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Abstract

The concept of networking multiple microgrids is one of the most
promising initiatives in microgrid-based power generation frameworks to
address the challenges of a single microgrid's resiliency and enhance supply
security. Interconnected microgrids have the potential to serve as a fundamental
framework for future distribution systems due to the extensive deployment of
smart grid technology. Infrastructure planning and design, control theory, and
communication technologies are required to regulate microgrid clusters in a
flexible and efficient manner. That is, a proper control structure with robust and
reliable control strategies is required to improve the performance of the
interconnected microgrids in terms of power-sharing, power quality, and

stability.

The study introduces a novel control structure and a clustering method for
interconnected hybrid microgrids to form an integrated framework. The
proposed control structure for power flow control among hybrid microgrids
places particular emphasis on the control strategies of three converters, such as
the energy storage system, the interlinking converter of each hybrid microgrid,
and the interconnecting converter for networking multiple microgrids. The
control strategy of the hybrid microgrid’s interlinking converter is based on a
voltage-frequency droop control to ensure proper operation in three operating
modes, such as islanded, grid-connected, and interconnecting modes. The virtual
inertia and state-of-charge-based controller of the energy storage system controls
the battery bank's charging and discharging operations and provides an
autonomous power flow inside each hybrid microgrid. Finally, the control
strategy of a parallel interlinking converter structure is designed to interconnect

and control the power flow among hybrid microgrids.




The control structure allows both islanded and grid-connected operations
without swapping between two controllers. This control framework reduces the
number of activation operations in response to variations in conditions.
Consequently, negative consequences like an uneven transition and system
failure due to an inaccurate transition can be mitigated. In summary, the
suggested control framework can function seamlessly upon the occurrence of
unintended situational changes, such as main grid failure or islanding (with -
0.11% variation in frequency), load variation (-0.038% variation during load
increment and 0.02% variation during load decrement), source failure (-0.13%
and 0.18% variations in frequency during wind generator failure), and grid
synchronization (with 0.04% variation in frequency), without requiring a control

mode transition.

The clustering method and control structure of the interconnected
microgrid system are designed in a MATLAB/Simulink environment. The OPAL-
RT simulator (OP5600)-based real-time software-in-the-loop simulation
technique is used to analyse the performance of the interconnected system in
terms of load variations, source failure, power quality, mode transition, and
energy storage system management. The results indicate that the control
structure, with three control strategies, ensures reliable operation in all modes
with reduced total harmonic distortion (less than 5%) and lower frequency

fluctuation (less than 1%), and also maximizes power supply security.
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Chapter 1

INTRODUCTION

1.1 BACKGROUND

In the field of power systems, sustainable development policies need to
address various concerns, including lowering greenhouse gas (GHG) emissions
while supplying increasing energy demand, developing reliable energy systems
with economic optimality, and ensuring supply security in the context of
upcoming shifts towards the smart grid. In an attempt to accomplish the
objectives of sustainable development while reducing the adverse effects of
traditional energy sources (fossil fuel-based energy sources), the current
paradigm for electricity generation is shifting toward a power electronic
converter-based power generation framework, like microgrids (MGs) [1]. A MG
is the integration of several distributed energy resources (DERs), such as
renewable energy sources (RESs) and energy storage systems (ESSs), along with
loads, control schemes, and protection devices operating within a specific
electrical region as a single controllable unit [2, 3]. The MG structure can be AC,
DC, or hybrid AC/DC based on line technologies (as shown in Fig. 1.1) [4].
Operations in both grid-connected and islanded modes, as well as the transition
between islanded and grid-connected modes, make MG-based large or small
power infrastructures more adaptable than traditional electrical networks [5].
MGs are economically viable and efficient due to lower transmission and
distribution losses; however, the bulk integration of DERs in a single MG is

infeasible due to the nature of RESs, control, and management challenges [6].
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Therefore, power generation and distribution are limited to a small geographic
area, especially during the islanded mode, which constrains secure load
management, uninterrupted power supply, and reliable operation [7, 8].
Moreover, the intermittent nature of RESs, limited energy exchange options, and
the failure of distributed generator (DG) units cause significant swings in output
power, voltage, and frequency. As a result, the load-shedding method is
introduced to maintain the demand-supply balance, which is both economically
and technically inconvenient [9, 10]. Therefore, promising initiatives are required
in order to address the challenges associated with a single MG's resiliency and

enhance the effectiveness of the MG-based power system.
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Fig. 1.1: Microgrid infrastructure [4]: a) AC microgrid, b) DC microgrid, and c) Hybrid
microgrid.
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1.1.1 Evolution of Interconnected Microgrids

There has been a greater emphasis on renewable energy-based power
generation over the past few years because of the depletion of fossil fuel-based
energy sources, such as coal, natural gas, and oils, and environmental concerns.
[11]. In response to the limitations of micro-generation based on single-DER, such
as insufficient generation capacity, local voltage rise, emergency conditions, and
the tendency to exceed the thermal limits of specific lines and transformers, MGs
consisting of several DERs have emerged [1]. However, as a single MG's power
rating is limited to a few MVA, it will not be secure enough to satisfy its demand.
Fig. 1.2 illustrates the three-stage development scheme for the evolution of the
MG-based power system structure. According to this scheme, the limitations of
a single DG and a single MG system can be addressed with the adoption of an
interconnected MG system. That is, one of the most remarkable concepts is the
interconnection of numerous MGs to overcome the constraints of a single DG
system and a single MG system [12]. In the concept of interconnected MG,
numerous distinct MGs that are in close proximity are clustered and operated
simultaneously to form an integrated framework with greater flexibility,
controlled power sharing, and efficient power management [13]. Because of
enhanced flexibility, resilience, economic optimality, reliable operation, and
better management of shortages and excess power, this novel infrastructure is
evolving more and more widely [14]. The configuration of the interconnected
system is determined by the nature of power transmission (AC or DC) and
connections at electrical boundaries, i.e., line and interface technology [15]. Based
on line technologies, it takes three forms: fully AC networked MGs [16], fully DC
networked MGs [17], and AC/DC networked MGs [18]. Interfaces can be based
on various devices, including tie-line connections with static switches or circuit
breakers, power transformers, and interlinking converters [19-22]. However, due
to the complex structure of the networked MGs compared to a single MG, further

studies are required on various structures based on line and interface
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technologies, coordinated control of individual MGs,

interconnection among MGs.
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Fig. 1.2: An overview of the evolution of the MG-based power system infrastructure.

1.1.2 Control and Management System

The control and management system, a collection of software and hardware

related to the power electronics converters and their controllers, is used to

achieve the interconnected MG system's reliability, operational feasibility,

optimal performance, and stability. Voltages and frequency regulations within

specified ranges, proper power supply, sharing and balance, switching between

different operating modes (islanded and grid-connected), and optimal demand-

side management are the primary responsibilities of the control system [23].

Information sharing among MGs is an important aspect of the control system in
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determining the best operating approach to ensure the system's reliability and
effectiveness. There are several control structures for the interconnected system,
such as hierarchical [24], distributed [25], decentralized [26], and centralized [26].
The distributed and hierarchical control structures facilitate the development of
control systems at multiple control levels with different control responsibilities
and targets by permitting controllers at various levels to communicate and

exchange information or control signals.

The control system of an interconnected MG system has different control
responsibilities from the component level to the system level, such as control of
DERs at individual MGs, demand-supply management within each MG, and
control for coordinated operation among MGs [27, 28]. To ensure seamless
operation at the component level, the DERs must be equipped with suitable
power electronic interfaces, controls, and management to link and separate
inside a MG. Comparably, at the system level, each MG must have a reliable
controller to connect with other MG in a networked system for flexible operation
as a single aggregated framework [29]. All control goals must be fulfilled to
accomplish precise power sharing, seamless transition and synchronization,
recovery of frequency and voltage, and flexible regulation of power flow [30].
Above all, to achieve optimal performance from the interconnected system while
also ensuring the stability of the system, research on the control system must be

done in addition to developing reliable and effective control structures.

1.2 CONTEXT

The possible advantages of MGs can be achieved more effectively when
they are interconnected to realize improved efficiency and security of supplies
[10]. Therefore, it is projected that future power systems will consist of multiple
interconnected MGs to form a sophisticated electric network, eliminating the
limitations of individual MGs. Moreover, in smart grid concepts, this integrated

electric network will serve as the main structure due to the seamless integration
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of renewable energy-based generation. The interconnected MG system's main
characteristics include promoting efficient management of energy consumption,
ensuring favourable economic attributes, lower energy losses, optimal utilization

of DGs, and effective sharing of DERs, whether in the on- or off-grid modes [31].

Several networked MG infrastructures exist based on line technologies,
such as entirely AC MG clusters, entirely DC MG clusters, mixed AC-DC MG
clusters, and hybrid MG-based MG clusters. Currently, AC MG clusters are the
most prevalent type, in which the majority of the components are AC sources and
loads and are connected by AC buses [32]. It is not essential to alter the power
grid's fundamental layout to construct this infrastructure. However, integration
of AC MGs is challenging due to both voltage and frequency controls, control
complexity, higher conversion stages, active and reactive power controls, and the
requirements of frequency synchronization [4]. Therefore, interest in DC
technologies is growing due to the predominant benefits, such as higher
efficiency, lower losses, elimination of the skin effect and bulky transformers, no
reactive power and synchronization requirements, improved reliability, and
lower conversion stages [33]. The development of AC/DC MG clusters that
combine the benefits of both AC and DC technologies for interconnections is
becoming a possible scenario [34]. Although various studies [20, 35-37] have
proposed different structures to realize distinct objectives, the MG cluster
composed of fully AC or DC MGs is the primary focus of the study. Multiple
separate hybrid microgrids (HMGs), each with its AC and DC MGs, compose the
networked HMGs [38]. This configuration of networked MGs leads to a more

sophisticated infrastructure for power coordination, which needs to be analysed.

MGs in an interconnected MG system can be connected using various
interface technologies, such as direct tie lines, power transformers, and
interlinking converters [15]. Static switches and circuit breakers can be used as

interlinking devices to interconnect MGs with the same standard frequencies and
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AC or DC voltages in the simplest way [19]. Power transformers can be used for
interconnecting only AC technologies of different voltages and not different
phases and frequencies [39]. Moreover, tie-line and power transformer-based
interfaces for MG interconnection cannot provide a controlled environment for
power coordination among multiple MGs. In contrast, interfaces with
interlinking converters can be utilized in both AC and DC technologies with high
levels of controllability in terms of frequency and voltage, effective power
management, improved power quality, and flexibility [35]. Therefore, it is
preferable to connect MGs using converter interfaces for controlled power-

sharing and more flexible operations under various conditions.

Networked MGs offer a MG cluster with more flexibility for resilient and
cooperative operations by sharing necessary DERs to compensate for possible
electrical deficits. Power coordination among networked MGs must, however, be
governed by a reliable and robust control structure that gathers and combines
the data supplied by individual MGs, directs their contribution and interaction
in the cluster, and evaluates the optimum power flow to coordinate their
operations in an organized manner [31]. Otherwise, interconnecting multiple
MGs can lead to undesirable behaviours such as voltage distortions, power
fluctuations, and frequency oscillations [40]. Thus, for the coordinated
performance of interconnected MGs, a lot of emphasis has recently been given to
developing flexible structures, robust control techniques for associated power
electronics converters, an effective and feasible multi-functionality-based power
management system, and optimal power system planning in various operating
modes. Moreover, the interconnected HMG structure leads to a more complex
control structure since it simultaneously balances two control goals: coordinated
operation between DC and AC MGs in a single HMG using an interlinking
converter and power coordination among neighbouring HMGs using

interconnecting converters [38]. It is vital to examine power management and the
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control structure of HMG clusters, considering the two control targets under
various operating modes for flexible operations, as there are no studies that

specifically focus on this aspect.
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Fig. 1.3: An overview of the context of this thesis.

The significant real-time energy management challenges, such as output
power variation and voltage instability caused by the intermittent nature of DERs

and inelastic loads in the system, can be mitigated by a reliable power supply or
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appropriate-size ESSs [41]. The fundamental task of the ESS and its control
strategy is to achieve a balance between generation and demand, depending on
the dispatchable power of each storage unit, while preserving voltage and
frequency within reasonable limits in all operating modes [42]. As a result,
optimal ESS management and control are essential for efficient operation, proper
power management, smooth transit between the different modes, and regulating
the variations of system voltage and frequency in a tolerable range. An overview

of the context (statement of the problem) of this thesis is presented in Fig. 1.3.

1.3 AIMS AND OBJECTIVES

The key purposes of this thesis are to design a clustering method and a
distributed control structure for flexible power flow control among
interconnected hybrid microgrids, with particular emphasis on the control
strategies of three converters: the controller of energy storage system, the
interlinking converter of individual hybrid microgrids, and the networking
converter of interconnected hybrid microgrids. Designing this efficient control

structure will be accomplished by implementing the following four objectives:

1. To develop a reliable control strategy for an interlinking converter to
interconnect the AC and DC microgrids in an individual hybrid
microgrid.

2. To design a virtual inertia-based controller for energy storage system

(ESS) in each hybrid microgrid.

3. To develop a clustering method to form an integrated framework by

interconnecting hybrid microgrids.

4. To analyse the performance and effectiveness of the clustering method
and control structure of the interconnected system based on various

tactors such as load variations, source power variations or failures, ESS
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functionality, behaviours with dynamic loads, and mode transition

using MATLAB/Simulink and the OPAL-RT (OP5600) simulator.

1.4 SIGNIFICANCE OF THE OBJECTIVES

In electric power systems, resilience and flexibility improvement serve as a
line of protection to prepare and defend the system against several types of
occurrences. MG clusters will serve as the foundation of forthcoming power
systems, providing a complete, resilient, and flexible integrated network. The key
to this approach is a well-designed management and control system. Therefore,
in this study, a control structure is proposed considering three control objectives

to ensure the reliable performance of an interconnected MG system.

1.4.1 Objective 1: Related to Hybrid Microgrid’s Interlinking Converter

The interlinking converter with a proper control strategy plays a crucial role
in interconnecting the AC and DC MGs in a single HMG and HMG with the main
grid while providing cooperation between AC and DC MGs and ensuring stable
operation of the HMG under various operational modes [43]. A HMG can
function in both islanded and grid-connected modes using this converter control
approach. In grid-connected mode, the converter is employed to regulate DC
voltage; DG outputs, ESS charging and discharging powers, and HMG demand
all determine the interlinking power. The main responsibilities in islanded mode
are controlling the AC voltage and frequency as well as the DC bus voltage
through coordinated control between the ESSs, DGs, and interlinking converter
[44]. A scalable and effective control technique is needed to achieve autonomous
power transfer and flexible AC/DC connections between MGs in individual
HMGs while taking renewable energy constraints into account and facilitating a
smooth mode transition between grid-connected and islanded modes. Therefore,
an advanced and flexible control strategy of the bidirectional AC/DC interlinking
converters for autonomous operation of individual HMGs in grid-connected,

islanded, and interconnected modes is proposed.
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1.4.2 Objective 2: Related to the Energy Storage System Control Strategy

With benefits including quick response times, continuous power supply,
and regional independence, ESSs are widely regarded as one of the prospective
solutions to the unpredictable and intermittent nature of renewable energy [45].
To provide more steady and sustainable operation, ESSs are an essential element
of the MG framework. In islanded mode, the ESS charges and discharges
according to the demand. If the ESS is completely charged in grid-connected
mode, the DG surplus electricity must feed into the main grid because the ESS is
unable to absorb it. Conversely, when the lower SoC level is attained, the main
grid begins to sustain the load requirements in conjunction with the DG, and the
ESS is not required to inject any more power. To maintain these operations in
both grid-connected and islanded modes while preventing high-rate power
peaks and extending the ESS life cycle, the charging and discharging operations
of ESS must be regulated using suitable control strategies [42]. A virtual inertia
and SoC-based power management approach is proposed to control the battery
bank-based ESS's charging and discharging operations depending on the power
flow of interconnected MGs. In grid-connected mode, the controller aids in
achieving independent power flow, whereas the AC main grid only concentrates

on establishing the DC bus and handling power surpluses or shortages.

1.4.3 Objective 3: Related to the Hybrid Microgrids Clustering Technique

The flexibility of interconnected MG control and operational modes
increases due to the flexible control capabilities of converter interfaces. When
generation in each MG is sufficient to satisfy demand, the interconnection
converter control supports autonomous power management in individual HMGs
and enables bidirectional power sharing when MGs experience power shortages
or surpluses. Moreover, due to the increasing sharing power and the possibility

of multiple connection ports., the parallel operation of several interconnecting
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converter frameworks is needed to improve power capacity, avoid overstressing

any individual entity, and enhance power supply reliability.

1.4.4 Objective 4: Related to the Networked System’s Performance Analysis
Performance analysis, from the component level to the network level, is a
crucial objective to ensure the reliable operation of any designed system under
various conditions. Power quality and stability are significant characteristics of
the MG-based power system, as the increasing penetration of nonlinear loads,
renewable energy-based DGs, and power electronic converter interfaces can
result in distorted waveforms, system instability, and increased energy costs.
Therefore, it is essential to analyse the system's capability to ensure standard
power quality and sustain system reliability under different circumstances,
including load variations, ESS management, various load penetrations, source

failures, and mode transition.

The behaviour of electrical loads is a vital aspect of a realistic approach to
power systems due to their significant impact on system generation,
characteristics, and the stability of the network. Various types of statics (constant
power, constant current, and constant impedance loads) and dynamics loads
(induction motors) exist in power systems. It is important to investigate how a
network reacts to various load characteristics since the outcomes from one type

of load are not representative of the actual load demographics in a network.

The MG clusters can be operated both in grid-connected and islanded
modes, while power transfer and operation are controlled by the converters and
related control structures. When a fault arises in the grid or any connecting line,
the MG interfacing converter and the main grid coupling converter must trip
automatically to isolate the faulty parts. To transit in islanded mode, followed by
a failure in the grid or interconnecting lines, the power converters must operate
in grid-forming mode and contribute to sustaining system voltage and

frequency. Therefore, MGs in a cluster need to operate in both modes to ensure
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continuous power supply to critical loads and increase infrastructure flexibility
during grid faults and any other crises. To achieve this goal, control techniques
must allow the MG to switch smoothly between the grid-connected and islanded
modes and to prevent variations and oscillations in voltage, frequency, and

current caused by phase and frequency mismatches during the transition.

1.5 SUMMARY OF RELEVANT CONCEPTS

MGs differ greatly from conventional grids in terms of their structure and
operational features. The following is a summary of various topics related to the

MG-based power system that are associated with the concept of this thesis.

Hybrid AC/DC microgrid: The concept of MGs has evolved as a way to
develop and integrate RESs like photovoltaic (PV) and wind energy into power
systems to combat climate change and the world's rising energy demand. Among
the three MG structures, the AC and DC MGs have been extensively examined
in the literature [46, 47]. The third type of MG, i.e., the HMG, is the most feasible
because it combines the benefits of both AC and DC technologies into a single
MG infrastructure [48]. The AC MG is composed of several AC loads as well as
AC sources such as wind turbines, diesel generators, and microturbines. The DC
MG, on the other hand, is comprised of various DC loads as well as DC sources
like PV and ESSs. This MG structure uses an interface of bidirectional interlinking
converters between AC and DC MGs to allow bidirectional power flow by
minimizing conversion stages [49]. Active power is transferred from an AC MG
to a DC MG and vice versa according to the MG's capacities to improve the

coordination and utilization factors of AC and DC RESs [50].

Microgrid Cluster: A group of nearby MGs that are physically connected by
AC (or DC) buses using tie-lines or converter interfaces is referred to as an MG
cluster. By permitting MGs to support one another during power unbalance, the
network of MGs aims to address the difficulties experienced by the individual

MG. Because there is no support from an outside source, this structure is crucial
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and necessary for the islanded condition [38]. With this idea, energy sources may
be utilized to their maximum potential in both islanded and grid-connected
modes; reliability is increased; economic optimality is increased by flexible
energy exchange in clusters; and stress and ageing of the MGs' components, such
as power electronic converters, are reduced [27]. In addition, it could minimize

costs related to maintenance and increase the network's operational period.

Role of Interlinking Converter: Linking several MGs using passive devices
like power transformers or tie lines presents several challenges in terms of
controllability and flexibility and also restricts the MGs' ability to interlink. With
such conditions, interlinking converters have become a standard method for
connecting multiple MGs, irrespective of their features [51]. By offering many
ancillary services, these power converters can interconnect MGs with different
characteristics in addition to controlling power flow. Moreover, in order to
achieve several control functions, including coordinated power supply among
MGs, power quality enhancement, and smooth mode transit, interlinking
converters are essential interconnecting devices [52]. Thus, it is anticipated that
interlinking converters, which effectively connect and regulate interactions

among MGs, will serve as the energy routers of the future.

Importance of Control Structure in Networked Microgrid: Enabling flexible
structures, grid networking, and integrated operation among numerous MGs are
important for the MG cluster. Therefore, the MG cluster needs to implement
advanced control systems to maximize the use of its DERs while providing an
improved level of service, such as power flow control and voltage regulation [53].
There are several control structures based on communication systems, such as
distributed, decentralized, and centralized, for coordinating MGs in the MG
cluster [15]. Under the concept of active consumer involvement and distributed
generation, controlling networked MGs with distributed control structures is

becoming increasingly prevalent since it is very challenging to manage and
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regulate individual MGs with a large number of DG units employing either a
decentralized or centralized control structure [54]. Utilizing local communication
systems, distributed control minimizes the negative aspects of both centralized
and decentralized management while integrating their positive aspects. The
implementation of hierarchical control, comprising primary, secondary, and
tertiary levels, is anticipated to enhance the system's intelligence by facilitating
continuously integrated coordination among generation, storage, and

consumption [27].

Energy Storage System (ESS): The ability to preserve energy during low-
demand periods and supply energy during times of high demand has made the
MG concept, i.e., renewable energy technologies linked with ESSs, more and
more appealing. Because ESS facilitates the integration of renewable energy in
various ways and maintains a stable supply of power during power outages,
system stability has a big impact on the entire electric network by storing energy
at lower costs during low-demand periods [55]. Because of its extremely low
inertia, a power system comprised of power electronic interfaces may become
unstable. By including ESSs, the system's inertia can be introduced, increasing its
resilience and resistance to external perturbations such as load variations or
source power variations because of atmospheric instability [56]. An ESS can be
implemented using a wide range of technologies, including flywheels, batteries,

supercapacitors, and superconducting magnetic storage.

1.6 THESIS OUTLINE

This thesis is mainly focused on designing an interconnected MG system
with a robust distributed control structure and flexible clustering method. The
modelling, implementation, and performance evaluation of the proposed control
system are discussed in detail in the remaining chapters of this thesis. A brief
overview of the contents of each chapter in designing the reliable MG cluster is

presented as follows:
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Chapter 2 presents a comprehensive review of the MG cluster's
infrastructure based on layout, line, and interface technologies, control systems
for power management and coordination among interconnected MGs,
characteristics of the MG cluster, and various control strategies for interlinking

converters and ESS management.

Chapter 3 introduces the structure of the designed interconnected HMGs
with the proposed distributed control structure and clustering method. This
chapter also provides the details of the structure and configuration of the three
proposed control strategies associated with the interlinking converters of HMGs,

ESSs, and interconnecting converters.

Chapter 4 addresses the performance of the proposed control structure and
clustering method in an interconnected HMG system under various conditions,
such as load variations, source failures, ESS management, power quality, and

mode transitions.

Chapter 5 provides a detailed analysis of the three control strategies under

different operating modes and parameter variations for stability assessment.

Chapter 6 presents a comparative study of the three control strategies with
previously existing control strategies in the respective field based on various

factors.

Chapter 7 finally concludes this study with a summary of this thesis,

significant findings, limitations, and a discussion of future research direction.
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Chapter 2

INFRASTRUCTURES, CONTROLS, AND
CHARACTERISTICS OF NETWORKED
MICROGRIDS

2.1 INTRODUCTION

Recent advancements in RESs-based distributed electrical generation
systems, along with technological developments in power electronics, gave rise
to the prospect of self-governing future electrical infrastructure, such as MGs.
These tiny, self-sufficient electrical system zones have the potential to improve
effectiveness and reliability while facilitating the integration of renewable
energy. However, the bulk integration of DERs in a single MG is infeasible due
to the nature of RESs, control, and management challenges. Therefore, the power
generation and distribution capabilities of a single MG system are limited to a
small geographic area, which constrains secure load management, uninterrupted
power supply, and reliable operation. Therefore, the networking of multiple MGs
concept is one of the most promising initiatives in the field of MG-based power
systems to address the challenges associated with a single MG's resiliency. In the
MG cluster concept, numerous distinct MGs that are physically in close proximity
are clustered and operated simultaneously to form an integrated framework with
greater flexibility, controlled power sharing, and efficient power management.
Because of the diversity of DERs, enhanced flexibility, resilience, economic
optimality, reliable operation, regulation of systems’ voltage and frequency

during emergencies, provision of backup power for particularly critical loads,
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and better management of shortages and excess power among MGs, this novel

infrastructure is evolving more and more widely.

2.2 INFRASTRUCTURE OF NETWORKED MICROGRIDS

To develop a networked MG-based electrical system that operates
effectively according to current and future power grid requirements, it is
essential to consider all possibilities of the networked MG architecture. The
development of different MG structures, interlinking lines, devices, various
interlinking converter topologies, control techniques, and communication
approaches results in diverse MG cluster infrastructures. Nonetheless, the three
key ideas that distinguish the various interconnection architectures are discussed

in this subsection: layout, line, and interlinking technologies.

2.2.1 Layout
In an MG cluster system, the layout specifies how MGs are connected.
Various layouts such as series, parallel, and mixed connections exist, as depicted

in Fig. 2.1, depending on the connection with the main grid and the connection

with each MG.
Topology
=
= . All MGs are connected to a common bus or the
> & -~ Star or Radial ——> .~ .
main grid.
-
N
=
g} iy Ring -—»{ Form a ring through a point-to-point connection.
<
q _ . . gt . .
= 1 Ly Mesh —> Ring structure with additional connecting lines.
_g > B . NN Point-to-point connection, and all MGs are
g g > Daisy-chain separately connected to the main grid.
o] q .
==} > Serial -+ MGs are serially connected to each other.
Q
= %
=] & -
g 2
L ‘_’é E -—> Nested —>| It consists of both series and parallel structures.
<
g =
=

Fig. 2.1: Microgrid cluster infrastructure based on layout.

Parallel-connected MGs refer to a framework in which all MGs are

connected to a common node or the main grid. In [57], a parallel-connected MG
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cluster with an autonomous control technique is presented where both AC and
DC MGs are connected to a common point through suitable interfaces. In a series-
connected structure, MGs are connected according to the point-to-point
connection to develop a cluster of MGs and share power with adjacent MGs. A
series-connected MG cluster based on tie-line connections with various types of
DERs and ESSs is used in [58] to explore the load frequency regulation of MGs in
islanded mode. A mixed series-parallel structure is more feasible because it
consists of both series and parallel structures and combines the benefits of both
structures into a single structure [59]. In [60], a grid architecture model based on
mixed series-parallel clusters is proposed to assist the system architect for the

smart distribution network.

2.2.2 Line and Interface Technologies

Infrastructure Connecting Point Interface
N Interconnected iy Common AC | Il EET——
AC MGs Buses Interconnects DC MGs with same DC link
L———+» BTB Converters voltages.
Interconnects AC MGs with same AC bus
voltages and frequencies.
Interconnects hybrid MGs with same DC link
voltages, AC bus voltages and frequencies.
Ly Interconnected —Lip Common DC — DC IL Devices Faultgsé in one MG cab fffecl other(}\/le.
DC MGs Buses
> DC-DC Converters\

Interconnected Microgrid Infrastructure
1

Common AC
H> Interconnected > —» AC-DC Converters
AC-DC MGs DC Buses Interconnects DC MGs with different DC link
Ly . voltages.
C [ AC AC IL Devices Interconnects AC MGs with different AC bus
- ommon voltages, phases, and frequencies.
> 1y p s q
| Buses BTB Converters Interconnects hybrid MGs with different DC
iy . link voltages, AC bus voltages and frequencies.
||, Interconnected _{i, CommonDC DC IL Devices Prevents the spreading of faults from one MG
. to another.
Hybrid MGs Buses —T7> DC-DC Converters

Fig. 2.2: An overview of the microgrid cluster infrastructure based on line and interface
technologies.

The nature of power transmission (AC or DC) and connections at electrical
boundaries are determined by line and interface technology. Interfaces can be
based on various devices, including tie-lines, power transformers, and
converters. In the tie-line-based architecture, MGs involved in the network have

the same voltages and frequencies. Power transformers can be used for
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interconnecting only AC technologies of different voltages and not different
phases and frequencies. In contrast, a combination of transformers and
converters can be utilized in both AC and DC technologies with high levels of
controllability in terms of frequency and voltage, effective power management,
improved power quality, and flexibility [43, 44]. As demonstrated in Fig. 2.2,

there are several IMG infrastructures based on line and interface technologies.

Mam Grid

Fig. 2.3: Interconnection of AC MGs using AC interlinking device (circuit breaker or
switch) and tie-line [16].

Interlinking Interlinking
Converter 2. Converter Loads |y .
AC It A Tt
AC e I 1

Configuration of AC/AC Interface Configuration of AC/AC Interface
(a) (b)

Fig. 2.4: a) Interconnection of AC MGs using back-to-back converter topology [32], and
b) Interconnection of three-phase and single-phase AC MGs using AC-AC
converter [61].

Tie-line-based interfaces, as shown in Fig. 2.3, are commonly used to
interlink multiple AC MGs. A distributed multi-agent control strategy for AC
MG cluster (tie-line-based) impacted by time-delay disturbances and additive
noise is proposed to obtain the best active power-sharing feature and synchronize
the voltage and frequency of inverter-based DERs with standard values [16].
Voltage source converters (VSCs)-based back-to-back converters are frequently
utilized to connect AC power systems with different voltages and frequencies

due to the converter's small size, independent operation of MGs, and faster
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operation [32], as shown in Fig. 2.4a. A decentralized technique is proposed in
[61] for a converter structure that interconnects a traditional three-phase AC
system to a single-phase AC system, as shown in Fig. 2.4b to provide a power-

sharing link and regulate the power transfer among them.

Interlinking
Loads /{ N

N Device ~ I
w |AC _J_t _J_t
2 =
2 DC '

Main Grid

[]

Fig. 2.5: Interconnection of DC MGs using DC interlinking device (circuit breaker or
switch) and tie-line [62].

Interlinking Internnking
Converter Loads (s | Converter

= Coc, Vpc,

Configuration of BDC Interface

Configuration of BDC Interface
(a) (b)

Fig. 2.6: a) Interconnection of DC MGs using DC converters based on buck-boost
converter topology [63], and b) Interconnection of DC MGs using DC converters
based on bidirectional cascaded buck-boost converter topology [64].

Interlinking Interlinking
Converter

Converter

DC
DC

Configuration of BDC Interface Configuration of BDC Interface
(@) (b)

Fig. 2.7: a) Interconnection of DC MGs using DC converters based on DAB converter
topology [65], and b) Interconnection of DC MGs using DC converters based on
DAB converter and full-bridge DC topologies [66].
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In [62], two DC MGs with constant power load (CPL) are interconnected
using a tie-line, as shown in Fig. 2.5, to regulate the power flow. A decentralized
control structure based on primary and secondary controllers to locally adjust the
common DC bus voltage, minimize average voltage variation, and guarantee
dependable operation is presented in [63]. A DC MG cluster structure, as
illustrated in Fig. 2.6a, for integrating two DC MGs functioning at distinct DC
voltages in off-grid mode is proposed in [67] to control the bidirectional flow of
power between the interconnected DC MGs under different operating and fault
conditions. A DC MG cluster, as shown in Fig. 2.6b, is developed in [64] using a
DC-DC interconnecting converter to mitigate the impact of parasitic resistance
on voltage regulation and enable controlled power transfer. An active dual active
bridge (DAB) converter topology-based interface, as illustrated in Fig. 2.7a, is
used in [65] to connect low and high-voltage buses on multiple DC MGs for
reliable and efficient power sharing. Another interface topology that consists of
a DAB and a full-bridge DC-DC converter, as shown in Fig. 2.7b, is proposed in
[66] to interconnect DC MGs.

Interlinking
Converter

I
I
I
I
I
I
i Voc C=
I
:
I
L

Configuration of AC/DC Interface

Fig. 2.8: Interconnection of AC and DC MGs using BADC interface [68].

The development of AC-DC MG clusters that consider both AC and DC line
technologies for interconnections is growing as a possible scenario in MG cluster

infrastructure. Its structure may vary, but in all cases, the connections and control
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of the power exchange are established by only the bidirectional AC-DC
converters (BADCs), as shown in Fig. 2.8. An integrated power management
strategy (PMS) along with an adaptive droop control strategy is proposed in [68]
for intra- and inter-MG power sharing in an MG cluster system to guarantee
optimal utilization of available RESs in each MG under various operating modes.
In [69], an improved multi-port interlinking converter with greater versatility

and an efficient structure for the AC-DC MG cluster is proposed.

Table 2.1: Comparison of line and interface technology-based microgrid cluster

configurations
Attributes AC DC AC/DC Comments
TL with H L N/A IMG sequences in terms of conversion stages
Conversion ILDs (ILC-based AC IMG > TL-based AC MG >
stages AC/DC IMGs> ILC-based DC IMG> TL-based
ILCs VH M M DC IMG)
TL with H L N/A IMG sequences in terms of power losses (ILC-
Power loss ILDs based AC IMG > TL-based AC MG > AC/DC
I 5 .
ILCs VH M M MGs> ILC-based DC IMG> TL-based DC
IMG)
TL with H L N/A MG sequences in terms of cost (ILC-based AC
Cost ILDs IMG > TL-based AC MG > AC/DC IMGs> ILC-
ILCs VH M M based DC IMG> TL-based DC IMG)
TL with M VH N/A MG sequences in terms of efficiency (TL-based
Efficiency ILDs DC IMG > AC/DC IMGs> ILC-based DC IMG
ILCs L H H > TL-based AC MG > ILC-based AC IMG)
TL with L H N/A MG sequences in terms of expansion capacity
Expansion ILDs (TL-based DC IMG > ILC-based DC IMG >
Capacity AC/DC IMGs > TL-based AC MG > ILC-based
ILCs VL M M AC IMG)
TL with M H N/A IMG sequences in terms of integration
Integration ILDs capacity (TL-based DC IMG > TL-based AC
capacity MG > ILC-based DC IMG > AC/DC IMGs >
ILCs L M M L Cbased ACIMG)
TL with o L N/A IMG sequences in terms of technological
Technological ILDs accessibility (TL-based AC IMG > ILC-based
accessibility AC MG > AC/DC IMGs > TL-based DC IMG>
ILCs M L M LCbased DC IMG)
TL with H L N/A IMG sequences in terms of protection
Protection ILDs requirement (ILC-based AC IMG > TL-based
requirement AC MG > AC/DC IMGs > ILC-based DC IMG>
LG VH M M 11 based DCIMG)
TL with o L N/A IMG sequences in terms of complexity (ILC-
Complexity ILDs based AC IMG > AC/DC IMGs > TL-based AC
ILCs VH M H MG > ILC -based DC IMG> TL-based DC
IMG)
VL  Very Low L Low M Moderate H High VH Very High

N/A Not Applicable TL Tie-line ILD Interlinking Device ILC Interlinking Converter
IMG  Interconnected microgrid
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The interconnection of DC and AC MGs using bidirectional interlinking
converters forms a HMG, which is more feasible than AC and DC MGs and
combines the benefits of both AC and DC technologies into a single MG
infrastructure. The interconnection of multiple HMGs can provide more
flexibility and reliable operations. In [70], a communication-free control scheme
for a hybrid MG cluster system with a ring layout is presented. To provide
flexible connections between MGs with less power conversion components, a
flexible and adaptable hybrid MG cluster is proposed in [38], along with a unique
interlinking converter and an associated decentralized control structure.
illustrates a comparison of AC and DC technologies in the presence of tie-line
and interlinking converter for interconnection. Table 2.1 illustrates a comparison
of AC and DC technologies in the presence of interlinking devices and

interlinking converters.

2.3 CONTROL STRUCTURE OF NETWORKED MICROGRIDS

The networked MG control system, a collection of software and hardware
related to the power electronics converters and their controllers, is used to
achieve the system's reliability, operational feasibility, optimal performance, and
stability. Voltages and frequency regulations within specified ranges, proper
power supply, sharing and balance, switching between different operating
modes (on- and off-grid), and optimal demand-side management are the primary
responsibilities of the MG cluster control system. Thus, to achieve optimal
performance from the MG cluster system, research on the control system must be

done in addition to developing reliable and effective control structures.

2.3.1 Control Structures

In an IMG system, information sharing amongst MGs assists the control
system in determining the best operating approach to ensure the system's reliable
and effective performance. The networked MGs' assigned communication

system is employed for information sharing amongst MGs. There are several
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control structures illustrated in Fig. 2.9 based on communication systems, such
as hierarchical, distributed, decentralized, and centralized, for coordinating MGs

in the MG cluster system.

Structure Control Level

)

= . . A single central control unit in a cluster makes

= —H — -
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- 1 1 units of DERS in individual MG

[75] . . Local control units o s in individua S

I > Decentralized > Single Control level —> make own control decisions depending on local

=

N

g _ Primary N Local control units of DERs in individual MGs

S I > (Decentralized) (DER Level)

‘= > Distributed —_— —

50 Control units with limited communication links

) l ~ Secondary .

= d ) —+> among nearby MGs in a cluster

.‘E: uast 1 (MG Level)

s . Primary _1|  Local control units of DERs in individual MGs

A1 ” (Decentralized) (DER Level)

5}

=

= . . Secondary A control unit of each MG in a cluster

S > - —>

o Eaenarcincal (Quasi-centralized) (MG Level)

5}

-

= > Tertiary —p] A single central control unit of a cluster
(Centralized) (IMG Level)

Fig. 2.9: Various control structures for MG cluster system.

Table 2.2 presents an overview of various literature based on four control

structures along with their merits and demerits.

2.3.1.1 Centralized Control

In a centralized control structure (as shown in Fig. 2.10a), a single central
entity is responsible for collecting data from all of the MG's measurement units
using a communication channel along with determining, verifying, and
analysing the control operations of all MGs in the system to provide the necessary
instructions for optimum management of DERs and loads [71]. Based on
information collected from each MG's local unit, the central control unit manages
and coordinates the operations of every MG that is a part of the MG cluster [72].
However, the entire cluster's operation, cost, and reliability are compromised by
a single point of failure caused by the huge amounts of data handled and
concentrated in a single area, higher bandwidth specifications, a lower expansion
rate due to the centralized structure, reliance on a wide-band communication

system, and restrictions on plug-and-play capabilities [73]. Furthermore, a two-
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way information exchange is necessary between the central control unit and each
MG's local unit, as the central controller must receive data and provide signals to
control all local units. In [74], a unique centralized/decentralized technique is
proposed in which the reactive power in the AC MG cluster system is accurately
shared before the communication link fault by using a centralized control
technique that relies on the adaptive virtual impedance. In [75], a centralized
control framework for managing and regulating power sharing in networked

MGs is suggested.

2.3.1.2 Decentralized Control

In a decentralized control structure (as shown in Fig. 2.10b), instead of a
central controller, the local control units of each MG in a cluster are responsible
for collecting local information, determining its control activities, coordinating
optimum operation without depending on information sharing with adjacent
MGs, and making decisions based on information obtained from local
specifications [73]. In decentralized control, a droop control approach is
frequently employed so that each DER unit can independently regulate the
voltage or frequency signal without assistance from the central controller. This
approach provides independence, stability, and resilience against failures in
communication for each MG unit, along with higher expansion capability for the
networked system with reduced complexity. Because of the lack of
communication links, this method is unable to ensure the cluster's suitable
performance, and the increasing competition between individual MG units may
compromise the cluster's overall effectiveness [71]. A decentralized self-
optimizing power management strategy for interlinking converters in a hybrid
MG-based MG cluster is proposed in [70] to reduce the overall voltage variation,
expense, and geographical constraints. To improve the resilience and flexibility
of clustered MGs with mobile ESSs, a three-stage dynamic distributed control

strategy based on rolling optimization is considered in [76]. Another
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decentralized control structure based on a voltage droop technique for

interconnected DC MGs is considered in [77].
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Fig. 2.10: a) Centralized control structure [71], and b) Decentralized Control Structure

[73].
2.3.1.3  Distributed Control

The distributed control structure, a two-level control structure, as shown in
Fig. 2.11a, is used in order to balance the advantages of centralized and
decentralized controllers while coordinating the performance of local MG units.
Each central unit or agent in the control structure is responsible for collecting data
from adjacent agents and from the local MG units to achieve optimum
performance and power-sharing across linked MGs [71]. Hence, the operation of
each MG taking part in the MG network is managed and coordinated by several
distributed central units, where each central unit consists of multiple local control
units. For an AC MG cluster system operating in off-grid mode, a distributed
control structure constructed with artificial neural networks is presented in [25]
to achieve voltage harmonic suppression and frequency synchronization during
load changes, controller startup and shutdown, and delays in communication. A
distributed secondary control technique based on quantization inputs for DC MG
cluster is developed in [78] to achieve voltage restoration, current sharing, and a

reduction in communication burden.

2.3.14 Hierarchical Control
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The hierarchical control structure, as illustrated in Fig. 2.11b, facilitates the
development of MG cluster control at multiple control levels with different
control responsibilities and targets by permitting controllers at various levels to
communicate and exchange information or control signals [71]. Therefore, in the
hierarchical control of an MG cluster, the operations of every MG in the cluster
are managed and synchronized through three separate control levels, as shown
in Fig. 2.12. These layers are multiple local units from individual MGs in the first
control level (primary), the central control unit of each MG in the second control
level (secondary), and the central unit of the overall MG cluster system in the
third control level (tertiary) [71]. In order to reduce the overall cost of operation
and the transmission loss, a hierarchical control method for DC MG cluster under
real-time uncertainties of RESs, real-time fluctuation in power, and loads
deviating from the prediction data is proposed in [24]. A hierarchical control
structure is proposed in [79] in order to accomplish control goals such as precise
power sharing, seamless transition and synchronization, recovery of frequency

and voltage, and flexible regulation of power flow.
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Fig. 2.11: a) Distributed control structure [71], and b) Hierarchical Control Structure [71].

2.3.1.4.1 Primary Control Level
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Voltage/frequency control, operating mode identification, and initial
power-sharing management are the fundamental responsibilities of the
decentralized primary control [80]. It is comprised of voltage and frequency
synchronization control, local protection devices, an outer control loop, and an
inner control loop. It generates suitable switching in the converter in order to
properly track the intended reference in the DER converter output [81]. The
appropriate references for the inner control loop are generated by the outer
control loop and voltage/current measurements [49, 82]. In comparison to
secondary and tertiary control methods, primary control should operate more
quickly (within a 10-second time frame) [81]. Fig. 2.12 presents the primary
control in both AC and DC MG clusters.

2.3.1.4.2  Secondary Control Level

The MG's central controller, or secondary control, is responsible for
monitoring the MG's voltage and frequency and sending reference signals in the
form of voltage magnitude and angle to the DER converters [80]. Secondary
control addresses issues such as grid synchronization, generation control,
optimum DER operation within an MG, voltage and frequency stabilization
resulting from primary-level deviation, power quality control, and real-time
control of energy to preserve the power balance of each MG within the network
[83]. Fig. 2.12 presents the function of the secondary control in both AC and DC

MG clusters.

2.3.1.4.3 Tertiary Control Level

The network system's central control, or tertiary control (as shown in Fig.
2.12), is in communication with the network's circuit breakers and protection
devices, as well as the central controllers in each MG and distribution network
operator, for optimal power flow in the networked MGs. The level connects
individual MGs to form the network, provides a connection with the main grid,

and manages the power flow in the network. Additionally, this controller
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observes the system data, determines whether two connected MGs are supposed

to be separated, and instructs the appropriate circuit breakers to activate [80].
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Fig. 2.12: a) Hierarchical control of DC MG cluster [81], and b) Hierarchical control of
AC MG cluster [83].

24 CONTROL STRATEGIES

Under various operating scenarios and system configurations, managing
the MG cluster is a challenge due to network voltage and frequency regulation.
Thus, robust and accurate control strategies for managing the network voltage or

frequency and the output powers of the electronically coupled DER unit are
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required for the MG network to operate reliably. A wide range of strategies
are used to regulate networked systems in various operating conditions. Table
2.4 presents an overview of various control techniques. The most common

control strategies used in recent research are covered in the following

subsections:

Table 2.2: An overview of the four control structures with advantages and

disadvantages.
IMG
Control Ref. Mode Merits Demerits
type
[26] DC IMG IS High precision; Vulnerable to single-point
[74] ACIMG GC/IS Flexibility in failure; Lower Scalability,
Centralized application; Reduced Higher bandwidth; Two-
[75] ig ixg GC/IS  operation charge; High way communication;
reliability in IS mode Computation burden
[76] ACIMG GC/IS Communication-free;
Hybrid Higher expandability;
[70] AC/DC IS Resiliency against Inadequate system
IMG failures in efficiency due to the
communication; absence of communication;
Decentralized Appropriate High operational cost; Low
coordination of several resiliency in IS mode;
[77] DC IMG IS autonomous units; Costly point-to-point
Strong against single- communication
point failures; High
computation efficacy
[25] ACIMG IS Restricted
[78] DCIMG IS communication Security concerns;
requirement; High Implementation
. scalability and complexity; Lower stability
Distributed
AC-DC flexibility; Offers and speed; Communication
[34] IMG 15 cooperation among lines among each nearby
separate structures; MGs
Better reliability
[24] DCIMG GC/IS Offers flexible control Vulnerability to failure as a
AC-DC with a multiple-system  result of a strong
. . (84] GC/IS . .
Hierarchical IMG network; Cost effective; connection between lower
[79] ACIMG GC/IS Easier toimplement and higher control layers
MG Microgrid IMG Interconnected Microgrid GC  Grid-connected IS  Islanded

2.4.1 Droop-based Control Techniques

The primary control level's main goal is to emulate the operation of a

synchronous generator by altering frequency in response to variations in active
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power generation [85]. This concept can be utilized in converters for AC and DC
MGs by employing droop techniques. The droop control strategy is a well-known
approach for load sharing with several advantages, such as plug-and-play
functionality, communication-free energy distribution, and improved flexibility

[73].

2.4.1.1  Droop Characteristics of Different IMG Systems
A DG with the droop characteristic has grid-forming abilities to regulate the

system’s frequency and voltage, similar to a synchronous generator's governor
[73]. Moreover, droop characteristics provide quick and decentralized power
sharing based solely on local measurements. Different droop characteristics are
employed, as presented in Table 2.3, to achieve optimum load sharing amongst

DERs within each MG and amongst all MGs in clustered MGs.

Table 2.3: Various droop characteristics [86].

Control L. . Droop
] Droop characteristic Variable )
Unit gain
ACIMG Active power — Frequency Pyc f my,
ACIMG Reactive power — Voltage Q Vac mg
DC IMG DC power — Voltage Ppe Vpe ny
Interlinking converter transferred power
AC-DC .
MG — Performance difference between Py E Nic

frequency and DC voltage

IMG Interconnected Microgrid

The droop characteristic of a networked MG is a combination of the droop
characteristics of all MGs in the cluster. The droop characteristics of a single AC
MG are expressed in equations 2.1 and 2.2, which indicate that an abrupt power

supply imbalance will result in variations to the AC MG's voltage and frequency.

fzfn_mp(PAc_Pfc) 2.1
Vac = Vac — mq(Q — Q™) 22
Here V,¢ and f are the measured values of the voltage and frequency, Vi

and f" are the reference values of the voltage and frequency, P, and Q are the
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measured active and reactive power, P, and Q" are the reference active and
reactive power, and m,, and m,, are the frequency and voltage droop coefficients.
The individual responses of the two AC MGs can be equivalently described as an
integrated droop characteristic of the MG cluster level, as shown in Fig. 2.13. At
the nominal frequency f", the generated powers in both MGs are P{* and PJ},
respectively. Any MG experiencing a quick rise or decrease in power
consumption causes the networked system frequency to fluctuate immediately,
which is followed by an increase or decrease in generation in both MGs. It is
evident that the droop features cause two MGs in the cluster to distribute the load

change proportionately.

MG Level IMG Level

Load decrease

1
cooolbooos
1
}

}

}

}

Py Pt P{ Py P; P; P; Py Pimc  Piw¢  Piue Pyc

Fig. 2.13: Droop characteristic of AC microgrid cluster.

In a single DC MG, the droop characteristic between power and voltage is

expressed in equation 2.3.

Voe = Vpe — 1y (Poc — Ppc) 23
Here V¢ and Vjj; are the measured and reference values of the DC voltage,
Vic and f™ are the reference values of the voltage and frequency, Pp¢ and Py are
the measured and reference DC power, and n, is the DC voltage droop
coefficients. Fig. 2.14 shows the integrated droop characteristic of a DC MG
cluster system after the superposition of two separate droop characteristics of

two MGs.
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Fig. 2.14: Droop characteristic of DC IMG.

Due to the regulation of both frequency and DC voltage, the load-sharing
droop characteristics in interconnected AC and DC MGs are more complex than
in DC and AC MG clusters. In the AC-DC MG cluster, the bidirectional power
tflow is primarily controlled by the interlinking converter, which mainly connects
the AC and DC MGs. When a MG experiences a deficit in power, the interlinking
converter allows the other MG to restore the power balance through power
transfer. That is, in order to request power assistance, each MG just needs to
communicate with the interlinking converter so that the other MG in operation
can trade power with the converter. Therefore, the interlinking converter in the
AC-DC network maintains the power transfer among MGs. The converter
maintains the following droop characteristics to control power transfers in both

directions (as shown in Fig. 2.15) [86]:

Ppc-ac = Ppc—ac = Moc-ac(f — f™) 24

Pyc—pc = Pic—pc — Mac-pcVoe — Vie) 2.5
Here Ppc_yc and Pyc_pc are the transferred power from DC to AC MG and
from AC to DC MG, Pj._4c and Pj._p are the nominal transferred powers,
Npc-ac and nyc_pc are the droop coefficients. As illustrated in Fig. 2.15, the AC
MG experiencing a power outage will approach the interlinking converter for
extra power. Ultimately, the partial droop characteristic controlling the power
delivered into the AC MG and the frequency droop curve of the AC MG will

interact to stabilize the frequency at a lower value. Similar to this, when there is
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a power outage in the DC MG, the equivalent voltage droop curve and the partial
droop characteristic interact together to maintain the voltage magnitude at a
lower value for additional power transfer. In the above situations, the
interlinking converter communicates with each MG independently, which isn't
feasible. As a result, prior to identifying the power transfer, the interlinking
converter must determine the direction of power flow. However, the two partial
droop characteristics are combined into an integrated droop characteristic (in
equation 2.6), considering DC to AC as the reference power direction to

coordinate the operations between AC and DC MGs.

E =E™ —nyc(Pyc — Pj. 2.6
Here E and E™ are the measured and reference values of the performance
difference between DC and AC MGs based on frequency and DC voltage, P;;,

and Pjj. are the measured and nominal transferred powers, n;, is the droop

coefficients.
DC MG Interlinking Converter AC MG
V¢ Vpc f f
Vi ==t
Vac o S N
1 1 1
I 1 1
L :
] ] i
Pp¢ Pic  Ppc Phc pc Picpc Poc PBc_ac_Pbcac Pac Pic Pic Py
(a)
DC MG Interlinking Converter ACMG
Vpc E f

i i
n + + +
P Ppc  Ppc Pic Pj, Pyc Plc Pac  Pac

Fig. 2.15: a) Partial droop characteristics of AC-DC IMG [86], and b) Integrated droop
characteristics of AC-DC IMG [86].

The integrated droop characteristic of the AC-DC MG cluster is shown in

Fig. 2.15b. When there is a power outage in the AC MG, the frequency deviation
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causes the DC MG to transmit additional power faster to satisfy the increased
demand, which lowers the DC voltage in the interlinking converter. The MG
cluster's operating state finds a new equilibrium once the power transfer has been

stabilized.

24.1.2  Droop Control Methods

The droop method is useful in preserving voltage and frequency within
allowable limits in parallel-connected inverters by eliminating communication
lines. However, the conventional scheme has some drawbacks, such as
deviations in voltage and frequency, inaccurate reactive and active power
sharing, slow transient response, unregulated power injection in on-grid mode,
and poor harmonic sharing of load among inverters under non-linear load and
line impedance disparity conditions. Various strategies have been established to

solve the problems caused by the conventional droop technique.

A good way to achieve droop control in a system with a low (<1) X/R ratio
is to employ virtual impedance in the voltage control loop. Designing the system
control output impedance via virtual impedance modelling is a useful technique
for eliminating the requirement of real impedances and finding an appropriate
application to implement droop techniques. By improving reactive power
sharing across parallel inverters, virtual impedance-based droop approaches
eliminate the line impedance disparity challenge. However, voltage regulation
deterioration is the main negative aspect of this control. To address the reactive
power sharing issue brought on by the variation in line impedance, a virtual
impedance control based on a compromise between voltage drop and precision

of reactive power sharing without communications is suggested in [87].

In [88], a modified droop controller is suggested to increase the voltage
regulation and precision of current sharing in DC MGs while maintaining the
system's modularity under various line parameters and loading scenarios. The

adaptive droop technique is another improved version of droop control that is
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used to address delayed transient responses and facilitates precise power sharing
among inverters by preserving system voltage and frequency within a reasonable
range. In [89], a novel approach is developed for stabilizing the VSC-based AC
MG cluster (mesh layout) by the use of an adaptive droop control with a
significant degree of fluctuation in the transmission line's X/R ratio. In [68], a
unique adaptive droop control method is introduced that continuously adjusts
the droop coefficients of the VSCs to guarantee the optimum utilization of the

resources available in each MG under various operating modes.

2.4.2 Predictive Control Method

Predictive control is a collection of control strategies that maximize the use
of the entire system model under certain constraints to optimize predetermined
cost functions or objective goals and obtain control signals or commands. A
precise system model is the primary requirement for deploying this strategy to
carry out an impending control action and enhance a system's transient
responses. To coordinate the operations of the separate MGs and sustain the
system's supply and demand balance in a cost-effective way during generation
and demand uncertainties, a novel distributed model predictive control (MPC)
for the clustered MGs is proposed in [90]. In [91], another distributed MPC-based
controller is presented to control the frequency while preserving the voltage
restrictions of all buses in the IMG system with various system topologies and
operating scenarios. In [92], a novel structure for energy management is
presented for off-grid MG clusters using tube-based MPC, which allows for
robustness against systemic uncertainties in the energy management approach

while sacrificing less computational effectiveness and economic performance.

2.4.3 Active Power Sharing Control
Active power sharing-based control is classified as master-slave and
instantaneous average current sharing control strategies. Within a networked

system, several MGs function as slaves and one MG as master (the highest
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capacity MG) in master-slave control. The master MG serves as the voltage-
controlled unit and is responsible for generating voltage and frequency
references. Slave MGs keep track of references specified by the master MG for
reducing frequency and voltage deviation. In this control method, the MG cluster
is regulated by a centralized control structure, and the master MG is responsible
for preserving the stability of the entire system [73]. To achieve resilience
management of power in the networked system, a multilayer dynamic master-
slave control technique using two-layer configurations is proposed in [93]. To
control DER output and accomplish power management within individual MGs,
the first layer with the DERs feature is employed. After that, to accomplish power
management among MGs, the secondary layer with the MG feature
communicates with bidirectional converters to share control signals. In [94], a
novel coordinated control scheme using a master-slave control is proposed for
interconnected AC-DC MGs to achieve voltage and frequency control and active
and reactive power sharing. To accomplish precise current sharing and
economical allocation, rapid consumption along with faster convergence, and
resilience against variable communication scenarios, a master-slave coordination

structure for the DC MG cluster is presented in [95].

2.4.4 Artificial Intelligence Control

The networked system's dynamic requirements cannot be supported by
classical control methods due to their lower accuracy, speed, and reliability.
Using artificial intelligence (AlI)-based control approaches appears to be a viable
way to improve MG cluster control and functionality [96]. Al-based techniques
have been used in different studies to regulate the power, frequency, and voltage.
Distributed cooperative control and adaptive neural networks (NN) are used to
introduce an adaptive voltage and frequency control scheme for inverter-based
DGs in a clustered MG topology. To accomplish PQ power sharing between

DERs and lessen the controllers' reliance on system dynamics, Al-based
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strategies were used in the controllers' architecture [97]. In [98], a control method
based on a genetic algorithm is proposed to successfully reduce power
fluctuation and offer reliable control performance in a PV-based MG network
under varying operational conditions. Three deep NNs, such as a deep critic NN
for performance evaluation, a deep prediction NN for next state prediction, and
a deep action NN for command or control signals, are combined to minimize a
system's frequency deviation by replacing load frequency control [99]. To achieve
resilient performance by rejecting load disturbances and damping frequency

variations, an effective fuzzy cascade control is proposed in [100] that supports a

frequency perturbation-based demand management program.

Table 2.4: Merit and demerits of various control strategies.

Control Strategies

Merits

Demerits

Simple structure;

Line impedance disparity; Inaccurate
reactive power sharing; Reduced

Conventional . . .
Communication free. power quality; Poor harmonic
sharing under non-linear load.
Droop Virtual Eliminates line impedance  Voltage regulation issues; Additional
Control fmpedance disparity; Improves current sensor requirement; Increases
reactive power sharing. system cost.
Accurate power sharing; Incapable of handling non-linear
Adaptive Eliminates slow transient ~ loads; Requirement for parameter

response

specification

Predictive control

Reduce data losses; Fast
dynamic response; High
robustness

Reduced delay handling capacity;
Complex algorithm; Large
computation burden; High demand
for the mathematical model.

Master-slave

No PLL requirement;
Better dynamic response;
Simple to control; No

Entire system failure due to master
unit failure; Single point of
communication infrastructure failure;

Active circulating current among  Communication requirement;
Power DERs. Privacy concerns.
Sharing No circulating current reduced
Instantaneous . 1
Control Precise steady-state and reliability and redundancy;
Average . . o
C ¢ transient current sharing; ~ Additional current sensors
urren . . -
. Better voltage regulation requirement; Communication
Sharing

requirement.

Artificial Intelligence
Control

Better dynamic
performance; Higher
accuracy and speed; Fast
convergence

Long processing time; Excessive
memory requirement; Higher cost.

PLL Phase Locked Loop

DER Distributed Energy Resource
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2.5 INTERLINKING CONVERTER CONTROL

Interlinking converters have become the standard process of connecting
MG:s, irrespective of their properties like voltage and frequency [51]. The control
of interlinking converters is more challenging than controlling on-grid devices
and other DER controllers because their primary and secondary sides are not
fixed by a power supply and because they must engage in primary regulation

and perform other ancillary functions without any primary reserve.

2.5.1 Interlinking Converter in AC-DC Microgrid Cluster

Interconnection of AC and DC MGs is only possible using converter
interfaces. This converter interface plays a crucial role in sustaining system
performance by ensuring the stability of the AC and DC bus voltages and power
equilibrium between AC and DC MGs. In on-grid mode, the primary
responsibility of the interlinking converter is to control the DC bus voltage and
ensure the power balance between the AC and DC MGs, while the AC voltage
and frequency are stabilized by the main grid. Because the main grid does not
support off-grid mode, the converter must supply a steady voltage and frequency
to the system in addition to ensuring appropriate power balance. Therefore, the
controller, as shown in Fig. 2.16, must be designed to provide proper operation

and ensure system stability in all modes.

Loads |- ILC

™~ la
_’t Vpc i v i
+— —ﬁ} LCL filter .

4
io i, v
l Outer Control YIS Mode l
Switch
v Voltage Loop e Inner Current WM
Synchronization Outer Control 0 Control Loop
Loop GC

Fig. 2.16: Controller for interlinking Converter in AC-DC Microgrid Cluster.
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A control strategy, as shown in Fig. 2.17, is proposed for the interlinking
converter in [101] to operate in both on- and off-grid modes. Depending on how
much power is exchanged between the AC and DC systems, the converter
switches between a PQ and a Vbc-Q control method in on-grid mode. When the
PQ control mode is activated, the DC MG keeps supplying the AC MG with
constant power, and the ESS is essential in absorbing and releasing power to keep
the DC bus constant. The converter changes from Voc-Q (M2) control mode to PQ
(M1) control mode when the transferred power supplied to the AC side from the
DC side exceeds the converter's maximum rating (M1). The Voc-Q (M2) or PQ (Mx)
control approach can be used to ensure continuous power flow between the DC
and AC MGs when the transferred power from the DC side is less than the
nominal capacity of the converter. The V/F control scheme in off-grid mode is

employed to operate properly.

Grid-Connected Mode

Inner Current Control Loop

Islanded Mode

v Iy [ s Iq
.
Q@ () D

(a) (b)

Fig. 2.17: Control strategy of interlinking converter [101]: b) Outer control Loop, and b)
Inner control Loop.

(Transformation)

To enable power exchange and control in off-grid mode between AC and
DC MGs, a DC voltage droop and an AC frequency droop are employed in the
outer control loop of the converter [102], as shown in Fig. 2.18a. The power flow
through the converter will adjust in accordance with the frequency droop caused
by any change in load in the AC MG. Similarly to this, any difference in the load

on the DC MG will cause a change in the DC voltage, which will alter the
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converter power in accordance with the DC voltage droop. The suggested
approach permits independent power transfer in either direction without any
communication links. In [103], it is suggested to use an interlinking converter
controller to incorporate ESS and enhance the power quality of an IMG system.
The interlinking converter is driven by two control loops, where the external loop
regulates the voltage on the DC-link capacitors while the internal loop regulates
the current. The interlinking converter and main grid are synchronized through
the use of a PLL. To do this, the Park transform —which requires the synchronous
angle produced by the SRF-PLL—uses the three-phase voltages and currents
obtained at the common point as inputs. The voltage control, as shown in Fig.
2.18, generates an error for the PI controller's input by taking the squared
deviation between the measured DC voltage and the voltage reference. In order
to retain the control output within the operational region, saturation is employed

along with a negative gain for non-minimum phase change.

(a) (b)

Fig. 2.18: a) Outer control loop of interlinking converter [102], and b) Outer control
loop of interlinking converter [103].

2.5.2 Interlinking Converter in DC Microgrid Cluster
Distribution sectors are becoming more and more involved in
interconnections of DC MGs because of the benefits of improved reliability,

reduced ESS sizes, resilient operations, and efficient resource utilization.

A buck-boost converter controller (Fig. 2.19) is developed in [37] to connect

DC MGs via a secondary control scheme based on charging/discharging power
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and SoC, allowing the MGs to share power while keeping the standard DC bus
voltages. The power transfer controller in the interlinking converter is properly
designed and tuned in order to accomplish the power-sharing function. To
combine the droop characteristics of both MGs, the DC bus voltage droop
characteristics of each MG are normalized. Therefore, the voltage droop
characteristics of the DC bus voltages are related to the load difference between
the two MGs. The suggested controller functions in two modes for optimal
efficiency. The controller runs in peak charging control mode in mode 1. The
controller uses a power-sharing mechanism based on SoC balance when it is in

mode 2.

Buck-Boost Converter
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Fig. 2.19: Buck-boost interlinking converter Controller [37].

A DAB-based interlinking converter controller is employed to ensure
power sharing between interconnected DC MGs, as illustrated in Fig. 2.20. The
controller consists of two loops: an outer voltage loop and an inner current loop.
When one of two DC MGs has excess power and the other MG can absorb it, the
interlinking converter enters an active mode. The transfer of power from DC MG
2 to DC MG 1 is regarded as positive, whereas the opposite is regarded as
negative. When DC MG 1 has surplus energy available and another MG is

prepared to absorb it, it begins exporting the power by controlling the bus voltage
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via the outer voltage controller and supplying the negative reference current. An
inner current controller is then used to track the reference current by interlinking
the converter current, producing the necessary negative phase shift. Similar to
this, during the power transfer from DC MG 2 to DC MG 1, the voltage is
controlled through the outer loop to release a positive reference current. The

inner loop then produces the positive phase shift.
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Fig. 2.20: Dual active bridge interlinking converter controller [35].

A two-stage converter interface, as shown in Fig. 2.21, to interconnect two
adjacent DC MGs and control bidirectional power exchange between them is
proposed. The first stage of the converter interface (DAB converter) operates in
power regulation mode, ensuring that even when the input voltage (Vp,) and
output current (/,) fluctuate, the output voltage (V) is consistently maintained
at its reference value. The full bridge converter, or second stage of the converter
interface, receives its input from the DAB output. For the purpose of producing
an adjustable DC voltage (Vp,), the full bridge converter is run in voltage control
mode with pulse width modulation (PWM). Thus, the necessary voltage can be
produced across the full bridge converter's output with the appropriate polarity

depending on the power reference. The suggested controller regulates voltage
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with the proper polarity to manage power flow between DC MGs in both steady-

state and transient scenarios.
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Fig. 2.21: Two-stage interlinking converter controller [66].

2.5.3 Interlinking Converter in AC Microgrid Cluster
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Fig. 2.22: Back-to-back converter controller in AC microgrid cluster [38].
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Due to its versatility in performing a number of functions, including power
transfer between MGs, power quality enhancement, and smooth mode transit,
interconnection via the interlinking converter is preferred over tie-line
connections. In [38], the control strategy of the back-to-back converter, as shown
in Fig. 2.22, is presented to ensure proper power supply between two AC MGs.
The P-w and Q-V droop control [104] and AC voltage-based outer voltage control
loop are used to control the VSCi converter on the AC MG-1-side. The VSC2 on
the AC MG-2-side is controlled using the DC-link voltage between the two VSCs.
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Fig. 2.23: Back-to-back converter controller in AC microgrid cluster [32].

In [32], two controllers are designed to control the back-to-back converter's
VSCs to exchange power between two AC MGs (in Fig. 2.23). One common DC
link and two AC sides constitute the back-to-back converter interface. The power
interface comprises two AC sides and one common DC link. A higher-level
controller, or the global control level of the MG system, provides the power
controller of VSCi with active and reactive power references. The power
controller of VSC1 then attempts to exchange planned powers by regulating the
VSCi current. Conversely, the DC voltage controller regulates the VSC2 current

in order to stabilize the DC voltage (Voc). For the VSCs to synchronize with the
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MGs, two PLLs are needed. The AC and DC sides, a power controller, a DC
voltage controller, and PLLs are the main components of an accurate dynamic

model of a back-to-back converter

2.6 CHARACTERISTICS OF NETWORKED MICROGRIDS

The characteristics of a networked MG system depend entirely on the
configuration and performance of the individual MGs within the cluster, i.e., the
characteristics of individual MGs affect the ultimate performance, such as power

quality, stability, and dynamics of the cluster.

2.6.1 Stability

A stable operation of the MG cluster is difficult to achieve and maintain at
all relevant operating points because of the extensive integration of MGs with
various DERs, loads, interface technologies, control strategies, and both inter-
and intra-system analysis. Although stability analysis of MG cluster follows a
similar pattern to that of traditional power systems, the high penetration of RESs,
higher unpredictability, higher feeder resistance to reactance (R/X) ratio, low
system inertia, unbalanced three-phase loading, and constrained short-circuit
capacity make stability analysis more challenging. Moreover, inter- and intra-MG
oscillations and both AC and DC voltage stability have a great influence on the
entire system's stability [105]. Thus, it is necessary to analyse various issues that
lead to power system instability in order to mitigate those challenges. The
stability analysis of a system involves five major steps, such as determining the
physical reason for the instability, the disturbance's relative size, the physical
elements engaged in the process, the duration of the instability, and the
methodology used to evaluate or forecast the instability. The networked
microgrid system's stability classification [106] is presented in Fig. 2.24. There are
two primary categories of instability in the networked microgrid system:
phenomena related to the components and control systems and phenomena

related to the sharing and balancing of active and reactive power. Both types of
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instability can be short- or long-term phenomena; short-term stability problems

last for a few seconds or less, but longer-term problems affect the system's long-

term stability.
IMG System Stability
1
I 1
Converter System Power Supply and
Stability Balance Stability
T ! 1 T : 1
Electric Machine Converter Voltage Frequency
Stability Stability Stability Stability
L | | |
1
3 ! M L . DC Voltage Intra-MG
ma arge Stabilit ilit
Disturbance Disturbance Dy Stability
j— —— AC Voltage Inter-MG
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| 1
1 . 1
Small Large
Disturbance Disturbance
r 1
Short-term || Long-term

Fig. 2.24: Stability classification in the networked microgrid system.

2.6.1.1  Power System and Balance Stability

Inaccurate power sharing and balancing, loss of a generating unit, and the

effects of different loads were the major causes of power system instability.

Frequency stability is a prime concern in a MG-based power system due to
the high intermittent nature of RESs, low X/R ratios of MG cables, insufficient
system response, and low system inertia. To improve an interconnected hybrid
MG's frequency stability, an optimally resilient controller-based virtual inertia
control is suggested in [107]. In [108], a specific structure-based controller is
suggested to maintain the networked microgrid system's frequency stability. To
maintain the frequency variation at a manageable level in the context of high load
perturbations system uncertainties, and strong wind energy accessibility, an

effective control approach is designed for a three-area power system [109].

The voltage stability of the networked microgrid system is ensured by using

distributed local control units to keep the AC and DC-link voltages within
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acceptable limits. Reactive power limitation, dynamic load interactions, and
reactive power balancing issues are strongly associated with voltage instability
in MGs. To address issues with DC bus voltage stability in the DC MG cluster, a
hierarchical control approach is implemented in [110], with the sub-MG
integration control located at the top, voltage compensation and droop coefficient
adjustment control at the second layer, and droop control and voltage closed-
loop regulation at the bottom. To reduce real power losses, voltage variations,
and power generation expenses, an energy management system for on-grid MGs

is developed in [111] that considers generation restrictions and voltage stability.

2.6.1.2 Control System Stability

The main causes of control system stability are insufficient management
schemes and improper tuning of one or more device controllers. This particular
type of stability is relevant to phase-locked loop (PLL), LCL filters, converter
control loops, and electric equipment. Stability problems in MGs are intrinsically
linked to the requirement for power conversion via power electronics interfaces
to attain various voltage levels, which is essential for connecting ESSs, sources,
and loads. The unique characteristics of the power-converter-dominated MG,
such as its time-varying nature, nonlinearity, poor suppression of interference,
low inertia, and multi-time scale, make it more difficult to maintain system
stability. Due to difficulties with tuning, failure of inverter-based DERs, high
harmonic-frequency fluctuations, and PLL synchronization, converters are
vulnerable to small- and large-perturbation instabilities. To track the MG voltage
reference for active load synchronization, a new technique is employed in place
of the conventional PLL. This new approach avoids design complexity, poor
accuracy, nonlinearity, tuning challenges, slow response, and detrimental effects
on the PLL [112]. To improve system stability and respond to power changes,
disturbances, and parameter modifications, a novel fuzzy logic-based online
tuning technique for proportional-integral (PI) controllers is suggested in [113]

for large MG systems. A novel harmonic droop controller is suggested to
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distribute the harmonic power across parallel inverters that are regulated by the

frequency droop approach and to lessen the voltage harmonic distortion [114].

2.6.2 Power Quality

Power quality is one of the significant characteristics of the MG-based
power system, as the increasing penetration of nonlinear loads, renewable
energy-based DGs with PQ challenges, and power electronic converter interfaces
can result in distorted waveforms and increased energy costs. Therefore, novel
power quality improvement strategies and analysis of power quality issues
become essential in MG cluster systems due to the load sensitivity, higher
utilization of RESs, and converter interfaces. Different power quality
improvement devices, such as the dynamic voltage restorer, static transfer
switch, automatic voltage regulator, Static VAR compensator, distributed static
compensator (D-STATCOM), and unified power quality controller have been
developed to enhance the power quality indices such as voltage fluctuations,
frequency deviations, and harmonic distortion of MGs [115]. Smart impedance,
electrical springs, and novel control methods are multi-functional power quality
enhancement devices or systems that can perform multiple tasks simultaneously
using the same hardware, which not only increases reliability and efficiency but
also lowers costs [116]. Table 2.5 presents the allowed voltage characteristics,
frequency variation range, and total harmonic distortion (THD) according to
different countries and IEC and IEEE standards. adaptive control technique
based on artificial neural networks and fuzzy logic is used in the inverter of each
MG in a parallel DC IMG structure, and coupling VSC is proposed in [117] in
order to improve the various power quality issues such as voltage unbalance,

voltage sag/swell, frequency deviations, neutral current compensation, and THD.

2.6.2.1 THD and Voltage Quality

Waveforms of voltage or current that are integer multiples of the nominal

frequency (50 Hz or 60 Hz) are known as harmonics. Harmonic distortion can be
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caused by nonlinear loads, switching modes of power electronics converters, and
other devices in the network that have nonlinear voltage and current
characteristics [118]. These nonlinear loads and elements introduce harmonic
current within the system, and voltage distortion will occur when the harmonic
current flows through the system's or the main grid's high impedance. The
harmonic problem is especially concerning because significant harmonic
distortion might result in power quality issues, which leads to system damage.
Moreover, various problems, such as voltage distortion, extra losses, overloading
of the neutral in a three-phase power system, resonances, and overheating

transformers and cables, can result from extensive harmonics [116].

Table 2.5: Standards for various power system characteristics [119].

Voltage
Voltage sag Voltage swell Voltage Unbalance
Country  Limit Time Country Limit Time Standard  Limit
China, 20 % 0.625s, China, Japan, UK, Not
Denmark 0.5s  Canada, and Romania = mandatory IEEE 3%
Japan 20 % 1.0s USA 120%  1.0s
USA, o Denmark, German o
o 15%  06s Y o120%  0.s EC 2o,
UK 15 % 0.14s  Spain 130%  0.25s
Frequency
Nominal Freq'ue.ncy Nominal Frec!ue'ncy
Country frequency variation Country frequency variation
Min. Max. Min. Max.
China 50 Hz 495Hz 502Hz Canada 60 Hz 59.4Hz 60.6 Hz
UK 50 Hz 495Hz 500Hz USA 60 Hz 585Hz 61 Hz
Bangladesh 51y, sosmz sosHz Vot O Gomg 58Hz 61.8Hz
Japan
THD
Voltage level Standards Limit Standards  Limit
(V>161) kV IEC and IEEE 519  1.5%
Voltage (69<V<161)kV IECand IEEE519 2.5% Current IEC 61000-3-2 5%
(23=V=<69) kv IEC 5%
(1<£V<69) kV IEEE 519 5% IEEE 1547 5%
(V<1)kV IEEE 519 8%

Both passive filters (L, LC, and LCL) [120] and active filters (series and
shunt) [121] can be utilized to create low-impedance routes for harmonics in

order to minimize harmonics and enhance the MG system's power quality.
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However, because the sources of the harmonics are dispersed, installing
specialized filters is more expensive and does not yield very good results.
Therefore, in order to reduce the harmonics in MGs without incurring additional
costs, harmonic mitigation has been included in the interface converters' control
strategies. In order to mitigate voltage distortion, the controller gain is increased
to lower the output impedance at the harmonic orders. Deadbeat controllers
(DBC) [122], resonant controllers (RSC) [123], and repetitive controllers (RC)
[124] in the feedback loops are the most popular controllers to improve system
power quality by mitigating harmonics. These controllers can be implemented
based on operating modes, such as grid-connected and islanded, and control
methods, such as current control method (CCM), voltage control method (VCM),
and hybrid control method (HCM) [125]. The converter with CCM functions as a
current source due to the high impedances at the fundamental frequency, and it
is mostly convenient in on-grid mode. An advanced CCM with PI and a repetitive
controller for the on-grid operation of DG to flow sinusoidal current into the main
grid regardless of voltage distortion and nonlinear loads is proposed in [126]. The
harmonic compensation in VCM is based on voltage and frequency references
from the virtual synchronous generator controller and droop controller, and this
method is functional in both off-grid and on-grid modes. A coordinated control
strategy is proposed in [127] for harmonics compensation in off-grid MGs using
VCM. With the parallel control framework, the HCM can regulate the converter's
output voltage and current simultaneously [128]. The harmonic performance of
the converter is also affected by the control delay, lower sampling rate,
parameters of the controllers, and droop coefficient. In droop-based control
techniques, the process of tuning the droop coefficient for proper power sharing
can cause the system to experience harmonic problems prior to the instability.
The impacts of droop coefficient variation on the MG’s stability and power
quality (THD and voltage flicker) are analysed in [129] using a bifurcation

analysis approach.
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Voltage sag (dip) is a short reduction in voltage magnitude due to the fast
injection of load currents and faults. Swell is the opposite of sag and occurs due
to the fast removal of load currents. In [117], it is observed that the sag result is
12.5% and the swell result is 2.9% with a proposed adaptive control technique.
High-voltage ride-through (HVRT) and low-voltage ride-through (LVRT) are
becoming prevalent in cases of voltage swell and sag with the MG integration.
According to the German standard, if there is a sag event, the MGs must continue
to supply reactive power to the system and remain connected, even if the voltage
drops to 0% from the specified value of 0.15 s. If not, removal is mandatory [130].
The German standard uses HVRT during a swell occurrence, implying that the
MG must remain connected for 0.1 seconds even if the voltage rises to 120% of its

normal value; separation is required otherwise [131].

2.6.2.2 Voltage Unbalance

The voltage imbalance condition arises when there is a minimal phase
shift of 120° or a difference in the three-phase voltage's magnitude. In a MG
system, voltage imbalance due to the irregularity of line impedances, uneven
distribution of single-phase sources, single-phase loads, and grid faults reduces
power quality and can lead to equipment failure, especially power electronics
device failure [132]. In addition, imbalanced situations lead to power line
insulation failure, increased losses, overheating of electrical machines,
overloading of transformers, capacity restrictions of power electronics devices,
decreased stability, and adverse effects on converter interfaces and induction
motors [133]. Therefore, it is crucial to have a balanced system. The voltage
imbalance factor is a ratio of the positive to the negative sequence of voltage

components to calculate the level of unbalance.

Voltage imbalance factor = Z—* X 100% 2.7

V_and V, are the negative and positive sequence of voltage components.
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Several techniques can be wused to achieve imbalanced voltage
compensation: passive devices, series-parallel compensators for injecting
negative sequence current with a parallel converter and negative sequence
voltage with a series converter, shunt active filter for injecting negative sequence
current, STATCOM for injecting positive and negative sequence reactive power,
and series active filter for injecting negative sequence voltage [134]. However, the
interfacing converters' control strategies within the MG system can offer more
effective and economical unbalanced voltage improvement. In [134], various
strategies for the unbalanced elimination techniques for the IS and GC modes of
operation for three-phase MGs are presented. A novel control approach for
interfacing converters in networked MGs to take part in voltage imbalance
compensation based on their possible capacities without exchanges of
information is proposed, where all MG-coupling converters are designed
separately with positive- and negative-sequence control loops [135]. A control
strategy is proposed in [136] that concurrently addresses the issues of negative-
sequence current sharing and negative-sequence voltage compensation in grid-

operated MGs using grid-feeding inverters.

2.6.3 Operating Modes

In a networked system, each MG is made up of loads and RESs. There could
be a large mismatch between the single MG's local supply and demand because
of the RESs' unpredictable power generation. As a result, this phenomenon or
power mismatch in individual MGs will result in a power imbalance or blackout
in the networked MGs. In this case, to maintain a power balance within the
networked system, any MG in the MG cluster needs to develop a connection with
the main grid for exchanging electrical power [137]. The networked system
should continue to function even after being disconnected from the main grid to
guarantee load supply security. A MG may begin operating autonomously for

one of two purposes, such as planned islanding for financial and maintenance
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purposes or unplanned islanding resulting from a network breakdown that
causes the main grid to collapse [138]. The DERs supplying the networked system
are in charge of sharing power and preserving voltage and frequency
immediately after the system has been separated. It's crucial to keep inverters
from being overloaded during island operation and to make sure they handle
load variations in a properly managed way [139]. As a whole, the MG must have
the capability to function in both on- and off-grid modes to meet the high
standards of consumers and maintain a highly consistent and flexible electrical
system for the better quality of the distributed power. Static transfer switches
(STS) that are based on semiconductor devices are typically used to physically

link or separate the MG from the main grid.

An MG system's operational modes are presented in Fig. 2.25. The MG
operates in on-grid mode with STS = ON (1) during normal operations.
Nevertheless, the MG system will go to off-grid mode with STS = OFF (0) if any
problems arise and the main grid's power quality falls short of the required levels
for operation. Following a seamless transition from grid-connected to standalone
modes, the system operates in islanded mode, offering promising availability
and flexibility. To re-establish the connection between the MG system and the
main grid, active synchronization is going to be initiated following the main
grid's restoration. The control objectives under different modes are flexible
injection and adjustment of power; smooth shift from on-grid to off-grid modes;
reliable power sharing, voltage, and frequency control in autonomous mode; and
shift from off-grid to on-grid modes through active synchronization for main grid
connection restoration. To ensure continuous power supplies and minimize

surge currents, a smooth transition between the two modes is crucial [140].

To achieve proper operation in all modes, control techniques must be
implemented to allow the MG system to switch smoothly between the on- and

off-grid modes and to prevent variations and oscillations in voltage, frequency,
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and current caused by phase and frequency mismatches during the transition. A
modified dg-based PLL is suggested in [141] for three-phase inverters to achieve
a smooth mode transition. In grid-connected mode, the PLL synchronizes the
phase of the load voltage with the grid voltage, and in islanded mode, it creates
the desired frequency phase. A control strategy that consists of a voltage
controller with a capacitor current feedback input and a current controller with a
current feed-forward input, along with modified droop control, is proposed in
[142]. A distributed control structure that provides flexible operation in four
modes, such as on-grid, off-grid, islanding transition, and active synchronization,

to achieve all the control targets related to the four modes is proposed in [79].

Islanding
Transition

Voltage or | ON-Grid Control
Current Source Mode System

STS = ON

STS = OFF

OFF-Grid
Mode

Voltage Source

Active
Synchronization

Fig. 2.25: Operating modes of a MG system.

2.7 SUMMARY

MGs need to be connected, exchange power and support the voltage and
frequency of overloaded MGs to reap the full benefits, such as enhanced
reliability and the incorporation of renewable energy. The analysis presented on
MG cluster system infrastructure points out that architecture with various lines
and interface technologies can be highly beneficial in enhancing power system
resilience, reliability, and efficiency. Even though MG clusters maximize MGs'
advantages and minimize their shortcomings, networked MGs still need suitable
infrastructure, control techniques, and management systems to ensure desirable

operation in different operating modes.
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This chapter presents various interconnected MG systems based on line
(AC or DC) and interface (tie-line, transformer, and converter) technologies.
Considering the wide range of the AC distribution network, implementing AC
interconnection in an on-grid condition is feasible. However, integration of AC
MGs is challenging due to both voltage and frequency controls, control
complexity, active and reactive power controls, and the requirements of
frequency synchronization. Therefore, interest in DC technologies is growing due
to the predominant benefits of this system, such as higher efficiency, lower losses,
elimination of bulky transformers, no reactive power and synchronization

requirements, improved reliability, and lower conversion stages.

More sophisticated control structures with enhanced control strategies are
crucial to facilitate the control capabilities of some specific converters of DERs in
each MG and the interface converters between MGs since the majority of
generating sources are based on power electronic converters. Thus, robust and
accurate control strategies for managing the network voltage or frequency and
the output powers of the DER units are required for the MG network to operate
reliably. This chapter highlights different control aspects of an interconnected
MG system to address the importance of the various control objectives, such as
interlinking converter control and ESS management. However, the control
objectives of multiple interconnected HMGs and ESS management require
significant attention to achieve reliable operation. Therefore, this thesis mainly
focuses on achieving control objectives related to interconnected HMGs, such as

interlinking converter control, ESS control, and clustering methods.

Several characteristics of the MG cluster system, such as stability, power
quality, and mode transition, need to be addressed to improve its performance

and identify possible operational constraints of the developed system.
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Chapter 3

METHODOLOGY AND DESIGNING OF A
DISTRIBUTED CONTROL STRUCTURE
FOR NETWORKED MICROGRIDS

3.1 INTRODUCTION

Active power distribution systems are substituting passive distribution
networks due to the increasing adoption of RESs and DGs, as well as the
deployment of power electronic interfaces, distributed control, and bidirectional
flow of power. Optimally linking AC and DC DERs and loads to corresponding
MGs enhances system efficiency as a whole by lowering the overall number of
power conversion steps. MGs are linked together to establish MG clusters with
the purpose of utilizing cooperation to address the problems faced by individual
MGs. Chapter 2 has covered a number of research pertaining to the control
system and infrastructure of the MG cluster in order to guarantee dependable
operation. Nevertheless, the HMG cluster is made up of numerous separate
HMG:s, each of which has its own AC and DC MG, making coordinated control
more difficult. This is due to the fact that, in order to achieve connection and
mutual support, power management between AC and DC MGs must be given
preference for a single HMG. Then, it will be expected that coordinated action

among nearby HMGs will be achieved in the form of clusters.

This thesis target is primarily concentrated on the MG cluster, which is
made up of hybrid AC/DC MGs, regardless of different infrastructure and

control methods to efficiently fulfil varying operational purposes, as suggested
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in the numerous research studies described in Chapter 2. In order to configure a
networked HMG system, this chapter (Chapter 3) provides modelling and
analysis of the control techniques for three primary converters in the designed
interconnected system. The model of each converter control strategy describes

the details of the control loops.

3.2 CONFIGURATION OF NETWORKED MICROGRID

Fig. 3.1 illustrates the HMG clustering structure, which consists of two
individual HMGs interconnected by parallel BDCs. Each HMG has its own RESs-
based DERs, loads, converter interfaces, and control system. The power
coordination between AC and DC MGs in HMG is maintained by the local
controller in conjunction with the interlinking converter controller of each
individual HMG. The HMG cluster's power balance is then maintained with the

support of a distributed control system.

Hybrid Microgrid 1 I“‘:;:‘:::‘t?rtsmg Hybrid Microgrid 2
- ! ]Sl IC-1 \
Y= \-—T " <« IpC H—_ =
A N — . . | 3 , -{
{ l I Interlinking —:%E‘- DC 1 | Interlinking | [ [ |\| )
Wind Converter - EEER" ] Wind

IC-2 == Converter

2 I -
— .ﬂ::: g A (S s ™ U Ive —‘ﬁéﬂ
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I I Diesel Generator AC _ﬁ ; i AC Diesel Generator:
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Loads [ ESS <> |DC ESS | Loads —*

DC

Fig. 3.1: Configuration of the networked microgrid system.

3.2.1 Configuration of Hybrid Microgrid

Each HMG comprises DGs, such as PV generators and wind generators,
ESS, diesel generators, the main grid, and 3-phase AC loads. The structures of
HMG-1 and HMG-2 and the associated control strategies of interlinking
converters are presented in Fig. 3.2. HMG-1 operates in both islanded and grid-
connected modes, and HMG-2 only operates in islanded mode. A static transfer
switch (STS) is used to link HMG-1 to the main grid. Power converters, their

associated controllers, and management strategies ensure suitable voltage and
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frequency regulation and desired power flow in the system [143]. Each element

considered in designing HMG is described in the following subsections:
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Fig. 3.2: Configuration of hybrid AC/DC microgrid.

3.2.2 Distributed Generations and Loads

DGs are designed as a current source using power converter interfaces that
can inject active power into the system as required. The HMG under analysis is
rated at the power specified by the DGs. Since RESs are typically preferred as the
DGs, PV and wind generators are considered as the DGs. The behavior of these

DGs is dependent on wind speed and solar radiation patterns.

3.2.2.1 Photovoltaic (PV) System

IPV LPV

PV Array 4

MPPT
Incremental
Conductance

Controller

Fig. 3.3: Configuration of PV system.
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The PV system is modelled as a DC source, operating with the incremental
conductance-based maximum power point tracking (MPPT) algorithm [144], and
connected to the DC bus using a boost converter. The PV system model is shown
in Fig. 3.3. To achieve the proper DC bus voltage level and maximum power
point, the boost converter is controlled according to the signal output from the

MPPT.

APV system's performance is contingent upon its operational environment.
Then, three factors—irradiance, cell temperature (ambient temperature), and
load profile (load impedance)—have a significant impact on the maximum
power collected from the PV generator. Temperature and irradiance both affect
a PV module's output I — V characteristic. The current and voltage at which a
solar module generates the maximum power are known as the maximum power
point (MPP). The location of the maximum power point is not known in advance
due to changes in irradiance and temperature. An MPP tracking technique
adjusts the output voltage of the PV to extract the maximum available power at
any given change (irradiance and temperature). MPPT causes the MPP to move
depending on the temperature and irradiation conditions. It is feasible to place a
unidirectional DC/DC converter between the PV panel and the batteries to
mitigate the adverse impacts on the output PV power and extract its maximum
power. The MPPT computation system computes the power to regulate the
converter input impedance by varying the duty cycle of the control signal after
measuring the input and/or output voltage, current, and climatological
fluctuations. The incremental conductance method consists of differentiating the

PV power with respect to voltage. MPP is located when the differentiation result

is zero.
de,, _ d(Vp,,Ipv) _ v dlpv -
dev dev pv pv dev .
Ip_v _ dlpv
Voo dev 3.2
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Where V,, and I, PV system voltage and current. B, is the PV-generated
power. Based on the circumstances given in equation 3.3, the first derivative can
determine if the PV generator is running at its MPP or far from it by examining
equation 3.2. The flowchart used for the incremental conductance approach is

displayed in Fig. 3.4.

v — _ 2w o MPP

Vpv AVpy
by _ _dlpy
Voo < dev left to MPP 3.3
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Vow AV
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2
dev = va(k) - va(k -1
dr,, = L,(k) — L,,,(k — 1)

Yes

Yes

Fig. 3.4: Flowchart of incremental conductance method [145].

Table 3.1 illustrates the control and DC/DC converter parameters of the PV
system.
3.2.2.2 Wind Generator

The wind generator is modelled as an AC source and connected to the AC

bus using a BTB converter, as shown in Fig. 3.5. The wind generator consists of a
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variable-speed doubly-fed induction generator (DFIG) with two VSCs connected
to the rotor and stator [146]. The rotor-side converter helps in achieving the
MPPT of the wind turbine using flux-oriented vector control. The d-coordinate is
based on the stator flux estimator, and both reactive power and terminal voltage
are controlled in the g-coordinate. The grid-side converter regulates DG power
generation by controlling the DC-link voltage of the BTB converter. In the grid-
side converter control loops, the d-coordinate regulates the DC-link voltage, and
the g-coordinate maintains the unity power factor by keeping the reactive current

reference zero.

Table 3.1: Control and management parameters of photovoltaic system.

Parameters Symbols Values
DC bus Voltage Vbc 800V
Sampling Time Ts 50us
Inductance Lpy 0.5mH
Capacitance Cpy 3.5mF
Switching Frequency o, 2.5kHz
Parallel strings 10
PV Array  Series-connected modules per string 22
Temperature T 25°C
Voltage PI  Proportional Gain kpy 0.5
Controller  Integral Gain kﬁ;] 0.1

AC cl DC
RSC — Rotor side converter DC AC
LSC - Load side converter
RSC LSC
Control Control
Gearbox Generator g:lpp?)ﬁ,

Fig. 3.5: Configuration of doubly-fed induction generator.

Table 3.2 illustrates the control and back-to-back converter parameters of

the DFIG system.
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Table 3.2: Control and management parameters of wind generator system.

Parameters Symbols Values
DC bus Voltage AYS 700V
DC bus Capacitance cpE 5mF
Sampling Time T 50us
Inductance Lwe 6mH
Switching Frequency Rotor-side converter fans 1620Hz
Grid-side converter fawe 2700Hz
Proportional Gain 200
Speed regulator Integral Gain 0.1
Rotor-side Current PI Proportionz'al Gain 5
converter Controller Integral Gain 900
Reactive power Proportional Gain 0.05
and voltage Integral Gain 5
regulator
DC bus voltage Proportional Gain 1
Grid-side  controller Integral Gain
Converter  Current PI Proportional Gain 20
Controller Integral Gain 500

3.2.2.3 Diesel Generator

Diesel generators are typically used as backup sources in islanded mode
and connected to the AC bus as an AC source. In this study, it should only be
activated when the power shortage cannot be compensated by other DGs and
ESSs in islanded mode and it is unable to respond to an overall power surplus. It

does not operate in grid-connected mode.

3.2.2.4  Energy Storage System (ESS)
A 360V battery bank-based ESS is connected to the DC bus using a BDC that

enables both charging and discharging. The battery bank capacity, SoC, and
proposed PMS control the ESS's behavior, and their rated power is 30kW. In
islanded mode, the ESS charges and discharges according to the load
requirements. In grid-connected mode, when the ESSs are fully charged (SoC >
90%), the DGs surplus power from both HMGs has to run into the main grid, as
the ESSs are unable to absorb this energy. In contrast, if the lower SoC level (SoC
< 20%) is reached, the ESS must stop injecting power, and the main grid begins

to serve the load demands beside the DGs.
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3.2.25  ACMain Grid
A balanced 3-phase, 50Hz, 220V, ¢ line-to-line utility grid coupled with an

AC bus is employed in this study to perform the GC mode. In an AC grid, each
voltage source signifies a phase, with 120 of phase-shift between each phase, in
the positive sequence. The PMS used in this study forces the AC grid to act only
as a backup system, while the ESS must guarantee the power flow for the DG and

load variations.

3.2.2.6 Loads

Devices that consume active and reactive power are referred to as loads.
Load demand is met by the power generation available in the interconnected MG
system at any instant. Both constant impedance loads (CILs) and dynamic loads,
such as induction motors, are used to perform the analysis. Sets of impedance
made up of balanced 3-phase resistors and inductors (RL) connected in series or

parallel indicate CILs.

3.3 INTERLINKING CONVERTER OF HYBRID MICROGRID

The interlinking converter combines the AC and DC MGs in the HMG
structure. In order to provide several control features, including power supply
between MGs, power quality enhancement, and smooth mode change, the
interlinking converter is an essential connecting technology [147]. An approach
to decentralized control for both HMGs is presented in this work. The converter

and control parameters of the interlinking converter are listed in Table 3.3.

The droop control approach permits the MG to transit between grid-
connected and islanded modes flexibly and conveniently while facilitating the
“plug and play” feature of DG and loads. For the interlink converter, the
suggested technique employs V — f droop characteristics (in Fig. 3.6) to achieve
universal power sharing between the DC and AC MGs. The adjustment of each
HMG's frequency is specifically done as an individual linear function of the

output voltage of each HMG. The interlinking controller allows the controller to
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function in on-grid mode as well by adjusting the difference in the AC bus

voltage based on the variations in the DC bus voltage.

Fig. 3.6: Configuration of the proposed V — f droop.

Table 3.3: Control parameters of interlinking converter of both hybrid microgrids.

Parameters Symbols Values
Nominal RMS Phase Voltage Vrms 220V
Nominal Frequency f 50Hz
Sampling Time T 50us

Load-side Inductance L, 0.5mH

-si L

LCL Filter YSC side In(.:luctance 2 6mH

Filter Capacitor Cs 8uF

Active Damping k 20
Droop Coefficient K,c 0.0001
Switching Frequency file 5.1kHz
Proportional Gain Kilc 0.001

Proportional Gain kp, d 60
Current PI Controller 4

Integral Gain ki, da 200

P tional Gai k 0.45
AC Voltage PI Controller e Prac

Integral Gain kiVac 5

Proportional Gain Kp, 4 350
DC Voltage PI Controller ; €

Integral Gain Kiy, e 45

The proposed control strategy of HMG'’s interlinking converter, as shown
in Fig. 3.7, consists of an inner current loop and a unique voltage loop with dual
voltage controllers (DC and AC voltage controllers) in the synchronous reference
frame (SRF). The converter is controlled as a voltage source by the outer voltage
and inner current loops in both grid-connected and islanding operations.
However, the voltage loop of the HMG-2’s interlinking converter control only
consists of the AC voltage controller shown in Fig. 3.8. As a result, this HMG can

only operate in islanded mode.
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Fig. 3.7: Configuration of HMG-1’s interlinking converter control.
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Fig. 3.8: Configuration of HMG-2's interlinking converter control.

The HMG-1 can function in both on-grid and off-grid modes in a steady
state. In grid-tied mode, an STS connects the HMG-1’s AC bus to the main grid
so that power can be exchanged as needed. The switch can be employed to
separate the HMG-1 from the utility grid in the event of any faults in the main
grid or MG. Since the main grid is not accessible to absorb excess power and

provide power deficiencies, the HMG-1, along with the whole networked system,
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is operating in independent mode, maintaining an extremely tight balance

between supply and demand.

3.3.1 LCL Filter with Active Damping

The challenges associated with the harmonic content have made the
development of a stable and effective converter extremely challenging. The
power quality and stability of the MG system are negatively impacted by this
harmonic content [148]. As a result, the power generated and converted in the
MG systems must adhere to grid rules and fulfill all relevant national and
international standards for efficiency and dependability. Various types of filters,
such as L, LC, and LCL filters, are used to eliminate the harmonic content. When
compared to LCL-filtered VSC, L-filtered VSC has substantial weight and volume
as well as higher costs, loss, and inductor value [149, 150]. Therefore, the LCL
filter is used in high-power, low-frequency systems to smooth the converter's
output current by lowering current ripple with lower inductor values [151, 152].
Nevertheless, the LCL filter's complex conjugate resonance poles lessen the
system's effectiveness. The LCL filter's inherent resonance effect causes the
exceptionally low impedance at resonance frequencies to allow even low voltages
to produce currents of very large magnitudes [153]. This can make it challenging
for the converter system to achieve closed-loop stability due to the possible

fluctuation in resonance frequency.

Passive damping and active damping techniques are used to reduce the
high-order filters' resonance problem [154]. Because of the significant power loss,
resistor-based passive dampening is not suitable for high-power applications
[155]. Therefore, in order to prevent further power losses and boost system
reliability, an active damping strategy (in Fig. 3.9) is employed in this study.
Usually, active damping can be achieved by replacing the physical damping
resistor with a virtual gain in the current controller using the voltage or current

of the filter capacitor feedback [156-158]. In practice, using a current sensor
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instead of a voltage sensor for high-power commercial applications can cost
more. Furthermore, because of the filter capacitor's extreme low magnitude and
noise sensitivity, measuring its current can be difficult. In reality, it is challenging
for any current sensor to precisely detect such low-magnitude current
components since a lower filter capacitor value produces low-magnitude current.
To address these issues with the direct capacitor current feedback method, an

observer-based active damping strategy is used.

qu

Fig. 3.9: Block diagram of the LCL filter with active damping.

Using a state observer (Luenberger observer), the suggested technique used
in this study estimates the capacitor current from the capacitor voltage. To
accomplish active damping, the predicted capacitor current is then connected to
the current controller. In order to reduce the resonance effects of the LCL filter
and enhance system stability, observer-based active damping is taken into
consideration in this study rather than direct capacitor current feedback active
damping. Using a Luenberger observer, one can measure the capacitor voltage
and use that information to estimate the capacitor current in order to execute
active damping. Equation 3.4 represents the state-space model of the LCL filter

in the interlinking converter.

x = Ax + Bu
3.4
y =Cx

Here,
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x is the state vector with three state variables (I;, V., I,), where I, and I; are
the output-side and converter-side currents, and V. is the voltage across the filter
capacitor. u is the system’s input vector with two variables (V;, V). A is the system
or state matrix, B the input matrix, and C the output matrix of the system. As
capacitor voltage is considered to estimate the filter capacitor current, the output
matrix for the capacitor voltageis C = [0 1 0]. In particular, the output of the
observer is multiplied by a matrix L after being subtracted from the output of the

primary plant model in order to build the Luenberger observer.

X = A% 4+ Bu + L{y — 9}
= X = A% + Bu + LC{x — &} 3.5
y=Cz

T
Here, L=1[l; I, 5] = [O ;—7{ O] . L denotes observer feedback gain

matrix, while C = [0 1 0] signifies measured states vector (in this study, grid
voltage and capacitor voltage). In matrix L, only the value of element [, is
considered; as the significance of the other elements can be neglected. With
equation 3.6, the dynamic of the estimation error (e = (x — X)) is,

é=(t—%)

>é=(A-LC)(x—-X) 3.6
=é=A(x—-3%)
The Luenberger observer is asymptotically stable when the matrix (4 in

continuous-time) has all the eigenvalues on the left-side of the s plane. Moreover,

the eigenvalues (poles) of the matrix (4) can be selected randomly by proper
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selection of the observer gain L as the system is observable. Fig. 3.10 shows the
active damping using capacitor current feedback, in which capacitor current is
measured using an observer, and it provides great damping capability. In this
method, a closed-loop Luenberger observer is used to estimate states in advance,

and then the anticipated filter capacitor current is employed to attain damping.

\4

Active Damping

Fig. 3.10: An observer-based active damping utilizing estimated state as feedback.

34 ENERGY STORAGE SYSTEM CONTROL AND MANAGEMENT

The crucial function of ESS, which is dependent on DC-bus controls and
frequency tracking in the MG, is a difficult task that necessitates appropriate
control and management techniques to guarantee reliable performance. Power
electronic converters with extremely low inertia make the entire MG vulnerable
during transient conditions because low inertia causes a quick response [159]. In
this instance, some inertia is introduced to the ESS controller to handle
fluctuations in power flow and avoid abrupt charging or discharging, allowing
the ESS in each HMG to run independently in grid-connected mode. The ESS

power management includes a virtual inertia model with grid current
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feedforward to enhance the ESS's dynamic response in on-grid mode. The

transfer function of the considered virtual inertia model is given by:

1
G]D(S) :m 3.7

The inertia coefficient (/) improves the ESS's response time during
transitions or transients. This parameter delays the ESS response time and
prevents the ESS from undergoing undesirable charging or discharging
processes. The ESS's ability to supply or absorb power is limited or increased by
the damping coefficient (D), which functions as a droop factor. The control and

management parameters of ESS are given in Table 3.4.

Table 3.4: Control and management parameters of energy storage system.

Parameters Symbols Values
DC bus Voltage Vbe 800V
Sampling Time T 50us
Inductance Less 10mH
Capacitance Cess 500uF
Capacity 84Ah
Nominal Voltage 12V
No of Batteries in
Energy Storage System Series 30
State-of-Charge 10%<50C<90%
Active Power limit 30kW
Gain related to the Grid power ky 4.5
Gain related to the Sharing power k, 1.5
Low Pass Filter of Grid Power w4 4
Low Pass Filter of Sharing Power W, 5
Switching Frequency fow 3kHz
. Inertia Coefficient | 45
Inertia Parameters .
Damping Factor D
Current PI Controller Proportlone'll Gain kg’zz
Integral Gain ki,
. . ess
DC Voltage P Controller —roporional Gan s 3

Fig. 3.11 illustrates the ESS control strategy. The ESS power management
block generates the necessary ESS current reference for the inner current
controller. This management block mainly generates the power difference from

DC bus voltage error, grid current, and sharing current to generate the required

Chapter 3: METHODOLOGY AND DESIGNING OF A DISTRIBUTED CONTROL STRUCTURE FOR
NETWORKED MICROGRIDS 72



ESS power. The block associated with grid current feedforward is only operated
in on-grid mode and balances ESS power. k; and k, are the coefficients associated

with grid power and sharing power that convert total power error into equivalent

ESS power to ensure proper power management of ESS.

I X LPF o 151X P
VDC g Vess S

* Current Control

ESS Power Management ESS Management and Control

LESS
il
Vess —|— Cess
7 Bidirectional DC-DC
ESS Converter

Fig. 3.11: Configuration of storage system control.

The proposed ESS system makes extensive use of the battery bank; hence,
prolonging the battery bank's life requires effective management and control of

the ESS power. The SoC represents the battery-based ESS's available capacity.

The ESS initiates discharging mode if the power difference (e,) is negative.
The ESS must be able to supply the power imbalance between the DG's generated
power and the power consumed by the load in the discharging mode. Until a
certain SoC (SoC; = 20%) is reached, the ESS must supply the MG with the
maximum amount of power available. The ESS power then starts to decrease
until the lowest SoC (SoC,,;, = 10%)) is attained. After the minimal SoC level
(SoCpin) is reached, the battery bank is prohibited from providing any more

power in order to prevent an undesired depth of charge.
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The ESS starts to charge if there is a positive power difference. The ESS is
required to absorb the excess power in the MG system while it is in charging
mode. Until a predetermined SOC (SoC, = 80%) is reached, the ESS absorbs all
available power. Up until the maximum permitted SoC (S0Cy,qx = 90%) is
reached, the power passing through the ESS is then reduced. After the maximum
SOC level (SoCy;y) is reached, the ESS is not permitted to hold any extra power
in order to prevent overcharging; as a result, any excess power within the MG
system should be transferred into the main grid. Therefore, there are three

requirements that need to be identified to maintain the SoC level of ESS.

e The ESS has the capability to handle the power imbalance in a network
system while the SoC level stays in condition I, that is, 20% < SoC < 80%.
In this scenario, the ESS is supposed to charge or discharge without

constraint.

e The case where the SoC hits 80% and stays below 90% is referred to as
Condition II. Under these conditions, the ESS charging rate starts to
decrease from the SoC level of 80% and becomes zero when the SOC

level reaches 90%.

e The third condition states that the SoC decreases to 20% and stays above
10%. The ESS discharging rate in this scenario begins to drop at the 20%
SoC level and stops when the SOC level approaches 10%.

Batteries are prone to exhibit overcharging or over-discharging behaviour
when the SoC value reaches conditions II or III if no measure is initiated.
Therefore, the main grid or other adjacent MGs in the cluster must compensate

for any excess or deficiency of power that is required for charging or discharging.

To ensure the safety of the ESS life span, the following SoC management
function, ¥Y(SOC) is developed based on the three SoC conditions and charging

or discharging modes [38, 42].
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In charging mode,

1 SoC < SoC,
(SoC — SoCpax
S0C) = SoC. < SoC < SoC. 3.8
lp( ) SOCmax _ SOCC o c 0 0 max
0 SoC = SoChax
In discharging mode,
0 SoC < SoCpin
($50C) = {206 = 50Cmin o0 < SoC < SoC 3.9
v = \S0C, — SoC,,, >Oimin SO0 =20t '
1 SoC = SoCy

3.5 CLUSTERING METHOD

The configuration of the clustering converter with its associated control
strategy is shown in Fig. 3.12. A bidirectional cascaded buck-boost converter is
used as a converter topology to connect two HMGs using their DC buses. The
power-sharing is almost absent when both HMGs have enough reserve power to
satisfy demand. If any HMG has a net surplus (or deficit) of power, the clustering
method guarantees that power is exported to (or imported from) the nearby

HMGs. The control parameters of the clustering converter are given in Table 3.5.

A voltage control unit consists of the voltage parameters of HMG-2 (DC and
AC voltages), and a current control unit constitutes the control system. The
voltage control unit controls the power-sharing between HMGs using a double-

loop controller.

Bidirectional cascaded buck boost converter
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Fig. 3.12: Configuration of clustering converter control.
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A power sharing-based, 1(Ps), function is used to limit the power-sharing
in proportion to the converters power ratings to avoid overstressing any
individual IC. In this study, three parallel ICs with a 20kW power rating are used,
where IC-1 is always in function, while IC-2 and IC-3 are functional when the

power exceeds the limits.

IC—=1=1IC—-23=0 |P| <20kW
W(P) =4IC—1,2=1,IC— 3=0 |P| <40kW 3.10
Ic-1,23=1 |Pg| < 60kW

Table 3.5: Control parameters of clustering converter.

Parameters Symbols Values
DC Bus Voltage of Hybrid Microgrid-1 Vb, 800V
DC Bus Voltage of Hybrid Microgrid-2 Vbc, 800V
Sampling Time Ts 50us
Inductance Lic 10mH
Capacitance Cic 500uF
Switching Frequency faw 3kHz
Proportional Gain K 0.01

Proportional Gain kis 0.5
Current PI Controller ) ic

Integral Gain ki) 1

Proportional Gain ki 0.5
AC Voltage PI Controller : e

Integral Gain ki, 3

Proportional Gain ki)cv 4 30
DC Voltage PI Controller - -

Integral Gain Kiy,. 1

3.6 SUMMARY

A promising MG cluster consisting of HMG architectures with converter
interfaces, an integrated control structure, and diverse control features is
configured to overcome the shortcomings of a single MG and MG cluster. The
networked MG structure and control characteristics permit the development of
standard MG clusters while implementing an energy network over a broader

region.

The suggested control structure is based on three design concepts. The first

concept concerns the two control goals of a single HMG, such as improving local
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consumption and RES utilization and achieving a stable power balance between
AC and DC MGs. The second premise seeks to achieve a balanced and limited
ESS charging or discharging process with an ensured power supply in individual
HMGs for ESS-safe operation. In order to achieve the third concept, HMGs must

actively participate in the cluster's coordinated operations.

The initial control goal of the control structure is accomplished by means of
an enhanced interlinking converter control method. The control technique uses a
V-f-based droop control to ensure maximum utilization of RESs and proper
power coordination between AC and DC MGs. Moreover, this improved droop
control reduces the power calculation delay and additional sensor requirements,
along with mode switch difficulties. The dual voltage control loop based on DC
and AC voltage controllers ensures reliable performance in both on- and off-grid

modes.

A virtual-inertia-based ESS control along with a SoC-based management
function is used to realize the second concept of the proposed control system. The
virtual-inertia-based concept helps to maintain the ESS charging and discharging
phases in grid-connected mode, preventing abrupt or unnecessary charging or
discharging. The SoC management function is implemented to avoid ESS
overcharging or over-discharging by maintaining the SoC levels within certain

limits.

Finally, the third control goal is achieved with the help of the converter-
based clustering method. In addition to managing the excess or deficit in any
HMG, this converter interface balances the power-sharing between two HMGs.
Furthermore, the cluster method provides a controlled environment for power

management among MGs in a networked system.
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Chapter 4

PERFORMANCE ANALYSIS OF THE
NETWORKED MICROGRID STRUCTURE
WITH PROPOSED CONTROL SYSTEM

4.1 INTRODUCTION

The performance of the proposed distributed control structure is validated
based on various factors such as load variations, source power variations or
tailures, ESS functionality, behaviours with dynamic loads, and mode transition
using the OPAL-RT simulator-based real-time software-in-the-loop simulation
technique. This chapter analyses the performance of the proposed system in both
island and grid-connected modes. The power surplus and power shortage
conditions are effectively analysed using both load variations and power source
failures in both operating modes. The behaviour of the ESS in both HMGs in
islanded, interconnected, and grid-connected modes is analysed. The behaviour
of system parameters such as AC voltage, DC voltage, and frequency and power
quality scenarios in terms of THD is also one of the factors in performance

analysis.

4.2 PERFORMANCE ANALYSIS TOOLS

By including all required components and subsystems, the entire
interconnected MG system is designed and simulated wusing the
MATLAB/Simulink environment. Afterwards, the OPAL-RT digital platform is

used to verify the feasibility of the Simulink model that was developed.
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4.2.1 MATLAB/Simulink Platform

The MATLAB/Simulink environment is a suitable platform for developing
simulation models of MG systems, control strategies for power electronic
converters, and other physical aspects of MG-based systems utilizing the
“Simscape Electrical” system. In order to verify the developed model using a
real-time simulator (OPAL-RT digital platform), it is necessary to develop the
model as a discrete model with an appropriate step time. For this reason, the
interconnected MG model is designed with a sampling frequency of 20kHz (50us

step time).

4.2.2 Real-Time Simulation

Real-time simulation employing the OPAL-RT platform is utilized as a first
step towards experimental verification. This platform, also known as real-time
software-in-the-loop simulation (RT-SIL), serves to demonstrate the validity of
Simulink models in real-time for both small- and large-scale systems. This means
that Simulink models can be quickly transformed into real-time workshops using
this technique. RT-LAB facilitates real-time validation by allowing Simulink
models to communicate with the OPAL-RT platform. The experimental set-up
comprises the host PC and the OPAL-RT simulator as the target, as illustrated in
Fig. 4.1a, which is based at the Advance Power System Research Laboratory,
Chittagong University of Engineering and Technology. The OPAL-RT platform,
based on OP5600, a fully functional simulation system that can operate on Vir-
Tex-6 or Spartan-3 FPGA systems, is designed to be utilized as a standard rack
mount or shelf top. It operates under the Linux operating system and features

four operational Intel Xeon E5 processor cores clocked at 3.2 GHz.

Fig. 4.1b illustrates the procedures of the RT-SIL simulation. The RT-LAB
software (version 2019.2.3.176), which is completely integrated with
MATLAB/Simulink and enables Simulink models to interface with the real

environment, is the means by which the OPAL-RT platform and
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MATLAB/Simulink interact with one another. As a multi-domain medium, it
provides flexible and scalable alternatives for power systems and power
electronics. Using the RT-LAB software, the Simulink model is loaded onto the
OPAL-RT simulator, and real-time information is then transferred back to the

MATLAB/Simulink environment.

OP5600 (Target)

Ethernet
Cable
Host PC OPAL-RT Simulator
(Target)
Q RT-LAB Ethernet
cable

>

Model loading "

Model Building,
loading, and executing

: &
e e e <

RT data transfer

Interface between OPAL-RT
platform and MATLAB/Simulink

A

Model loading
RT data transfer

MATLAB 4
SIMULINK Real Time Outputs

i

"')mu mWJ Mn h’l\'»'n'mnn’ﬁ'ﬁ'm\\f Wum

Real Time

| Measurement [——ECF,——FC?F

Offline simulation platform for model designing

(b)

Fig. 4.1: Real-time software-in-the-loop setup: a) RT SIL setup with Ethernet cable, host
PC, and OP5600 target, and b) procedure of RT SIL with the OPAL-RT digital

platform.

Control
Subsystem

Display
Subsystem
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Two subsystems are included in the Simulink model: one comprises all of
the power and control parts, while the other contains display blocks. The display
subsystem allows the user to see the system's behaviours while it is in operation,
and the controller subsystem contains the entire model together with the
suggested control structure. In order to facilitate communication between the
subsystems, the OpComm blocks from the Simulink library of RT-LAB are
presented. The created model is then built and compiled using RT-LAB software
into executable programs, which are then loaded and executed in OP5600 on
many potent processors. After loading the model and getting the real-time data,

real-time waveforms can be obtained using the MATLAB/Simulink environment.

4.3 ASSUMED SOURCE GENERATION

The generation sources used in this study include PV and ESS as DC sources
and wind and diesel generators as AC sources. Certain generation capacities are
considered to analyse the performance of the interconnected MG system under
designed control strategies. Table 4.1 lists the capacity assumption of the HMG-

1 sources considered in this study:

Table 4.1: Considered generation capacity of each source in hybrid microgrid-1

Source Types Parameters Values
) . Maximum Power at 1000 W/m? and

Photovoltaic generation . 45kW
temperature 25°C

Wind Generation Maximum Power at 15 m/s 45kW

Diesel Generator Capacity 10kVA
Battery Type Li-ion battery
Nominal voltage 12V

Energy Storage System No. of batteries in series 30
SoC 10%<50C<90%
Rated Capacity 30kW

Table 4.2 lists the capacity assumption of the HMG-2 sources considered

in this study.

Chapter 4: PERFORMANCE ANALYSIS OF THE NETWORKED MICROGRID STRUCTURE WITH
PROPOSED CONTROL SYSTEM 81



Table 4.2: Considered generation capacity of each source in hybrid microgrid-2

Source Types Parameters Values
. . Maximum Power at 1000 W/m? and

Photovoltaic generation . 45kW
temperature 25°C

Wind Generation Maximum Power at 15 m/s 35kW

Diesel Generator Capacity 5kVA
Battery Type Li-ion battery
Nominal voltage 12v

Energy Storage System No. of batteries in series 30
SoC 10%<S0C<90%
Rated Capacity 30kW

44 ISLANDED MODE

In islanded mode, the performance of the networked microgrid system with
the proposed control system is evaluated under various load conditions and
source power variations. The considered maximum generation capacity of each

source is presented in Table 4.1 for HMG-1 and Table 4.2 for HMG-2.

4.4.1 Analysis Under Load Variations

For three scenarios (positive power sharing (HMG-1 to HMG-2), negative
power sharing (HMG-2 to HMG-1), and almost zero or very low power sharing)
with different load scenarios and no source power changes, the power flow and
system performance analysis are examined in this subsection. Table 4.3 provides
an overall summary of power generation, consumption, and sharing under load

variations in both HMGs.

According to Fig. 4.2, all the RESs-based generation sources (PV and wind)
are operating at their maximum capacity in both HMGs (45kW at 1000W/m? for
PV in both HMGs; 45kW at 15m/s for wind in HMG-1; 35kW at 15m/s for wind
in HMG-2). The diesel generator’s output power is very low in both HMGs due
to the available power supply from the RESs-based sources. Variations in load

cause the wind generation to fluctuate every few intervals.
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Fig. 4.2: Generation in both hybrid microgrids: a) In hybrid microgrid-1, and b) In

hybrid microgrid-2.

Fig. 4.3 illustrates the reactive power management in both HMGs in

islanded mode. In Fig. 4.3a, the wind generator reactive power is approximately

-2.23kVAR and the reactive power support from the interlinking converter is

2.38kVAR. In Fig. 4.3b, the wind generator reactive power is approximately -

2.12kVAR, and the reactive power support from the interlinking converter is

2.83kVAR. With the loads in both HMGs, the reactive power from both the wind

generator and interlinking converter varies.
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Fig. 4.3: Reactive Power in both hybrid microgrids: a) In hybrid microgrid-1, and b) In
hybrid microgrid-2.

Fig. 4.4 illustrate the load scenarios in both HMGs. Initially, the loads in
HMG-1 and HMG-2 are fixed at 60kW and 60kW, respectively. At t=2.8s, a 30kW
load is added to HMG-2; therefore, the demand in HMG-2 is shifted to 90kW.
Again, at t = 5.8s, another 25kW load is added, and the demand becomes 115kW
in HMG-2. The additional 25kW load is now reduced at t = 8.8s, and the further
30kW load is removed at t = 11.8s, bringing the total demand down to 60kW after
11.8s. From t = 0 to 15.8s, the load in HMG-1 is fixed at 65kW. However, at t =
15.8s, a 30kW load is added in HMG-1, while demand in HMG-2 is fixed at 60kW.
At t=18.8s, HMG-1 receives an additional 30kW load, increasing its total demand
to 125kW. The additional loads in HMG-1 are removed at t =21.8s and t = 24.8s,

respectively, returning both HMGs to their initial demand levels.
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Fig. 4.4: Demand in both hybrid microgrids.

ESS power management under load variations is presented in Fig. 4.5
Initially, both ESSs are charging with 25kW and 20.9kW of power, respectively,

from the available power generation from the respective HMGs. Due to the load
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increment in HMG-2, the charging rate of ESS-2 decreased to 2.3kW. Another
25kW load addition at t = 5.8s leads the ESS-2 to discharge at -17.5kW (SoC level
is decreasing). However, at t = 8.8s and t = 11.8s, ESS-2 starts to charge at 2.5kW
and 20.9kW power due to a decrease in loads in HMG-2. The charging status of
the ESS in HMG-1 is impacted by load variations in HMG-2, resulting in a drop
in charging power to 13.6kW and 8.4kW at t = 2.8s and 5.8s, respectively. The
ESS-1's charging power has now dropped to 2.6kW as a result of the load increase
in HMG-1 at t = 15.8s, and an additional 30kW load increment at t = 21.8s leads
the ESS-1 to discharge at -17.4kW (the SoC level is lowering). The charging power
of ESS-2 is also reduced by load variation in HMG-1 at t =15.8s (13.3kW) and t =
18.8s (3.3kW). When the load in each of the two HMGs is lowered to 65kW and

60 kW, respectively, both ESSs resume charging at their original rates.
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Fig. 4.5: ESS power in both hybrid microgrids: a) ESS Powers, and b) SoC levels.

The power sharing scenarios for load variations are presented in Fig. 4.6.
From t = 0 to 2.8s, the sharing power is very low, which is 0.6kW due to the
available power in each HMG to satisfy demand. ach HMG uses its excess power
generation to charge the ESS. Due to the increase in load in HMG-2 att=2.8s, a
certain amount of power (12kW) is being shared from HMG-1 to HMG-2. The
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sharing is taking place despite the available power in HMG-2, which reduces the
burden of ESS in HMG-2 due to load increments. Because of the continued
increase in load in HMG-2, more power is being shared (17.2kW) at t = 5.8s. Once
more, this power sharing keeps the ESS-2 from being discharged at maximum
capacity, minimizing the impact on the ESS-2's life cycle. The removal of the loads
causes the sharing power to drop to 12.2kW and 0.6kW at t = 8.8s and t = 11.8s,
respectively. Now, due to the load increment in HMG-1, reverse sharing takes
place, which is from HMG-2 to HMG-1. These conditions similarly reduce the
burden on ESS-1 and improve its life cycle. The power sharing from HMG-2 to
HMG-1 is -7kW, -17kW at t = 15.8s and t = 18.8s. Due to the reduction in load, the
power sharing is reduced to -7.2kW and 0.6kW at t =21.8s and t = 24.8s.

Table 4.3: A summary of the power generation and consumption of under load

variations
Hybrid microgrid 1 Hybrid microgrid 2
Time DERs ESS  Load DERs ESS  Load
PV Wind Diesel (kW) (kW) PV Wind Diesel (kW) (kW)
kW) (kW) (kW) kW) (kW) (kW)
0nge B 45 0.6 25 65 45 35 0.3 20.9 60
Sharing Power HMG-1 to HMG-2 - 0.6kW
28— 45 45 0.6 13.6 65 45 35 0.3 2.3 90
5.8s  Sharing Power HMG-1 to HMG-2 — 12kW
58— 45 45 0.6 8.4 65 45 35 0.3 -17.5 115
8.8 Sharing Power HMG-1 to HMG-2 — 17.2kW
8.8 - 45 45 0.6 13.4 65 45 35 0.3 2.5 90
11.8s  Sharing Power HMG-1 to HMG-2 - 12.2kW
11.8 - 45 45 0.6 25 65 45 35 0.3 20.9 60
1585 Sharing Power HMG-1 to HMG-2 - 0.6kW
15.8 - 45 45 0.6 2.6 95 45 35 0.3 13.3 60
18.8s  Sharing Power HMG-2 to HMG-1 - -7kW
188 — 45 45 0.6 174 125 45 35 0.3 3.3 60
21.8s  Sharing Power HMG-2 to HMG-1 - -17kW
21.8 - 45 45 0.6 2.8 95 45 35 0.3 13.1 60
2485 Sharing Power HMG-2 to HMG-1 - -7.2kW
24.8 - 45 45 0.6 25 65 45 35 0.3 20.9 60
30s  Sharing Power HMG-1 to HMG-2 - 0.6kW
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Fig. 4.6: Power sharing curve.

The performance of the networked system under load variations in terms
of system voltage and frequency is illustrated in Fig. 4.7. System voltage and
frequency change as a result of sudden load changes, such as for AC voltage, the
change is from 220V rms to higher or lower, for DC voltage, it is from 800V to
higher or lower, and for frequency, it is from 50Hz to higher or lower. Large
changes in individual HMG’s AC voltage and frequency occur during load
changes in individual HMG, and changes in one HMG do not greatly affect
another HMG’s AC voltage and frequency, as shown in Fig. 4.7c and Fig. 4.7d.
The frequency variation ranges due to load variations are -0.038% variation in
load increment and 0.02% variation in load decrement, which is in line with IEEE
Standard 1547 [160]. But the DC voltages of both HMGs change equally due to

load variations.
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Fig. 4.7: Networked microgrid system parameters under load variations: a) AC
sinusoidal voltage of hybrid microgrid-1, b) AC sinusoidal voltage of hybrid
microgrid-2, c) Frequency, d) AC RMS voltage, and e) DC-bus voltage.

4.4.2 Analysis Under Source Power Variations or Failures

For various source (RES) conditions, such as solar irradiance variation of
PV, PV failure, wind speed variation of wind generators, and wind generator
failure, the power flow and system performance analysis are examined in this
subsection. Table 4.4 provides an overall summary of power generation,

consumption, and sharing under source power variations in both HMGs.

Fig. 4.8 illustrates the source power variation scenarios in both HMGs. At
tirst (from t = 0 to 1.8s), both PV and wind are generating power at their
maximum capacity, i.e., in HMG-1, both PV’s and wind’s power outputs are
45kW at 1000W/m? irradiance and 15m/s wind speed, and in HMG-2, generation
from PV is 45kW at 100W/m? and generation from wind is 35kW at 15m/s. PV
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generation drops to 25kW at t = 1.8s as a result of the solar irradiation in both
HMGs decreasing to 500W/m?, while wind generations remain at their initial
capacity levels. When the solar irradiation approaches zero (OW/m?) at t =3.8 s,
the PV generation in both HMGs also reaches zero (OkW). However, at t = 5.8, the
PV generation in both HMGs increased to 32kW due to an increase in solar
irradiances to 650 W/m?. This generation scenario for PV is maintained for the
remaining time frame. Now, the variation in wind generation starts at t =9s. At t
= Os, the wind generation drops to 32kW in HMG-1 and 25kW in HMG-2 due to
the drop in wind speed to 11m/s. However, at t = 12.5s, the wind generation in
both HMGs again returns to their maximum generation capacity. The wind
turbines in both HMGs abruptly stopped producing any power (0kW) at t =15.8s.
Due to a generation shortage in HMG-1 and insufficient supply from HMG-2, the
diesel generator in HMG-1 starts to supply power after wind generation failure
in both HMGs. However, the diesel generator in HMG-2 is operating in its initial
generation condition, as the generation in HMG-2 is sufficient to supply the

available load.
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Fig. 4.8: Generation in both hybrid microgrids: a) In hybrid microgrid-1, and b) In hybrid
microgrid 2.
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The load curve for each of the HMGs is displayed in Fig. 4.9. For the sole
purpose of analysing the effects of source power variation, the demand in both
HMGs is kept at 65 kW and 60 kW, respectively. From t = 0 to 17s, there are
fluctuations in the load curve due to variation in wind and PV generations. The
failure of the wind generator in both HMGs causes an excessive amount of

fluctuation in the load curve at t = 15.8s, and this disturbance remains until t =

17s.
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§ Due to wind spreed and solar . .
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Fig. 4.9: Demand in both hybrid microgrids.

ESS power management and SoC level under source power variations is
presented in Fig. 4.10. Initially, both ESSs are charging with 25kW and 20.9kW of
power, respectively, from the available power generation from the respective
HMGs. Due to the decrease in PV generation in both HMGs at t = 1.8s, the
charging rates of both ESS decreased to 4.1kW and 1.8kW, respectively. Then the
failure in PV generation in both HMGs at t = 3.8s leads both the ESSs to discharge
at-21.1kW and -23kW (SoC level is decreasing). However, because of a rise in PV
generation, at t =5.8s, both ESSs begin to charge with 9.6kW and 6.3kW of power.
Now, at t = 9s, ESSs begin to discharge with -4.2kW and -5 kW of power,
respectively, as a result of the wind power drop in both HMGs. However, both
ESSs begin to charge at t = 12.5s with 9.9kW and 6kW of power due to an increase
in wind generation. Due to wind generator failure in both HMGs, both ESSs are
almost discharging at their full rate (-30kW) at t = 15.8s. When both ESSs are

discharging at their maximum rate and PVs are producing their maximum power
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with their respective solar irradiation, HMG-1's diesel production begins to

support at t =15.8s in order to make up for the power shortage.
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Fig. 4.10: ESS power in both hybrid microgrids: a) ESS Powers, and b) SoC levels.

The power sharing scenarios for source power variations are presented in
Fig. 4.11. Because there is enough power in each HMG to meet demand, the
sharing power (0.6kW) is quite low from t = 0 to 1.8s. Every HMG charges the
ESS with the extra power it generates. Due to the PV power decrement in both
HMGs at t =1.8 s, a small amount of power (1.5kW) is being shared from HMG-
1 to HMG-2. The sharing is taking place despite the available power in HMG-2,
which reduces the burden of ESS in HMG-2. The 1.7kW power sharing is shared
from t = 3.8 to 5.8s when the PV generation becomes zero in both HMGs. The
sharing power is again back to 1kW due to an increment in PV generation. Due
to wind generation decrease the sharing power is almost 0.7kW from HMG-1 to
HMG-2. However, as wind turbines in both shut down at t = 15.8s, the sharing
power became -0.3 kW (from HMG-2 to HMG-1). The sharing power is very low
from t = 15.8 to 35s due to the generation and load balance constraints, i.e., the

power generated in each HMG is almost equal to the total demand. Therefore,

Chapter 4: PERFORMANCE ANALYSIS OF THE NETWORKED MICROGRID STRUCTURE WITH
PROPOSED CONTROL SYSTEM 91



after supplying demand, there is very little power left in each HMG to share.

Moreover, the diesel generator in HMG-1 starts to supply to meet the demand.

Power, W
S
(e} ()]
1 T

'

<o

(9}
T

1 1 1 1
10 15 20 25 30 35
Time (seconds)

]
—

[}
(O}

Fig. 4.11: Power sharing curve.

Table 4.4: A summary of the power generation and consumption of under source
power variations

Hybrid microgrid 1 Hybrid microgrid 2
Time DERs ESS Load DERs ESS  Load
PV~ Wind Diesel (kw) &w) PV  Wind Diesel (kw) (kW)
kW) (kW) (kW) &W) (kW) (kW)
0- 45 45 0.6 25 65 45 35 0.3 20.9 60
1.8s Sharing Power  HMG-1 to HMG-2 - 0.6kW
1.8 - 25 45 0.6 4.1 65 25 35 0.3 1.8 60
3.8s  Sharing Power HMG-1 to HMG-2 - 1.5kW
3.8 - 0 45 0.6 -21.1 65 0 35 0.3 -23 60
5.8s  Sharing Power HMG-1 to HMG-2 — 1.7kW
5.8 - 30 45 0.6 9.6 65 30 35 0.3 6.3 60
9s Sharing Power HMG-1 to HMG-2 - 1kW
9- 30 32 0.6 -4.2 65 30 25 0.3 -5 60
12.5s Sharing Power HMG-1 to HMG-2 - 0.6kW
12.5 - 30 45 0.6 9.9 65 30 35 0.3 6 60
15.8s  Sharing Power HMG-2 to HMG-1 - 0.7kW
158 - 30 0 4.7 -30 65 30 0 0.3 -30 60
35s

Sharing Power HMG-2 to HMG-1 - -0.3kW

The network MGs characteristics, including voltages and frequencies, are
shown in Fig. 4.12 under variations in source power. For both PV and wind
power changes, the AC voltage and frequency in both HMGs are adjusted or
vary. In both HMGs with power variation, the DC bus voltage variation is the

same. Due to the wind generator failure in both HMGs, there is a significant
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variation in both AC and DC voltage as well as a significant fluctuation in
frequency. The voltage and frequency fluctuations, however, are within

acceptable bounds.
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Fig. 4.12: Networked microgrid system parameters under source power variation: a) AC
RMS voltage, b) Frequency, and c) DC-bus voltage.

4.4.3 Harmonic Analysis
The networked system performance in terms of THD is analysed in this
section. The THDs of the system voltages or respective currents in islanded mode

are in accordance with IEEE standards, i.e., lower than 5%.

Fig. 4.13 illustrates the THD performance of HMG-1 with the proposed
control system. The waveform of the load current of HMG-1 shows that the peak
magnitude is 140.5 A for a total load of 65 kW. The THD is 1.53% for both load

current and system voltage. Fig. 4.13 also illustrates the THD performance of the
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wind generator in HMG-1. As the wind generator generates 45kW of power at a
15m/s wind speed, the respective current magnitude is 98.73A. The THD of the
wind generator’s current waveform is 2.53%.
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The THD performance of HMG-2 using the suggested control mechanism

is shown in Fig. 4.14. The load current waveform of HMG-2 indicates that, for a
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4.4.4 Analysis with Dynamic Load

The dynamic loads (induction motors) would dramatically affect the overall
networked system characteristics at low power demand than at rated power
conditions. The extremely non-linear induction motor loads with electro-
mechanical oscillations, which interact with the system's supply frequency,
voltage, active power, and reactive power, challenge the system's stability by
introducing low-frequency oscillations. In this subsection, the system

performance with certain dynamic load penetration in both HMGs is analysed.

Reactive Power, VAR

~ 10000 r | : : _ .
§ |—Inter11nk1ng Converter Wind ——Load
< 5000 -
o
2
]
~ 0 |
]
2
5 5000 |
[
e~ 1 1 1 1 L L | , .
0 1 2 3 4 5 6 7 8 9 10
Time (seconds)
(a)
| | I I |—Interlinking Converter Wind ——Load
5000
0 —
-5000 |
] ] ] ] | \ | | |
0 1 2 3 4 5 6 7 8 9 10
Time (seconds)
(b)

Fig. 4.15: Reactive Power in both hybrid microgrids: a) In hybrid microgrid-1, and b) In
hybrid microgrid-2.

Fig. 4.15 illustrates the reactive power management in both HMGs in
islanded mode with dynamic loads. In Fig. 4.15a, the wind generator reactive
power is approximately 1.195kVAR and the reactive power support from the
interlinking converter is -0.268kVAR. In Fig. 4.15b, the wind generator reactive
power is approximately 0.928kVAR, and the reactive power support from the
interlinking converter is -0.25kVAR. With the loads in both HMGs, the reactive

power from both the wind generator and interlinking converter varies.
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Fig. 4.16 illustrate the load scenarios in both HMGs with dynamic loads.
Initially, the loads in HMG-1 and HMG-2 are fixed at 85kW (65kW CIL and 20kW
induction motor load) and 75kW (60kW CIL and 15kW induction motor load),
respectively. At t =2.8s, a 20kW CIL load is added in both HMGs; therefore, the
demand in HMG-1 and HMG-2 is shifted to 105kW and 95kW. However, at t =
5.8s, the added 20 kW load is removed from both HMGs, therefore returning both
HMGs to their initial demand levels. The load curve illustrates that, due to the

presence of certain dynamic loads, there are oscillations in transient conditions.

12 T T T

| —HMG 1 —HMG 2

e e}

T
“\{
7

N

(e}
—
\]
w
I
W
(o)}
~J
[0}
O
—
S

Time (seconds)

Fig. 4.16: Demand in both hybrid microgrids.

The ESS power curve in the presence of dynamic induction motor loads is
presented in Fig. 4.17. Initially, both ESSs are charging with 6 kW of power,
respectively, from the available power generation from the respective HMGs.
Due to the load increment in both HMGs at t = 2.8s, both ESSs start to discharge
at approximately -15 kW (SoC level is decreasing). However, at t = 5.8 s, ESS-1
and ESS-2 start to charge at the initial charging rate of 6 kW due to a decrease in
loads in both HMGs. There is a slight fluctuation in the ESS power curve at the

moment of load variations due to the presence of dynamic loads.
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Fig. 4.17: ESS power in both hybrid microgrids.
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The power-sharing scenarios in this condition are presented in Fig. 4.18.
From t = 0 to 2.8s, the sharing power is very low, which is -0.25kW (HMG-2 to
HMG-1) due to the available power in each HMG to satisty demand. Each HMG
uses its excess power generation to charge the ESS. Due to the same amount of
load increment in both HMGs at t = 2.8s, the power flow is also very low, which
is approximately 0.3kW from HMG-1 to HMG-2. The removal of the added loads

brings the sharing power back to its previous value (-0.25kW).
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Fig. 4.19: Networked microgrid system parameters under source power variation: a)
AC RMS voltage, and b) Frequency.

The performance of the networked system with dynamic loads under load
variations in terms of system voltage and frequency is illustrated in Fig. 4.19.
System voltage and frequency change as a result of sudden load changes.

However, during the changes, there are oscillations in voltages and frequencies
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due to the presence of dynamicloads. The frequency variation for load increment

is -0.14% and load decrement is 0.135%.

45 MODE TRANSITION

In an interconnected MG system, the suggested control structure allows
both islanded and grid-tied operation without requiring the critical detection of
islanding or swapping between two associated controllers. An STS is closed or
opened during the mode transition process and maintain the connection to the
main grid. Fig. 4.20 illustrates the results associated with the transitions among
various modes. At first, by using a droop-based controller to keep their voltage
and frequency within acceptable bounds, both HMGs are running in islanded
mode. At t=2.8 s, grid synchronization is achieved by closing the STS of HMG-
1. With this mode change, the MG cluster starts to operate in grid-connected
mode instead of islanded mode. The controller of the HMG-1's interlinking
converter alters its functionality to enable the mode transition. Fig. 4.20a
illustrates that the voltage of HMG-1 closely traces the main grid voltage, which
results in a smooth grid synchronization at t = 2.8s. The frequency and voltage of
HMG become stable at 50 Hz and 220 volts, as shown in Fig. 4.20b and Fig. 4.20c.
Now, at t = 6.8s, HMG-1 becomes disconnected from the main grid; therefore,
transition to islanded mode is required. It is evident from Fig. 4.20 that the
controller helps to transit between islanded and grid-connected modes and vice
versa without any significant fluctuation or distortion, i.e., the designed
controller provides a smooth transition. There is no change in HMG-2's
parameters because the clustering converter interface helps the HMG-2 operate
in islanded mode when HMG-1 is operating in on-grid mode. The frequency
variation due to main grid failure or islanding is -0.11%, and due to grid

synchronization, it is 0.04%.

Fig. 4.21 illustrates the power generation curve, load curve, and function of

ESS management during mode transition. The generation from PV and wind is
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almost the same in both modes, and there is no change due to mode changes. The
DERs of each HMG are distributing power according to the load requirements.
Most importantly, ESS is functioning properly with the proposed virtual inertia-
based controller. There is no overcharge or over discharge scenario for ESSs in
both HMGs due to the mode transition. ESS charges with the available power
from the corresponding HMG in both on-grid and off-grid modes. Furthermore,

there aren't any notable variations when switching between modes.
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Fig. 4.20: Mode transition result: a) AC sinusoidal voltage, b) Frequency, and c) AC
RMS voltage.
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Fig. 4.21: a) Generation in HMG-1, b) Generation in HMG-2, c) Load curve, and d) ESS
power curve.

4.6 GRID CONNECTED MODE

In grid-tied mode, the performance of the proposed control system in
networked MGs is evaluated in this subsection under various load conditions.
Only HMG-1 is connected to the main grid, and HMG-2 always operates in
islanded mode in order to analyse the effectiveness of the proposed control

structure operation.

According to Fig. 4.22, all the RESs-based generation sources (PV and wind)
are operating at their maximum capacity in both HMGs (45kW at 1000W/m? for
PV in both HMGs; 45kW at 15m/s for wind in HMG-1; 35kW at 15m/s for wind
in HMG-2). The diesel generator’s output power does not operate in on-grid

mode, as it is used as a backup source in off-grid mode.
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Fig. 4.22: Generation in both hybrid microgrids: a) In hybrid microgrid-1, and b) In
hybrid microgrid 2.

Fig. 4.23 illustrates the reactive power management in HMG-1 in grid-
connected mode. In Fig. 4.23, the wind generator reactive power is approximately
100kVAR, and the reactive power support from the interlinking converter is -

106kVAR. With the load increment in HMG, the reactive power remains the

same.
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Fig. 4.23: Reactive Power in both hybrid microgrids: a) In hybrid microgrid-1, and b) In
hybrid microgrid-2.
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Fig. 4.24: Demand in both hybrid microgrids.

Fig. 4.24 illustrate the load scenarios in both HMGs. Initially, the loads in
HMG-1 and HMG-2 are fixed at 90kW and 80kW, respectively. At t = 3s, a 30kW
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load is added to HMG-1; therefore, the demand in HMG-1 is shifted to 120kW.
Again, at t = 6s, another 30kW load is added, and the demand becomes 150kW in
HMG-2. The addition of a 10kW load at t = 9s makes the total demand equal to
160kW in HMG-1. However, the load in HMG-2 is fixed at 80kW from t=0 to 12s.

ESS power management under load variations is presented in Fig. 4.25.
Initially, both ESSs are charging with 1.5kW of power from the available power
generation in both HMGs. Due to the load increment in HMG-1 at t = 3s, both
ESSs start to discharge at -19.5kW and -6kW, respectively. The charging rate of
the ESS-2 decreased to 2.3kW. Another 30kW load addition at t = 6s leads the ESS-
1 to discharge at full rate (-30kW) and the ESS-2 at -21kW. Finally, a 10kW load
addition in HMG-1 causes both ESSs to discharge at full rate (-30kW).
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Fig. 4.25: ESS power in both hybrid microgrids: a) ESS Powers, and b) SoC levels.

The power sharing scenarios for load variations in grid-connected mode are
presented in Fig. 4.26. From t = 0 to 3s, the sharing power is very low, which is
0.2kW (HMG-2 to HMG-1) due to the available power in each HMG to satisty
demand. Each HMG uses its excess power generation to charge the ESS. Due to
the increase in load in HMG-1 at t =3 s, a certain amount of power (-7kW) is being

shared from HMG-2 to HMG-1. Because of the continued increase in load in
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HMG-1, more power is being shared (-23kW) at t = 6s. Finally, a 10kW load

increment in HMG-1 causes HMG-2 to share more power, which is -32kW.
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Fig. 4.26: Power sharing curve.

Fig. 4.27 illustrates the power output from the main grid due to the main
grid connection. From t = 0 to 3s, the main grid supplies less power (0.35 kW), as
the generation from each HMG is sufficient to meet demand. At t = 3s, load

increment in HMG-1, 3kW power is delivered from the main grid. The power

transfer from the main grid increases with the increase in loads in any HMG.
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Fig. 4.27: Grid Power Curve.

Fig. 4.28 illustrates the THD performance of HMG-1 with the proposed
control system in grid-connected mode. Fig. 4.28 illustrates the THD performance
of the load current and wind generator in HMG-1. As the wind generator
generates 45kW of power at a 15m/s wind speed, the respective current

magnitude is 100.9A. The THD of the load current is 1.30%, and the wind

generator’s current waveform is 2.30%.

Fig. 4.29 illustrates the THD performance of HMG-2 with the proposed
control system in grid-connected mode. Fig. 4.29 illustrates the THD performance

of the wind generator in HMG-2. As the wind generator generates 45kW of power
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at a 15m/s wind speed, the respective current magnitude is 80.22A. The THD of

the load current is 1.31%, and the wind generator’s current waveform is 2.60%.
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Fig. 4.28: THD Analysis of HMG-1: a) THD of load current, and b) THD of wind
generator current.
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Fig. 4.29: THD Analysis of HMG-2: a) THD of load current, and b) THD of wind
generator current.

4.7 SUMMARY

The performance of the networked MG system with three proposed control
strategies is analysed under various conditions, such as load power variations,

source power variations, power quality, and dynamic loads.

In islanded mode, the networked configuration enables the management of
power surges and shortages in any MGs due to load and source power variations.
The THD performance under the proposed interlinking converter control
provides satisfactory results, i.e., THD less than 5%. The system also powers a
certain amount of dynamic load without affecting system stability in islanded
mode. For load variation, the frequency variations are respectively -0.038%

during load increment and 0.02% during load decrement. The addition of
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dynamic load causes a frequency variation of -0.14% during load increment and

0.135% during load decrement.

The suggested control system provides a smooth mode transition between
grid-connected and islanded modes without switching between two controllers.
There is very little fluctuation in voltage and frequency due to mode changes.
Therefore, system function reliability in both modes. The frequency variation due
to main grid failure or islanding is -0.11%, and due to grid synchronization, it is

0.04%.

In grid-connected mode, the system is able to sustain autonomous
operation due to the proposed control system. The ESS’s overcharging and
discharging can easily be avoided with the proposed ESS control, thus improving

the ESS life cycle.

Chapter 4: PERFORMANCE ANALYSIS OF THE NETWORKED MICROGRID STRUCTURE WITH
PROPOSED CONTROL SYSTEM 106



Chapter 5

STABILITY ANALYSIS OF THE
PROPOSED CONTROL STRATEGIES

5.1 INTRODUCTION

Stability analysis is one of the key issues with the stable operation of a MG-
based system. Traditional power networks' stability assessment is well-
developed due to the generally accepted standard models of synchronous
machines, excitation systems, and governors of various orders. However, for
converter-based MG systems, no such standard models exist, and it might be
challenging to develop any standard models because of the variety of power
technologies available. Therefore, it is necessary to determine how certain
oscillatory modes and instability conditions are caused by circuit configurations

and control aspects in MG system.

The interconnected system can be operated in two modes: off-grid or on-
grid mode. In on-grid mode, the DGs function as constant sources that are
regulated to deliver the required power into the network, while the main grid
controls the system-level dynamics. In off-grid mode, the micro sources managed
to meet all the required demand while retaining the voltage and frequency within
the permitted ranges. The micro sources in distinct MGs, power management

control, and the network itself control the system dynamics in off-grid mode.

This chapter presents the stability analysis of the three converter systems

with the proposed control strategies under various parameter conditions. To
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verify the stability of the proposed control strategies, stability analyses are

presented based on bode plots and pole zero maps in the MATLAB/Simulink.

5.2 STABILITY ANALYSIS OF THE HYBRID MICROGRID’S
INTERLINKING CONVERTER

The interlining converter functions as a VSC to interface the DC MG with
the AC MG in an HMG. The model of interlinking converter incorporates power
sharing control dynamics (droop control dynamics), output LCL filter dynamics,
voltage and current controller dynamics, and coupling inductor dynamics. The
VSC controller comprises three distinct components as shown in Fig. 5.1: a
separate droop control loop that regulates the output voltage droop
characteristics to determine the frequency of the output voltage's fundamental
component; a voltage control loop; and a current control loop that rejects high-

frequency disturbances and offers adequate damping for the output filter.

Yo (Voltage Y Current ) Vi !
Controller Controller

[ -
[
0 Droop L l [ !
Controller

Control - - - inér Cil‘(‘-,l-lif

Fig. 5.1: Block diagram of VSC-based interlinking converter.

5.2.1 State space Model of interlinking converter

A particular inverter's small-signal state-space model is established by
putting the controllers, output filter, and coupling inductor on a synchronous
reference frame, the rotation frequency of which is controlled by the inverter's

power controller.

5.2.1.1 Droop Controller

The fundamental notion of the power balancing concept is to reduce the

system's frequency and voltage amplitude with the droop characteristics to

Chapter 5: STABILITY ANALYSIS OF THE PROPOSED CONTROL STRATEGIES 108



balance any rise in load. Instead of using active and reactive power droop, the
output voltage droop characteristics are used in this study to characterize the
system's frequency. From (1), it is evident that the angle of the VSC voltage can
be changed according to the system's output voltage magnitude.

W =" —kuVoq Voq =0 5.1
koo = Wmax — Wmin 59
Vmax
Where, w* is reference angular frequency, k. is the droop gain, V,; and 1,
are the output voltage in the dg-frame, the terms with the max and min subscripts

are the maximum and minimum values of the variables.
The small-signal model of the angular frequency in two axes (d and q) are:
Aw = —ky AV,y AV =0 5.3
To standardize all the variables, the angle difference between each VSC's

dg-frame and the common DQ-frame can be expressed as follows:

6= j(a) — Weom) dt 5.4
¢ is the angle between an individual VSC reference frame and the common
reference frame and wc,, is the angular frequency of the common DQ-frame. The

small-signal model is:

AS = Aw — Awgom AS = —kgeAVyg — Aweom 5.5
5.2.1.2 Voltage Controller
The voltage controller in Fig. 5.2 makes use of PI controllers, which contrast
the measured output voltage with the reference value. This controller is based on

a dual voltage control loop, which includes both DC and AC voltage controllers.

Fig. 5.2: Block diagram of voltage controller.
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The relevant state equations are given as follows:

d¢pc .

dt Vbe = Ve 5.6

deq 0 do
dar od ~ Voa d—tqzvo";]—voq 5.7

Iy = kpvaCV;d - kpvackilckadCVD*C + kpvackilckadCVDC - kp,,ackilckivdc(pDC
~kpyo Voa t kiy, @a 5.8
liq = Ko, (Vo*q - V:Jq) + ki, Pq
kp,,, and k;,__are the proportional and integral gains of the AC voltage

controller. k,, —and k;, are the proportional and integral gains of the DC

voltage controller. k;. is the gain to balance the AC reference voltage with the
DC bus voltage deviation. Vy and V. are the reference and measured DC bus

voltage. The voltage controller's small-signal model can be obtained by:

Appc = AV — AVpc 5.9

Apq = AVjy — AVoq Apg = AVy, — AV, 5.10
Blig = ke, AVaa = oy, Kisckp, AVic + Ky, Kuckp, AVpe

— Kpyo Kickiy, APpc — Kp,, AVoa + ki, Apa 511

Alig = kp,,. (AVsq = AVoq) + ki, A9q

5.2.1.3 Current Controller

Fig. 5.3: Block diagram of current controller with active damping.

As illustrated in Fig. 5.3, the inner current controller, like the voltage

controller, generates the sinusoidal pulse width modulation (SPWM) signal after
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comparing the measured current with the reference value provided by the
voltage controller via a PI controller. This controller also includes a feed-forward
voltage gain and observer-based feed-forward capacitor current gain to damp the

LCL filter resonance issue.
The relevant state equations for current controller are given as follows:

dyq N d
ar -~ lia = lia %

Via = Kp,, (ig — lia) + ki Ya — @ Llig = kaplea + Voa

=1y — Iy 5.12

5.13
Vig = kp, (Iig = ig) + ki, Yq + 0"Llig — kapleq + Vg

k and k; —are the proportional and integral gain of the current
q

Plaq
controller. kyp, is the virtual gain of the LCL filter. The current controller's small-
signal model can be obtained by:
AYa = Aliy — Ay Ay, = Al — AL, 5.14
AViy = kp, Alig = kp, Alig — kiy Ayq — @' LAlig = kagAleg + AVoq
AViy = ke, Alig = kep, Alig = ki, AYq + @ LALg = kaaBleq + AVyg >
5.2.1.4  LCL Filter Model
To eliminate the harmonic signal close to the switching frequency, an LCL
filter connects the interlinking converter to the AC bus. However, in order to

reduce the resonance effect of the LCL filter and improve the system's stability,

active damping is used in the current controller.

The relevant equations are given as follows:

dly, 1 1 R,
At L,V L_ZV"d —Zlm + wlig
dl, 1 1 R, >-16
ar L_ZViq _L_2Voq _L_Zliq —wlig
av,, 1 1
dt :C_flid_c_flod'i'wv;)q
vy, 1 1 5.17

dt = C—fliq —C—floq - (A)Voq
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dl,g 1 1 R,

=—Voqg——Vpg — —Ioq + wl
dt L1 od Ll bd L1 od oq 18
dl 1 1 R, '
@ L, T Ve T Tea T @lea

L, is the VSC-side inductor, (; is the filter capacitor, and L, is the AC bus-
side inductor. R, and R; are, respectively, the equivalent series resistances of the
VSC-side inductor and grid-side inductor. I;; and I;; are the VSC-side current in
the dg-frame. I,4 and I, are the output current in the dg-frame. V4 and V,,, are

the AC bus voltage in the dg-frame.

The small-signal model of the LCL filter is given as follows:

.1 1 R,
Alld = L—AVL'd - L—AVOd - L—All’d + quAw + CUOAqu
2 2 2
1 L R 5.19
s 2
Allq = L_ZAVl - L—ZAVOq - EAqu - Il-dAw - wOAIl-d
. 1 1
AVOd = C_fAIid — C_fAIod + VoqA(U + wOAVO(]
) ) 5.20
AV,y = C—fAIl-q - C—fAqu —V,ygAw — w,AV,,
.1 1 R,
AIOd = L_AVOd - L_AVbd - L_AIOd + IOqAC() + (DOAIOq
1 1 1
5.21
1 1 R,
AIOQ = L—lAI/Oq -_ L—lAVbq - L_AIOq - IOdAw - woAlod
1

Lig, Lig) loas log, Voa, Vogq, and w, are steady state values at the initial operating

point. These values are presented in Appendix A.

5.2.1.5 Complete Model of Interlinking Converter

The output variables must be changed to the common reference frame in
order to couple a converter to the common bus. With the transformation matrix
shown below, output variables (I,44) and input variables (V,,4,) can be converted
to the common DQ-frame:

[Aiono] = [T1[Aioaq] + [T *][A6]

[A' ]_ [cosdo —siné, [A‘ ]+[—Iod5in5o—loq00550 (5] 5.22
topel = [sins,  coss, | L7toda I5q€088,—IoqSiNG,
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[Avpaq]| = [T 1[Avppe] + [T, ] [A6]

coséd, sind, ][ ] [ Vppsind, + Vygcoséd,
17%)

5.23
[8p4q] = [—sin&o cosd —Vppc0s8,—Vpgsind,

I

Incorporating the state-space representations of the output LCL filter,
voltage controller, current controller, and droop controller depicted in equations
4.1-4.23 yields the full state-space small-signal representation of the interlinking
converter. A standard interlinking converter model can be achieved by selecting
thirteen state variables, resulting in a complete 13-order small-signal state space
equation and output equation of the interlinking converter unit in common

frame:

[Ax}Lc] = [Acl[Axyc] + [BILC][AVDDQ] + Beom[Awcom] 5.24

AloDQ] [CILCL] [A%inc] 225

Where, [Ax;yy ] = [A8; AQagi AVagi Dliagi AVoaqi  Aloaqi]” is the state
variables matrix. Aj.¢, Birc, Beoms Ciic,,, and Cyi¢; are matrix related to the state

variables, which are presented in Appendix B.

5.2.2 Eigenvalue Analysis
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Fig. 5.4: Pole zero map due to the droop coefficient variation.

The interlinking converter system's stability and performance as a result of

droop coefficient fluctuations are shown in Fig. 5.4. To achieve appropriate
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power sharing, maintain system frequency, and preserve system stability, the
control strategy's droop coefficient must be adjusted appropriately. Fig. 5.4
shows that the system poles are moved toward the right side of the plane as the
droop coefficient increases, therefore affecting system stability. While a large
droop coefficient shifts the pole position to the left, it also has negative effects on

power sharing and system power quality.

Moreover, all values of the PI controller have a great impact on system
performance, which needs to be analysed properly. The following summary can

be made from the eigenvalue analysis of the state-space model:

e The droop coefficient needs to be selected properly in order to maintain

system stability and performance.

e All PI controller values also need to be tuned properly.

5.3 ENERGY STORAGE SYSTEM CONTROL STABILITY

The block diagram of the ESS's control strategy contains an ESS PMS and a
current control unit, as shown in Fig. 5.5. The PMS unit controls the charging and
discharging of ESS in both islanded and grid-connected modes and generates the
reference ESS current for the current controller. The proposed ESS control is able
to operate in both modes without a mode switch. The controller consists of an

ESS power management and a current control loop.

ESS Power Management
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Fig. 5.5: Block diagram of the energy storage system control and management.
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5.3.1 Stability Analysis
The transfer function of the whole ESS controller consists of the transfer
function of the ESS PMS and the closed loop transfer function of the current
€ess €ess

controller. Gpywy () is the transfer function relating controller delay. Gp;;'(s) is the

PI current controller.

1

G (s) = ———— 5.26
pwm(S) = T3 7075
ess ?SS

Gy (s) = T S: a 527

Less is the ESS inductor. k;** and k{** are the proportional and integral gains
of the ESS current controller. Ty is the sampling frequency. The closed loop

transfer function of the current controller, GZ%.., (s) is:

1
Gess (S) % GeSS(S) %
I PWM PI; sL
ess ess ess
s) = = 5.28
CZICCL( ) Iékss ess ess
1+ Geym(s) * Gppi (s) =

SLESS

e, is the power related to the ESS charging and discharging power.

ep(s) = Ppc(s) — Gp,(s)Fy(s) — Gp,(s)Ps(s) 5.29
Ppc(s) = Vg * G;?;(S) * €V hus (s) 5.30
ess ?SS
GESS(s) = kpy's + ki, 531
S

Ppc(s) is the power value obtained from the DC voltage controller output,

Fy(s) is the grid power, Gp,(s) is the transfer function related to the grid power,
P(s) is the sharing power, and Gp (s) is the transfer function related to the
sharing power. Ggj; (s) is the transfer function of the DC voltage controller, k;>°

and k{;® are the proportional and integral gains of the DC voltage PI controller,

and ey, (s)isthe DC voltage error.

w
Gr, () = - +1wl % Gyp(s) * by 5.32
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w»

Gp,(s) = * ke, 5.34

s+ w,

G;p(s) is the transfer function of the virtual-inertia, / is the inertia
coefficient, and D is the damping factor. w; and w, are the coefficients related to
the grid and sharing power low-pass filter. k; and k, are the coefficients
associated with grid power and sharing power that convert total power error into
equivalent ESS power to ensure proper power management of ESS. The transfer

function between e, and I is given as follow:

1 1
=== chec, (8) *P(SoC) v 5.35
ep ess

From the ESS control block,

1

Iess(5) = Géree, (8) x(SoC) = * e, (s) 5.36
[/ESS
Ioss(s) = G&3 o (8) * p(SoC) * GEis (s)ey,, (s) — G&e o, () * Y(SoC)

e O Lk B () -G8 (s) * Y(S0C)
Vs S+wy Js+D "1 79 clcct 5.37
1 Wy k,P.(5)

* * *
Vess S+ w; 275t

There are three transfer functions in the ESS control system. The transfer
function between I.4(s) and ey, (s); between I.5(s) and F;(s); and between

I.ss(s) and P;(s) can be obtained as

Iess(s) __ ess

— Hclicer
e S
Vous (5) Pg(s), Ps(s)=0

() * P(SoC) * Gy, (5) 5.38

Now the transfer function between DC voltage error and DC bus voltage

can be obtained as follows:

VDC(S) _ Iess(s) % 1

Gy’ (s) = = 5.39
i eVbus (S) eVbus (S) SCbus
The closed loop transfer function,
V G ess
Gng;L (S) — DC(S) _ cl (S) 5.40

Vie(s) 1+ GES(s)

The characteristic equation of the G¢}, (s) transfer function is provided by:
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10LesstusT555 + LesstusS4 + kngCbusS3 + (kiisscbus + kze;iskgfs *
lp(SoC)) 5%+ (KESSKESS 4 KESSKESS) x 1h(S0C) * 5 + kESkESS « 5.41
Y(SoC) =0

The transfer function related to grid power is:

IESS (S)
Py(s)

= G5 (5) * P(S0C) ¥ s s
clicct Voss S+wy; Js+D

ki 542

€V s (5), Ps(5)=0

(k{;’fss + kffs) * P (S0C) * wq * kq
P,

_ 5.43
) (s + @1) * Vogs * (10LggsTys3 + 52Lgs + kg5Ss + k(%) x (Js + D)

GE5(s) = 2 =

S,

The characteristic equation of the G5*(s) transfer function is provided by:

(s + w1) * (10LessTss® + 5%Legs + kESs + k§) x (Js + D) = 0 5.44

The poles related to the characteristic equation 4.44 can be obtained as

follows:
S1 = —wq
D
51 = —7 5.45

(10LessTsS3 + 5%Legs + kpr’s + kL?ISS) =0
The values of L, Ts, ki;°, and kZSS determine the poles s3, s4, and ss. Legs

and T; cannot cause the system to become unstable because they are positive

values. To preserve stability, it's crucial to tune the PI current control precisely.

Pole s; corresponds to the low pass filter (LPF)'s cutoff frequency, which
has an impact on how the system behaves. Nonetheless, the system is kept from
becoming unstable by a positive cutoff frequency value. Ultimately, the s,
analysis makes it evident that stability cannot be achieved until the virtual-inertia

parameters take on positive values rather than null ones.

The transfer function related to sharing power is:

Iess(S) W,
=—-G&° SoC k
PS(S) ClICCL(S)*llJ( o )*V};ss*s+wz* 2 oy
GgSS(S) — IeSS(S) - _ (keSSpIS + kSSSiI) * l/)(SOC) * (1)2 k kz )
" Po(s) (54 wp) * Voss * (10LessTos® + 57Logs + kgs®s + kE™)
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S,

The characteristic equation of the G5**(s) transfer function is provided by:

(s 4 @) * (10LessTss® + $2Legs + kESs + k{%°) = 0 5.47
The poles s, s3, and s, are related to the values of inductor, sampling
frequency, and PI current controller values. Pole s; corresponds to the cutoff

frequency of the sharing power’s LPF.

5.3.2 Parameter Analysis
This subsection examines how system stability and performance are
affected by parameter selections pertaining to the three transfer functions of the

ESS control method.

5.3.2.1 Closed-loop Transfer Function of DC Bus Voltage

When the two inputs relating to grid power and sharing power are absent,
the system response in both grid-connected and islanded modes is represented
by the closed-loop transfer function of the DC bus voltage (see equation 4.40).
Parameters related to this transfer function are the inductor (L.s), DC bus
capacitor (Cpys), sampling time (Ts), both the current and voltage controller’s PI
values, and the SoC management function (y(SoC)). The stability of the system
is unaffected by the constant and positive values of the inductor, capacitor, and
sampling period. The SoC-based management function has no effect on system
stability because it merely determines how the controller functions and what
extent the ESS performs under various SoC conditions. Finally, the proportional
and integral values of both the current and voltage PI controllers have a
significant impact on system performance. Therefore, these values need to be

tuned carefully to maintain system stability and performance.

Different methods are employed to adjust the PI controller's values. The
Ziegler-Nichols method, which exclusively uses parameters derived from the
system step response, is the most widely used design technique [161]. Fig. 5.6
shows the impact of voltage PI controller on system performance. The system's

step response shows that a proportional value larger than 9 (k5°° > 9) can lead to
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instability in the system. At k;7° = 9, the system maintains the step response, but
the response is full of transient oscillations. With the decrease in proportional
gain, the oscillation decreases. At k;>° =9, the oscillation greatly decreases.
When the kj°° is set to 1, the oscillation disappears totally, but the system's
response becomes slow. A higher value of integral gain causes overshoot in the
system step response. Overshoot decreases when the value of integral gain

decreases to a certain value. At kj>° = 1 and k{}® = 2, the system's step response

becomes smooth.

——[kp =9 ki=20] ——[kp =5 ki = 20]
——[kp =1 ki=100] —[kp =1 ki = 10]
——[kp =1 ki=2]

Amplitude

0.1 0.15 0.2
Time (seconds)

Fig. 5.6: Step response of the closed-loop DC voltage transfer function due to changes
in the voltage PI controller.
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Fig. 5.7: Pole-zero map of the closed-loop DC voltage transfer function due to changes
in the voltage PI controller.
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The pole-zero map with different proportional and integral values of the
voltage PI controller is displayed in Fig. 5.7. The map illustrates how system
instability can result from a proportional value larger than 9 that moves the
system pole to the right side of the plane. As the k;>° decreases, the roots move

pv

further on the left side of the plane and restore system stability. The value of k;;*,
however, only has an impact on the system's transient performance; it has no

effect on the poles shifting to the right.

Fig. 5.8 shows the impact of current PI controller on system performance.
The system's step response shows that proportional values have a great impact
on system performance and stability. A proportional value less than 0.5 (k{;* <
0.5) causes system instability. At k{** = 0.5, the system maintains the step
response, but the response is full of transient oscillations. With the increase in
proportional gain, the oscillation decreases. At k;;° > 6, the oscillation greatly
decreases. When the k;’* is set to 15, the oscillation disappears totally, but the
system's response gets slow. However, the integral gain (k{**) doesn’t have any

impact on the system's stability.
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Fig. 5.8: Closed-loop DC voltage transfer function due to changes in the current PI
controller: a) Step response, and b) Pole-zero map.

Fig. 5.9 displays the system response of the ESS controller for the DC bus
voltage part. This response is obtained for certain and well-tuned values of both
voltage and current in the PI controller (kg>* = 1, k= 2, k{";s =15, and k{* =

40). For certain values of the PI controller, the gain margin is 21.2 dB and the
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phase margin is 171.95 degrees. Moreover, the system and controller parameters

under consideration result in a bandwidth of 29.1 Hz.
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Fig. 5.9: Bode plot of the closed loop transfer function of DC bus voltage.

5.3.2.2  Transfer Function Related to Grid Power

In grid-connected systems, the transfer function of the grid power and ESS
current (in equation 4.42) represents the system response when the two inputs
associated with DC voltage error and sharing power are not present. Parameters
related to this transfer function are the ESS voltage (Vss), inductor (Less), LPF
cutoff frequency (w,), sampling time (Ts), inertia coefficient (J), damping factor
(D), the current controller’'s PI values, and the SoC management function
(¥ (SoC)). The stability of the system is unaffected by the constant and positive
values of the inductor, ESS voltage, and sampling period. Since the SoC-based
management function only defines the controller's operation and the extent to
which the ESS executes under different SoC situations, it has no impact on system
stability. The proportional and integral values of the current PI controller have a
significant impact on system performance and stability, which have already been
analysed for DC bus voltage. Due to the overpowering effects of damping and
inertia coefficients in this transfer function, the values of the current PI controller

have little effect on the stability of the system. However, a very low value of
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proportional gain needs to be avoided to maintain system stability. Therefore,

the values of the current PI controller need to be tuned according to the DC bus

voltage transfer function response, as accurate parameter tuning of these values

can be impeded by the inertia transfer function.

It is evident from Fig. 5.10a that the parameter ] modifies the ESS's inertia

via influencing the system's time response. Larger values of ] decrease response

times, whereas smaller values make responses happen rapidly. In Fig. 5.10b, the

mapping of the transfer function's poles, Gg>*(s), when ] rises is illustrated. An

undesirable stability margin results from forcing the dominant poles of Gp*(s)

toward the origin as J values increase. That is, with the increase in ], the pole's

position is shifting in the direction of the origin.
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Fig. 5.10: Inertia coefficient variations: a) Step response, and b) Pole zero map.
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Fig. 5.11: Damping factor variations: a) Step response, and b) Pole zero map.
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From Fig. 5.11a, it's clearly evident that for a certain value of /, modifying
the parameter D leads to a steady-state value. D less than 1 results in a steady-
state value bigger than anticipated, while a smaller steady-state response results
from a value of D that is higher than 1. The dominant poles shift further from the

origin as a result of increasing D values, as demonstrated in Fig. 5.11b.

In a nutshell, parameters /] and D need to be non-null and positive. To
prevent a little stability range in the system, values that are almost equal to zero
are prohibited. The stability margin gets reduced by larger J values, but it is
strengthened by greater D values. Therefore, a compromise between D and J
must be explored to obtain the required behaviour of the system. Lastly, while D
influences the steady-state response, parameter ]/ influences the ESS time
response. A decreased steady-state value is the result of higher D levels. In this

study, D = 1 is utilized in order to obtain the anticipated steady-state value.
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Fig. 5.12: Bode plot of the grid power-based transfer function.

Fig. 5.12 shows the system response of the ESS controller for the grid power
part. This response is obtained for well-tuned values of current PI controller
(ki;* =15, and ki = 40), cutoff frequency (w; = 4), inertia coefficients (j =
3,D = 1), and gain (k; = 4.5). This open-loop transfer function provides stable

operation with a gain margin of 38.5dB.
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5.3.2.3  Transfer Function Related to Sharing Power

Parameters related to this transfer function (equation are the ESS voltage
(Voss), inductor (Legs), LPF cutoff frequency (w;), sampling time (T;), the current
controller’s PI values, constant gain (k;), and the SoC management function
(¥ (SoC)). The stability of the system is unaffected by the constant and positive
values of the inductor, ESS voltage, gain, and sampling period. The SoC-based
management function has no effect on system stability because it merely specities
how the controller operates and how much the ESS runs in various SoC scenarios.
The system enters marginal stability at low values of the LPF cutoff frequency,
w,. Consequently, while developing the filter, these values need to be considered.
The effect of the proportional and integral values of the current PI controller has
already been analysed in the DC bus voltage-based transfer function. To keep the
system stable, a very low proportional gain value must be avoided; an integral
value has no significance on stability. The values of the current PI controller
require adjustment according to the DC bus voltage transfer function, since

accurate tuning of these values is based on other transfer functions in the system.
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Fig. 5.13: Bode plot of the sharing power-based transfer function.

Fig. 5.13 shows the system response of the ESS controller for the sharing

power part. This response is obtained for well-tuned values of current PI
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controller (k{* = 15, and k{** = 40), cutoff frequency (w, = 5), and gain (k, =

1.5). This open-loop transfer function provides stable operation with a gain

margin of 48.1dB.

The ESS controller's parameter analysis yields the following overview:

Because of the increased proportional value of the DC bus voltage PI
controller, the system's stability and response deteriorate. Overshoot
is caused by a greater integral value of the DC voltage PI controller,
although system stability is unaffected.

With the decrease in the current PI controller’s proportional gain, the
system's response and stability degrade; however, the integral gain
doesn’t have any impact on the system's stability.

The ESS time response is influenced by parameter J, while the steady-
state response is influenced by D. The greater value of the inertia
coefficient (/) and the smaller value of the damping factor (D) must
not be permitted to prevent a narrow stability range in the system.
As a result, to get the desired system behaviour, a compromise
between J and D needs to be investigated.

Since precise parameter tuning of these values can be based on other
transfer functions in the system, the current PI controller values need
to be adjusted in accordance with the DC bus voltage transfer

function response.

5.4 STABILITY ANALYSIS OF THE INTERCONNECTING CONVERTER
OF THE NETWORKED MICROGRIDS

The configuration and block diagram of the interconnecting converter

control is shown in Fig. 5.14. A voltage control unit consists of the voltage

parameters of HMG-2 (DC and AC voltages), and a current control unit

constitutes the control system. The voltage control unit controls the power

sharing between HMGs using a double-loop controller.
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Voltage Control Loop Current Control Loop

W(Ps)

Fig. 5.14: Block diagram of the clustering converter control.

5.4.1 Stability Analysis
The transfer function of the whole controller consists of the transfer function
of the voltage control loop and the current control loop. Gl (s) is the transfer

function related to the converter controller delay. Pll(s) is the PI current

controller.
(s) = ! 5.48
Grwm (8) = 77 10T,s '
kics + k”
PII( ) - pl S 549

L. is the inductor. k}, and kl‘f are the proportional and integral gains of the
current controller. T is the sampling time. The closed loop transfer function of
the current controller, clI e, (8) st

I Grwvm(s) * GF5,(s) * Lo

Cl:(l:ICCL (s) = I . “ 5.50

The outer voltage control loop consists of the PI voltage controller of AC

voltage, G,"D (s) the PI voltage controller of DC voltage, GP,V (s), and a
proportional gain, k;..

le kic

— Pvgc lvgc 5.51
G (5) = 0
ic ic

_ FovaeS + Ky, 5.52
iy () = — 2

Where k;',f;ac and kii]fac are the proportional and integral gain of the AC

voltage PI controller. kf,cvdc and kf‘idc are the proportional and integral gain of the
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DC voltage PI controller. The transfer function of the whole IC controller, G;-(s),
consists of the transfer function of the voltage controller, G&,.,(s), and closed

loop transfer function of the current control loop, cl, e (8)-

0] — *
VacMG VacMG le * GPIV (S) * eVbuS

= P(Ps) * G;’ (5) Z acme, acMGz)

. 5.53
= P(Ps) * GILD (S) acMG — P(Ps) * G}; (5) * Ky * GPIV (5)
* eVbuS - l/)(PS) * Gll’ (S) acMG
lie = (WPS) * Gl (5) * Vieyyg, = W(PS) G5, () % ke + G5, (5)
5.54

* eVbus - w(PS) * GILJ (S) acMG ) * Ll:fICCL(S)
There are three transfer functions in the interconnecting converter control

system. The transfer function between I;.(s) and ey, (s); between I;.(s) and

Vaer, (5); and between I;c(s) and Ve, (s) can be obtained as
Iic (S) ic e e
Vs (S - = Y GPIVac(S) * ki * GPIVdc (s) * GClICCL( ) 5.55

VaCMGZ(s)‘ Va(:MGZ(S):O
Now the transfer function between DC voltage error and DC bus voltage

can be obtained as follows:

. Vpc(s Li.(s 1
eVbus (S) eVbus (S) SCbuS

The closed loop transfer function,

(s) = Vpc(s) _ GE(s) 557
O = " T 6EG) |
The transfer function related to AC reference voltage is:
(s) .
e = $(Ps) * G, () * Gl () 5.58
acMGZ( )

eVbuS(S)' VaCMGZ(S)zo
The characteristic equation of the AC reference voltage-based transfer

function is provided by:

S(s310L;cTs + s%Lic + ks + ki€) = 0 5.59
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The poles related to the characteristic equation 4.60 can be obtained as
follows:
S1 = 0
3 2 ic ic 5.60
$°10L; T + s°Lic + kp,s + k) =

The values of L;., Ts, ki€

p;, and k{f determine the all poles. L;. and Ty cannot

cause the system to become unstable because they are positive values. To

preserve stability, it's crucial to tune the PI current control precisely.

The transfer function related to AC voltage is:

Lic(s)

= —p(B) * GE,_(5) * G5, (5)
VaCMGZ(S) P(Ps Plyg, cliceL 5.61

eVbuS(S)’ VgCMGZ (S)=0
With the exception of a negative sign difference, the transfer function of the

AC voltage and the AC reference voltage are the same.

5.4.2 Parameter Analysis
The impact that parameter selections for the three transfer functions of the
clustering converter control method have on system performance and stability is

examined in this subsection.

5.4.2.1 Closed-loop Transfer Function of DC Bus Voltage

The closed-loop transfer function of the DC bus voltage (refer to equation
4.57) represents the system response in the absence of the two inputs
corresponding to the AC reference voltage and the AC measurement voltage of
HMG-2. Parameters related to this transfer function are the inductor (L;.), DC bus
capacitor (Cpys), sampling time (T5), both the current and voltage controller’s PI
values, and the power management function (y(F)). The stability of the system
is unaffected by the constant and positive values of the inductor, capacitor, and
sampling period. The power management function has no effect on system
stability because it merely determines how the controller functions and what

extent the parallel BDC framework performs. Finally, the proportional and
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integral values of both the current and voltage PI controllers have a significant
impact on system performance. Therefore, these values need to be tuned
carefully to maintain system stability and performance.
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Fig. 5.15: The closed-loop DC voltage transfer function due to changes in the DC
voltage PI controller: a) Step response; b) Pole zero map.

Fig. 5.15a shows the impact of the voltage PI controller on system
performance for a fixed value of gain, the current PI controller, and the AC
voltage PI controller. The system's step response shows that for a fixed value of
gain (k;. = 0.01) and integral value (kii‘f = 1), a proportional value lower than 1
(ki < 1) can lead to instability in the system. At kif, = 5, the system maintains
the step response, but the response is full of transient oscillations. With the
increase in proportional gain, the oscillation decreases. At kzi,CV > 10, the
oscillation greatly decreases. When the k[, is set to 30, the oscillation almost
disappears. However, for a fixed value of gain (k;. = 0.01) and proportional
value (k, = 15), a higher integral value causes a higher transient oscillation.
That is, a higher value of integral gain causes overshoot in the system step
response. Overshoot decreases when the value of integral gain decreases to a
certain value. At kj, =30 and k{g =1, the system's step response becomes
smooth. The pole-zero map with different proportional and integral values of the
voltage PI controller is displayed in Fig. 5.15b. The map illustrates how system
instability can result from a proportional value lower than 1 that moves the

system pole to the right side of the plane. As the ki, increases, the roots move
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turther on the left side of the plane and restore system stability. The value of kii‘f,

however, only has an impact on the system's transient performance; it has no

effect on the poles shifting to the right.
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Fig. 5.16: The closed-loop DC voltage transfer function due to changes in the AC
voltage PI controller: a) Step response; b) Pole zero map.

Fig. 5.16a shows the impact of AC voltage PI controller on system
performance. The system's step response shows that both proportional and
integral values have a great impact on system performance and stability. The
system's step response shows that for fixed values of DC voltage PI controller (),
a fixed value of gain (k;; = 0.01) and integral value (kii]fac = 1), a proportional
value higher than 30 (kj, > 30) can lead to instability in the system. At k; =
30, the system maintains the step response, but the response is full of transient
oscillations. With the decrease in proportional gain, the oscillation decreases. At
kzi,f)ac > 5, the oscillation greatly decreases. When the kzi,iac is set to 1, the
oscillation disappears totally. Moreover, the integral value has a great impact on
stability. For example, for fixed values of DC voltage PI controller (k5 = 30 and
kl“f = 1), a fixed value of gain (k;. = 0.01) and proportional value (kzi)iac = 1), an
integral value higher than 300 (kilfac > 300) can lead to instability in the system.
At k}fac = 300, the system maintains the step response, but the response is full of

transient oscillations. With the decrease in integral gain, the oscillation decreases.

The pole-zero map with different proportional and integral values of the voltage
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PI controller is displayed in Fig. 5.16b. The map illustrates how system instability
can result from a proportional value higher than 30 that moves the system pole

to the right side of the plane. As the k;,f}ac decreases, the roots move further on
the left side of the plane and restore system stability. The value of k;fac has an

impact on the system's transient performance and stability; therefore, shifting to

the right the poles due to an increase in values greater than 300.

Fig. 5.17a shows the impact of the current PI controller on system
performance. The system's step response shows that both proportional and
integral values have a great impact on system performance and stability. The
system's step response shows that for fixed values of DC voltage PI controller

(kfgcv = 30 and kl“f = 1), fixed values of AC voltage PI controller (in’f:ac = 0.5 and

ic
lvgc

= 1), a fixed value of gain (k;. = 0.01) and integral value (kilfac =1), a
proportional value lower than 0.05 (kzi)f’ac > 0.05) can lead to instability in the
system. With the increase in proportional gain, the system starts to maintain the
step response and the oscillation decreases. Moreover, the integral value has a
great impact on stability. For example, for fixed values of DC voltage PI controller
(), a fixed value of gain (k;. = 0.01) and proportional value (k,igfj .. = 5), ahigher
integral value can lead to instability in the system. With the decrease in integral
gain, the oscillation decreases. The pole-zero map with various proportional and
integral values of the voltage PI controller is displayed in Fig. 5.17b. The map
illustrates how system instability can result from a lower proportional value that
moves the system pole to the right side of the plane. As the kf increases, the roots
move further on the left side of the plane and restore system stability. The value
of kl‘f has an impact on the system's transient performance and stability;
therefore, shifting to the right the poles due to an increase in values. Therefore, a
compromise between ki and klllc must be explored to obtain the required

behaviour of the system.
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Fig. 5.17: The closed-loop DC voltage transfer function due to changes in the current PI
controller: a) Step response; b) Pole zero map.

Fig. 5.18 displays the system response of the clustering converter controller
for the DC bus voltage part. This response is obtained for certain and well-tuned
values of both voltage and current in the PI controller (k,ifv = 30, k;'fl = 0.5,
k,i,f]ac = 0.5, kl‘“j =1, k{* =1, and kii’fac = 3). For certain values of the PI
controller, the gain margin is 34.8 dB and the phase margin is 85.2 degrees.

Moreover, the system and controller parameters under consideration result in a

bandwidth of 7.49 Hz.
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Fig. 5.18: Bode plot of the closed loop transfer function of DC bus voltage.

5.4.2.2  Transfer Function Related to AC Reference and Measured Voltages

The transfer function of the AC reference and AC measured voltage (in

equation 4.59 and equation 4.62) represents the system response when the DC
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bus voltage inputs is not present. Parameters related to this transfer function are
the DC bus voltage (Vp(), inductor (L;.), sampling time (Ts), the voltage and
current controller’s PI values, and the power management function (y(%)). The
stability of the system is unaffected by the constant and positive values of the
inductor, DC voltage, and sampling period. Since the power management
function only defines the controller's operation, it has no impact on system
stability. The proportional and integral values of the current PI controller have a
significant impact on system performance and stability, which have already been

analysed for DC bus voltage.

Fig. 5.19 shows the system response for the AC voltage part. This response
is obtained for well-tuned values of current PI controller (kffl = 0.5, kzi,f;ac = 0.5,
ki =1, and kffac = 3), and gain (k;. = 0.01). This open-loop transfer function

provides stable operation with a phase margin of 118dB.
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Fig. 5.19: Bode plot of the grid power-based transfer function.

The parameter analysis of the clustering converter control provides the

following summary:

e A lower value of proportional gain in the DC voltage PI controller

creates system instability. The oscillation diminishes and the system
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stability margin grows as the DC voltage PI controller's proportional
gain rises. On the other hand, the degree of integral gain does not
affect the poles shifting to the right; rather, it simply affects the
system's transient performance. In other words, overshoot in the
system step response results from a higher integral gain value.

e The gain (k) has to be chosen precisely to maintain system stability.
A lower value of k causes system instability.

e The stability and performance of the system are significantly
impacted by the proportional and integral values of the AC voltage
PI controller. The system becomes unstable when the proportional or
integral value increases. The oscillation lessens and stability is
restored when the proportional and integral gain decrease.

e A lower proportional value of the current PI controller can lead to
instability in the system. With the increase in proportional gain, the
system starts to maintain the step response, and the oscillation
decreases. Moreover, the integral value has a great impact on
stability. For example, a higher integral value can lead to instability
in the system. With the decrease in integral gain, the roots move

further on the left side of the plane and restore system stability.

The current PI controller values must be modified in line with the DC bus
voltage transfer function response since exact parameter tuning of these values

may be dependent on other transfer functions in the system.

55 SUMMARY

This chapter analyses the stability of the three proposed control strategies
related to the interlinking converter of HMG, ESS control, and clustering

converter.

A state-space model of each control block is developed in order to examine

the small-signal stability of the enhanced droop-based dual voltage control of the
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interlinking converter. The LCL filter dynamics, voltage control for current
reference generation, current control with feedforward and active damping

signals, and droop control for frequency regulation complete the controller.

In order to assess the stability of the proposed ESS management and control,
the required transfer functions pertaining to the different variables in the
controller are configured. The inner current controller, which generates
switching signals, and the outer ESS management control, which generates the

reference current, constitute a significant part of the entire control strategy.

A dual voltage-based outer controller and an inner current controller serve
as the clustering converter's control technique. In order to evaluate the
effectiveness of the suggested control of the connecting converter, all required

transfer functions are established and analysed.
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Chapter 6

COMPARATIVE ANALYSIS WITH
PREVIOUS CONTROL STRATEGIES

6.1 INTRODUCTION

A crucial aspect in analysing the performance of converter control strategies
is comparative analysis, which helps to highlight a controller's positive aspects
by distinguishing it from other existing systems. This chapter presents the
necessary comparison of the three converter systems with proposed control

strategies with other existing control methods.

6.2 INTERKLINKING CONVERTER OF HYBRID MICROGRID

A particular kind of MG depending on both DC and AC busbars, known as
HMG, is an effective framework with the utilization and facilities of both AC and
DC electric powers from both the load and generating sides [162]. The HMG is
developing at an impressive rate due to the benefits of AC and DC MGs,
respectively. The bidirectional interlinking VSC serves as the interface between
the DC and AC MGs found in the HMG. An HMG can operate in either on-grid
or off-grid modes. To exchange power with the main grid under usual conditions
and protect the MG and loads in the event of a grid failure, the HMG's
interlinking converter must be controlled and operated in order to achieve a
quick, reliable, and seamless transition between on- and off-grid modes. The
independent control of interlinking converters in off-grid mode is crucial for the

development of HMG since it is primarily responsible for facilitating the transfer
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of power between AC and DC MGs by keeping frequency and voltage within
allowable ranges [51].
6.2.1 Comparative Analysis with Conventional P — f and Q — V Droop Control
and AC Voltage-based Voltage Controller

The droop control strategy is a well-known approach for load sharing with
several advantages, such as a plug-and-play functionality, communication-free
energy distribution, and improved flexibility. Reactive power-voltage (Q — V)
and active power-frequency (P — f) droop control schemes are extensively

employed in interlinking converters of HMGs.

6.2.1.1  Structural Difference with Conventional Droop
The P — f/Q —V and Pp¢ — Vp¢ droop control techniques are used for the

AC and DC MGs, separately, in the HMG control approach described in [163],
which is referred to as the traditional control strategy in this article. Regulating
the power transfer through the interlinking converter enables both AC and DC
DERs to adjust the variations in demand in each MG, thereby coordinating the
operation of DC and AC MGs.

The control strategy of a conventional droop control consists of three
controllers: a power controller, a voltage controller, and a current controller. The
power controller includes the droop characteristics expressed in equations (1)
and (2), which indicate that an abrupt power supply imbalance will result in

variations to the AC MG's voltage and frequency and DC MG’s voltage [164].

J— *
Woe = W gc — mpPAC
6.1
— *
Vac = Vac — NgQ
—_ *
Vbc = Vpc — mpcPpc 6.2
Where w,., and w*,. are the measured and reference angular frequency,
Vge, and v, are the measured and reference AC bus voltage, Pyc and Q are the

measured active and reactive power, Vp¢, and V. are the measured and reference

DC bus voltage, Py is the measured DC power. my, n, and my is the droop
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gains. To ensure precise power-sharing in various circumstances, the droop gain
is properly selected. Only the AC bus voltage-based control is included in the
voltage control to provide the reference current necessary for power sharing. As

such, using the same controller operation in grid-connected mode is not feasible.

This study presents an improved control technique for the interlinking
converters of the two HMGs in the interconnected system, which facilitates
proper operation in three operating modes along with a smooth transition
between islanding and grid-connected modes. The suggested approach
minimizes the delay related to power computation and averaging by directly
using voltage and frequency instead of active and reactive power in the droop
characteristics. The voltage-frequency (V — f)-based droop controller, along with
the DC and AC voltage-based voltage controllers, adjusts the power transfer

between the AC and DC MGs.

6.2.1.2 Comparative Analysis Based on Simulation Results

Simulation outcomes employing both conventional and proposed droop
control strategies for a HMG with a 125kW capacity (designed in Chapter 3) are
provided to demonstrate the efficacy of the interlinking converter's suggested
control strategy. The wind generation and PV generation are maintained at a
specific speed (14 m/s) and solar irradiances (1000 W/m?). The simulation is
performed only in islanded mode, as the conventional droop control with an AC

voltage controller cannot operate in grid-connected mode.

Fig. 6.1 and Fig. 6.2 depict the control performance of the interlinking
converter with both controllers, where the HMG is operated in off-grid mode
along with transient events such as load variations on the AC side. On the AC
side, a 30kW resistive-inductive (RL) load is added in order to examine the
performance during variations in load. Results in Fig. 6.1 demonstrate that by
providing a quick and damped dynamic response, the suggested technique

minimizes the transient overshoots of DER's output powers caused by changes
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in load. Additionally, the performance in steady-state conditions is quite smooth
and causes less fluctuation. Instead, the traditional methods result in output

power, frequency, and voltage overshoots during startup and load fluctuations.
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Fig. 6.1: Control performance of the interlinking converter of the HMG with both
controllers: a) Load power in per unit, b) Frequency, c) AC rms voltage, and d)

DC bus voltage.
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Fig. 6.2: Control performance of the interlinking converter of the HMG with both
controllers: a) Waveform of AC bus voltage under the conventional controller,
b) THD under the conventional controller, c) Waveform of AC bus voltage
under the proposed controller, and d) THD under the proposed controller.

Fig. 6.2b shows the THD value of the three-phase AC bus voltages with a

conventional controller, which is 1.41%. Fig. 6.2d shows that with the proposed
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controller, the AC-bus voltages are sinusoidal and well-balanced, with a low
THD value of 0.80%. These findings show that the suggested control system

outperforms the conventional droop control approach (described in [165]).

6.2.2 Comparison with Relevant Control Strategies of Interlinking Converter
Numerous control strategies for interlinking converters are examined in the
existing literature, considering many aspects including power flow regulation,
stability, load types, operations, and power quality. An improved control
technique for the HMG's interlinking converter is proposed in [166] to address
the converter's nonlinear properties, facilitate a smooth transition between grid-
connected and islanded modes, and enhance power quality. In [167], the
distribution of power among all DGs is implemented without the requirement
for extra PI controllers through the use of a distributed active power management
approach for interlinking converters in an islanding HMG. Hardware-in-the-
loop (HiL) implementation of an integrated control strategy with various control
levels to regulate power management and DC and AC voltages in hierarchically
controlled HMG is proposed in [168]. The hierarchical control of HMG consists
of the decentralized and centralized layers, which permit the communication
fault ride-through ability and mitigate the negative consequences of
communication difficulties. For HMG, a novel interlinking converter architecture
is suggested in [169], which consists of a converter connected in series with a
static VAR compensator and an improved droop control. P—§ and Q — P —V
droop for active and reactive power regulation, as well as P — Q — a droop
control for the static VAR compensator, comprise the droop control. In [102], a
simplified droop structure of interlinking converters for control and power
exchange in an autonomous HMG is proposed. An equivalent mathematical
model that calculates how changes in load affect frequency and DC voltage is
also provided. Without requiring any kind of communication, the suggested

design permits independent power exchange in either direction.
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Table 6.1: Comparison with the formerly developed hybrid microgrid’s interlinking
converter control strategies

Ref Operation Number of THD With Controller Filrt:x1(l))£1etz
' GC IS IMG Controllers (%) dynamic load Delay p .
variations
Two (Different PLL, power Not
in IS and GC) 2.7 Not analysed  calculation and Analvsed
[166) v v X two controllers Y

A smooth transition between GC and IS modes; Reduced grid

Remarks . )
current distortion
Not P Not
Single . © Not analysed owe.r ©
[167] X v " given calculation Analysed
Proper power sharing; Reduced number of PI controllers;
Remarks . .
Method for parameter estimation
Not P
Single . © Not analysed owe'r Ensured
168] v v % given calculation
Prevent unsmooth transitions; Mitigate communication faults;
Remarks . Ly
Improve resilience and reliability
C t P
onverser 3 Not analysed ower Ensured
[69] X v % with SVC calculation
Quick harmonic compensation; Proper power regulation;
Remarks
Robust controller;
Less power No power
Single 0.80 > PO calculation and Ensured
oscillation
P v v v PLL delays

Robust and reliable controller; Less control delay; Flexible
Remarks operation under various modes; Seamless transition; Better
power quality

GC  Grid-connected IS Islanded IMG Interconnected microgrid
THD  Total harmonic distortion P Proposed PI Proportional integral
PLL  Phase locked loop SVC Static VAR compensator
v Applicable X Not Applicable

The suggested controller performs well in steady-state situations,
controlling the power from the main grid in the on-grid mode or sustaining the
AC and DC-bus voltages in the isolated mode in response to a specific percentage
of dynamic loads, fluctuations in load conditions, DG failures, and source power
variations. Furthermore, despite operating modes, a smooth transition between
on-grid and off-grid modes is realized without switching between two
controllers. The suggested method, in comparison with prevailing control
techniques, uses output voltage measurements directly in the control loops and
does not require power calculations or load current control. As a result, the
feedback signal delay, measurement delay, and sensor requirement are reduced,

enabling precise load allocation during transients. The results of a simulation
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conducted on an HMG show that the proposed control strategy is effective for
power flow control in an HMG with a lower value of the AC bus voltage's THD,
which is about 0.80%. Table 6.1 presents a comparison of the proposed control
strategies [166-169] of the interlinking converter with some previously
introduced control strategies based on various factors, such as the ability to
operate in three modes, THD, dynamic load analysis, communication, system
delay, and flexibility in operations. The comparative analysis in Table 6.1 shows
that the designed control strategy of the interlinking converter produces superior

outcomes in several aspects compared to some earlier studies in this field.

6.3 ENERGY STORAGE SYSTEM CONTROLLER

The dependable operation of the energy infrastructure is facing various
issues as a result of the expanding MG systems' integration into the electrical
network. Under various grids, loads, and RES circumstances, the power system
must keep the frequency and voltage within the allowed ranges. Under these
situations, an ESS is necessary for the critical and frequency-sensitive loads to

operate effectively.

To manage the power flow in a DC MG working in grid-tied mode and to
regulate the charging and discharging process of the battery bank-based ESS
according to the power supply, a PMS utilizing a virtual inertia concept and a
SoC-based management mechanism is provided in [42]. By minimizing the high-
rate power peaks, the suggested technique enhances the ESS life cycle and creates
an independent power transfer within the DC MG. Another PMS for ESS is
suggested in [103], which enhances an HMG's power quality. To provide stable
voltage in the DC bus, the ESS, equipped with a droop-based power flow control,
is linked to the DC bus between the two converter levels. In [170], the ESS is
scheduled to operate in a grid-supportive way, considering the safe SoC bounds.
To offer smooth MG operation with prioritized load shedding and power quality

enhancement during unusual circumstances, a suitable grid-adaptive PMS is
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proposed to provide current references for MG-connected converters. In [171], an
improved droop control approach is used to provide a decentralized SoC control
technique where each ESS's SoC is balanced in the discharge process. When this
control approach is applied, the storage device with a higher SoC supports the
load with more power, whereas the one with the lowest SoC supports the load
with less power. Each converter's output power will therefore be proportionate
to each ESS's SoC level. To improve system reliability, hierarchical control of
hybrid ESS, which combines centralized and distributed control, is suggested in
[172]. To reduce bus voltage fluctuation and restrict slack terminal SoC

instability, secondary voltage control and independent SoC recovery are used.

An independent and smooth power flow is accomplished inside each
individual MG and MG cluster in on-grid mode with the proposed ESS
management and control, whereas the AC main grid solely concentrates on
maintaining the DC bus and handling the excess or deficit of power. During
transient responses, the system's inertia is increased due to the virtual inertia
approach used in ESS control. The SoC-based management enhances the battery
bank lifespan by preventing the overcharging or discharging of the battery bank
by restricting the ESS function to secure levels. Various activation processes for
the mode changes are not required with this integrated control and management
framework in response to the necessary condition adjustments. As a result,
adverse effects like an uneven transition and system failure due to an imprecise
switching can be prevented. Table 6.2 compares the formerly introduced controls
and management [42, 170-172] with the designed virtual-inertia-based ESS
control in each HMG based on various factors, including the number of
controllers required, power reference requirements, the ability to operate in three
modes, flexibility in operations, and computation delays. The comparative
analysis in Table 6.2 shows that the proposed control and management system

produces superior performance in several aspects compared to the prior research.
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Table 6.2: Comparison with the previously developed controller of energy storage

system
Ref Operation Transfer MG Control Control Controller Fil;:xfxz?
" GC IS IMG ofData Type  Stages Mode Delay p .
variations
ESS Constant
power; Two (for current in Power
VSC DC GC calculation and Not
Power; MG GCand Constant two control Analysed
[42] v v X ! IS mode) . y
Mode Voltage in stages
switch IS)
Remarks Independe.nt pox'/ver ﬂow within MG; Improved ESS life cycle;
Includes virtual inertia concept
Power
Power DC . Constant calculation;
Single . Ensured
data MG current Various mode
[170] v v X .
detection
Proper DC bus voltage regulation; Power quality improvement;
Remarks Lo .
Smooth MG operation in various modes
AC bus AC . Constant Power
MG Single voltage calculation Ensured
(171] x v % power g

Regulate the power flow; Power management among ESSs with

R k
EMATES  Jifferent SoC levels
Power DC Constant Power
data MG Two voltage calculation Ensured
7] % v X S T . gt. — —
Remarks uick harmonic compensation; Proper power regulation;
Robust controller;
. No power
cizleit HMG  Single Cvo(zf;ar;t calculationand  Ensured
P v v v & mode switch
Autonomous power flow in IS and GC modes; Provides smooth
Remarks o .
transition; Single controller
GC  Grid-connected IS Islanded IMG Interconnected microgrid
ESS  Energy storage system P Proposed HMG Hybrid microgrid
VSC  Voltage source converter MG Microgrid SoC  State of charge
v Applicable X Not Applicable

6.4 INTERFACE TECHNIQUE FOR CLUSTERING

Clustering converters have become the standard process for connecting
MG:s, irrespective of their properties like voltage and frequency. These converter
interfaces not only regulate power flow but also enhance the MG cluster
network's power quality. With their ability to effectively connect and manage
interactions across MGs, networked converters are therefore anticipated to

become the energy routes of the future.

In [173], a two-level distributed control framework consisting of a

networked MG control level and an individual MG control level is developed for
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the MG cluster. To link two nearby DC MGs and regulate the bidirectional flow
of power between them, a converter framework utilizing a DAB and a full-bridge
bidirectional DC-DC converter (BDC) is suggested in [66]. To offer an
environment where the MGs are capable of sustaining one another during
unforeseen circumstances, a networked MG structure is presented in [20], which
consists of two AC MGs connected by a back-to-back converter. In [22], a more
effective power-sharing plan is implemented to maintain the bus voltage in MG
operations by utilizing the DAB's modularity capability. To increase voltage
stability, a strong bidirectional power exchange control system is constructed
between DABs on various high-voltage and low-voltage buses. To facilitate
mutually beneficial power supply among MGs and enhance the effective use of
RESs, a cluster configuration for numerous AC and DC MGs connected by
BADCs and BDCs to a common DC bus is proposed in [57], [174]. To enable the
interconnected MGs to function collectively and provide mutual support during
power fluctuations, a decentralized, multi-time-level power control technique is
suggested in [174]. The suggested control technique is able to maintain power
fluctuations on three different time scales: two are operated at the MG level and
one at the system level. An improved flexible droop control technique is
presented in [68] along with a unified PMS for intra- and inter-MG power

distribution in an interconnected MG system.

Clustering methods using converter frameworks help achieve high levels of
controllability in terms of frequency and voltage, effective power management,
improved power quality, and flexibility. The clustering method using DC buses
of HMGs leads to more sophisticated control since it simultaneously balances
two control goals: coordinated operation between DC and AC MGs in a single
HMG using an interlinking converter and power coordination among nearby

HMGs using a converter. To prevent overstressing any one entity, power should
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ideally be shared between the two MGs in proportion to the converter's power

ratings, which is enabled by the parallel BDC framework.

Table 6.3: Comparison with the previously introduced clustering technique of
networked microgrid.

Operation Converter IMG Wlth. Converter F.lex1b111ty
Ref. GC IS IMG stages/ e dynamic topolo Controller Delay  in power
Design yP load POTOBY variations
Two/ ~ AC  Not  Back-to- Power
Complex MG Analvsed back calculation and Ensured
68 v v v P Y two controllers
Remarks Blfi%recfaonal power sharing; Adaptive droop control; Maximum
utilization of RESs
P
Two/ ~ DC Not  DABand over
Complex MG  Analysed full bridge Ccuiationand  Ensured
[66] x v v P Y 8¢ two controllers
Proper DC bus voltage regulation; Power quality improvement;
Remarks .. .
Smooth MG operation in various modes
Two/ AC Not Back-to- calcizgcii and Not
1 M Anal Anal
0] x v v Complex G nalysed back two controllers nalysed
Remarks Angle dljoop C(')ntrol; Overload detection; Power support during
any contingencies
. Power
2?;31% I\?IE; AnI;IIOtsed DAB caleulation and AnI:IOtsed
221 x v Vv P Y two controllers Y
DC voltage regulation; Proper power sharing; Reliable and
Remarks . . .
uninterrupted operation; Improved power quality
Al
Single/ ¢/ Not AC/DC Power
Simple be analysed  converter calculation Ensured
74 x v v p MGs Y
Remarks Stabilized power fluctuation; Interconnecting MGs with different
frequencies; Proper power coordination
. No power
;Eigh]aé HMG ]Z)(;Zlfa(’z:;ir BDC calculation and Ensured
P v v v P mode switch
Controlled power flow; Fewer conversion stages; Interconnection
Remarks Sy .
of hybrid microgrids
GC  Grid-connected IS  Islanded IMG Interconnected microgrid
DAB Dual active bridge P Proposed HMG Hybrid microgrid
BDC Bidirectional DC-DC converter MG Microgrid
v Applicable X  Not Applicable

Based on a number of characteristics, including operating modes, control

operation, converter stages, design complexity, dynamic load analysis,

interconnected MG types, and operational flexibility, Table 6.3 compares the

suggested clustering method for HMGs with the existing clustering method

presented in various studies [20, 22, 66, 68, 174]. When compared to the

previously explored clustering approach, the study in Table 6.3 shows that the
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suggested control and clustering strategy for networked HMGs produces greater

performance in numerous areas.

6.5 SUMMARY

A comparative analysis is performed based on various relevant factors to
highlight the merits of the three proposed control strategies for HMG's

interlinking converter, ESS controllers, and clustering converters.

The suggested controller for the interlinking converter performs well in all
three modes, such as grid-connected, islanded, and interconnected modes, by
sustaining the AC and DC-bus voltages within prescribed limits. Despite the
different operating modes, a seamless switch between the on- and off-grid modes
is achieved without switching between controllers. Furthermore, when
compared to existing control systems, the proposed method minimizes the sensor
required, measurement delay, and feedback signal delay. With a THD

performance of roughly 0.80%, this control approach performs better as well.

With the assistance of the suggested ESS management and control, an
autonomous and seamless power flow is achieved inside each individual MG
and MG cluster in grid-tied mode. Because ESS control uses a virtual inertia
approach, the system's inertia increases during transients. By limiting the ESS
function to safe levels, the SoC-based management prolongs the battery bank's

life by preventing overcharging and extending the battery bank's extension.

High levels of controllability concerning frequency and voltage, efficient
power management, enhanced power quality, and flexibility can be attained by
clustering techniques that employ converter frameworks. Reducing conversion
stages and creating a more straightforward control structure are the results of

clustering HMGs using their DC buses.
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Chapter 7

CONCLUSIONS

7.1 GENERAL

A novel interconnection scheme along with modified control strategies for
the interlinking converter in HMG and ESS control is proposed for two nearby
HMGs that operate in both grid-tied and islanded modes. With the proposed
control structure, every HMG within the MG cluster can operate autonomously
in both on- and off-grid modes, while the main grid or neighbouring MG only

supplies the excess or deficit of power when demand exceeds generation.

ESS power management and control is proposed to operate reliably in three
operating modes. Using a virtual inertia approach, the system's inertia is
increased to manage the ESS response to transients. The battery-bank-based ESS
life cycle is prolonged by an SoC-based regulation that restricts ESS operation to

secure ranges and prevents it from being overcharged or drowned.

It demonstrates how a set of parallel DC converter frameworks can be used
to connect an HMG operating in grid-tied mode to an HMG running in islanded
mode. To support the HMG during emergencies, the clustering converter's
operation is crucial. The normal operation of the networked MG is explained,

along with its overloading and power surplus conditions.

7.2 KEY FINDINGS

A voltage-frequency (V-f) droop-based control strategy is proposed for the

interlinking converter of HMG to ensure proper operation in all operating
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modes, such as islanded, grid-tied, and interconnecting modes, and smooth
transit between islanded and grid-tied modes. The interlinking converter control
does not require any power calculation due to the use of V-f droop control instead
of conventional P-f and Q-V droop control, thus decreasing the sensor
requirement (current sensor) and delay associated with power calculation.
Moreover, the proposed control strategy doesn’t require any other controller to
switch between on- and off-grid modes (with less than 1% frequency variations).
As a result, the disturbance due to the mode switch among various controllers is

significantly reduced.

A communication link is necessary for the proposed ESS management
system, but this link can be simplified by only transmitting the AC grid active
current component (I, ), which is the sole information that has to be conveyed to
the ESS. With only one control stage and no need for a reference power
calculation in outer control, the ESS control is capable of moving between modes
quickly and accurately, preventing faulty transitions. The virtual inertia method,
along with appropriate parameter selection (/ = 3 and D = 1), can improve the
charging and discharging performance of ESS in any transient condition by
enhancing the system's inertia. SoC-based management reduces the burden on

ESSs by limiting SoC between 20% and 90%, thus improving the ESS life cycle.

Since this clustering technique relies on DC connections, it reduces the
number of conversion units (one converter stage with 4 IGBT switches), weight,
size, and system expense. Moreover, DC interconnection ensures higher
efficiency, lower losses, elimination of the skin effect and bulky transformers, no
reactive power and synchronization requirements, more proficient current

carrying capacity, and improved reliability.

The proposed control structure, with the three main control strategies of
interlinking converters and ESS control, provides an additional degree of control

freedom and flexibility over the power management in the HMG cluster. The
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simulation findings demonstrate the suggested control structure's reliability in
accomplishing the interconnected HMG system's two primary control objectives,
which enable the system to operate self-sufficiently and provide stable energy
distribution within the HMG cluster. The control structure efficiently manages
the power surplus and shortage in any HMG during load variations and source
power variations or outages. It can maintain system power quality (mainly THD)
within IEEE limits (For HMG-1 load current THD is 1.53%, for HMG-2 THD is
1.59%). Moreover, the system frequency variations are also remains in below 1%.
It is evident from stability analysis that choosing the control parameters
accurately improves system performance and stability without degrading
frequency or voltage. Therefore, the PI controller values, inertia coefficients, and
all associated controller gains need to be accurately tuned using step response,
pole-zero map, and bode plot to maintain the system stability and enhance

system performance.

7.3 LIMITATIONS OF THE STUDY

The three control strategies use the PI controller to minimize the error and
provide the desired signal for an accurate response. However, the value of all PI
controllers in the system needs to be tuned accurately to ensure system stability.
The droop coefficient of each droop control needs to be the same and well-

measured to maintain system stability and performance.

Only a certain amount of dynamic induction motor load can be supported
by the suggested system. When certain thresholds are exceeded, the system
becomes unstable. Moreover, oscillations in system voltage and frequency result

from dynamic load increases over a particular threshold.

74 RECOMMENDATIONS FOR FURTHER STUDY

In order to sustain dynamic loads above the system's maximum limits, an

appropriate damping controller with ESS can be developed. Therefore, the
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proposed networked system can be integrated with any power oscillation
damping controller in the future to investigate the system's performance under

various percentages of dynamic load penetration.

Based on theoretical analysis, the system is more reliable, and efficient, and
has fewer conversion steps than AC technology; nevertheless, an experimental
analysis can be conducted to verify those analyses in real-world scenarios.
Software-based RT-SiL simulation is used to examine the system's performance;
this is merely a first step toward experimental validation. Therefore, the system
can be experimentally verified in the future using hardware-in-the-loop

simulation.
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Appendices

Appendix A: State-Space Matrix of Interlinking Converter Model
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Appendix B: Parameters of Interlinking Converter

The parameters related to the state-space matrix, A in the interlinking converter

model:

Table 1: Parameters related to the state-space matrix.

Symbols Values
Liq 11
Iy -5.5
Loa 11
loq 0.4
Voa 311
Vog 0
Vp 311
Vo 0
W, 314
o 0
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Appendix C: Detailed Configuration of the Lab Set up for RT-SIL

Fig. 1: LAB setup with required Equipment.

DFIG CONTROL PANEL

Fig. 2: Configuration of the OPAL-RT Simulator (OP5600).

Fig. 3: Configuration of the RT LAB Window.
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Fig. 4: RT SIL setup with Ethernet cable, host PC, and OP5600 target.

Appendix D: MATLAB/ Simulink Model of Control Strategies

gV PV

4+
=Y

Temperature

PV Array

Fig. 5: Block Diagram of Photovoltaic System.
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Fig. 6: Block Diagram of Wind Generator.
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Fig. 7: Block Diagram of Energy Storage System.
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Fig. 8: Block Diagram of Diesel Generator.

Fig. 9: Block Diagram of Networked Microgrid.
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