. Where Figure
demonstrates the virtual inertia unit’s contribution to the power response. The ESS
equipped with virtual inertia generates additional power during the transient state,
rapidly absorbing and compensating for disturbances. This additional power helps
reduce the deviations, improving overall system stability.

This analysis underscores the critical role of system inertia and damping in main-
taining stability, as they effectively reduce frequency deviations, suppress oscilla-
tions, and enable faster recovery following disturbances. Ensuring sufficient levels
of inertia and damping is therefore essential for the reliable operation of power sys-
tems, particularly in scenarios with significant renewable energy integration.
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Figure III.12: Power response under reduced inertia. (a): thermal power without virtual inertia control
and (b): with virtual inertia control. (c) Virtual inertia power

I11.4.1.2 Impact of virtual inertia control parameters

* Impact of virtual inertia

To evaluate the effectiveness of virtual inertia in enhancing system stability,
fixed values of the virtual inertia constant (J) were employed. Simulations
were conducted under the degraded situation of 50% of H and Dyy,. Figures
illustrate the responses of the system subjected to two distinct types of
disturbances: abrupt load changes occurring at 2 seconds and fluctuations from
RESs at 25 seconds.

Increasing the virtual inertia constant (J) significantly reduces the frequency
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Figure III.13: (a) Frequency response. (b) Thermal power response. (c) Virtual inertia power re-
sponse.

of nadir and overshoots, improving the overall performance and stability of
the system. However, when J exceeds a certain threshold, the system requires
more time to settle, negatively impacting damping performance. To address this
issue, an increase in the virtual damping constant can be applied to optimise the
damping characteristics and achieve a faster settling time.

* Impact of damping factor

Figure ML T4 illustrates the impact of varying the virtual damping constant (D)
on the system’s frequency deviation, thermal power deviation, and virtual iner-
tia power deviation.
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Figure III.14: (a) Frequency response. (b) Thermal power response. (c) Virtual inertia power re-
sponse.

From the frequency response shown in figure L T44, it is evident that an in-
crease in D significantly reduces the magnitude overshoot in frequency devi-
ation, demonstrating enhanced oscillation suppression and improved stabilisa-
tion of frequency response, How ever too much virtual damping can introduce
second overshoot. Similarly, Figures ILT4R and IL.T4d show that increasing
the D clearly indicates that the virtual inertia unit necessitates greater steady
power post-disturbance to mitigate the impact of prolonged stabilisation time.
This emphasises the critical role of virtual damping in minimising oscillations,
ensuring faster system stabilisation, and maintaining the power system’s overall
performance and reliability.
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* Impact of active droop constant

Figures demonstrate the impact of varying the active droop constant (Ry )
on system dynamics, particularly frequency deviation, thermal power deviation,
and virtual inertia power deviation. In Figure ILT54, reducing the Ryj, the
system can attain enhanced performance with less frequency nadir/overshoot,
although the stabilisation time is prolonged.
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Figure III.15: (a) Frequency response. (b) Thermal power response. (c) Virtual inertia power re-
sponse.

In Figure ILT5HK, reducing Ry; results in less stress on the conventional pro-
ducing unit, leading to diminished power output. Conversely, the inverter-based
ESS unit generates greater inertia power with an expedited response time. Nev-
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ertheless, as the imitated inertia power increases due to the reduction of Ry, the
system’s response results in an extended stabilisation time after disturbances.

These results underline the importance of selecting optimal J, D, Ry; values to
achieve a balance between frequency stability, overshoot mitigation, and efficient
power distribution in the system.

II1.4.2 Interconnected MGs

The Virtual inertia control system is implemented in an interconnected power sys-
tem, as shown in Figure [IL.IA. The system contains three control areas (Area 1,
Area 2, and Area 3), which are connected by tie-lines to help each other in regula-
tion, exchanging interchange power and improving the dynamic performance of the
power system. Each area consists of the thermal generator (conventional sources),
RESs (non-conventional sources), ESS, and loads (see Figure ILTA). To verify the
efficiency of the virtual inertia control for the interconnected system, the study is
based on the frequency response model for stability analysis under continuous dis-
turbances. The state space model of the system developed previously (section I11.3)
1s implemented using MATLAB/Simulink based on Figure I T7 and Table 3.
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Table II1.3: Simulation parameters of interconnected MGs.

Parameters Area 1 Area 2 Area 3
Active power of ESS (MW) 4 4 4
The active power of RESs (MW) 6 8 6
Generation active power (MW) 12 15 10
Active power of load (MW) 15 20 13
Integral controller gain (s) K 0.3 0.2 0.4
Governor time constant T (8) 0.08 0.07 0.06
Turbine time constant T (s) 0.39 0.46 0.35
Governor droop constant R (Hz/p.u.) 3.05 2.74 2.81
Bias factor 8 (p.u./Hz) 0.34 0.37 0.36
Virtual inertia constant J(p.u.s) 1.25 1.5 1.07
Virtual damping constant D(p.u./Hz) 0.5 0.5 0.5
Virtual inertia control droop Ry; (Hz/p.u.) | 2.5 2.7 2.3
Inverter-based ESS time 1 1.2 0.9
constant T,y (s)
Wind turbine time constant Ty(s) - 1.5 1.2
Solar system time constant Tpy () 1.3 - -
System inertia H (p.u. s) 0.083 0.1010 0.0623
System load damping Dy (p.u/Hz) 0.015 0.016 0.014
Synchronizing coefficient (p.u.MW/Hz) T, =0.2 Ty =0.2 T3 =0.25
T13=025| T3 =0.12 | T3 =0.25

II1.4.2.1 Efficacy of multiple-virtual inertia control under disturbances

e Load disturbances

To evaluate the efficiency of multiple virtual inertia controls under disturbances, the
power system is subjected to load disturbances, as shown in Figure ILTX. Each load
experiences a step change in power at different times during the simulation.

Figure ILT94 shows the frequency deviation of the power system in all areas
without virtual inertia control; it is obvious that the system could not achieve its
stability and presents significant deviations in areas 1, 2, and 3 (between -0.18 Hz
and +0.05 Hz) with pronounced oscillations and slow recovery to steady-state values
where the disturbances in one area affect the frequency stability in all areas of the
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Figure II1.19: Frequency response (a) without virtual inertia. (b) with virtual inertia.

power system. However, Figure [ILTYH demonstrates that with virtual inertia, the
frequency deviations are much smaller (between -0.07 Hz and -0.04 Hz), and the
system recovers quickly with reduced oscillations and improved stability (It is im-
portant to emphasise that the negative sign reflects the negative feedback mechanism
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between the virtual inertia power and the frequency deviation).

In Figure 204, without virtual inertia, the thermal power shows significant os-
cillations and deviations among Areas 1, 2, and 3 following load changes, indicating
poor stability and system response. In contrast, Figure shows that incorpo-
rating virtual inertia effectively reduces oscillations, stabilises thermal power transi-
tions, and ensures a smoother response across all areas.
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Figure II1.20: Thermal power (a) without virtual inertia. (b) with virtual inertia.

The tie-line power response under load disturbances in an interconnected power
system is illustrated in Figures [IL2T. Where the system response without virtual in-
ertia exhibits large oscillations and instability in the tie-line power, particularly after
disturbances, indicating a slower response and poor damping (see Figure ML 2T3).
These oscillations persist for a longer duration before settling down. In contrast,
Figure ML 2TH shows the system’s behaviour with virtual inertia enabled. The tie-
line power stabilises much faster, with significantly reduced oscillations after distur-
bances.

The virtual inertia power in all areas (Area 1, Area 2, and Area 3) quickly reacts
to the disturbances, as illustrated in Figure L. This swift response helps absorb
the sudden load changes and stabilizes the system. The power provided by the virtual
inertia rapidly decreases right after each disturbance and then returns to near zero as
the system stabilises, indicating that the virtual inertia helps smooth the frequency
deviations and improve the overall system stability after disturbances.
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Figure II1.21: Tie-line power (a) without virtual inertia. (b) with virtual inertia.
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Figure I11.22: Virtual inertia power of the interconnected system.

* Load and generator disturbances

To test the robustness of the multiple-virtual inertia control strategy, the power sys-
tem is subjected to load and generator disturbances as illustrated in Figures T34
and ML 23R. In the case of the system without virtual inertia control, the frequency
deviations are significantly larger, and oscillations persist over an extended period
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for each area, as shown in Figure [IL74. The system exhibits slower stabilisation due
to the absence of sufficient inertia and damping mechanisms where excessive devia-
tions in frequency can result in equipment damage, triggering protective mechanisms
and leading to cascading failures or blackouts.
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Figure I11.24: Frequency response without virtual inertia.

By replicating the functionality of physical inertia, virtual inertia stabilises fre-
quency dynamics, deviations are substantially reduced, and oscillations decay more
rapidly (see Figure IL29). Virtual inertia control responds instantaneously to distur-
bances and supplies or absorbs power in real time to counteract frequency variations,
enabling faster and smoother system recovery.

According to Figure IT76a, the tie line power is affected by insufficient inertia
and damping proprieties where oscillations are pronounced, and exhibit prolonged
undamped behaviour, indicating poor synchronisation between interconnected areas
and a higher risk of inter-area oscillations. In the case of virtual inertia control (see
Figure I 76H), the tie line power of each area is improved, and the oscillations are
significantly damped and subside more quickly, reflecting enhanced coordination
and stability across interconnected regions, indicating that the virtual inertia con-
trol improves synchronisation, providing enhanced damping to mitigate oscillations
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Figure II1.25: Frequency response in (a) area 1. (b) area 3. (c)area 3.

effectively. Additionally, the contribution of virtual inertia power is illustrated in
Figure L7, which highlights the dynamic role of virtual inertia in stabilising the
system under disturbances. Where the peaks represent the injection or absorption
of power by virtual inertia in response to frequency fluctuations caused by transient
events.
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III.5 Conclusion

This chapter thoroughly analyses the modelling and design of interconnected M Gs
incorporating virtual inertia control. It begins with an introduction to frequency re-
sponse modelling, detailing the primary and secondary frequency control loops and
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their roles in maintaining system stability. The structure of frequency response, in-
cluding physical constraints and the impact of renewable energy sources (RESs), is
also examined, highlighting the challenges posed by modern low-inertia power sys-
tems.

The concept of virtual inertia control using £SSs was then introduced, along with
its state-space modelling and practical design considerations. Both isolated and in-
terconnected MGs were investigated to evaluate the performance of virtual inertia
under different operational scenarios. For isolated systems, the effects of reduced
inertia and varying virtual inertia control parameters were analysed, demonstrating
their critical influence on system stability. In interconnected MGs, the efficacy of
multiple virtual inertia controls was tested under disturbances, showcasing their abil-
ity to enhance the robustness and flexibility of modern power systems.

Overall, the chapter established the significance of virtual inertia control in ad-
dressing the challenges of frequency stability in low-inertia systems. By integrating
advanced control strategies into both isolated and interconnected MGs, the chapter
provides a foundation for the development of resilient and reliable power systems in
the era of high renewable energy penetration.
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IV.1 Introduction

Conventional systems are based mainly on rotating machines, where the frequency
regulation is divided into four phases (inertia compensation, primary frequency con-
trol, secondary frequency control, and emergency control) based on the size of the
frequency deviation and contingency. At the first milliseconds of disturbances, the
inertia provided by SGs helps dampen the frequency deviations; this reaction is based
mainly on the release or absorb the kinetic energy stored in rotating mass to reduce
the frequency fluctuations and RoCoF [[10Y7, TOX]. However, according to the studies
focused on the assessment of the impact of RESs on the stability of power systems
[T09, I10], increasing the scale of penetration of PV units, wind turbines, and other
RESs interfaced with systems by means of power electronic devices reduces the to-
tal MG-inertia and lack of dynamic grid support, resulting in a negative impact on
the transient response of the system which makes it more susceptible to frequency
instability leading to high overshoots and undershoots under normal and abnormal
operations, especially with fast variability of RESs [51, 52, 107, T09, 011, T12].
Therefore, the absence of inertia compensation in modern power systems imposes
challenges in frequency control in terms of RoCoF', recovery time, adaptability with
variability of RESs and risk of load shedding. Without adequate frequency control,
these challenges can impair system reliability, potentially leading to outages or dam-
aged equipment, especially in the case of interconnected MGs, where the complexity
of the system is increased, and the control is delicate. Therefore, there is a critical
need for advanced frequency regulation techniques that can effectively emulate iner-
tia in MGs and restore system stability.

Researchers have explored various virtual inertia controls (VIC) to overcome low-
inertia issues in MGs. VIC techniques consist of releasing or absorbing virtual inertia
power to compensate for the inertia of an SG to enhance the frequency stability
[62, 54, 64, 106, 107, 113]. These VIC methods are implemented for inverter control
via different modelling approaches, such as swing equations, ideal linear models, and
phasor diagram-based impedance models of SGs [51, T11]] [b8, 82, 114]. All VICs
aim to control the inverter’s output to provide additional inertia to ensure power
exchange similar to the mechanical behaviour of an SG [B1,, TT1, TT2].

The system’s development via high integration and smart application of RESs
made the basic model of VIC with constant virtual inertia and damping insufficient
to deal with system changes [51]], due to their inability to respond dynamically to
load, generation, and system changes which lead to frequency instability, slower
response times, oscillatory behaviour, and reduced effectiveness in interconnected
MGs. To address these issues, researchers combined the VIC with classical and ad-
vanced approaches [99, 15, [LT6, 1177, 11X, 119, 120, 121]. The PI — VIC developed
in[[[15], for an MG under different rates of RES integration. In [116], a GAPI —VIC
(i.e., genetic algorithm) was proposed to achieve frequency stability. In [I17], a
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PSO — PI — VIC was designed for an MG. However, these methods[115, 116, T17]
still face limitations, such as a lack of flexibility in adapting to real-time conditions
and potential instability under high RES variability in robustness and flexibility, es-
pecially when applied to interconnected MGs where the complexity of control is
increased. In addition, the combination of a VIC with a PI controller needs to de-
fine the power system dynamics perfectly. [I18] proposed an extended Hw.-VIC,
where the uncertainties and disturbances of the system are considered, but voltage
regulation suffers, with significant peaks. In [I22], Model predictive control for
VIC (MPC —VIC) is developed based on the first-order derivative transfer function
with the virtual inertia gain with consideration of high penetration of RESs for MG.
However, the proposed technique neglects the effect of the damping factor, which
weakens the performance in case of high disturbances and interconnected MGs. Fur-
thermore, MPC — VIC and robust MPC — VIC-based ESSs were proposed in [119]
and [120], respectively, to provide predictive capabilities to anticipate instabilities in
DGs. In [120], the time delay between DGs was also addressed, and both techniques
[IT9] and [T20] enhanced system performance but were difficult to implement due
to the computational complexity, sensitivity to data quality, and need for real-time
data acquisition, which may not always be feasible in practical MG systems.

Furthermore, [99] proposed a FVIC for an MG based on frequency variation and
the power change of RESs to adjust the virtual inertia and ignore the damping ef-
fect. Additionally, [121] proposed a FVIC based on an ESS considering the state
of charge of the battery (SOC), and both methods improved the system’s stability
compared to classical approaches. However, the FVIC mentioned previously has
numerous weaknesses, such as poor or missing data, implementation complexity,
overshoots and nadirs, slow dynamic response, and study state errors in the con-
text of high integration of RESs. Additionally, most methods optimise virtual iner-
tia without considering damping factors, which have several negative effects on the
power system with high penetration of RESs, such as greater frequency deviations
and overshoots, increasing oscillations, prolonged recovery time after disturbances,
in the case of interconnected M Gs ignoring damping factor can cause oscillations to
propagate or even amplify across regions [123, 124].

In previous studies, most research has focused on frequency regulation within
islanded MG, often overlooking the complexities of interconnected or multi-area
systems. However, as MGs become increasingly interlinked and reliant on RESs,
disturbances in one area can affect others, making effective area coordination essen-
tial to prevent system instability. This chapter addresses this challenge by proposing
a novel virtual inertia and damping control (V/DC) method based on fuzzy logic, tai-
lored specifically for a connected system with three MG areas integrated with RESs.
The fuzzy logic approach is chosen to deal with the complexity of control of inter-
connected MG due to its ability to handle non-linearity effectively and overcome
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the problem of uncertainty of system parameters. It adapts to system changes and
enhances dynamic performance under normal and abnormal conditions; it is well-
suited for controlling non-linear systems. It can evaluate a wider range of conditions
and make more nuanced decisions, so it is used in the optimisation tasks within the
virtual inertia control to enhance their performances. Unlike the PID or PSO — PID,
where control parameters are adjusted offline, the proposed FVIDC is designed and
tuned offline; however, it adaptively adjusts the inertia and damping factor to respond
to system changes. The proposed tool is intended for offline study to evaluate the per-
formances of F'VIDC under diverse conditions rigorously. This process ensures the
robustness of control before real-time deployment in a practical system.

It compensates for low system inertia and enhances frequency regulation across
interconnected MGs. By using fuzzy logic, the method adaptively manages power
fluctuations and frequency changes, leading to robust, quick responses to distur-
bances. Unlike traditional VIC approaches, the proposed FVIDC is designed to
handle dynamic multi-area interactions, providing resilience even during area con-
nection and disconnection events, as well as under varying load and generation con-
ditions. The simulation results show a greater frequency regulation ability than that
of the PID —VIC, FVIC, and PID —VIDC. The key contributions of this chapter
are:

* This study specifically addresses the frequency problems in a connected system
with three areas of integrated RESs rather than focusing on the frequency issues
of multi-source MGs based on RESs.

* Enhance the adaptability of virtual inertia control with the variability of RESs.

» Unlike the existing method that fixed or neglected the damping factor in VIC,
the proposed method optimises both the virtual inertia and the damping factor
to minimise the effects of delayed time impact, reduce the frequency fluctuation
and improve the system stability.

* The FVIDC incorporates considerations for frequency deviation, RoCoF', and
the power fluctuations from RESs into the control design to achieve precise
control and better handling of the complexity and uncertainty of the system.

* Enhance the system performances where the simulation result demonstrates that
the FVIDC reduces the frequency deviation by approximately 50% and short-
ens the settling time under load and generator disturbances, outperforming the
FVIC, PID —VIC, and PID — VIDC methods.
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IV.2 Principle of the PID-VIDC

For the control system, the PID controller has a crucial role in improving control
performances due to its adaptability to system changes. It helps in minimising over-
shoots, undershoots, and settling time more effectively than classical approaches[175].
It is commonly used in control systems due to its simplicity. Their dynamic model-
based proportional, integral, and derivative gains decrease the rise time, eliminate
steady-state error (SSE) and improve system performance [126].

Researches have focused on the impact of VIC parameters on regulation [52, bY,
1777, 128]. The VIC behaviour with fixed parameters affects the stability of the power
system. The most common approach used to improve the VIC algorithm is the PI or
PID controller. This approach is practicable and can be regulated when the dynamic
performance is perfectly defined, as shown in FigurelV.1. The PID-VIDC obtains
suitable amounts of virtual inertia and damping (constant coefficients in equation
(OI20)) according to the system variation. Consequently, the PID-VIDC reaction
given by:

1 Kji dAf Kp;
APy; = o K e o Ko
o) (e ) 2 (i 2
av.1

The proportional, integral and derivative gains are Kj,,K;;, Kj, respectively, for
the virtual inertia parameter. The proportional, integral and derivative gains are
Kpp,Kpi, Kpg respectively, for the virtual damping factor.

Figure IV.1: Schematic of the PID-VIDC.

The procedure for calculating the PID parameters is a very important and sensitive
step. In [51],a PID- VIC is used for one-area systems where the PID parameters are
calculated using the MATLAB PID tuning toolbox. The system response proved
the utility of the PID-VIC for frequency control of signal MGs. Another research
paper [[129] proposed the PID-VIC for interconnected power systems where the PID
parameters are calculated based on a heuristic search. Regardless of the ability of the
PID-VIC to enhance the control system performance, it has several drawbacks, such
as low robustness and system instability in cases of high disturbances. Additionally,
the calculation of PID parameters plays a significant role in system regulation and
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must be chosen carefully, which means that the classical PI-VIC or PID-VIC can
only sometimes converge to the optimal virtual inertia power, which may introduce
system instability.

IV.3 Fuzzy-virtual inertia and damping control design

To enhance the performance of VIC in connected MG systems, we integrate fuzzy
logic into VIC to provide suitable virtual inertia and damping. The fuzzy logic ap-
proach can be adapted to system changes to enhance the performance of the system
under diverse conditions [T30]; it is well suited for controlling non-linear systems
and overcoming the problem of uncertainty of system parameters, and it can be used
in the optimisation tasks within the control system to adapt to system changes as
disturbances.

In our proposition, we explore hybrid approaches that combine fuzzy logic with
traditional VIC to achieve optimal performance. The proposed fuzzy-virtual inertia
and damping control (FVIDC) is developed for each MG of the connected system
as a decentralised control framework, as presented in Figure.IVJ. Where each MG
1s equipped with FVIDC and operates independently based on the local measure-
ment of three inputs of the controller, which are the frequency deviation, the RoCoF,
and the active power changes of the RESs, they are selected based on the system’s
performance to help achieve precise control and better handling of the complexity
and uncertainty of the system. They are used to adjust the outputs of VIC, which
are for the virtual inertia and damping parameters with system changes. The pro-
posed method aims to provide adaptive virtual inertia and damping factors based on
ESS with consideration of renewable power change to ensure sufficient virtual in-
ertia power during system disturbances to improve the frequency response of each
area by reducing the recovery time, frequency overshoot and nadirs, as well as en-
suring a flexible reaction and better coordination between MGs during connection
and disconnection of areas [125].

Figure IV.2: Structure of the proposed VIDC-based fuzzy logic approach.
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The implementation of fuzzy logic can provide easy computing to control power
systems [51]. The process of adding the fuzzy logic control to the VIC must be pre-
cise, where the inputs of the proposed FVIDC are obtained from three actual inputs
Af,RoCoF, and APRES, then, the fuzzy outputs (i.e., virtual inertia and damping)
are defined depending on the processing of fuzzy inputs according to established
fuzzy rules. The real values of the outputs are determined through the defuzzification
operation. Finally, the flow chart of the proposed FVIDC is prepared in accordance
with the above information as illustrated in Figure [V.3.

( Inputs APRESs, Af, RoCoF ‘

Y

Fuzzification Interface
Input and output Membership
function
'
=g
=Sy
Fuzzy Inference Engine g = ;E'EU
(Mamdani Method) >~ b e
E Qs O
=g B
SN
X8
L ] \\—/

output)

Defuzzification
Interface
(Determinr the suitable

Updat the virtua inertia
J and damping D

Figure IV.3: A flow chart of the proposed FVIDC.

After determining the inputs and outputs of fuzzy logic, it is necessary to de-
fine the range of each parameter to map them correctly and enable meaningful rule-
based design.The ranges of the fuzzy inputs and outputs are : Af(Hz) = [—0.5 0.5];
RoCoF(Hz/s) = [—0.50.5];APggs (Pu)=[—11]; J=1[010];D=[015]. The next
main step in the elaboration of fuzzy logic is the fuzzification phase, which is intro-
duced to define the membership function of fuzzy variables based on the linguistic
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variable where for Af,RoCoF,J, and D are {NI: Negatives Large, Ns: Negatives
Small, ZO: Zero, Ps: Positives Small, PI: Positives Large } and for APggg are
L:Low,M : Medium,H : High. The defined membership functions of fuzzy vari-
ables are chosen to be triangular or trapezoidal as illustrated in Figures [V.4a and
[V 4R; they represent the ability of fuzzy control to cope with knowledge.
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Figure IV.4: Membership functions for the proposed FVIDC. (a): input frequency deviations
A f,RoCoF and renewable energy power changes APggs. (b): Outputs of virtual inertia J and virtual
damping D.

The determination of fuzzy rules is based on understanding the system behaviour
under different values of inertia and damping, defining the effects of inputs on fre-
quency response and coordination of areas and understanding the relation between
the inputs (Af, RoCoF,APggs), and the outputs (J, D) to ensure better performance
of the fuzzy logic controller. The inertia power requirement of the system during
frequency deviation sets the rules that govern the virtual inertia and damping values.
Depending on the Af, RoCof, and APggs signs, the response is divided into several
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intervals as follows:

Af >0and 2L <0
Af > 0and %L > 0
APgrgs > 0 and <
Af <0and %L <0

Af <0and 2L >0

Af >0and 2L <0

Af >0and %2/ >0
APgrps < 0 and <

Af <0and %L <0

Af <0and %L > 0

\

In the case of frequency deviation with a small RoCoF and low integration of
RESs, the system needs a small amount of virtual inertia power. However, with high
disturbances from RESs causing high-frequency deviation, the whole power system
requires a large value of virtual inertia and a large damping factor. Consequently, de-
pending on the Af, RoCof, and APrgs signs, 75 rules are defined for fuzzy control.
The fuzzy rules for virtual inertia and damping of the proposed FVIDC are given in
the tables [V1,IVA,andl'V3.

Table IV.1: Fuzzy rules for the proposed FVIDC in case of low APRgs .

APggs af NL|NS|ZO|PS |PL
RoCoF
NL NL|NS|NS|ZO|PL
NS NL|NL|NS|ZO|PL
L 70 NL|NS|ZO|PS |PL
PS NL|NS|NS|ZO|PL
PL NL|ZO|NS|PS |PL

The inference mechanism used to process the inputs to adjust the output is the
Mamdani method, where the activation strength o; for each rule is determined as
follows:

0 = min(Ua 3 MRoCoF s MAPgzs) (Iv.2)
Where U f; URocoF s HaP,zs are the membership degrees of inputs.
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Table IV.2: Fuzzy rules for the proposed FVIDC in case of medium APRgs .

APggs af NL|NS|ZO|PS |PL
RoCoF
NL NS |ZO|ZO |PS |PL
NS NS |NS|ZO|PS |PL
M ZO NL|(NL|ZO|ZO|PL
PS NS |ZO|ZO |PS |PL
PL NL|PS |ZO|PL |PL

Table IV.3: Fuzzy rules for the proposed FVIDC in case of high APrgs .

APgrgs af NL[NS|ZO|PS |PL
RoCoF
NL ZO|PS |PS |PL|PL
NS NS |ZO |PS |PL|PL
H ZO NL|NS|ZO|PS|PL
PS ZO0|PS |PS |PL|PL
PL NS |ZO|PS |PL|PL

It represents the degree to which the antecedent of the rule is satisfied, and then the
activated rules are combined to form the final fuzzy output for each output variable.
The aggregation of this combination is formulated as follows:

1y = max(Qy; o3 py)
Hp = max(Up; o3 Up)

Where 1y andup are the membership degrees of outputs.

Finally, the defuzzification phase is introduced to convert the aggregated fuzzy
output to crisp values of virtual inertia and damping factor. In this phase, the centroid
of area method is used to transform the linguistic output to crisp values as follows:

Yy u(y))

Jr = Yo n(y))
Y yin(y))
Dr = Z?:lN(J’j)
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By applying the designed process of fuzzy logic for each area of the intercon-
nected system, the virtual inertia and damping factor can adaptively adjust with the
system changes and provide sufficient virtual inertia power with different levels of
integration of RESs. In this case, the generated virtual inertia power can be written

as follows:
B Jr.S+ DF Af(S)

B 1+ vaS RVI

APy ) (Iv.3)

IV.4 Results and discussion

This chapter uses MATLAB-Simulink software to design the FVIDC and assess their
performance for interconnected MGs. The simulation model of the studied system
1s created based on the state space model as developed in chapter 3, and it consists
of three regions, each of which is powered by thermal generators, PV or wind power
generation, and ESSs. Where renewable sources are considered disturbances due to
their inherent variability and unpredictability, all regions are connected by tie-ling to
facilitate the exchange of power between them, as illustrated in Figure [\.3.

The simulation parameters are outlined in Table V.4 [13T]. The proposed FVIDC
1s implemented in each region based on the ESS. The frequency regulation of the
system utilising the proposed FVIDC is compared to PID — VIC developed in [51],
FVIC developed in [99] and PID — VIDC presented in section 2 by incorporating
the damping factor into VIC design, which aligns well with the objectives of the pro-
posed FVIDC. Where the PID — VIC is commonly used in MG control, it provides
a standard point to show the effectiveness of the proposed FVIDC. On the other
hand, the FVIC in [99] represents a more advanced approach to support frequency
stability and handling of renewable power changes; it is introduced as a comprising
benchmark to showcase the performance of the proposed FVIDC.

Additionally, comparing the proposed approach with the PID —VIDC can empha-
sise the improvements in stability and frequency regulation of interconnected MGs
achieved by optimizing the damping factor.

Four simulation cases are used to assess the effectiveness of the proposed control:
first, load disturbances are accrued in all regions (scenario A), generation distur-
bances are introduced in each region through renewable power generation (scenario
B), and simultaneous disturbances from loads and generations are introduced. Fi-
nally, the connection and disconnection of areas are introduced to analyse the be-
haviour of interconnected MG in coordination and regulation. The obtained results
from each scenario are depicted and analysed in the following subsections.
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Figure IV.5: Simulation model of Interconnected MGs based FVIDC.
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Table IV.4: Simulation parameters of interconnected MGs.

Parameters Area 1 Area 2 Area 3
Active power of ESS (MW) 4 4 4
The active power of RESs (MW) 6 8 6
Generation active power (MW) 12 15 10
Active power of load (MW) 15 20 13
Integral controller gain K (s) 0.3 0.2 0.4
Governor time constant Tg(s) 0.08 0.07 0.06
Turbine time constant T (s) 0.39 0.46 0.35
Governor droop constant R (Hz/p.u.) 3.05 2.74 2.81
Bias factor 8 (p.u./Hz) 0.34 0.37 0.36
Virtual inertia constant J (p.u.s) 1.25 1.5 1.07
Virtual damping constant D (p.u./Hz) 0.5 0.5 0.5
Virtual inertia control droop Ry; (Hz/p.u.) | 2.5 2.7 2.3
Inverter-based ESS time 1 1.2 0.9
constant Tj,y (S)
Wind turbine time constant Ty, (S) - 1.5 1.2
Solar system time constant Tpy (s) 1.3 - -
System inertia H (p.u. s) 0.083 0.1010 0.0623
System load damping (p.u./Hz)Dyys 0.015 0.016 0.014
Synchronizing coefficient (p.u.MW/Hz) T, =0.2 Ty =0.2 T3 =0.25
T13=025| T3 =0.12 | T3 =0.25

IV4.1 Case A: load disturbances

To evaluate the effectiveness of the proposed FVIDC, load disturbances are intro-
duced in each region during t = 300 s as illustrated in Figure.IV.6d. Firstly, in the
region A at 5 s to 15 s with values around 0.18P.u. Then, fromt=75stot=95s,
the load changes are introduced in both regions A and B approximately equal to
0.3P.u and from t = 160 s to t = 180 s, the disturbances are introduced in all regions
simultaneously, as shown in Figure.[\V.64.

Figures [V.6H,IV.6d,andlV.6d show the frequency deviation response of each re-
gion with different approaches. The resulting curves clearly show that disturbances
in one region affect the frequency of all areas, demonstrating the complexity of the
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Figure IV.6: Frequency responses of the system under load disturbances. (a): Load disturbances. (b):
Area A. (c): Area B. (d): Area C.

regulation processes in interconnected systems due to the coordination between ar-
eas. However, the frequency responses of the system controlled by the proposed
FVIDC exhibit better regulation with less fluctuation and excessively small over-
shoots and undershoots+0.015 Hz( with fast and smooth dynamic responses com-
pared to PID —VIC, FVIC, and PID —VIDC, where the peaks are around 0.3 Hz
(FVIC), £0.15Hz (PID —VIC), £0.08 Hz (PID — VIDC).

IV4.2 Case B: generation disturbances

In this case, the studied system is tested under renewable power generation changes
as illustrated in Figure V73 to assess and analyse the behaviour of the proposed
FVIDC in the frequency regulation of interconnected systems. At¢ =35 s until t =
15 s, the disturbance is introduced from the solar farm in region A, then att =75 s
to t = 95 s the power changes are introduced in the solar farm and the wind farm in
regions A and B, respectively, and from ¢t = 160 s to t = 180 s, the disturbances are
introduced in all regions from the RES frames.

As shown in Figures. IV/AIV7d, and [V./d, from the curves of each region,
it notes that the fluctuations are increasingly increased with the disturbances and
the frequency response presents high overshoes and nadirs, where the system un-
der FVIC without damping factor presents high overshoots and nadirs (+75 Hz and
—0.5 Hz) which is unsuitable and over the limit. Furthermore, the frequency re-
sponse of the system under PID — VIC presents a long settling time with peaks
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Figure IV.7: Frequency responses of the system under renewable power changes. (a): Generation
disturbances. (b): Area A. (c): Area B. (d): Area C.

around £0.1 Hz and more fluctuations than the response of PID — VIDC where
peaks are around +0.05 Hz. However, the proposed technique overcomes these
issues with better frequency dynamics than the other approaches; it presents good
coordination between regions where the injected virtual inertia power is effectively
faced with the system changes. The fluctuations are almost unremarkable in all areas,
and the recovery time is shorter than other techniques, which proves the efficiency
of the proposed F'VIDC under disturbances from RESs in the case of interconnected
MGs

IV.4.3 Case C: load and generation disturbances

Both previous disturbances are considered and introduced in all regions for 120 s
simultaneously, where renewable power changers around +0.25P.u as illustrated in
Figure VX4, and the load disturbances are introduced with values between £0.2P.u
as illustrated in Figures [IV8H. The frequency response of each region from the
connected system is depicted in Figures V.93 IV.9H, and [V.9d, respectively.

The improvement of response based on the proposed FVIDC is presented, where
the overshoots and undershoots are reduced by approximately 50% with too few fluc-
tuations and better settling time compared to FVIC and other techniques where the
frequency response is more stressed, which highlights the impact of virtual damp-
ing in the design and optimisation of VIC. Table presents the evaluation of
performances of proposed FVIDC through a comparison of various time domain
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specifications, where the overshoot of RoCoF is approximately 0.007 Hz/s, and the
undershoot —0.009 Hz /s, which is aligned with standers and proved the efficiency
and compatibility of the designed control with the interconnected power system.

IV.4.4 Case D: plug and play test

To evaluate the coordination between regions in the case of the connection and dis-
connection of areas. First, area C is connected to the system from O s to 40 s under
load/generation disturbances, as shown in the figures. [IV.RA TV EH. At ¢t = 40s, the
third area is disconnected until # = 80s, then, at 80 s to 120 s, area C is reconnected
to the system. According to Figures [V.104,IV.T0OH, and [V.10d, in the case of the
proposed FVIDC, the frequency response of each area quickly compensates for the
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deviations with a better dynamic response compared with the other methods.

Additionally, in the case of disconnecting area C from the system, it is still under
load and generation disturbances. Remarkably, compared with the FVIC,PID —VIC
and PID — VIDC, the frequency response from the proposed FVIDC presents a
smooth curve that exhibits a fast dynamic response without overshoots or under-
shoots. Therefore, the FVIDC is based on the optimisation of virtual inertia and
damping factors through frequency deviation,RoCoF’, and proved its ability in fre-
quency regulation through inertia compensation for connected or islanded power
systems.
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The scenarios applied to the system present the main characteristics of the en-
hanced VIDC represented in the frequency responses in terms of deviation, and
RoCoF with a fast dynamic response are compared with those of the FVIC, PID —
VIC, and PID — VIDC where the system has a slow dynamic reaction with more
fluctuations and low flexibility, as summarised in Table [V.3.

In addition, the effectiveness of the suggested controller is assessed through the
time domain specification in the table below, where the settling time of the whole
system is decreased by approximately 30% to 50% under different scenarios. On
the other hand, the frequency deviations of the overshoots and nadirs decrease from
+0.3 Hz to £0.02 Hz within the standard limits, which enhances the frequency devi-
ation performance of the multi-area system Moreover, the RoCoF is improved when
the maximum number of overshoots is approximately 0.01 Hz/s and the minimum
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undershoots around —0.01 Hz/s, which is less than 0.6 Hz /s, which proves the ef-
fectiveness of the proposed FVIDC.

Table IV.5: Evaluation of performances of proposed technique through a comparison of various time

domain specifications.

Load and
Load Generation
Factors Parameters Method Generation
Disturbances Disturbances
Disturbances
FVIC 0.2749 0.2201 0.05201
PID —-VIC 0.1513 0.1210 0.0721
overshoot
PID—-VIDC 0.06751 0.06259 0.05793
FVIDC 0.01045 0.02307 0.0158
frequency FVIC 0.3801 0.4827 0.1862
deviation 4 e e :
] PID—-VIC -0.1527 -0.0756 -0.1201
Nadir
PID—-VIDC -0.08378 -0.01978 -0.06947
FVIDC -0.02358 -0.00684 -0.02128
FVIC 30s 35s High
Settling PID-VIC 30s 37s medium
time PID —VIDC 125 13 s low
FVIDC 7s 7s Very low
FVIC 0.1531 0.0606 0.14591
PID—-VIC 0.05218 0.02623 0.06081
Overshoo
PID —VIDC 0.04778 0.01812 0.05181
RoCoF
FVIDC 0.01049 0.004969 0.006811
FVIC -0.1140 -0.05261 -0.09986
] PID -VIC -0.04263 -0.02182 -0.03811
Nadir
PID —VIDC -0.03916 -0.01892 -0.03371
FVIDC -0.01032 -0.004019 -0.009614
IV.S Conclusion

This chapter aims to overcome low inertia and stability problems in interconnected
systems to ensure better coordination between M Gs. It highlights the important im-
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pact of the damping factor in virtual inertia control designed for frequency regula-
tion. The FVIDC is proposed as a solution for the frequency regulation of an inter-
connected system based on three M Gs where the complexity of control is increased.
The proposed FVIDC is based on the frequency deviation, RoCoF, and renewable
energy changes to adapt the virtual inertia and damping factor with system changes.
The illustrated results show that the frequency responses of each MG are improved in
different scenarios. It provides control with high performance and flexible response
compared with other control topologies. According to the simulation results, the pro-
posed method offers a fast dynamic response with fewer overshoots and undershoots
under load/generation disturbances and a lower SSE than the FVIC, PID — VIC,
and PID — VIDC controllers In all areas, the frequency deviation, RoCoF, and re-
covery time are greatly improved The proposed technique enhances the stability and
resiliency of interconnected power systems with better coordination It is concluded
that the introduction of FVIDC over PID or conventional VIC in connected systems
is beneficial While the simulation results confirm the robustness and reliability of the
proposed approach.
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V.1 Introduction

To provide a practical solution for conventional production issues, international en-
ergy organisations and scientific researchers are paying close attention to trends in
total energy production from renewable sources. Most of the current energy produc-
tion architecture is an interconnected power system based on multiple M Gs, where
each MG produces its energy to fulfil the load demand, and they are interconnected
with tie lines to ensure the power management and stability of the system under
various operating conditions [132, [133] [134]. On the other hand, this novel MG
architecture presents new challenges in terms of regulation and control, where the
complexity of the system increases with the integration of RESs and the number of
connected areas [[132]]. The most important aspect of controlling an interconnected
power system is frequency stabilisation in each area. This significantly contributes
to the power management of the whole system, and each area must ensure its local
frequency stability and fulfil its power demand in the case of disconnection from the
interconnected power system [[134] and [[133]].

Most RESs are integrated into existing power systems via power electronic equip-
ment to ensure power exchange in MGs [52]. However, the major drawback of this
process is the low or no inertia property (in the case of PV farms), which makes the
system more sensitive to small disturbances [52, (136} [137] and [S9]. As a result,
power systems with high penetration of RESs suffer from low inertia and damping
characteristics, which affect frequency regulation and endanger the stability and reli-
ability of the system [52,51]. To overcome these critical issues, VIC knows VSG is
an effective method for compensating for the lack of inertia in islands and intercon-
nected MGs [73] and [[138]]. Generally, the selection of virtual inertia and damping
is based on the comparison between the power size of a modern system and that of
a SG, then selecting the VIC parameter similarly to those of the corresponding SG.
In other words, the inertia of the system is dictated by the size and the dimensions of
the SG, which aligns with the active power of the distributed generators [31]].

Additionally, in other studies, the essential parameters of VIC are determined
depending on the integration rate of RESs and the available power reserve. In [119],
it depends on the system’s response under several values of inertia and damping to
choose the appropriate and accurate values. However, these criteria are insufficient
for a precise selection of VIC parameters following the dynamics of modern systems
due to the frequent occurrence of system-wide issues, especially with the increase
in RESs in the system. Very few studies have investigated the control of multi-area
systems powered by RESs, considering frequency responses [139, [140]. Reference
[141] used an efficient algorithm to calculate the stability delay margin (SDM) to
examine the effect of virtual inertia and damping control (VIDC) on the SDMs of two
connected areas, taking into account the time delay. Authors in [[142] investigated the
dynamic behaviour of multiple VIC in an interconnected power system; the results
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proved the weakness of basic VIC in the frequency regulation, which necessitates
the improvement of VIC to be compatible with modern power system architecture.

Furthermore, an optimal robust VIC method based on the coefficient diagram
method (CDM) was developed in [[143]] considering the frequency measurement ef-
fects to enhance the frequency stability of two-area interconnected. Reference [[106]]
proposed a derivative control technique based on the second-order characteristic of
VIC to ensure the frequency stability of two areas connected via a tie lien. However,
the designed control is based on fixed virtual inertia without considering damping
effects, where the high integration of RESs and load disturbance could affect the
frequency stability of the whole system. To enhance the transient stability in an in-
terconnected system, the authors of [[144] proposed a multi-objective VIC for RESs
to provide variable virtual inertia based on the transient process of the rotor angle
after disturbances to introduce additional accelerating and decelerating energy for
rotor angle variation whereas considering the damping factor in the control design
could enhance frequency stability. In [[145], a novel bidirectional VIC strategy has
been designed for interconnected hybrid systems (AC and DC MGs) to be more flex-
ible, ensure inertia transfer between areas, and improve the ability of the system to
respond to power fluctuations. The designed technique is based on the established
inertia equation in both the AC and DC areas of the hybrid system. However, more
tests may be necessary to evaluate the performance of the proposed strategy fully.

The PI —VSG and PID —V SG are proposed in several pieces of literature to ben-
efit from the PI characteristics in regulation by enhancing the performance of VSG
control. The PI —VSG and PID — V SG are used in [[126] for islanded MG based on
the derivative technique to generate the suitable virtual inertia power under a wide
range of RESs and load penetration where the PI and PID parameters are tuned by
the IMC tuning method. However, the conventional tuning methods of PI/PID con-
trollers could not perform satisfactorily. The fractional order PID (FOPID —VIC) is
proposed in [[146] to deal with the high integration of RESs. It is employed to adjust
the virtual inertia gain, to ensure fast response, and to absorb oscillating frequencies
for the MG. The parameters of PI coupled with VIC in [[117] are determined based
on the PSO algorithm. In another study for an interconnected power system based on
two regions, the VIC is combined with PSO-optimized fractional-order proportional
integral (F'OPI) controller-based superconducting magnetic energy storage (SMES)
approach in [[147].

Furthermore, the MPC — VSG proposed in [119] aims to enhance system voltage
and frequency dynamic characteristics by providing inertia support during transient
states and calculating the necessary active and reactive power increments. However,
the virtual inertia and damping factor selection are classically based on applying val-
ues that differ from the suitable values corresponding to the better response selected.
This approach is proposed in [[122] with consideration of high penetration of RESs
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for MG. It is based on the first-order derivative transfer function with the virtual iner-
tia gain and time delay without considering the damping effect. The authors in [[148]]
used the African Vultures Optimization Algorithm (AVOA) for the optimisation of
MPC — VIC to enhance the inertia response of islanded MG. On the other hand, the
robust-MPC — VSG (RMPC — VSG) approach is developed in [120] where the VSG
based only on virtual inertia propriety to address time delays in MG by modelling
system uncertainty using polytopic models and Sedumi solvers. However, its com-
putational complexity increases significantly in large-scale or real-time applications,
making it less practical for systems with high variability in renewable energy inputs.

The authors in [149] proposed H.. — V SG to enhance M G performance and stabil-
ity by considering high RE S penetration, ensuring robust performance despite distur-
bances and parametric uncertainties. The selection of virtual inertia gain considering
frequency deviation and the power change from RESs is proposed in [99] based on
the FL approach under different levels of integration of RESs. The FL —VIC is
used in [121] to determine the suitable inertia and damping based on frequency de-
viation and RoCoF with consideration of SOC for ESS. The FL — VIC approach
used in [150] to adaptively adjust the virtual inertia and damping factor where the
differential evolution (DE) optimisation algorithm is used to train the FL for op-
timal frequency performance, aiming to minimise deviation, RoCoF', and settling
time. Another strategy for compensating for the lack of inertia in modern power
systems, a ANFIS — VSG [1351, 152, [153], is proposed in [1351]] for a PV system;
it aims to provide suitable inertia power based on frequency deviation and RoCoF
as inputs to determine the fuzzy rules. However, the major drawbacks of the most
proposed FL —VSG are the difficulty of determining the rules and the time calcula-
tion, especially in critical situations where the response must be very fast to avoid
damage. Additionally, it often lacks precision in handling fast dynamics, particularly
when confronted with rapidly changing renewable energy sources. Furthermore, the
virtual inertia in [129] is introduced for interconnected MGs based on an artificial
neural network (ANN — VIC) to adapt the virtual inertia with the system changes
and ensure the coordination between regions. The focus was solely on optimising
the virtual inertia factor without taking into account the influence of damping pa-
rameters and the effect of power changes from RESs in the optimisation process,
where the designed control is based on the frequency deviation as a dataset and the
virtual inertia parameter as output.

However, a significant portion of the research published in this field neglects the
virtual damping effect in the design of VIC, which could lead to several important
effects [[154]. The system may experience increased oscillations as virtual inertia sta-
bilises frequency but, without damping, lacks a mechanism to dissipate energy, caus-
ing oscillations to persist, resulting in a longer transient response, with the system
taking more time to settle into a steady state after disturbances. In the most severe
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cases, this can result in instability, where oscillations increase rather than decrease,
potentially causing the system to become unbalanced. Moreover, the system’s en-
ergy efficiency decreases due to the energy loss caused by continuous oscillations,
which increase the risk of resonances, where oscillations match the natural frequency
of system components, potentially leading to large, damaging oscillations. Hence,
although virtual inertia improves stability, proper damping is crucial to prevent these
adverse effects and maintain overall system performance [[154} [155]].

Additionally, a large portion of published papers is based on the optimisation of
VIC in island MG without taking into account the dynamic of the interconnected
power system, which is closer to the reality architecture of the power system where
the coordination of the control system is necessary and must be robust, flexible and
faster. On the other hand, the most designed VIC relies either on frequency deviation
with RoCoF or frequency deviation with the power change from RESs to provide the
virtual inertia to the power system. Table compares the literary works and the
approach proposed in this chapter.

Ref (156 [129] [99] [149] [157] [L58]] [151] [148]] propose
Studied | MG Multi- [ MG MG Multi- | Multi- | MG MG Multi-
system MGs MGs MGs MG
Model simplify| simplify| simplify| simplify| simplify| simplify| detail simplify| simplify
VIC MPC ANN FL H., VI- FL ANFIS [ MPC ANN
tech- Selector
nique
Inertia Yes Yes Yes Yes Yes Yes Yes Yes Yes
propri-
ety
Damping | Yes No No No No No cst No Yes
propri-
ety
Control | Af Af Af, Af RoC of | Af, Af, Af Af,
design APRESs rotor APRESs| RoCoF RoCoF,
based on angle APRESs
of
turbine

Table V.1: Comparison between the literary works and the proposed approach.

Inspired by the studies above, this chapter aims to enhance the dynamic perfor-
mance of interconnected power systems by introducing a novel intelligent VIDC
framework based on an ANN approach. Our proposed method generates optimal vir-
tual inertia and damping parameters that dynamically respond to changes in RESs,
thereby improving the system’s stability and response time. The primary contri-

93



Chapter V. Adaptive virtual inertia control for multi-area power system

bution of this work lies in designing a robust control system for multiarea power
systems that compensates for the lack of inertia, with a particular emphasis on the
rapid fluctuations associated with renewable energy integration.

The proposed control method considers not only the virtual inertia but also the
damping factor, ensuring enhanced frequency stability and a significant reduction in
settling time, especially in high-disturbance scenarios. To achieve greater precision
and adaptability, the ANN-based VIDC continuously monitors key indicators such
as frequency deviation, RoCoF, and variations in RE'S power. This allows the system
to intelligently and adaptively adjust the virtual inertia and damping for each area,
even under disturbances and area disconnections or re-connections. Furthermore,
our approach ensures improved coordination between multiple VIDCs across inter-
connected regions. The results obtained from the simulation of the multiarea power
system, controlled by the proposed ANN — VIDC, are compared with the existing
FLC —VIC from [99] and the MPC — VIDC from [156]. These comparisons clearly
demonstrate the superior performance of the ANN — VIDC in terms of frequency
stability, response time, and overall robustness, underscoring the effectiveness of our
approach.

V.1.1 The proposed ANN-virtual inertia and damping control

Due to the complexity and the dynamic interaction between the multi-M Gs system,
defining the range for virtual inertia and damping gains becomes more critical. These
gains must be carefully selected and tuned to ensure the efficiency of virtual inertia
control. Based on the studied interconnected M Gs characteristics, the virtual inertia
and damping range is from O to 15. This range is defined through simulation testing
to ensure the stability of the power system. However, the adaptive control strategy
is required to fine-tune these parameters according to the system changes and to im-
prove the performance of VIDC in connected MG systems.

This chapter proposes the integration of an artificial neural network (ANN) to
adapt VIDC to provide suitable virtual inertia and damping factors (virtual inertia
power) for each MG against system variations that manage the complexities intro-
duced by inverters-based RES, especially in the case of interconnected power system,
it is designed to address the complexities related on the interactions between MGs
such power oscillations and frequency instability through simplification and adapt-
ability. The ANN approach can adjust and learn from system data to enhance the
dynamic performance of a system under normal and abnormal operating conditions
159, 160]. It is well suited for controlling non-linear systems and overcoming the
problem of uncertainty in system parameters. It can be used in optimisation tasks
within a control system to adapt to system changes such as disturbances. The main
proposition is to explore hybrid approaches that combine the ANN with traditional

94



Chapter V. Adaptive virtual inertia control for multi-area power system
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Af layer E layer : layer
1
\ AP g

(a)
Figure V.1: (a) Diagram of ANN-VIDC (b) ANN controller block diagrams.

virtual inertia and damping control to achieve optimal performance. The proposed
ANN —VIDC presented in Figure [V.1a]is developed for each MG of the connected
system.

The architecture of the ANN controller consists of three layers (inputs, hidden,
and outputs), where the connections between layers are guaranteed through neurons
(nodes). First, the ANN controller outputs are based on two main levels: training the
dataset (inputs and outputs) and learning to map the inputs to the desired outputs.
Then, the ANN controller adapts and adjusts its behaviour to achieve the control
strategy objectives. Figure [V.Ib presents the ANN controller associated inputs ( Af,
RoCoF ,and A Prgs) and outputs (J andD). The core strength of the proposed ANN-
based approach lies in its ability to learn from system dynamics. The artificial neural
network continuously processes input data ( Af, RoCoF', and APggs ). This real-time
learning capability allows the ANN to identify and adapt to the dynamic behaviours
of the system, making it capable of rapidly generating optimal virtual inertia and
damping parameters. In other words, it ensures an accurate and fast estimation of
VIDC parameters according to the system dynamics.

The construction of the ANN model of each MG is carried out using MAT-
LAB/Simulink as illustrated in Figure[V.2 which provides a feedforward neural net-
work (NN) model consisting of three neurons in the input layer, ten neurons in the
hidden layer and two neurons in the output layer. This structure is kept lightweight;
it enables the system to make quick decisions with minimal delay, which is cru-
cial for real-time implementation. Furthermore, the computational training of the
ANN is performed offline, ensuring the efficiency of the online implementation. The
collection of input and output data based on the simulation was trained using the
Levenberg—Marquardt algorithm, which efficiently deals with problems with many
parameters; it combines the Gauss-Newton method and the gradient descent to en-
sure fast and stable convergence to optimal solutions. The training process uses the
main squared errors, minimising the overall error between the observed and predicted
values of the ANN output model.
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Figure V.2: The ANN Controller Architecture.

Figure [V.3|shows the training performance curve where the mean squared error is
3.3287e — 06 after 1000 epochs.

Best Validation Performance is 3.3287¢-06 at epoch 1000
U T
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Figure V.3: Performance of the ANN controller.

V.2 Simulation results and discussion

V.2.1 Case of islanded MG

To examine the performance of the suggested ANN — VIDC. Firstly, it is used for an
islanded MG consisting of a thermal generator, wind, and solar farms, an ESS, and
loads, as shown in Figure [V.4] The simulation parameters used for the islanded MG
are the same as those in reference [S1, [156] and are given in Table[V.2] The studied
MG is tested under load and generation disturbances, and the obtained results are
compared to those of FLC — VIC developed in [99] and MPC — VIDC developed in
[156]] to evaluate the frequency stability.
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M

Figure V.4: Diagram of an MG based on ANN-VIDC strategy.

Table V.2: Simulation Parameters of Island System

Parameters Values
Gain of Integral controller K(s) 0.1
Governor time constant T,(s) 0.07
Turbine time constant 7;(s) 0.37
Governor droop constant R(Hz/p.u) 2.6
Bias factor f (p.u/Hz) 0.98
Virtual inertia constant J (p.u.s) 0.6
Virtual damping constant D (P.u/Hz) 0.3
Virtual inertia control droop R,;(Hz/p.u) 2.7
Time constant of inverter-based ESS T;,, (s) 1.0
Time constant of wind turbine 7,,; (s) 1.4
Time constant of solar system 7T}, (s) 1.9
System inertia H (p.u.s) 0.0830
System load damping D;ys (p.u./Hz) 0.0160

Random signals with varying first- and second-order sampling times are used to
represent the simulated dynamics of loads and RES for the islanded MG, as illus-
trated in Figures V.53 and [V.5b] First, a load change occurs in the MG during 1200 s,
as shown in Figure[V.5a Then, at 100 s, the studied signal area is perturbed through
a solar farm (see Figure[V.5)). Finally, a power disturbance from a wind farm is intro-
duced at 300 s, as shown in Figure[V.5b| The system response based on the proposed
approach and those developed in [99]and [156] is illustrated in Figure through
the frequency deviation. To analyse the robustness of the proposed ANN — VIDC,
the mean square error (MSE), the root mean square error (RMSE), and the mean
absolute error (MAE) are calculated for FLC —VIC,MPC —VIDC, and the proposed
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Figure V.5: Frequency deviation of the islanded MG (a) load disturbances (b) generation disturbances
(c) frequency deviations.

ANN —VIDC as presented in Table[V.3]

Table V.3: Performances of the proposed ANN-VIDC for an islanded MG.

Performance analysis

Method MSE | RMSE | MAE
FL-VIC 0.004 [ 0.0623 | 0.0278
MPC-VIDC | 0.0002 | 0.0128 | 0.0054

ANN-VIDC | 0 0.0023 | 0.0009

The calculated metrics (MSE, RMSE, and MAE) show that the proposed ANN —
VIDC performs better than the system based on FLC —VIC and MPC —VIDC. A
decrease in peak values is presented with less oscillation and a fast time response,
demonstrating the better performance of the proposed control. As displayed in Fig-
ure at the moment of introducing the RESs disturbances, the frequency re-
sponse presents an overshoot equal to 0.3Hz in the case of FLC — VIC and equal
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Figure V.6: Evolution of virtual inertia and damping (a) Virtual inertia gain (b) Virtual Damping gain.

to 0.05Hz in the case of the MPC — VIDC. However, the overshoots and the under-
shoots are well decreased in the case of ANN —VIDC, and the results present a better
dynamic performance of the studied MG, which proves the efficiency of the proposed
strategy in the compensation of the lack of inertia, the regulation, and control of the
MG under sudden loads and generation changes.

Figure [V.6] shows the online estimation of virtual inertia and damping gains over
time for the three methods. It illustrates the variation of these gains (virtual inertia
and damping figure and figurgV.6b| respectively) with the variation of load and
renewable power sources where the estimated gains from the proposed ANN —VIDC
are increased and decreased to ensure sufficient inertia and damping to deal with the
frequency changes which improve the frequency response compared with MPC —
VIC and FLC — VIC where the damping factor is changed between 1.5 to 5 for the
MPC —VIDC and it 1s for FLC — VIDC, while the virtual inertia does not exceed 6.5
in the case of MPC — VIDC and 1.8 in the case FLC — VIC.

V.2.2 Case of interconnected MGs

The proposed ANN — VIDC is introduced for three areas of interconnected power
systems, as presented in Figure[V.7] The simulation parameters used for the intercon-
nected MG are primarily based on those provided in references [51, 129, [131]], and
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are detailed in Table |V£|; however, small but significant modifications were made
to tailor the parameters to the specific dynamics and operational conditions of the
studied system.

Table V.4: Simulation parameters of the interconnected MGes.

Parameters Area 1 Area 2 Area 3
Gain of Integral controller K (s) 0.3 0.2 0.4
Governor time constant (s)T, 0.08 0.07 0.06
Turbine time constant (s)T; 0.39 0.46 0.35
Governor droop constant R (Hz/p.u) 3.05 2.74 2.81

Bias factor f3 (p.u/Hz) 0.34 0.37 0.36
Virtual inertia control droop Ry; (p.u.s) 2.5 2.7 2.3

Time constant of inverter-based ESS Tj,, (s) | 1 1.2 0.9

Time constant of wind turbine Ty (s) 14 1.5 1.2

Time constant of solar system Ty (s) 1.3 1.9 1.5

System inertia H (p.u.s) 0.083 0.01010 0.0623
System load damping Dy p.u./Hz) 0.15 0.16 0.14
Synchronizing coefficient (p.u.MW/Hz) T, =0.2 Ty =0.2 T3 =0.25
Synchronizing coefficient (p.u.MW/Hz) Ti3=025| Ty =0.12 | T3» =0.25

The studied system is tested under high and low disturbances from renewable gen-
eration and loads, continuous and discontinuous disturbances, as well as connection
and disconnection of areas, to examine the performance of the designed ANN-VIDC
compared with FLC —VIC and MPC — VIDC developed in [99] and [[156] respec-
tively. It must be noted that the simulated dynamics of loads and wind and PV system
for each MG shown in Figures [V.§ and [V.I1] are generated as random signals with
varying first- and second-order sampling times.
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V.2.2.1 Under continuous and discontinuous load disturbances

The three areas connected to the system are tested under constant and discontinuous
load disturbances, as shown in Figure [V.8a On the other hand, the applied PV
and Wind power disturbance are illustrated in Figures [V.8b and [V.8¢| to evaluate the
performance of the proposed ANN — VIDC.
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Figure V.8: (a) load disturbances, (b) PV power disturbances, (c) Wind power disturbances.

Figures [V.9a]V.9b] andV.9¢| present the evolution of frequency deviation during
the applied disturbances. For each sudden change in load and renewable power in
each area (see Figure [V.§), the frequency response present overshoots around 0.4Hz
and nadirs around -0.25 in the case of FLC — VIC, which are bigger than those
presented from the system under MPC — VIDC and ANN — VIDC. However, the
proposed ANN — VIDC performs better than FLC — VIC and MPC — VIDC, where
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the overshoots, nadirs and fluctuation are too small in all areas, as shown in Fig-
urgV.9] The evolution of virtual inertia power-based ESS is illustrated in Figure [V.1(]

(V.10alV.10b, andV.10c) where the proposed control provided more power to deal
with changes compared with the FLC —VIC and MPC —VIDC.
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Figure V.9: Frequency response of the interconnected MGs: (a) from area A, (c) from area B, and (d)
from area C.

103



Chapter V. Adaptive virtual inertia control for multi-area power system

- T
: I
~ 0.2 -
— |
kY 1
z I
g I
g OfF g’
=]
: | ~
=] 02 [ \
~ 0. A A
g | !
- | I
= I \ [ I [
> 04 1 1 | 1 1
0 200 400 600 800 1000 1200
Time (s)
(a)
T T T T T
1 1 1 1 !
1 1 1 1
[ e o m e = L e LR e 4= P e
s o ‘ o A o
~ ) [l v
5 | | ! !
EO01fF————————— e el re—— === r———————|4 B et Bl |
2, 1 1 1 : Fuzzy-VIC
< e L e L e e W ] MPC-VIDC|_|
'g 02 ‘ o T ANN-VIDC
E g3l L YA - i ________
E : ‘ ! i i
E D4 f——————=—=—=—= == e i T == T == == a--—————-—-—-
= ] I 1 1 1
P I A Lo L 4]
1 1 1 1 1
o J : ! ! !
0 200 400 600 800 1000 1200
Time (s)
(b)

777777777777777777777777777777

- -\ -"—-"--"—-"-"-"-"-""¥r ~""""—"""—"=--""-"\¥r-"“"="—"=-"“"¥"”"¥”"”"¥""¥*7¥~"~"¥"“"¥"“*"¥“"¥"“"¥*“7“"¥7“"‘"“"‘A4y “~“"“~"~7"¥"7"¥"“"""~7/7"—7—7
=

(=]

=2

=

s

=

2

:

=

Z Fuzzy-VIC [
= MPC-VIDC
= ANN-VIDC
2.

=

-

Figure V.10: Virtual inertia power changes: (a) from area A, (b) from area B, and (c) from area C.

V.2.2.2 Under load and generation disturbances

The regulation performance of the ANN — VIDC used for the three areas of the con-
nected system is tested under loads and generation disturbances, which are intro-
duced in all regions during the 1200s, where the disturbance from the PV and wind
farm introduced in each region are depicted in Figures [V.8bland [V.8c| and the load
disturbance in areas A, B, and C are between 0.05P.u and 0.6P.u as illustrated in
Figure [V.11]. The frequency deviation curve (see Figures [V.12a][V.12b] and of
each area presents a smooth response without undesirable peaks where the highest
one is 0.01Hz observed in area A in the case of ANN —VIDC instead of FLC —VIC
and MPC — VIDC present peaks roughly equal to 0.15Hz and 0.05Hz respectively
and nadirs around —0.2Hz and 0.05H 7 respectively which means that the frequency
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deviations are decreased around 75% compared with MPC — VIDC.
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Figure V.13: Virtual inertia power changes: (a) from area A, (b) from area B, and (c) from area C.

Figures[V.13al[V.13b| and display the virtual inertia power provided in each
region. According to the variation of loads and RES, the virtual inertia power gen-

erated based on the estimated virtual inertia and damping values via the ANN ap-
proach is increased or decreased to provide sufficient power support to maintain
frequency stability smoothly with peaks and nadirs smaller than the FLC —VIC and
MPC — VIDC where the provided virtual inertia is lower.

In general, the performance of the connected system presents better coordination
between areas ensured by the ANN —VIDC compared to other approaches, as shown
in Figures [V.12] and [V.13] and summarised in Table where the calculated values
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of MSE, RMSE, and MAE for each region and each applied approach shows the ro-
bustness of the proposed ANN — VIDC in frequency regulation and the coordination
between areas which highlight the ability of the ANN — VIDC to properly adapted
with the power system changes.

Table V.5: Performances of the proposed ANN-VIDC for interconnected MGs under disturbances.

Strategy Performance analysis
MSE | RMSE | MAE

FL 0.0008 | 0.0275 | 0.0152
Area A

MPC 0.0001 | 0.0081 | 0.0040

ANN 0 0.0008 | 0.0004

FL 0.0080 | 0.0276 | 0.0153
Area B

MPC 0.0001 | 0.0276 | 0.0045

ANN 0 0.0008 | 0.0004

FL 0.0080 | 0.0277 | 0.0155
Area C

MPC 0.0001 | 0.0085 | 0.0046

ANN 0 0.0008 | 0.0004

V.2.2.3 Plug and play test

To test the resilience of areas under sudden changes, the connection and disconnec-
tion of areas are introduced to analyse the robustness and regulation performance of
the designed control strategy. First, all areas are connected and subjected to load and
generation disturbances, as illustrated in Figures [V.8b[V.8c, andV.11] At 100 s, the
third area 1s disconnected, the second area is disconnected at 200 s, and area A is
disconnected at 300 s. Each area based on ANN — VIDC presents less fluctuation
and peaks of approximately +0.01 Hz compared to the other approaches, where in
the case of FL — VIC, the fluctuations are stronger with high overshoots (around
0.35 Hz in area B and C) and nadirs around —0.6H7 in the first region at 750s the
moment where the PV and wind from the first and second region are discontinuous
respectively (see Figures [V.14alV.14b| and [V.14d).

Additionally, the provided virtual inertia power from the ESS for each area and
each approach is illustrated in Figures [V.15al]V.15b] and [V.15¢| All areas operate in
the islanded mode from 400s to 800s. It is observed that the frequency deviation
based on the proposed ANN — VIDC presents a better performance in terms of peaks
and fluctuations compared to FLC —VIC and MPC —VIDC.

107



Chapter V. Adaptive virtual inertia control for multi-area power system

Fuzzy-VIC
[Area s | \r@Vine

ANN-VIDC
L ity Sl ity Bl Bl

Frequency deviations (Hz)
s
(]

$ecunncctcd Arta¢
T T
I 1
1 1
800 1000 1200
T T T T I
i ! ! ! Fuzzy-VIC
| } : | Arca B MPC-VIDC
1 1 : 1 ANN-VIDC
T
I I 1 I 1
T s T |
= 1 I 1 1 1
= I I 1 I 1
I I 1 I 1
g I I 1 I 1
= I I 1 I 1
=] I 1 | 1
z 0 : 00 s AN
= ! ]
=
g
=3
=
=
=

VAR RVA7 I
1
1
Disg¢onnected Area A 1
a2 o R Jmmte
i i
[}

Reconnected Area B
Disconnected Avea C
i

i
1
1
I
1 Reconnected Area C
1
1 1

I
I
I
i
(1} 200 400 600 800 1000 1200

0.4 1 L
Time (s)
T T T
! ! Fuzzy-VIC
' | E MPC-VIDC
! ! ANN-VIDC
1 I
1 I

Frequency deviations (Hz)

oA n.ﬂﬁel Vel N, A L\
A/ ! j
1
! 1 Reconnected
—————————————— L___ Area A — — — — —

V2f—————==——-- 1 ~| Disconnected Area B~~~ —

1 i
I I
I I
I I
I I
I I
| I
L
! T
| I
k I
1 ’ !
1 Disgonnected Area A 1
! d
] 1
f Reconnected Area B
I

-

Disconnected Area C Reconnected Area C
1
04 1 1 1

1

1

1

H
0 200 400 600 800 1000 1200
Time (s)

(©

Figure V.14: Frequency response of the interconnected MGs: (a) from area A, (b) from area B, and
(d) from area C.

The results obtained, as presented in FigurgV.14] and Table [V.6] demonstrate
the dynamic responses of each area in terms of frequency. The response-based
ANN —VIDC presents a smooth curve compared to the other approaches, with better
coordination between areas. The calculated MSE, RMSE, and MAE of each region,
as shown in Table[V.6] effectively prove the efficiency and robustness of the proposed
control method.
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Figure V.15: Virtual inertia power changes: (a) from area A, (b) from area B, and (c) from area C.

Table V.6: Performances of the proposed ANN-VIDC for Interconnected MGs under disturbances,
connection and disconnection of MGs.

Method Performances analysis

MSE | RMSE | MAE
FL 0.0012 | 0.0362 | 0.0213
Area A | MPC 0.0001 | 0.0106 | 0.0051
ANN 0 0.0013 | 0.0007
FL 0.0019 | 0.0368 | 0.0217
Area B | MPC 0.001 | 0.0109 | 0.0053
ANN 0 0.0014 | 0.0007
FL 0.0017 | 0.0365 | 0.0215
Area C | MPC 0.0001 | 0.0107 | 0.0052
ANN 0 0.0012 | 0.0006

V.3 Conclusion

A novel topology of VIDC based on the ANN approach is proposed in this chap-
ter for an interconnected power system based on three areas with high integration
of RESs. It aims to enhance the frequency response and ensure better coordina-
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tion between regions in cases of high disturbances in load and generation, as well
as in the case of connection and disconnection of areas. The designed control con-
siders the frequency deviation, RoCoF’, and power changes from RESs to highlight
the impact of high penetration of RESs in the power system and ensure accuracy
during the online estimation of virtual inertia and damping factors according to the
system requirement. The effectiveness of the elaborated ANN — VIDC is proven
via comparative analysis with PID — VIC and FLC — VIC applied to islanded MGs
and connected MG systems based on three areas powered via thermal generators,
wind farms and solar farms. The studied system is tested under load and gener-
ation disturbances and connection and disconnection of areas. From the obtained
curves of frequency deviation and the robustness analysis based on the calculation
of the MSE,RMSE and MAE, the system-based ANN — VIDC provides better per-
formances with smooth responses, less fluctuation and small overshoots and nadirs
compared with the system-based MPC —VIDC and FLC —VIC.
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General Conclusion

The evolution of modern power systems, driven by integrating RES and reducing
reliance on conventional SG, has presented significant challenges in ensuring system
stability and frequency regulation. This thesis explored virtual inertia control as
a transformative solution to address these challenges, emphasizing its potential to
emulate the inertial response of SGs and adapt to the dynamic demands of modern,
low-inertia systems.

The investigation began by analysing the fundamentals of inertia in power sys-
tems and the adverse effects of reduced physical inertia on system stability. Vir-
tual inertia emerged as a pivotal concept, employing advanced control strategies and
power electronics to bridge the gap between traditional and modern grid paradigms.
Various VIC topologies, including synchronverter-based models, swing equation-
based designs, and frequency-power response approaches, were examined. Emerg-
ing strategies such as virtual oscillator control and inducverters were also high-
lighted, showcasing ongoing innovation in the field.

The research delved into interconnected M Gs to evaluate the effectiveness of VIC
in addressing frequency regulation under diverse scenarios. The frequency response
modelling of primary and secondary control loops revealed the influence of physical
constraints and RES penetration on system stability. Using energy storage systems
(ESSs) as part of virtual inertia control demonstrated significant improvements in
1solated and interconnected MGs, showcasing their ability to enhance system flexi-
bility and robustness under load and generation disturbances.

Two advanced control methodologies were introduced to refine the performance
of VIC. The first, Fuzzy-Virtual Inertia and Damping Control (FVIC), was designed
to adaptively adjust virtual inertia and damping factors based on system changes
such as frequency deviation, RoCoF, and variations in RES output. Simulation re-
sults demonstrated that FVIC significantly improved frequency responses, reduced
steady-state errors, and achieved faster recovery times than traditional controllers.
The second methodology, Artificial Neural Network-Based Virtual Inertia and Damp-
ing Control (ANN — VIDC), proposed a novel topology to enhance coordination and
frequency stability in interconnected systems. Using machine learning techniques,ANN —
VIDC exhibited improved robustness and adaptability, delivering smoother responses,
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reduced overshoots, and lower nadirs during system disturbances. Comparative anal-
yses further highlighted its superiority over traditional and fuzzy logic-based con-
trollers, showcasing its potential for modern low-inertia power systems.

Looking ahead, the outlined perspectives for virtual inertia control (VIC) focus
on integrating advanced algorithms like Al and machine learning for improved op-
timization in complex systems. Real-time implementation through hardware-in-the-
loop testing and pilot projects is critical for practical deployment. VIC’s role in
hybrid systems combining multiple RESs and ESSs could enhance grid resilience,
while addressing cybersecurity and communication vulnerabilities is essential. En-
suring compliance with evolving grid codes and improving scalability and cost-
efficiency will facilitate broader adoption. Finally, VIC should support the energy
transition by complementing demand-side management, storage innovations, and
market mechanisms to drive sustainable power systems
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Résumé :Cette these aborde le défi de la stabilité des systemes électriques a faible inertie, causée par
I'intégration croissante des sources d’énergie renouvelable (SER). Elle se concentre sur le développe-
ment de stratégies avancées de controle de I'inertie virtuelle (VIC) pour assurer un fonctionnement
fiable et efficace des micro-réseaux (MG) interconnectés dans des conditions dynamiques variées.
Une revue détaillée des modes de fonctionnement et des structures de controle des MG est d’abord
réalisée, avec un accent particulier sur le contrdle hiérarchique et les défis de la régulation de fré-
quence dus a la diminution de l'inertie physique. Une contribution majeure réside dans 1’élaboration
de modeles de réponse en fréquence pour les MG en mode isolé et connecté, servant de base pour
concevoir des solutions efficaces en matiere de stabilité de fréquence. La these propose également
des méthodes de controle avancées, telles que la logique floue et le controle adaptatif basé sur les
réseaux de neurones, permettant une adaptation dynamique aux variations du systeme et assurant
une performance robuste.

Mots-clés : Inertie virtuelle, Micro-réseaux, Energie renouvelable, Controle adaptatif, Régulation
de fréquence.

Abstract : This dissertation addresses the challenge of maintaining stability in low-inertia power
systems due to the increasing integration of renewable energy sources (RES). It focuses on develo-
ping advanced virtual inertia control (VIC) strategies to ensure the reliable and efficient operation of
interconnected microgrids (MGs) under dynamic conditions. The study begins with a comprehensive
review of MG control architectures and operational modes, highlighting hierarchical control and fre-
quency regulation challenges caused by reduced physical inertia. A key contribution of this research
is the development of frequency response models for both isolated and grid-connected MGs. These
models provide critical insights into system behavior and serve as a foundation for designing effec-
tive frequency stability solutions. The thesis introduces advanced control approaches such as fuzzy
logic and neural network-based adaptive control of virtual inertia and damping, enabling dynamic
adjustments and robust performance in RES-dense environments.

Keywords : Virtual inertia, Microgrids, Renewable energy, Adaptive control, Frequency regulation.



	List of Figures
	List of Tables
	Introduction
	Context 
	Background on Micro-grid Concept
	Microgrid applications and research interest
	Architecture of micro-grids 
	Micro-grid coupling architecture
	Direct current microgrid
	Alternative current microgrid
	AC/DC hybrid microgrid

	Operating modes of microgrid
	 Islanded Mode
	 Grid-connected Mode


	Microgrid control criteria 
	Hierarchical control for microgrid
	Primary control
	Secondary control
	Tertiary control


	Research and motivation
	Thesis objectives
	Thesis Outline

	Overview of virtual inertia control
	Introduction
	Fundamentals of inertia in power systems
	Traditional inertia response
	Impact of reduced inertia 

	Concept of virtual inertia 
	Principal of virtual inertia 

	Overview of virtual inertia control topologies
	Synchronous generators model-based topology
	Synchronverters
	VISMA and IEPE'S VSG topologies
	KHI'S VSG topology

	Swing equation-based topology
	ISE VSM topology
	Synchronous power controller topology

	Frequency power response-based topology
	Virtual synchronous generators

	Droop based topology
	Virtual oscillator control
	Inducverters
	Summary of virtual inertia control topologies

	Conclusion

	Modelling and design of interconnected MGs-based virtual inertia control
	Introduction
	Frequency response modelling
	Structure of frequency response
	Physical constraints for frequency control
	Considering RESs effect in modern power system 


	Interconnected power system
	Design of virtual inertia control based ESS
	State space modelling

	Implemented power system-based virtual inertia control
	Isolated system
	Impact of reduced inertia
	Impact of virtual inertia control parameters

	Interconnected MGs
	Efficacy of multiple-virtual inertia control under disturbances


	Conclusion

	Fuzzy-virtual inertia control for multi-area power systems
	Introduction
	Principle of the PID-VIDC
	Fuzzy-virtual inertia and damping control design 
	 Results and discussion
	Case A: load disturbances
	Case B: generation disturbances
	Case C: load and generation disturbances
	Case D: plug and play test

	Conclusion

	Adaptive virtual inertia control for multi-area power system
	Introduction
	The proposed ANN-virtual inertia and damping control

	Simulation results and discussion
	Case of islanded MG
	Case of interconnected MGs
	Under continuous and discontinuous load disturbances
	Under load and generation disturbances
	Plug and play test


	Conclusion

	General Conclusion 

