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Abstract

The rapid proliferation of Distributed Energy Resources (DERSs) in recent years has
resulted in significant technical challenges for power system operators and planners, mainly
due to the particular characteristics of some of these systems that are interfaced with
converters that alter the dynamic behavior of typically power systems. To accommodate
the increasing penetration of DERs in power systems, microgrids have been formed to
facilitate their integration. The operation of these microgrids could be further enhanced
by interconnecting them to satisfy the overall system demand, and improve their stability if
suitable control schemes are implemented. The control of microgrids has been extensively
studied; however, coordinated operation, dynamics, and control of a grid that includes
interconnected microgrids have not been sufficiently addressed in the literature, and thus
this is the focus of this thesis.

In the first stage of the thesis, a new microgrid interface based on Virtual Synchronous
Generators (VSGs) is proposed to control the power exchange of interconnected ac and
dc microgrids, and provide frequency support, voltage regulation, and virtual inertia for
individual microgrids and the host grid as required, to improve both frequency and voltage
dynamics for the overall system. Thus, a hierarchical distributed control technique is
proposed, where the primary control of interfacing VSGs provides adaptive inertia for the
ac systems, while a secondary distributed control of the system regulates the frequency
and the voltages of the host grid and the interconnected microgrids, based on a consensus
technique with limited information about the overall system. The proposed controller
shares the total system load among the grid and microgrids, while minimizing the overall
frequency and voltage deviations in all interconnected systems. The proposed interface
and the controller are implemented, tested, and validated in detailed simulations for a
grid-of-microgrids system.

In the second stage of the thesis, an adaptive active power droop controller and voltage
setpoint control in isolated microgrids for optimal frequency response and stability after
disturbances is first proposed and presented, and then applied to the coordinated control of
interconnected microgrids. The control scheme involves an optimal and model predictive
control approach, which continuously adjusts the active power droop gains and the voltage
setpoints of Distributed Energy Resources (DERs) to maintain the frequency of the system
within acceptable limits, and enhance the primary frequency response of the system, while
taking into account the active power sensitivity of the microgrid loads to the system’s
operating voltage. The proposed approach is also implemented, tested, validated, and
compared via detailed simulations in a microgrid benchmark system and the developed
grid-of-microgrids test system.
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The results demonstrate that the proposed VSG controlled interfaces limit severe fre-
quency deviations during disturbances, and allow proper power sharing among the mi-
crogrids without causing significant power transients for the ac/dc systems, compared to
existing techniques. Furthermore, the proposed secondary distributed and centralized fre-
quency and voltage controllers maintain the power balance of the interconnected systems
and regulate the microgrids’ frequencies and dc voltages to nominal values, compared to
conventional frequency controllers; however, the distributed control approach shows bet-
ter overall frequency and dc-voltage dynamics and regulation than the centralized control
approach.
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Chapter 1

Introduction

1.1 Research Motivation

Interest in Renewable Energy Sources (RES) has grown exponentially, due to the signifi-
cant improvement in converter-based technologies, and motivated by initiatives to combat
climate change associated with conventional fossil-fuel-based power plants [1]. Due to the
cost and technical integration issues associated with RES, these are being widely deployed
in distribution systems as part of Distributed Energy Resources (DERs) and in the context
of microgrids (MGs) [1]. The proliferation of DERs has altered the dynamic behavior of
the power grid, mainly due to the particular characteristics and technologies associated
with these systems [2].

The increasing penetration of DERs in distribution networks is resulting in the “nature”
formation of MGs, which are a promising solution for large scale integration of DERs. MGs
are clusters of loads and DERs located in medium to low voltage networks that are capable
of working in both grid-connected mode and islanded mode [1]. Despite the overwhelming
benefits of MGs, such as enhanced reliability and carbon emission reductions, there are
various technical aspects that need to be addressed for their full deployment and grid
integration. For instance, the intermittency associated with RES, and the lack of inertia
due to the prevalence of Voltage Source Converter (VSC) interfaces in these systems, make
the system prone to frequency, voltage, and power oscillations [1].

MGs have been extensively studied in the literature, both from control and stability
perspectives. However, there are limited studies about the dynamics of a grid of intercon-
nected MGs. This is mainly due to the low penetration of MGs in the last decade, which



is changing, and the fact that small MGs working in a grid-connected mode do not affect
the main grid. However, as the penetration of MGs increases, their overall impact on the
network would be significant in terms of stability, reliability, operation, and security. In
general, a single MG working in islanded mode can only satisfy its demand, with proper
controllers that account for the intermittent nature of RES and the limited energy storage
capacity within the MG. These issues are motivating the interconnection of MGs, and in
this context, the coordinated operation of interconnected MGs and the host grid becomes
a necessity to ensure a smooth operation and management of the integrated system [1].

A network that consists of multiple microgrids (MMG) offers several benefits such as
reduced carbon emissions, and increased energy efficiency through the reduction of power
losses and enhanced utilization DERS, particularly energy storage systems and intermittent
RES [3]. In addition, an MMG makes it possible to harness different MG architectures to
improve the resiliency and flexibility of the system, such as the integration of dc and/or
ac MGs. Due to the promising advantages of an MMG system, the research of such an
integrated system becomes relevant.

As discussed in details in the next section, most studies in the literature that address
technical issues of an MMG system have focused mainly on the development of Energy
Management Systems (EMS) and optimization aspects, assuming that the MGs are inter-
connected together through a host utility grid with a transmission network [4-10]. The few
papers that addressed dynamics of an MMG model the system in grid-connected mode,
i.e., the MGs are connected to an external network with large inertia [11-14]. In addition,
these studies employ several simplifications and assumptions that render their models un-
suitable for investigating the actual dynamics of MGs; for instance, the impact of voltage
control on the frequency of the MGs has not been addressed in these papers. In addition,
most studies related to dec MGs ignore the impact of converter interfaced loads on the
voltage oscillations of the system [15-17,17,18]. None of the existing literature models
a realistic MMG system, considering the effect of low inertia and load characteristics on
system controls, employing simplified models that do not adequately represent MG dynam-
ics. Moreover, none of the papers have developed a distributed frequency and dc-voltage
control to coordinate an MMG system that consists of both ac and dc MGs. Furthermore,
none of the papers utilized Virtual Synchronous Generators (VSGs) for MG interfaces to
enhance the frequency and voltage dynamics of ac and dc MGs. Finally, none of the pa-
pers utilize voltage control to enhance the frequency stability of the grid, based on the load
characteristics in MGs.

Based on the aforementioned discussion, this thesis proposes the use of ac-dc-ac and dc-
ac converter interfaces for the interconnection of ac and de MGs, respectively, introducing
a new hierarchical distributed control approach for the proper exchange of power among



the MGs, and considering the overall system frequency and voltage control. Virtual Syn-
chronous Generator (VSG) technologies are applied in the proposed interface converters to
adaptively adjusts the inertia and damping constants, while considering Voltage Frequency
Control (VFC) to improve the frequency and voltage stability of the overall system.

1.2 Literature Review

The state-of-the-art for MMG systems is discussed and reviewed in this section.

1.2.1 Gird of MGs

The concept of a gird of microgrids or MMG system is a relatively new field of research in
power systems, which has gained momentum in recent years due to the rapid proliferation
of MGs. It is based on a grid with multiple MGs being utilized to facilitate the integration,
control, and coordination of DERs within a power system by adequately managing these
resources in each MG.

1.2.1.1 Energy Management

One of the earliest studies in the literature that mentions the concept of an MMG sys-
tem is [19], where the authors develop a multi-stage stochastic optimization approach to
deal with the stochastic nature of DERs and loads in the energy management problem.
Most recent studies of MMG systems in the literature focus on the steady-state analysis
of these systems, concentrating on Optimal Power Flow (OPF) problems, and the asso-
ciated Energy Management Systems (EMSs) of interconnected MGs and the host grid.
For instance, the authors in [4] discuss a Model Predictive Control (MPC) based power
flow control for optimal allocation of power exchanges among interlinked MGs and the
main network, while taking into account several factors such as energy prices, the State
of Charge (SOC) of batteries, load demand, and power generation forecasts. In [5], the
authors present a technique based on Pontryagin’s minimum principle to exchange the
power optimally among interconnected MGs, while maintaining the energy storage around
an optimal value. The authors in [6] develop an algorithm to optimally control and sched-
ule power among interconnected MGs based on a Linear Quadratic Gaussian. In [7], the
authors discuss a decentralized control system for the optimal exchange of power among



smart MGs, while taking into account several factors such as the SOC of the energy stor-
age system, energy prices, and Distributed Generation (DG) output power profiles. The
authors in [8] present a price-based OPF algorithm for an optimal exchange of charge and
discharge power of Electric Vehicles (EVs) among interlinked MGs. In [9], the authors
develop a hierarchical OPF algorithm among interconnected MGs that takes into account
load variance, energy prices, and energy storage. In [10], the authors discuss a robust
distributed control technique for interlinked MGs where the MGs are agents; the mathe-
matical formulation in the paper aims to optimize the power flow among interconnected
MGs, while taking into account the stochastic nature of the DERs and loads in the system.
In [20], the authors present a distributed-economic MPC for the energy management of
a cluster of interconnected MGs; the energy management in this paper mainly focuses on
uncertainty and stochastic nature of DERs within each MG to optimize the power sharing
among the interlinked MGs. The authors in [21] develop a distributed energy management
control scheme for an MMG system that are interconnected by dc and ac interfaces.

Issues such as participation of the MGs in providing ancillary services for the main
grid such as voltage and frequency support are discussed in [22-24]. Thus, the authors
in [22] present a steady state optimization problem for optimal participation of MGs in
frequency regulation markets, while taking into consideration several factors such as DERs
ramp-up rates and generation costs. In [23], the authors develop a hierarchical steady-
state OPF' algorithm for providing frequency regulation to the main grid, while taking into
account power flow constraints, uncertainty in loads of the MGs, and energy prices. The
author in [24] concludes that as the penetration of MGs increases in low voltage distribution
networks, the transmission system would benefit from the presence of an MMG by reducing
loading on the transmission system.

1.2.1.2 Frequency and DC-Voltage Control

In the context of isolated MGs, the problem of load sharing among DERs has been ad-
dressed with passive droop controllers. For example, the authors in [25] present a control
scheme to dynamically adjust the droop parameters of derated Doubly Fed Induction Gen-
erator (DFIG) wind turbines, to improve both the frequency response of the MG and its
stability, considering a simplified model where the components of the MG are represented
by first-order transfer functions. However, this control scheme is limited to the adjustment
of the droop gains of wind turbines that have insufficient primary reserves (due to changes
in wind speeds) such that the stability of the system is maintained; in addition, it does
not coordinate between the various DERs such as diesel generators and Battery Energy
Storage Systems (BESS) to improve the primary frequency response of the overall system.
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A multi-agent based dynamic droop gain adjustment of DERs is presented in [26], where
each DER is an agent that interacts with neighboring DERs to adjust the droop parameters
to improve the primary frequency response for grid-connected MGs; such a decentralized
scheme presents some challenges for supply-demand balance in isolated MGs, as discussed
in [27], that are not considered in the paper. Another study that proposes adaptive droop
control is presented in [28], where the droop gain of a DER is regulated so that its out-
put power follows a setpoint. However, the presented controller does not coordinate the
adjustment of multiple DER droop gains for optimal frequency regulation.

Optimal and MPC based frequency and/or voltage controls in MGs are presented
in [11,29-34]. Thus, in [29], the authors discuss an MPC approach to minimize frequency
deviation of an isolated MG with EVs; the presented control scheme mainly focuses on
adjusting the active power setpoints of DERs to satisfy the objective function and the
constraints, but does not consider the impact of voltage and droop control on the sys-
tem’s frequency. Similarly, in [30] and [31], the authors propose an MPC-based secondary
controller to improve the transient response of isolated MGs, but the studies do not con-
sider droop control nor VFC. In [32], a distributed MPC controller is presented to regulate
the operating voltage of the system; however, the control scheme does not consider the
impact of droop nor VFC control on the system frequency. In [33], the authors propose
an MPC approach to adjust the voltage setpoints of DERs, where the controller receives
input signals from a conventional droop controller to minimize the difference between the
reference and measured DER voltage; however, the proposed technique does not aim to
regulate the frequency nor coordinate the DERs to achieve optimal frequency regulation
with proper load sharing, and VFC control is not considered either. Similarly, in [34], an
MPC technique is used in DERs to improve their voltage dynamic response, but there is
no consideration for DER optimal droop, coordination, nor VFC. Finally, in [11], a lin-
ear optimization problem to minimize the generation-load power balance is proposed for
frequency regulation in MGs; however, droop and VFC issues are not considered.

In the context of dc voltage control in dc MGs, several control techniques have been
proposed in the literature to improve the performance of conventional droop controllers.
For instance, the authors in [15] developed adaptive droop controllers for improved stability
and power sharing in dc MGs; however, the proposed techniques still inherit the post
disturbance voltage deviation issue associated with droop controllers. In [16], a distributed
droop-free dc-voltage control approach for dc MGs control is presented. The proposed
primary and secondary control method realizes voltage control and accurate reactive power
sharing in a distributed manner using minimum communication, with each DER only
needing little information from neighboring units. Hence, a sparse communication network
is used, including spanning trees, to enhance reliability if a DER or link is lost. However,



a simplified dc MG model is used, which mainly consists of resistive loads without the
dynamics of actual de-dc and dc-ac converter interfaces of loads; Furthermore, the impact
of RES variations is not considered on the proposed controller, and there is no comparison
with conventional droop controllers.

There are several papers in the literature that address the dynamics and control of a
network with multiple dec MGs [17,18,35,36]. Thus, in [17], the authors develop a hi-
erarchical multi-agent distributed control scheme to share the loads among dc MGs by
adjusting DER voltage setpoints for each MG in the network. The control scheme consists
of two levels: the first level is a global tertiary controller where each MG agent ,i.e., the
MG central controller (MGCC), cooperates with neighboring MGs to reach consensus and
optimality; the second control level is local within each MG, where DERs are associated
with agents that communicate with each other to coordinate the voltage setpoints. How-
ever, this paper does not consider coordination among dc and ac MGs. In [18], the authors
present a distributed OPF-based control technique for de MGs; however, similar to [17],
the paper does not consider the impact of such a control scheme if ac MGs are present in
the system. In [36], the authors discuss a simple PI controller to coordinate the exchange
of power among dc MGs only through flyback converters; such a simple controller is not
suitable for coordination among MGs, due to the inability of such a controller to account
for the numerous constraints associated with MGs. In the aforementioned studies, several
simplifications are made, such as ignoring the dynamics of converter-interfaced loads, which
have a detrimental impact on the stability of the system by inducing significant voltage
oscillations [37,38].

A novel droop-free frequency control for ac MGs is presented in [39], which has been
employed in [40] for frequency control in a cluster of interlinked MGs. In [40], the authors
propose a hierarchical multi-agent droop-free control scheme that consists of two levels. The
lower level acts on primary and secondary voltage and frequency control within each MG,
where each DER is considered an intelligent agent that exchanges data with neighboring
agents to generate the required voltage setpoints and active power reference signals. The
higher level control is a tertiary control that aims to coordinate the interlinked MGs in the
network, through the same multi-agent approach used for the lower level controls to obtain
an optimal frequency response. However, the presented tertiary control does not take into
account the effects of the voltage setpoints of the DERs on the frequency of the system; in
addition, the paper assumes that all the MGs in the system are ac with a single bus that
consists of a single load and a DER, and there is no differentiation in the characteristics
and operational states among the various MGs except for the load rating.

A hierarchical frequency control for a network consisting of multiple interconnected
islanded MGs is presented in [11]. The proposed control scheme consists of two main
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layers, with the upper layer comprising of a centralized EMS that obtains data from the
whole network and acts similarly to an Automatic Generation Control (AGC) by sending
the control signals to each MG to balance supply-demand in the system. In the lower
control layer, the MGCC of each MG controls the DERs to allocate the required power
generation. The study consists of time-domain simulations that validate the effectiveness
of the proposed control scheme for limiting frequency excursions following disturbances
in the system. However, the network model does not include local DER controllers in
the DERs (primary control or droop controllers). Furthermore, it is assumed that the
MGs are connected to a strong host grid, without considering the possibility of the system
being formed only by a cluster of isolated MGs that could suffer from fast frequency
excursions. Finally, the developed optimization algorithm for coordinating the MGs is
a simple linear economic dispatch problem that is not suitable for large networks with
nonlinearity voltage dependent load characteristics. A similar study is presented in [12],
but with a hierarchical decentralized multi-agent control; however, the study lacks time-
domain dynamic considerations, neglecting nonlinearity as in [11].

Other relevant studies that involve dynamic models and time domain simulation of an
MMG are presented in the literature. Thus, in [13], the authors conduct a comparative
study among several control techniques to coordinate a group of MGs with the main grid.
The paper demonstrates that a decentralized multi-agent control system is capable of
coordinating the active power output of MGs to limit frequency excursions in the wake of
severe disturbances in the main grid. However, the study assumes all MGs as ac systems,
and the impact of voltage control on the frequency of the system is not investigated.
Moreover, the main host grid which is modeled as a Synchronous Generator (SG) with large
inertia, which does not capture the actual dynamics of an MMG network with its inherent
overall low inertia. Finally, the network topology in this study assumes that ac MGs
are directly interconnected without a power electronic-based interface, which significantly
limits the controllability of the power exchanged among the MGs.

A study that involves adaptive control is presented in [41], where the authors present
a hybrid cluster of interconnected MGs that consist of dc and ac MGs. These MGs are
interlinked through a power exchange unit that includes a set of VSCs and BESSs with a
controller to solve synchronization issues among the MGs. The proposed network topology
and control scheme in the paper maintains the frequency and the voltages of the intercon-
nected cluster of MGs. However, the system is heavily dependent on adding new BESSs
and dc lines to connect the MGs, which would be more suitable for small systems due to
the significant costs of such an approach. In addition, the frequency control of the system
is done based on droop control, which may become ineffective for system with multiple
MGs due to the need for the exchanging information for optimal coordination. Finally,



the impact of VFC and voltage dependent loads on the coordination of the system is not
discussed.

Another paper that involves hybrid ac/dc connected MGs is [14], where the authors
discuss a unique hybrid point of common coupling that connects each MG in the system
with the main grid through an ac interface, and interconnects the cluster of MGs directly
through a dc interface with a BESS. This hybrid ac/dc connection offers several benefits,
such as mitigation of synchronization issues and better control and power sharing among
the interconnected MGs. However, the control schemes presented in the paper do not
include frequency regulation through voltage control; furthermore, the proposed intercon-
nection approach would be expensive for large networks of multiple MGs, due to the need
to add new dc lines with BESSs. Finally, the study does not consider the impact of such
an interface if dc MGs are present in the system, since the dynamics of dc MGs differ from
ac MGs.

A comprehensive analysis of different topologies and architecture of networks of multiple
MGs is presented in [42], where the authors investigated the impact of the layout and
interface technologies of multiple-interconnected MGs on energy costs, reliability, stability,
and protection. Several network layouts are discussed in the paper, such as parallel and
mixed series/parallel interconnected MGs, concluding that dc interfaced MGs and dc MGs
are a promising solution for MMG networks. However, the study does not consider detailed
MG models, presenting general arguments without adequately analyzing the impact of the
proposed control techniques and topologies.

1.2.1.3 Voltage Control

From a voltage and reactive power control perspective, in [43] and [44], the authors propose
a frequency control approach that exploits the sensitivity of the loads to the operating volt-
age of the system. Furthermore, in [45], the author develops a Non-Linear Programming
(NLP) algorithm for optimal DER sizing and placement to enhance the voltage stability
of a grid-connected distribution network. A small-perturbation voltage stability analysis is
also conducted, showing how the location, size, and type of DER affects the system eigen-
values. A similar study is presented in [46], where a small perturbation voltage stability
analysis of a CIGRE benchmark isolated MG is performed, demonstrating that the type of
controllers employed by the DERs could positively or adversely affect small-perturbation
voltage stability. However, none of the aforementioned studies address the impact of volt-
age control on the stability of an MMG system, but, the proposed approaches will be taken
into consideration in the proposed research work.



In [32], the authors present a distributed voltage control for a cluster of interconnected
MGs, which is based on a distributed MPC to account for different dynamic speeds and
characteristics of voltage regulators within each MG in the system. However, the developed
control scheme relies on offline voltage sensitivity matrices, which are dependent on the
topology of the network; thus, if a severe disturbance occurs in the system that alters the
topology of the grid, a network wide control failure and a voltage collapse may occur due
to improper coordination among the interconnected MGs. Furthermore, the effects of load
characteristics on the proposed control and frequency control are not addressed in this
paper.

In [47], the authors developed a distributed control system to regulate the voltage of a
simplified MG model, but the proposed controller does not regulate the frequency of the
system. In [48], the authors also developed a distributed reactive power control scheme that
maintains a desired reactive power distribution among DERs in steady-state. However, this
voltage control scheme does not consider the coupling between active and reactive power
in the system and its effect on the frequency of the system.

In [49], the authors develop a coordinated voltage control of distribution networks with
multiple MGs to mitigate the issue of voltage rise in low voltage distribution networks,
which are predominantly resistive with a low X/R ratio; the proposed control in this
paper is based on a decentralized-hierarchical approach. The presented control model has
some limitations, such as representing the MGs with equivalent artificial neural networks
(ANNs), which is an issue, since if a severe disturbance occurs within the network that
changes the topology of the grid, the ANN equivalent model may not work properly, unless
it has been specifically trained for that topology. Furthermore, this paper only focuses
on steady state behavior of the system, and the MGs are assumed to be clustered and
connected to the main grid through a single Point of Common Coupling (PCC), which
does not adequately represent a possible system of MGs that would be connected to a host
grid at various points.

1.2.1.4 Stability

From a transient stability perspective, the authors in [50] conduct transient stability studies
of a single islanded MG that consist of different DERs, considering that VSC interfaced
DERs with PQ controllers worsen the transient stability of the system by shortening the
critical clearing time (CCT), compared to DERs with droop controllers; furthermore, the
study only focuses on the effects of primary frequency control on transient stability. In
[51] and [52], the authors investigated the dynamic impact of a power system with high
penetration of distributed generation, identifying several factors that affect the system



stability such as the types of DERs, their controllers, and the DER penetration level,
which could positively or adversely affect the transient stability of the system. Thus, it is
concluded that if the penetration of VSC-based DERs in the system becomes significant, the
system may become more prone to oscillations due to the lack of control and coordination
among DERs and centralized thermal power plants. None of these papers nor others, as
far as the author knows, have investigated these issues from an MMG system perspective.

The authors in [53] investigate the impact of communication delays on distributed
controlled interconnected clusters of DC MGs, based on time-delay stability switching
boundary. However, the paper does not examine the impact of the interconnected MGs on
the transient stability of the overall system.

1.2.2 Discussion

It can be observed that several of the aforementioned studies focus mainly on the devel-
opment of OPF, control, and EMS for steady-state MG models, to improve the economy,
reliability, and performance of an MMG system while neglecting the dynamic effects of
such a network. Other papers mainly focus on different architectures of multiple inter-
linked MGs to solve synchronization and power sharing issues, while several papers discuss
different dynamics and control aspects of a cluster of MGs, with various limitations and
assumptions. However, to the best of the author’s knowledge, none of the papers in the
literature have fully modeled and study dynamics and control aspects of an MMG system
that includes different characteristics such as mixed dc and ac MGs with voltage depen-
dent loads. In addition, none of the papers propose control schemes to coordinate the
interconnected ac/dc system in the time domain. Finally, no paper, as far as the author
knows, has investigated the use of VSGs for stability improvements of an MMG system.

Therefore, the following are the main issues with the reviewed literature, in the context of
MMG system:

e Many studies mainly focus on the development of EMSs for optimal exchange of
power among interconnected MGs in steady state, neglecting the dynamic aspects of
such a network.

e Several of the studies investigate the dynamics of interconnected MGs through a
main grid with large inertia, and/or significantly simplify the MG models such as
representing MGs as a single bus with a load, ignoring the nonlinearity of the system

associated with voltage dependent loads, without considering a diversity of ac and
dc MGs.
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e The network topologies in these studies assume that ac MGs are directly intercon-
nected without a power electronic-based interface, which significantly limits the con-
trollability of the power exchanged among the MGs.

e The impact of voltage control on the frequency of interconnected MG has not yet
been discussed.

e Some dynamic studies mainly focused on solving synchronization issues among clus-
ters of interconnected MGs through the development of special network architectures,
such as introducing dc links with BESSs to connect the MGs, which are costly solu-
tions.

e Frequency and dc-voltage regulation methods and stability studies based on VSGs
have not been discussed in the context of an MMG system.

e Stability analyses and the development of coordinated control systems to improve
the overall system stability of a network of MGs are very limited.

1.3 Research Objectives

Based on the aforementioned state-of-the-art review, the following are the main objectives
of this thesis:

e Develop a dynamic model of a grid of interconnected MGs that includes both dc
and ac MGs, to study the dynamic issues in these types of networks, particularly
focusing on interconnected MGs which are not interlinked through a larger host grid
with significant inertia, since it is more challenging to coordinate a network of isolated
MGs due to the small inertia and limited availability of dispatchable DERs in such
a system.

e Develop distributed frequency and voltage controllers to coordinate a cluster of MGs
to enhance the stability of the system, limiting severe frequency and voltage excur-
sions.

e Develop a VSG based Back-To-Back (B2B) MG interface, with a new adaptive in-
ertia control technique and VFC to enhance the frequency response of ac MGs and
the host grid in an MMG system, limiting severe frequency excursions systems, es-
pecially during severe disturbances, and allowing proper power sharing among the
MGs without causing significant power transients.

11



e Propose a novel control of the VSG-based dc-ac interface of dc MGs to improve their
dc MG voltage dynamics in the MMG system.

e Develop, test, and demonstrate a new centralized frequency control technique that
enhances the frequency response of MGs and MMG systems, ensuring an optimal
trade off between load sharing and frequency regulation by optimally adjusting the
main active power droop parameters and considering VFC to avoid stability issues
associated with the improper tuning of DER droop gains.

1.4 Outline of the Proposal

The rest of the thesis is organized as follows: Chapter 2, provides a brief overview of the
background relevant to the thesis, in particular basic control and modelling issues such as
control techniques in ac/dc MGs, and VSG controlled VSCs, MMG concepts, layouts, and
existing frequency and voltage control techniques are discussed. Moreover, dynamic models
of various components of ac/dc MGs, such as diesel generators, BESSs, WTs and dc MGs
and loads are presented. Finally, a generic model of inverter-based VSGs is discussed,
including a virtual governor, Automatic Voltage Regulator (AVR), voltage, and current
control loops.

Chapter 3, first proposes a distributed voltage control of dc MGs based on distributed
consensus technique, which is used to regulate the voltage of the dc MGs. The controller
is tested and validated based on a dc MG model of a university building in China, and the
performance of the controller is compared with conventional decentralized controllers. The
second part of the chapter discusses the proposed B2B VSG interfaces with adaptive inertia,
and extends the aforementioned distributed controller to coordinate an MMG system. The
hierarchical distributed control technique is tested, validated, and compared on an MMG
based on a CIGRE benchmark MG system, and the results are discussed to highlight the
performance of the proposed control scheme.

Chapter 4 first presents a new centralized optimization based adaptive droop and volt-
age control for isolated MGs and MMG systems. The control scheme is based on an optimal
and model predictive control approach that continuously adjusts the active power droop
gains and the voltage setpoints of DERs to regulate the frequency of the system. The
second part of the chapter extends the aforementioned controller to coordinate an MMG
system by adjusting the droop gains of the interfacing VSGs. The proposed controllers are
tested, validated, and compared on the previously defined MMG system, and analyses are
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conducted to evaluate their performance compared to the distributed controller proposed
in Chapter 3.

Finally, Chapter 5 highlights the main conclusions and contributions of this thesis, and
briefly discusses possible future research work. The appendices present data of the test
systems and controllers proposed and used throughout this thesis.
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Chapter 2

Background Review

2.1 MG Overview

2.1.1 MG Definition and Components

According to [54], an MG is a cluster of loads and DERs located at medium and low
voltage distribution networks that has a single PCC with the main grid. MGs are capable
of working in grid connected mode or in islanded mode, which increases the reliability
of power delivery to consumers if there is a disturbance in the host grid. An example
of an MG is shown in Figure 2.1. Thus, the structure of the MG consists of a medium
or low voltage network with controllable and uncontrollable loads; dispatchable DERs
such as diesel synchronous generators and BESSs; undispatchable and variable distributed
resources such as solar PV and wind turbines and a control and communication system
that includes an MGCC or a coordinator with decentralized controllers.

2.1.2 Modeling
2.1.2.1 Synchronous Generators (Diesel Units)
Diesel SGs have been widely used in MGs since they are readily dispatchable, thus being

used as grid forming DERs to support the frequency of MGs [27]. The frequency dynamics
of these generators are mainly described by the swing equation, which relates the frequency
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of the MG to the power mismatch of the system as follows [56]:

deG

M
SG Ty

+ Dsgﬁw = PSGm - PSG (21)

where Psg, is the mechanical input power into the generator, Psq is the electrical output
power, wgg is the speed of the rotor (the angular velocity), and Mgs and Dgg are the
inertia and damping coefficients of the diesel generator, respectively.

The authors in [55] have developed a dynamic model of a diesel generator suitable
for time-domain simulations, which have been validated with an actual field model. This
model is used here, which includes the governor and exciter models depicted in Figure 2.2,
with properly tuned gains for the test systems used here.

2.1.2.2 BESS

BESSs are used in MGs to properly integrate undispatchable DERs by smoothing frequent
and rapid changes in the output power of solar and wind DERs [54]. These systems are
usually interfaced through a VSC; therefore, the dynamics of the BESS are much faster
than the diesel generator, thus rapidly supplying active and reactive powers to help control
the frequency and voltage of an MG. A suitable model of a BESS based on the average
model is presented in [57], with a modified version of this model being used in this research
work, as per the schematic diagram shown in Figure 2.3. The presented average model
ignore the converter switches to increase the speed of the time domain simulations, while
preserving the main dynamic characteristics of the VSC.
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2.1.2.3 Wind Generator Model

Wind Generators (WGs) are assumed to be Type 4, with full VSC interfaces as discussed
in [44] and [57]. The schematic of the model of a VSC-interfaced WG used here is shown in
Figure 2.3, with the wind generator and corresponding VSC being modeled as a dc source.

2.1.2.4 Load Model

An exponential model is used to model the loads as follows [44]:

PLL = KLPZ Ver W)
QLZ = KLQl Ve Vi

where V' is the MG voltage, which is assumed to be the same as the loads and throughout
the MG, as the voltage drops in the network are not significant [44,58]; K1 p, and K, are
load scaling factors for load [; and the coefficients ap, and «g, define the load type (for a
constant current load ap = ag, = 1, for a constant impedance load ap, = ag, = 2, and
for a constant power load ap = ag, = 0), with the values of ap, and «ag, chosen here to
represent mixed load types.

2.2 MG Control

A communication infrastructure is employed to implement the hierarchical control structure
that corresponds to a secondary controller that is handled by the MGCC, as depicted in
Figure 2.4. Primary control in isolated MGs is performed by dispatchable DERs through
local decentralized droop controllers, to control frequency and voltage through load sharing.

19



Tertiary Control
* EMS of MGs and main grid.
+ Coordination of grid and MGs.

Y
Secondary Control

- EMS.

* Restores frequency and the voltage of the system due to operation of pri-
mary controls.

Y

Primary Control
+ Local active and reactive power controls.
* Droop freq. and voltage controllers.

Figure 2.4: Hierarchical control structure for isolated MGs [54].

2.2.1 Frequency Control
2.2.1.1 Decentralized Primary Frequency Control

DERs in MGs usually employ droop control to share power among them, emulating an SG
power-frequency relationship. The droop controller modulates the output of DERs as a
function of the frequency deviation as follows:

KPDER,Af = _<PDER - PDERo) (2.4)

where Ppggr, and f, are the DER nominal active power and frequency, respectively, while
Kp, . is the droop parameter. Hence, if the frequency of the system deviates due to load
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or DER changes or system disturbances, the primary control will attempt to restore power
balance in the MG and limit frequency deviations. A suitable value of the droop constant
must be selected to ensure a robust frequency response of the system, and it can be defined

as:
APpgr pu

Af Hz

KPDER -

(2.5)

The droop gains of DERs are selected based on their capability to provide active power.
DERs with high ratings tend to have higher gains, since they have more primary reserves
and have more capability for regulating the system’s frequency. For such DERs, a small
change in the system’s frequency would result in significant power injection or reduction
as illustrated in Figure 3.15 [59].

f(H) f(Hz)

p P, (pu) . ‘ > P, (pu)

(a) (b)

Figure 2.5: Droop characteristics of DERs: (a) 6% droop, and (b) 3% droop [56].

2.2.1.2 Centralized Frequency Control

A centralized control scheme is usually employed in the secondary control layer of MGs,
with the main objective of restoring the system’s frequency to its nominal value and remove
steady-state error from decentralized droop controllers and load changes. A basic secondary
controller employs a PI compensator to change the reference value for the active power by
APpggr, to be sent to DERs to restore the frequency as follows:

KIFS

APosn, = (Krp. 4+ 222 ) (1, 1) 2.6)
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where Kp, and K7,  are the gains of the PI controller, and f, is the nominal value of the
frequency. An alternative secondary frequency control based on optimization techniques
to regulate the frequency of the system is proposed in the next chapters.

2.2.2 Voltage-Frequency Control

As discussed in [43], the majority of the loads in MGs are sensitive to system’s voltage
changes, as per (2.2) and (2.3); therefore, these can have a significant impact on the MG’s
frequency, directly affecting primary frequency control. Figure 2.6, based on [22], shows
the frequency deviations in a MG for changes in DER generation and load demand, with
APpggr representing the change in the total generation of the MG, AP, corresponding
to the change in the system demand, and AP, representing the change in the voltage
dependent loads. Thus, a deviation in the frequency of the system due to a demand
change will force the governors of the diesel generators and the droop controls of the DERs
to adjust their output power, while voltage dependent loads will change with a reverse slope
depending on the system voltage. For instance, a frequency drop in the system would result
in increased generation from DERs, while a decrease in the DER voltage setpoints of the
voltage regulators would decrease the demand of the voltage dependent loads. Thus, with
suitable DER voltage control, the MG frequency deviation after a disturbance can be
minimized, as discussed in [44].

Figure 2.6: Frequency deviation after load and generation changes.
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2.2.3 Voltage Control
2.2.3.1 Decentralized primary Voltage Control

The droop controllers in DERs are also capable of voltage control by adjusting the reactive
power output as a function of voltage deviation as follows:

AV = Kpgr, AV = —(Qper — QDpER0) (2.7)

where ()pgro, and V, are the DER nominal reactive power and voltage, respectively, while
Kpgr, is the droop parameter of the voltage control. Therefore, if the voltage at the PCC
of a DER deviates due to a disturbance, the DER would inject or absorb reactive power
to limit further voltage deviations, as illustrated in Figure 2.7.

v (V) 4\)]

} QDER(pu) . < ’ Q[)ER(pu)
QDERo QI)ERI
(b)

Figure 2.7: Voltage droop characteristics of DERs: (a) 6% droop, and (b) 3% droop [56].

2.2.3.2 Centralized Voltage Control
Similar to secondary frequency control, a basic secondary controller employs a PI compen-

sator to change the reference value for reactive power by AQpgr,, which is sent to DERs
to restore the voltage of the system as follows:

KIVS

AQprr, = (KPVS + )(Vo -V) (2.8)
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where Kp, and Ky, are the gains of the PI controller, and V; is the nominal voltage.
As discussed in the next chapter, advanced secondary voltage control approaches based on
optimal and distributed control techniques are proposed in this thesis.

2.2.4 DC MGs

The use of dc MGs has increased recently, mainly due to their control characteristics, the
increased availability of dc loads (e.g., LED lighting), and the fact that it reduces the need
for dc/ac conversions in DERs; furthermore, as opposed to ac MGs, the lack of reactive
power control in these systems is a significant advantage since the control and operation of
these MGs would be simpler, with lower voltage drops across feeders [56]. However, these
systems present significant protection challenges [60]. A typical topology for a dc MG is
shown in Figure 2.8. Hence, the structure of a dc MG consists of a low voltage network
(e.g., 750 Vq.), with controllable and uncontrollable dc/ac loads, dispatchable DERs such
as BESSs; intermittent DERs such as solar PV and wind turbines, and an MGCC or a
coordinator with decentralized controllers [54].

AC Grid
DER
DG DC
DC DC/AC
BESS
_|__ Load
T

Figure 2.8: Typical dc MG layout [56].
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2.2.4.1 DC-DC Converters

DERs in dc MGs are interfaced with dc-dc converters to regulate and control voltage and
output power. A typical model of an average bidirectional Buck-Boost converter is shown
in Figure 2.9 [56,61]; note that the controller employs a droop approach to ensure adequate
voltage regulation and load sharing. A conventional hierarchical control scheme similar to
the one shown in Figure 2.4 could be utilized to control dc MGs.

T T T T T Average Model T 1
1 Bidirectional Buck-Boost Converter 1
1 1
: I/2= d III Ide :
[ T i 1-'d e
| : i = di, ! VT
| + ne= -><> 6/} - | ,
PV/WG/Battery : 1-d l 1 LG Filter : Vdc
T . X :
| 1 - - = - - s Bl B i 1
1 1 1 -
L T ! —
d (Duty Cycle)
;Vultage Contral |.I]I]|J .::- Current Control Lnup.:
1 n 1
: Vie,, >/+—\ K, :—1*,» KK /s :
1 n 1
1 n 1
1 Ve " Ide 1

Figure 2.9: Typical average dc-dc converter for DERs [61].

2.2.4.2 DC Loads

Loads of dec MGs could be either dc or ac. If the load is dc, it is interfaced with a buck
converter as shown in Figure 2.10, but if it is an ac load, it is connected to the dc MG
through an dc-ac converter as shown in Figure 2.3. Thus, the loads behave like constant
power loads due to the presence of the converters and their V' and I controls, which would
have a detrimental impact on the stability of the system if a disturbance occurs in the
system, as these loads are not voltage dependent [37,38].
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Figure 2.10: DC load model [61].

2.3 MMG System

2.3.1 Architectures and Layouts

An MMG has different layouts, architectures, and technologies (dc and ac systems) as
discussed before. Common network architectures of interconnected MGs presented in the
literature are [42]:

e Parallel connected MGs with an external entity. This external entity could be the
host grid (the main network) or could be a power router that interconnects the
MGs, as shown in Figure 2.11(a). This topology is the most realistic one since the
microgrids would likely be interconnected through a medium voltage host grid, as
observed in most MMG studies [13].

e Series interconnected MGs and host grid, with some MGs having more than one
external interconnection, as shown in Figure 2.11(b). It should be mentioned that
"MGs” with multiple connections points are not MGs in principle, since the latter
have by definition a single PCC.
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Figure 2.11: Different MMG architectures [42].

e Mixed parallel/series connection that involves a combination of the aforementioned
architectures as shown in Figure 2.11(c).

Each layout has its advantages and disadvantages in terms of protection, reliability, costs,
and stability. The MGs in the system could be either ac, dc, or dc-ac systems. To solve
synchronization problem among the interconnected MGs, a power exchange unit that con-
sists of VSCs and BESS has been proposed to interface the MGs to enhance and control
the energy exchange among the interconnected MGs [14,41], as previously discussed.

2.3.2 Centralized Control

As already mentioned, an MMG could be controlled and coordinated either through cen-
tralized or distributed control schemes. Each one of these schemes has its advantages,
disadvantages, and applications.

In a centralized control scheme such as the one depicted in Figure 2.12 , a global central
controller obtains data from the system to be used in solving an optimization problem to
enhance the stability and energy management of the whole MMG. These data include the
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Figure 2.12: Centralized control of an MMG [4].

generation profile of DERs, SOC of BESSs, and load profiles. A centralized control system
is effective at controlling an MMG system [4]; however, if there are multiple owners in the
system, such a scheme may be difficult to implement.

2.3.3 Distributed Control

A multi-agent control scheme is the most widely used method for a distributed control of an
MMG, where each MG becomes an intelligent agent that communicates with neighboring
MGs [7]. Such a control method enhances system reliability, since the failure of an agent
does not result in a network-wide failure, and it can be readily implemented for large
networks, since it could be easily scaled, as there is no need to handle a significant amount
of data from the whole system, unlike a centralized control approach.

A multi-agent control system has several drawbacks that could affect its performance.
For instance, optimal coordination among the MGs could become an issue, since reaching
a consensus among the MGs could be difficult [4]. Hence, these control approaches are
typically sub-optimal.
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Figure 2.13: Distributed control of an MMG [4].

2.4 Virtual Synchronous Generators

The proposed converters that interface the considered ac and dc MGs in this thesis are
assumed to have a control system that behaves like an SG, by emulating its inertia and
damping characteristics through the implementation of the SG swing equation in the con-
trollers of the interfacing VSC [62]. Several models have been proposed in the literature
to reproduce the dynamics of SGs in VSCs, most of which are voltage controlled, making
them susceptible to faults due to the lack of current control loops. Other techniques are
based on current control VSGs, which are dependent on a Phase Locked Loop (PLL) for
synchronization with the grid. The authors in [63,64] present the control architecture used
here, which overcomes the aforementioned issue associated with existing VSG models, and
consists of robust cascaded control loops, where a voltage control loop utilizes the virtual
rotor angle as a reference, which is generated by the internal swing equation model, cas-
caded with a current control loop. However, the proposed VSG is not considered in the
context of B2B converter interfaces, and the operational constraints on the dc side of the
VSC and the AVR of the VSG are not considered, which are all issues addressed in this
thesis.
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2.4.1 VSG Governor and AVR model

The generic architecture of a VSG is shown in Figure 2.14, derived from [64], which consists
of several control loops such as an AVR, the VSG swing equation that includes the governor,
a virtual synchronous impedance, and standard VSC voltage control and current control
loops [65]. A VSG is centered on the virtual implementation of SG swing equation [62]:

Pgov - Pe =J wysa dw(;;SG
where P,,, is the input power obtained from the virtual governor, P, is the output power
of the VSG, J is the virtual moment of inertia, D is the virtual damping factor, wysg
is the angular velocity of the VSG, and wpyy, is the angular frequency obtained from the
PLL. The angular velocity defines the virtual rotor angle 6, which is fed to the dq/abc
and abc/dq conversion blocks to synchronize the VSG to the grid, as follows:

+ D(wyse — wprr) (2.9)

dbr

E = wWvsag (210)
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The VSG governor includes a droop control to implement the frequency-power rela-
tionship in SGs to share the load demand proportionally among the VSGs, which yields
the virtual prime-mover power Py, in the swing equation, and is implemented as follows:

Kp(Wrer —wysa)
14 7s

Pyo» = + P, (2.11)

where Kp is the VSG droop coefficient, P, is the VSG reference power, and 7 is the virtual
turbine time constant.

The AVR generates the virtual internal field voltage Fy4, and is used to implement the
voltage-reactive power relationship through droop control as follows:

Eq= KQ(QO - Qout) +V,— V:)ut:| (KPQ + %) (212)

where @), is the reference reactive power, (), is the reactive power output, K¢ is the
droop coefficient, V, is the reference terminal voltage, V,,; is the VSG output voltage, and
Kp,, and Kj, are the gains of the AVR PI controller.

2.4.2 Virtual Synchronous Impedance and Voltage Control Loops

The virtual internal field voltage E,; generated by the AVR is behind a virtual synchronous
impedance R, + j X, and is fed to the voltage control loop to regulate the terminal voltage
of the VSG. Thus, the following are the reference input voltages V, and V,, for the voltage
control loop:

Vio = Eq+ X, I, — R, (2.13)
Vo =0— X,I;— R, (2.14)

These are then utilized in the voltage control loop to generate the dg-axis components of
the reference currents for the inner current control loop as follows:

K
K
Lye, = (Voo — Vo) (KPV + %) + Vi wvse Cr + Iy Gs(S) (2.16)
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where G¢(S) is a first-order transfer function of a feed-forward filter, I, and I, are the
dq components of the output current, and Kp, and Kj, are the parameters of the PI
controller of the voltage control loop. The reference currents have hard-limits to protect
the VSC from overcurrents.

2.4.3 Current Control Loop

The inner current control loop generates the decoupled dq components V; and V., which
are fed to the dq/abc conversion block to be used as a reference for the average modeled
VSC, as follows:

K
Vd* = (Idco — [dc) (Kpl + %) — ]qc wVS(;Lf + V;i fo(S) (2.17)
* KI]
Vi = ge, = Lge) | Kp, + 5 + Lge wysaLy + Vg Gys(S) (2.18)

where Kp, and K7, the parameters of the PI controller of the current control loop.

2.5 Summary

This chapter briefly covered the main relevant background for the proposed research. Thus,
a general overview of MG modeling, operation, and control were first presented. Then, a
brief review of dc MGs was provided. Different layouts and architectures of an MMG were
also discussed, together with associated, coordination, and control issues of a network of
MGs. Finally, the VSG principles models, and controls used throughout the thesis were
presented.
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Chapter 3

Distributed Control of
Interconnected MGs

This chapter first presents a distributed, droop-free voltage control of a dc MG in grid-
connected and isolated mode. The proposed control technique, based on a distributed
consensus approach, addresses reliability issues of centralized controllers that are prone to
single point failure, while sharing the loads among DERs more effectively than conventional
decentralized droop controllers. The distributed control scheme is implemented, demon-
strated, and compared with a conventional droop control using time-domain simulations
for a model of an actual de MG in Xiamen University, China, based on various realistic
scenarios.

The second part of the chapter proposes a hierarchical control scheme based on the
aforementioned distributed controller to coordinate the MMG system. Thus, a proposed
control approach of MG interfaces is presented, based on VSGs to control the power ex-
change of interconnected ac and dc MGs, and provide frequency support, voltage regula-
tion, and virtual inertia for individual MGs and the host grid as required. A hierarchical
distributed control technique is proposed, with primary controls of interfacing VSGs pro-
viding adaptive inertia for the ac systems, while a secondary distributed control of the
system regulates the frequency and the voltages of the host grid and the interconnected
MGs, based on a consensus technique with limited information about the overall system.
The proposed controller shares the total system load among the grid and MGs, while
minimizing the overall frequency and dc-voltage deviations in all interconnected systems.
The presented interface and the controller are implemented, tested, and validated using
time-domain simulations for an MMG test system, which is based on a CIGRE benchmark
medium voltage system and consists of both ac and dec MGs.
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Figure 3.1: Test dc MG based on [66].

3.1 Distributed Droop-Free DC Voltage Controller

The proposed controller described in this section is based on distributed consensus control
theory [39], which is first applied to a dc MG, and later for an MMG system.

3.1.1 DC MG Configuration

The test dc MG used here is based on a building at Xiamen University [66], which is a two-
wire, unipolar 380V dc grid as shown in Figure 3.1. The MG contains a set of 150 kW PV
panels; a 200 Ah, 336 V lead-acid battery bank, split in two parts to increase the number of
DERs for testing purposes; and a 160 kW bidirectional ac-dc converter for grid connection.
The loads are 20 kW LED lights, a 40kW Electrical Vehicle (EV) charging station, and a
30kW Air-Conditioning (A-C) system. Line resistances are small (5 m{2), given the small-
scale of the dc grid [56]. Average converter models are used to model the interface of all
grid components, as described in Chapter 2. The data for the this test system is presented
in Appendix A.
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3.1.2 Communication Graph Algebraic Theory

To form a bidirectional communication graph, the dispatchable DERs of a dc MG are linked
with communication channels. Two sets of vectors are used to represent a graph G = (V, &),
where &€ represents the links from node v; to node v;, while the set V contains the vertices
or nodes of the graph [vy, va, .., vy, corresponding only to the systems’ dispatchable DERs
[39]. A connectivity matrix Ag = [a;;] includes weights a;; = 0 if DER 4 does not exchange
information with DER j, or a;; > 0 if a link (v;,v;) € &€ exists.

The communication topology of an MG, shown in Figure 3.2 for the test dec MG, as
per [39], is sparse and includes spanning trees, is robust against communication link failures,
and reflects the geographical placement. In this topology, the communication links among
the DERs are bidirectional and each DER can communicate only with neighbouring DERs.
The connectivity matrix of Figure 3.2 is then:

Ag = (3.1)

S = O
_ o =
S = O

ref

ref

|
o

Figure 3.2: Proposed communication graph of the test dc MG.
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Figure 3.3: Proposed distributed consensus controller for DC interfaces.

3.1.3 Proposed Distributed Controller

The proposed and generic distributed technique to regulate the voltage of a dc MG consists
of two parts. The first one is the local voltage control loop for all dispatchable DERs as
follows:

K
A[ref = (‘/;lc'ref — Vdc) (va -+ SIV) (32)

where Vi, is the reference rated voltage of the dc MG, and Vg, is the measured voltage
of the dc MG, as shown in Figure 3.1; Kp, and K, are the parameters of the local PI-
controller of the voltage control loop; and AI.f is the change in the reference current to
be used in the inner current control loop of the distributed controller. Note that non-
dispatchable DERs (e.g., solar PV sources ) are not controllable since their output power
is intermittent, as these are designed to obtain their maximum available active power [27],
and hence do not participate in the proposed control approach. Therefore, for the example
considered here, the controlled dispatchable DERs are the grid connection, BESS 1, and
BESS 2, operating at Vg, ., = 380 V.
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The output current changes of neighbouring DERs AI; are communicated to the local
DER i, to be used in the inner current control loop as follows, based on a consensus control
principle technique:

1 = Z aij( - —> + bz (A[ref — I ) Vi (33)

jJEN, Imam]- ]maxi mazx;

where AI; is the local control signal tracking Al,.; for DER 4; Al is the output current
variation of a neighbouring DER j; In4e; and 4., are the maximum current capacities of
the neighbouring DER and the local DER respectively; a;; is either 1 or 0, depending on
the communication network linking the dispatchable DERs, as explained in the previous
section; and b; is a binary variable set to 1 if the DER has access to the reference current

Al,.r generated from the voltage control loop, otherwise b; = 0. The tracking current error

% integration results in the convergence of AIl; to Al,.;. The dispatchable DERs of the

system are then integrated with the proposed controller as shown in Figure 3.3 and Figure
3.4.
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Figure 3.4: Proposed distributed consensus controller for the AC grid interface.

3.1.4 Case Studies and Results

The aforementioned distributed control technique is demonstrated and validated on the
test system shown in Figure 3.1. A dynamic model of the system is implemented here,
and throughout the thesis, for time-domain simulations in PSCAD [67], based on average
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converter models.

The grid connection and BESSs are responsible for regulating the voltage of the system,
while the solar PV DER produces an output power obtained from an actual generation
profile [68], as shown in Figure 3.5 with its impact on the system voltage for conventional
droop control. The initial droop gains of the primary voltage controllers of the grid con-
nection and BESSs are selected by trial-and-error to ensure that the voltage of the dec MG
does not deviate by more than 10 % due to the variability of the output power of the PV,
and considering load sharing proportional to DER rating.

3.1.4.1 Validation and Comparison

In Figure 3.6, the proposed distributed controller is compared with the conventional pri-
mary droop control, as described in Chapter 2, with different droop gains K. Observe that
as droop gains of the DERs increase, the voltage regulation of the system improves. How-
ever, the proposed distributed control technique performs much better than conventional
droop control even if a high gain is chosen, with the dc voltage being always maintained
close to the rated 380 V.
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Figure 3.6: DC MG voltage with conventional droop control and the proposed distributed control.

The output powers of the grid connection and the BESSs with the proposed distributed
control are shown in Figure 3.7. Note that the proposed distributed technique shares
the power proportionally among the DERs according to their maximum current capacity.
Observe also that the power exchange with the grid connection is significant compared to
the other DERs, since the power capacity of the grid connection is bigger. A centralized
integrator-based controller, which is an alternative option to recover the dc voltages in
the MG, could be implemented and compared with the proposed decentralized approach;
however, this was not pursued here, as this is a well-known solution, and the research was
rather focused on the development and implementation of a decentralized approach.

3.1.4.2 Stability Analysis

The impact of the distributed controller on the post disturbance stability of the system is
empirically investigated in this section, with the output power of the PV being reduced by
50 % at t = 100s. The simulation results using conventional droop control, with maximum
droop gain for all DERs, and the distributed controller are shown in Figure 3.8. Note that
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the conventional droop control becomes unstable, while the proposed distributed controller
is stable and recovers the system voltage to the nominal value.

20 40 60 80 100 120 140 160 180
t(s)

Figure 3.7: Output power of dc MG DERs for the proposed distributed control.
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3.1.4.3 Communication Link Failure and Islanding Mode

This section investigates the impact of islanding the dc MG by disconnecting the grid
interface at ¢ = 100s, which is the slack DER for this system and thus sized to cover all
power demands, to test the robustness of the distributed controller against a communica-
tion link failure. The simulation results using conventional droop control and the proposed
distributed controller are shown in Figure 3.9. Observe that the distributed controller
maintains the voltage of the dc MG close to the rated voltage, even if the communication
link to the grid interface is lost and the MG is islanded, demonstrating the robustness
of the distributed controller. The conventional droop control, on the other hand, shows
significant voltage variations compared to the distributed controller.
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Figure 3.9: DC MG voltage after disconnecting the grid interface and a communication link failure at
t =100s.

3.1.4.4 Communication Delay

The impact of communication delay on the distributed control technique is investigated
in this section. In this case, the output current measurement of a neighbouring DER AJ;
received by DER i is subjected to a time delay G4(s) = e °7, where 7 is the time delay.
Hence, equation (3.3) is modified as follows:

dAIL; AL AI _ Al .
el Z a;j <I e — > + b; <A.Tmf -7 ) Vi (3.4)

h maz; Iz, maz;
JEN; 7 * *

The controller was thus tested with the following time delays: 7 = 20ms, 7 = 0.5s, 7 = 53,
and 7 = 15s to emulate various operating conditions.

The simulation results are shown in Figure 3.10, where it can be observed that the
performance of the distributed controller is only affected when time delays are longer than
7 = 58, which satisfies 0.1s to 5s time delay requirements for smart grid applications [69].
Note that the performance of the proposed distributed controller is superior to droop
control for communication delays of up to 7 = 5s.
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Figure 3.10: DC MG voltage with different distributed control communication latencies.

3.2 Distributed Control of MMG

3.2.1 Proposed AC Micorgrid Interface

The proposed control scheme interfaces the dc and ac MGs with the host ac grid through
a VSG controller. This approach offers several advantages, such as full controllability of
the power flow among the linked MGs, while decoupling the frequencies of ac MGs and the
voltage of dc MGs, thus allowing MGs to operate at different frequencies or dc voltages,
hence minimizing the impact of disturbances on the MGs. This also allows providing virtual
inertia by implementing the aforementioned VSG control approach in the B2B converters,
which modulates the inertia of the interconnected system and thus improves the frequency
response of the overall system.
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3.2.1.1 B2B VSG Interface

The B2B interface consists of two VSC connected through the DC-Link as depicted in
Figure 3.11 [65], where each VSC includes the control loops shown in Figure 3.12. The left-
hand side connects to the MG while the right-hand side connects to the main ac grid. Both
VSCs are capable of operating in VSG mode and regulate the DC-Link voltage, depending
on the coordination technique for the MMG system. Thus, if the ac MG needs frequency
regulation, the left-hand side VSC will operate in VSG mode and provide frequency support
for the MG, while the right-hand side regulates the DC-Link voltage. If the MG has excess
generation capacity from its DERs, it can export power to the rest of the system by
operating the right-hand-side in VSG mode, while the left-hand-side VSC regulates V..

AC Microgrid Flter L R DC-Link R L Fiter AC Grid
m _|_+ m
VSCI T V. VSC 2
~ ;j: C C T 'JF
VSG Controller / VSG Controller /
DC-Link Controller DC-Link Controller

Figure 3.11: B2B VSG Interface.

3.2.1.1.1 DC-Link Voltage Regulation

The VSC that regulates V. works in current control mode, controlling the active power
output of the VSC to satisfy the power balance of the DC-Link and maintain a constant dc
voltage. The dg-components of the reference currents in this case are calculated as follows:
I _2 Prefv;i—'—Qrer:]
e T3 V2
2 Prefv - Qref‘/d
I‘b‘ef . (; 2 (36)
3 Vi+V;
where V; and V, are the dg-components of the output voltage, and P,.; and Qs are the
desired active and reactive power, respectively, with P,.; being obtained from the DC-Link
voltage regulator loop as follows [65]:

(3.5)

KIdc

Prep=—(Vie, = Vie) (KPdc + > + Plc (3.7)
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Figure 3.12: VSC with VSG control scheme interface [64].

where V., is the reference DC-Link voltage, V. is the actual DC-Link voltage, Kp4. and
K4 are the parameters of the PI controller of the dc link regulator loop, and P, is the
feed-forward term that represents the DC-Link power, which is approximately equal to the
output power of the other VSC that is operating in VSG mode.

The reference currents Iy, and I, are inputs for the current control loop with de-
coupling feed-forward terms to obtain the dg-axes voltage references, which are fed to the
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VSC in Figure 3.12 after transformation to the abc-reference frame, as follows [57]:

K
Vd* — ([d'ref — [d) (KPI + %) — quf — V;] waRf + %(1 — wQLfo) + Ide (38)

Ky,

Vi = 0

q

— <KPV + > +lawLy + Va wCila + Vo(1 = w’LyCy) + IRy (3.9)
The parameters of the PI controllers of the DC-Link voltage regulator and the current
control loop are tuned to ensure the control loops are stable when the VSC injects or
absorbs its rated power [70,71].

3.2.1.1.2 VFC

It is usually assumed that reactive power does not impact the DC-Link power balance, since
it is produced from the exchanged energy among the phases of the VSC [65]. However, in
ac MGs, loads are typically voltage-dependent, and hence, with suitable voltage control,
the frequency of the MG could be controlled by controlling the operating voltage of the
MG [44], minimizing the impact of disturbances on the system and creating more active
power reserves, thus allowing the VSG interface to export more power to the rest of the
system. Therefore, the AVR of the VSG is augmented here with a VFC controller based
on [44], considering that the loads of the MG are represented by an exponential model
per (2.2) and (2.3). Thus, adjusting the voltage setpoints of the DERs and the B2B VSC
affects the load demand as follows:

Nr,
APp =Y Kpp[(V+AV)™ —Ver] v (3.10)
=1

The frequency of the system could then be controlled by adjusting the change in the
operating voltage of the MG as follows:

K 1+
AV = (KPVFC + IVFC) TS A

3.11
S L+ 79,5 ( )

where Kp, . and K, .. are the parameters of a PI controller, and 71, and 73, are lead-
lag time constants. It is important to note that the VFC does not only provide frequency
regulation by adjusting the voltage setpoints, but also enhances the VSG fault ride-through
by reducing output voltage during faults. The proposed VFC is integrated into the AVR
of the VSG interface.
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Figure 3.13: AVR with VFC.

The AVR in Figure 3.13 consists of a reactive power droop controller cascaded by a
VFC, which generates the reference voltage V* for the voltage regulator as follows:

Vi=V,+ AV + Kq (Qo T ff S) (3.12)
Q

The regulator then utilizes a PI controller to generate the virtual internal field voltage Ey
as follows:

K
Ba= (Ko + 2202 ) (=) (3.13)

3.2.1.1.3 Adaptive Inertia

Unlike conventional SGs, the inertia and damping characteristics of the VSG could be
adjusted with a suitable controller to obtain an optimal frequency response and enhanced
stability. The technique proposed here is based on adjusting the inertia constant of the
VSG as discussed in [72]; however, that approach has some limitations, since it alternates
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Figure 3.14: Rule-based VSG adaptive inertia.

the inertia constant between a large inertia J,;; during acceleration of the VSG and a small
inertia Jg,q; during deceleration of the VSG, independent of the operating condition of
the system and the severity of the disturbance. Furthermore, the damping constant of
the virtual swing equation is not utilized to further improve the dynamic response of the
system.

The control technique proposed here adjusts the values of the inertia and the damping
constants using the rule-based approach shown in Figure 3.14, based on a low pass filtering
of the measured rate of change of the wygsg, with parameters K and 7; this is more
accurate and requires less measurement than the method presented in [72]. Thus, the
proposed controller samples and filters the absolute value of the derivative of the angular
velocity of the VSG, yielding arp in Figure 3.14 to determine if the VSG is accelerating or
decelerating and to capture the severity of the disturbance. If the VSG is accelerating, a
large inertia constant Jy;, (e.g., Jyig = 10J,) is chosen, while also adding ayp to reflect the
disturbance stress; this slows the VSG and limits further frequency excursions. Otherwise,
a small inertia constant Jg,a (€.8., Jsmau = Jo/50) is chosen to speed up the recovery of
the frequency of the system. However, if the frequency at the converter regulating the dc
voltage drops below a minimum frequency (e.g., fmin = 59.8 Hz), the controller chooses a
large value for the damping constant Dy, (e.g., Dyig = 3D,), and adds arp to reflect the
disturbance severity, while reducing the inertia constant to its minimum value Jg,,q;, as
illustrated in Figure 3.14, which makes the VSI on the VSG side sluggish, thus reducing
its power draw. This will have a stabilizing effect on the system regulating the dc voltage,
especially during disturbances, since it would mitigate the possible collapse of the DC-Link
voltage of the B2B converter, and prevent frequency or voltage collapse on a system that
does not have enough generation capacity to regulate the DC-Link.
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Figure 3.15: DC MG interface.

3.2.1.2 DC MG Interface

A dc MG interface connects these types of MGs to the MMG system, as shown in Figure
3.15. The VSC converter in this case utilizes a different VSG control with VFC than the
B2B, as explained next.

The presence of converter interfaced loads in dc MGs have a detrimental impact on
the stability of the system, since they act as constant power loads, resulting in a negative
incremental impedance that causes significant voltage and power oscillations in these MGs
[37,38]. Thus, the dc converter interface can contribute to reducing voltage oscillations in
dc MGs if a proper controller is utilized. In this case, the impact of a VSG dc MG interface
on the dynamics of the dc MG can be examined by analyzing the equations that represent
the dynamics of the currents and voltages. Thus, the current of the interface from the dc

side can be calculated as
Pdc

[dc =
%CAI G

(3.14)
where Vg, is the dc MG voltage, and Py, is the converter’s dc side power; for an average

model of the converter, P;. = P,. neglecting converter losses. The dynamics of an average
model dc DER, based on the simplified MG model shown in Figure 3.15, can then be
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VSG dc MG interface.

written as follows:

df
ded_tL = Vper — Raclr — Vieye
dVie
Clfe M — [} — I,
d, dt L d
Pch + Pdc
lae ==, —=
depa
d
JWVSG w(;;SG = Pgov - Pdc — DAw
dVp
C L—T.—1
f dt g
dl,
Lyt = Vo= Ryl = Vo,

(3.15)
(3.16)

(3.17)
(3.18)

(3.19)

(3.20)

where Vg, I. and I, are the phase a filter voltage and converter output currents respec-
tively. A set of state-space linear time-invariant first order differential equations can be
obtained from equations (3.15)-(3.20) as follows:

Az = AAz + BAu
Ay =CAx + DAu

(3.21)

(3.22)

Based on this linear model, the impact of damping and inertia constant on the dominant
eigenvalues can be obtained. Thus, it can be observed in simulations, as shown in Figure
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3.16 that increasing the damping shifts the dominant eigenvalues to the left in the complex
plane, leading to a more stable system, while increasing the inertia constant shifts the
dominant eigenvalues to the right, resulting in oscillatory modes. Hence, the proposed
controller for the dc-ac converter should adaptively adjust the damping constant as a
function of the absolute value of the rate of change of the VSG angular velocity, so that
the VSG damping through Awysq increases, as follows:

L7, s Kees

1 + 79,51 4+ 748
where D, is a nominal value of the damping constant, and K, and all 7’s are gains
and time constants that need to be properly tuned. Hence, this controller ensures that the
interface power exchanges with the rest of the system do not result in significant de-voltage

transients. This interface may also include the previously discussed VFC controller for the
ac host grid.

D

]AwVSG] + D, (323)

3.2.2 Proposed Distributed Control System

A distributed droop-free frequency and dc-voltage control that fulfills the role of secondary
control is developed in this section to coordinate the grid of MG system by controlling the
output powers of the MG VSG interfaces. The technique is derived from the distributed
consensus technique proposed in Section 3.1.2; which is modified to coordinate both ac and
dc MGs in the MMG system.

Based on bidirectional communication, the proposed distributed control consists of a
control layer that is associated with a communication graph approach discussed in Section
3.1.2. The aim of the controller is to coordinate the output powers of the MGs, and thus,
the interfacing VSGs are linked with communication channels to exchange coordination
information. Thus, the proposed communication topology to coordinate the MMGs, as for
example in the system shown in Figure 3.17, as per [39], the spanning tree communication
links among the MGs are bidirectional and each MGs can communicate only with neigh-
bouring MGs, while the host grid communicates bidirectionally with all MGs. Thus, the
connectivity matrix is defined as follows:

001100
0007101
100110

AG_110110 (3.24)
001101
0101 10
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Figure 3.17: Communication topology of the proposed distributed controller.

3.2.2.1 Adaptive Distributed Control

The proposed distributed consensus controller relies on a rule based technique to coordinate
the output powers of the MGs, which is based on normalized indices of frequencies for ac
MGs and dc voltages for dc MGs, as follows:

5 = _ ¥~ Ymin_ (3.25)

Ymaz — Vmin

where %f is the normalized ac frequency or dc voltage index; v is the actual frequency or
dc voltage of the MG; V42 and i, are the maximum and minimum allowable frequency
or dc voltage deviations. Thus, if 4, > 0, MG i has available power generation from DERs
and VFC, with the MG acting as a source through the VSG interfaces, which is controlled
by the distributed consensus controller described below. Note that the MGs are allowed
to exchange power with the host grid as long as the frequency or the dc-voltage index is
Yi = Ymin, to allow a suitable margin for the MGs to act either as a source or a load, since
the DERs and VFC regulate the frequency of the MGs to its nominal value. If 4, < 0,
MG ¢ has a power imbalance due to not enough generation to supply local demand, with
the MG being considered a controllable load in this case. If 4, = 0, then there is no power
exchange with the MMG, as either the ac frequency of the MG is at f,.;, (e.g., 59.8 Hz as
per [73]), or the dc voltage of the MG is at its minimum steady state value V,,,;,, (e.g., 675

o4



Frequency / DC-Voltage Index

APrg,
. A
calculation -

MG INTERFACE i

Y
Y

Y

Equation (3.26)

Y

Equation (3.17) & (3.28)

NN

APMG1 APMGQ APMGN

Figure 3.18: Proposed MMG distributed controller.

V), which is a 10% voltage deviation of the nominal value, according to [74] for the test
system in Section 3.2.3). If 7; = 1, either the ac frequency of the MG is at its maximum
value (e.g., 60.2 Hz as per [73]) or the dc voltage of the MG is at its maximum value at its
nominal value (e.g., 825 V or 10% for the test system in Section 3.2.3).

3.2.2.2 Rule Based Controller

Unlike the distributed control technique proposed in [39], which only coordinate the DERs
of a single MG. The proposed controller here coordinates the MMG system to regulate both
the frequencies of ac MGs and the dc voltages of dc MGs. Thus, the proposed distributed
consensus control is activated for an MG when its 7; > 0, in which case:

Py = 7iPua, (3.26)

where Py, is the maximum output power of the interfacing VSG, and P, is used in the
distributed consensus controller to share the power proportionally among the MGs. In this
case, the MGs coordinate their output power through the distributed consensus controller
as follows:

/ / K .
APyg,.; = (70 — ) (Kp + ?f) Vi (3.27)
— =) - i MGy — i :
d JEN; T\ P MG P MG, ! P MG,
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where equation (3.27) is the local frequency control loop; 'y; is the index value corresponding
to the nominal frequency 7, of the main grid; 7' is the measured frequency index of the
main grid; Kp and K are the parameters of the local PI-controller of the frequency control
loop; and APyq,,, is the reference power to be used in the inner power control loop of the
distributed consensus controller.

Equation (3.28) is the inner power control loop, where output powers of neighbouring
interfacing VSGs are communicated to the local VSG interface i, to be used in the inner
power control loop. In this equation, APy, represents the local control signal tracking
APyg,., for MG i; APy, is the output power variation of a neighbouring MG j; P,
and P, are the maximum power capacities of the local MG and neighbouring MGZ7

respectivély, which are modulated by the frequency or dc-voltage index of the corresponding
MG as shown in (3.26); a;; is either 1 or 0, depending on the communication network linking
the interfacing VSGs, as explained in the previous section; and b; is a binary variable set
to 1 if the VSG has access to the reference frequency index APyq,,, generated from the
frequency control loop, otherwise b; = 0. This equation results in the convergence of APy;¢,
to APyg,.,. The proposed distributed controller is implemented as shown in Figure (3.18).

If the MGs have a frequency index 7; < 0, the MG acts as a controllable load. In this
case, the interfacing VSG regulates the frequency or the dc voltages as a function of the
frequency index of the main grid, such that if the main grid frequency decreases, the power
exchange from the main grid to the MG that acts as a load decreases as follows:

i ’ K
APyg,, = (3 =) (Ke s 52) i (3.20)
The proposed controllers is integrated into the VSG shown in Figure 3.12 to control
the VSG reference power P, (2.11), inside the VSG governor block. Note that the DERs

within the MGs utilize droop control and VFC to regulate the frequency of ac MGs and
the dc voltages in dec MGs.

3.2.3 Case Studies and Results

The proposed VSG-based interface and the aforementioned controllers are tested, validated,
and compared on an MMG system derived from a CIGRE benchmark MG test system,
which has been used for several studies [44,57]. The topology of the MMG is depicted
in Figure 3.19, which has been implemented for time-domain simulations in PSCAD [67],
and consist of five MGs, two of which are dc MGs while the rest are ac MGs. DC MG
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1 consist of a 1151 kW converter-interfaced load with power controls, two BESSs rated
at 431 kW each, and a solar PV DER rated at 520kW; dc MG 2 consist of a 1391 kW
converter-interfaced load with power controls, two BESSs rated at 481 kW each, and a
solar PV DER rated at 600 kW; ac MG 1 consist of a 1266 kW voltage dependent load, a
1040 kVA Diesel Generator (DG), a 212kW BESS, and a 485 kW Wind Generator (WG);
ac MG 2 consist of a 1091 kW voltage dependent load, a 978 kVA DG, a 212kW BESS, and
a 485 kW WG; and ac MG 3 consist of a 1260 kW voltage dependent load, a 1040 kVA DG,
a 212kW BESS, and a 485 kW WG. The data for this test system is provided in Appendix
B.

The WGs in all MGs are assumed to be type 4, modeled as explained in Section 2.1.2.3,
and are operated at unity power factor. The ac loads are assumed to be unbalanced as in
the original CIGRE MG system, modeled as explained in Section 2.1.2.4, and consist of
60% constant impedance load, 30% constant current load, and 10% constant power load.
The dynamic models of the DERs in ac MGs are the same as the ones used in the original
CIGRE MG system [44,57], as discussed in Section 2.1.2 while the dc MG DERs are based
on averaged models [75]. The rating of the VSG-based MG interfaces is 1.5 MW, and
modeled as discussed in Sections 2.4 and 3.2.1.
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Figure 3.19: MMG test system.

The proposed VSG-based interface’s performance along with the proposed controllers,
are compared through the following study cases:

e (Case 1 corresponds to the MG interfaces integrated into the host grid using frequency
and voltage droop controllers, which is the existing approach.

e (Case 2 corresponds to the MG interfaces operating as VSGs with fixed inertia.

e Case 3 is similar to Case 2 but with the proposed VSG adaptive inertia controllers.
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e (Case 4 corresponds to Case 3 but with a distributed controller and VFC controllers.

These cases are tested through multiple sequential disturbances. Thus, first, the BESS
and WG of ac MG 1 are disconnected at t=25 s, followed by a 15% load shedding in ac
MG 3 at t=35 s, and a 50% reduction of solar PV power and a 25% reduction in BESS
output power in dec MG 2 at =50 s; finally, a three phase fault is applied at t=70 s at Bus
5 with a duration of 150 ms.

The simulation results in Figure 3.20 depict the frequencies of the ac MGs for the
aforementioned cases and disturbances. Note in Figure 3.20(a) that the MG 1 frequency
successfully and rapidly recovers to its nominal value in Case 4 for the first disturbance,
with Cases 3 and 4 showing better frequency response than the rest of the cases. Observe
for the other cases that the frequency falls below its nominal value, which could trigger
system protections. Notice as well that the proposed controllers do not result in significant
frequency deviations in the other ac MGs despite the increased power sharing, as shown in
Figures 3.20(b) and 3.20(c); this is due to the VFC, which provides power reserves in the
ac MGs by modulating the load voltages. Figure 3.20(c) shows the frequency of ac MG3,
with the sudden load interruption at 35 s resulting in an increase in the MG frequency for
Cases 1, 2, and 3; however, in Case 4, the proposed distributed controller increases the
power exchanged with the main grid at 50 s, since the exchanged power is a function of
the frequency index as defined in (3.26).

Figure 3.21 shows the voltages of the dc MGs. Observe that the disturbances result in
dc voltage oscillations for Case 1 and 2. Note also in Figure 3.21(b) that the dc voltage
of the de MG 2 successfully recovers to its nominal value for Case 4, while for the other
cases, the dc voltage deviates from its nominal value. It can also be observed that since
the exchanged power of the MG with the main grid is dependent on the dc voltage index
(3.26), the proposed distributed controller reduces its exchanged power with the rest of the
system, since the disturbances result in a reduction of the dc voltage index for the MG.
Finally, note that, in general, Case 4 shows better de-voltage regulation and dynamics than
the other cases.

Observe in Figures 3.20 and 3.21 that the Bus 5 three-phase fault at =70 s results
in instabilities for Cases 1 and 2. However, for Case 3 and 4, the system recovers and is
stable due to the proposed adaptive inertia. Table 3.1 shows the global average frequency
and dc voltage deviations for all test cases, demonstrating that the proposed distributed
controller has a superior performance compared to the other three cases.

Figure 3.22 depicts the interfacing VSGs’ active output powers with the proposed coor-
dination technique. Figure 3.23 illustrates the impact of the VFC on the voltages of the ac
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MGs and the host grid. Figures 3.24 and 3.25 show the changes in the moment of inertia
and the damping coefficient of the VSG interfaces due to the proposed adaptive inertia
controller, illustrating the expected variations on these controller parameters as the MMG
system condition change.
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Figure 3.20: AC MMG system frequencies for different disturbances.
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Table 3.1: Global average frequency and dc voltage deviations.

AfAVE AVdCAVE
Control scheme Haz % v %
Case 1 0.173623 | 0.289372 | 143.5068 | 19.13424
Case 2 0.182531 | 0.304218 | 148.708 | 19.82773
Case 3 0.045508 | 0.075846 | 26.0635 | 3.475133
Case 4 0.011235 | 0.018725 | 14.66873 | 1.955831
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Figure 3.21: DC MG voltages for different disturbances.
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1.10
1.05
1.00
0.95
>
3
0.90
0.85
----- ACMG 1
|~-—AcwmG2
0.801 " MG 3
.......... Host grid
0.75+— N ' ' ' ' '

20 30 40 50 60 70 80
t(s)
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3.3 Summary

A distributed control scheme was first proposed and discussed in this chapter for voltage
regulation of a dc MG, while proportionally sharing the loads among the DERs and acting
as a primary and secondary control at the same time. Simulation results demonstrate the
superiority of the distributed controller compared to conventional droop controls, which
present several technical challenges, such as the need for careful selection and tuning of
droop gains, and stability and voltage regulation issues. The proposed controller is shown
to be robust against system disturbances in a realistic test dc MG, and communication
link latencies, and could be readily implemented in dc MGs with minimal communication
infrastructure and thus costs.

In the second part of this chapter, a hierarchical distributed control system to regu-
late the frequencies and voltages of an MMG system was proposed and developed here.
The controller was integrated into a network architecture based on interfacing the MGs
with VSG-based MG interfaces, which provide virtual inertia through the realization of
the SG swing equation, providing frequency support for an MMG system. A hierarchical
controller was also proposed based on an adaptive inertia technique that enhances the sys-
tem’s frequency and dc-voltage responses by adjusting the inertia and damping constants.
Furthermore, a distributed controller based on an adaptive consensus technique was pre-
sented, which aims to coordinate the output power of both ac and dc MGs to regulate
the frequencies and the dc voltages of all MGs based on local MG measurements. This
controller can be readily scaled up for larger MMG systems, with minimum communica-
tion bandwidth and infrastructure, compared to existing centralized controllers that are
prone to single point failures. The results obtained for a test ac/dc MMG demonstrate the
advantages of the proposed VSG-based adaptive inertia and damping controllers for the
MG interfaces, coordinated by the presented distributed control approach.

Most of the contents of this chapter have been published in [75] and [76].
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Chapter 4

Frequency Regulation Through
Optimal Droop (Gain and Voltage
Control

This chapter first presents an adaptive active power droop controller and voltage setpoint
control in isolated MGs for optimal frequency response and stability after disturbances.
The control scheme involves an optimal and model predictive control approach that contin-
uously adjusts the active power droop gains and the voltage setpoints of DERs to maintain
the frequency of the system within acceptable limits and enhance the primary frequency
response of the system, while taking into account the active power sensitivity of the MG
loads to the system’s operating voltage. The proposed control scheme is tested, validated,
and compared with previously proposed techniques using time-domain simulations for a
test system based on a CIGRE medium voltage benchmark MG under different realistic
conditions, demonstrating the advantages of the proposed approach.

The second part of the chapter proposes an adaptive droop controller for the coordi-
nation of an MMG system, based on the aforementioned optimization-based controller.
The proposed controller is based on centralized control technique that adaptively adjusts
the droop gains of the interfacing VSGs based on an optimization problem, which also
integrates the adaptive inertia controller proposed in the previous chapter. The proposed
controller shares the total system load among the grid and MGs, while minimizing the
overall frequency and dc-voltage deviations. The controllers are implemented, tested, and
validated using time-domain simulations for an MMG test system of Chapter 3 that consists
of both ac and dc MGs.
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4.1 Droop and Voltage Control for Optimal Frequency
Regulation

As previously discussed, both DER primary frequency and voltage control in isolated
ac MGs play a significant role in frequency regulation. Since the droop parameters of
DER primary frequency controllers significantly affect the system’s frequency regulation,
choosing suitable droop gains for the DER is important, with low values resulting in a
poorly regulated system frequency, while high values could make some DERs unstable [25].
In addition, the operating voltage of the MG can significantly affect the load demand and
thus, the frequency of the system.

4.1.1 Optimization Model

An approach to overcome the aforementioned issues with primary control in isolated MGs
would be to formulate a control scheme that dynamically and optimally adjusts both
the active power droop constant and the voltage setpoints of the DERs, as per Figure 2.6,
using an optimization approach to minimize the difference between generation and voltage-
dependent loads. Therefore, a nonlinear optimization, discrete approach is proposed here
as explained next.

4.1.1.1 Objective Function

The main objective would be to minimize the power changes at time t every At in generators
and voltage-dependent loads as follows:

Npa NBEss

min AP, ZAPDU”—F Z APpgss;, — ZKLPl Vit = vEr) (4.1)

Kper,V

where Ppy is the output power of the Npy Diesel Generators (DGs); Pgpss is the out-
put power of the Nprpss BESSs; Kppr = (Kpg, Kprss) are the DER droop gains; the
parameter K p and ap; correspond to the load model in (2.2); and V' is the DERs’ volt-
age setpoints and load voltages, as the grid is neglected here as explained below, which
should be constrained within limits, i.e., V <V < V. It is assumed in this case that the
BESSs are fully charged and thus act as sources; charging BESS could be simply treated
as constant current loads in this approach.
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4.1.1.2 Droop Constraints

The droop constraints for DUs, BESSs, and their associated limits can be defined as follows:

Kpu,, = Bpv, Ppu,, Vi
0 < Kpuv,, < Kpy, Vi

Kpgss,, = Beess; PEss;,

0 < Kpgss;, < Kpgss, Vj

i ol o

~ T/~
Tt = W N
~— — ~— ~—

where Spy, and fpgss, are parameters chosen based on a linear relation between the
maximum power of DERs and maximum values of droop constants, as proposed in [41].

4.1.1.3 Power Constraints

The output powers of DUs and BESSs are constrained as follows:

Ppu,, = Ppu,,, + APpuy,, Vi
Ppy, < Ppy,, < Ppy, Vi
Pppss,, = Ppess,,, + APppss,,

Pppss, < Ppess,, < Pprss; Vj

And the power balance between generators and loads should be maintained, considering

system loss changes, albeit small, as follows:

Npu NBEss

Np
D APpu,+ D APppss, = Kin(V = V)
i=1 j=1 =1

4.1.1.4 BESS Constraints

The BESS SOC and its limits can be defined as follows [77]:

SOC;; = 50051+ (PgEssj,t Nc; — PgEssj,t/WDj)At

_ pC D
PBESSj,t - PBESSL,: - PBESSjyt

C D _ :
P BEssj,tP BESS;; — 0 V)

SOC; < S0C;, < SOC;
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where SOC is the BESS SOC; PSpgs and PLy <o are the BESS charge and discharge powers,
respectively, with (4.13) reflecting the fact that the BESS cannot charge and discharge at
the same time; and nc and 7np are the charge and discharge efficiencies, respectively.

4.1.1.5 Discussion

Note that the full optimization problem (4.1)-(4.14) ignores power flow equations, since
previous studies on isolated MGs have demonstrated that the grid and its losses are not
significant [58, 78]. A detailed justification for this assumption is shown in [58], where
the authors show that the losses of a relatively large benchmark MG system are very
small; thus, the system may be represented with a single bus for the purposes of frequency
regulation. Similar optimization problems for time-domain simulations of large distribution
networks that also ignore the power flow equations are presented in [11,12]. Furthermore,
note that even in large power systems, where transmission lines have a significant impact
on the system, power flow equations are usually not considered for frequency regulation,
control, studies, and applications [79].

This optimization problem is solved continuously in time ¢ every At, which may be
defined to be fractions of a second, depending on the system and its frequency response,
as illustrated in Section 4.1.4. The proposed model is a Nonlinear Programming Problem
(NLP), which can be solved using standard NLP solvers, since the number of optimization
variables for a typical MG is low, as demonstrated in Section 4.1.4.

An MGCC would perform the proposed optimization-based control scheme once the
frequency of the MG deviates by Af, which is the maximum acceptable frequency devia-
tion. For example, in [80], Af is set as low as 0.2 Hz for tripping distributed generators at
medium voltage networks within 300 s, and as high as 3 Hz to trip distributed generators
within 0.16 s; therefore, the lowest value of 0.2 Hz is used here to force the frequency de-
viations to be within an acceptable narrow range to avoid generator tripping. The MGCC
will then update the droop parameters and the voltage setpoints of the DERs with the
ones obtained from the proposed model every At, to enhance the performance of primary
frequency controllers.

The implementation of the proposed optimization is illustrated in Figure 4.1, where
OPT refers to the proposed frequency control optimization method (4.1)-(4.14). Observe
that if the optimization problem fails to converge, the droop and voltage setpoints will
remain fixed at their last value.
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Figure 4.1: Implementation of the proposed optimal frequency control approach.

4.1.2 MPC Approach

An MPC version of (4.1)-(4.14) is proposed here to improve the optimal frequency con-

trol performance, considering the relation between active power deviation and frequency

deviation of the MG, which can be modeled as a first-order transfer function as follows

[26,56,79,81]:

G(S):Output: Af(S) _ 1
Input AP(S)  Myc+ Dyc

where My, and Djyse correspond to the MG equivalent inertia and damping, estimated
with appropriate system identification techniques from the frequency response of the sys-

(4.15)

69



tem. This transfer function can then be discretized through a Z transform as follows:

—DyraAt

1 1 1 —e Muc
z(c (—>) _ e 416
( My + Duc Due , _ ,~we> (4.16)

Hence, the predicted frequency deviation per unit power deviation in the time domain can
be represented as follows:

—DpygAt AP, —DyrgAt
Afirkrr = Afire i + Wtj (1 — e e ) (4.17)

Therefore, the objective function (4.1) of the proposed optimization approach can be re-
placed by the following function:

Np Np —Dp At AP —Dpy At
min A = A e Mvc + R — e Mue 4.18
KpppV kz:y ft+k+1| kz:; ft+k DMG ( ) ( )

where A fi 11 is the predicted frequency deviation of the MG, and

Npu NpEss N

L
APy = ) APpu+ > APpess, — Y Kun(VI = Vi) (4.19)
i=1 j=1 =1

plus constraints (4.2)-(4.14) for each MPC iteration k.

The MPC problem is solved at each control interval k£ at time ¢ for Np samples into
the future, and defines the droop gains Kpgr and the voltage setpoints V' for only the first
control sample. The parameter Np defines the prediction horizon and should be selected
carefully to keep the computational burden reasonable, so that the proposed approach
can be applied online, as discussed in the next section. This procedure is implemented as
illustrated in Figure 4.1.

4.1.3 Discussion

The proposed control techniques solve optimization problems with the objective of minimiz-
ing the power balance of the system, and thus recover the nominal frequency by adjusting
the droop gains and the voltage setpoints, hence fulfilling the typically integrated role of
frequency regulation controls in MGs. Note that the proposed frequency controllers do
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not interact with the MG’s secondary controls associated with the EMS, which optimally
defines the DER setpoints in longer time frames (e.g., every 5 minutes), as is typically the
case in MGs [27], given the significant different time frames of the proposed controllers
(seconds) and the EMS (minutes). Tertiary control is not applicable here, since being an
isolated system, secondary control is the highest control level, as per [27].

The objective of the proposed optimization-based controllers is to ensure an optimal
compromise between load sharing and frequency regulation, which cannot be achieved by a
traditional droop frequency control approach, since increasing the droop gain of a specific
DER increases its frequency regulation, resulting in less load sharing with the rest of the
DERs. On the other hand, the proposed optimization-based techniques allow an optimal
trade off between frequency regulation and load sharing.

4.1.4 Case Studies and Results

The proposed optimization-based control schemes using the OPT model described in Sec-
tion 4.1.1, and its MPC variation explained in Section 4.1.2 are tested, validated, and
compared here based on a modified version of the CIGRE benchmark MG used in several
studies [44,57,58,82]. The topology of the MG is shown in Figure 4.2, which has been
implemented for time-domain simulations in PSCAD, using MATLAB to solve both OPT
and MPC models.

To test the presented approaches using a larger number of DERs than typically found
in MGs, the test system is modified to include: 5 DUs, with DUs 1-4 having a total rating
of 5.5 MVA, and DU 5 being rated at 2.25 MVA to be used for frequency disturbances;
one aggregated Type 4 WG rated at 4 MW; four BESSs rated at 2.2 MVA combined;
and a total load of 9.55 MVA. The composition of the loads is assumed to be a realistic
combination, for MGs, of 10% constant power, 30% constant current, and 60% constant
impedance, with the same unbalancing as in [83]. For these operating conditions, the losses
are determined to be only 1% of the total power generated, thus confirming their small
impact of the grid in typical MGs. The data for this test system is provided in Appendix
C.
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Figure 4.2: Modified CIGRE benchmark test MG [44].

The DUs and BESSs are responsible for regulating the frequency of the MG and pro-
viding primary frequency and voltage control, while the aggregated WG is operated in
unity power factor mode [44,83]. The WG output power variation and its impact on the
system frequency are illustrated in Figure 4.3, considering that WGs do not regulate the
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frequency through deloading or virtual inertia techniques, as such controls techniques are
not common in MGs [27], thus presenting a more challenging condition for frequency reg-
ulation and control; the generation profile of the wind turbines is based on actual data
from [44]. The initial droop gains of the primary frequency controllers of the DUs and
BESSs are selected to ensure that the frequency of the MG does not deviate beyond Af =
0.2 Hz for the base system, due to the variability of the output power of the wind turbines
observed in Figure 4.3.

60.07] —Frequency|"

1.5 1 59.99 -

50 100 150 50 100 150
t(s) t(s)

(a) (b)

Figure 4.3: (a) WG power variations and (b) frequency of the test MG for the base case.

4.1.4.1 Validation and Comparisons

The proposed control OPT and MPC schemes are compared here with respect to the
VFC controller presented in [44], for sudden trips of BESS 2-4, which are manageable
contingencies from the frequency stability point of view, and for a trip of DU 5. The
contingencies occur at t = 80 s, which is the worst possible frequency stability scenario,
since the reserves of the system are at its lowest at this time. Thus, in Figure 4.1, the
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sample time is defined as At = 0.5 s, with an acceptable maximum frequency deviation
range of Af = 0.2 Hz, as previously explained, so that the proposed control schemes are
activated when the frequency of the MG is below 59.8 Hz, and continues until the frequency
of the system stabilizes within +0.2 Hz.

In this scenario, the disconnection of DU 5 results in a reduction of the estimated values
of My from 1.96 to 0.78 s2, and for Dy from 36 to 30.21 s, using the Steiglitz-McBride
system identification technique [57]; all BESSs are fully charged in this case. The choice
of the prediction horizon for the MPC approach depends on the dynamics of the system;
hence, a low value of Np = 2 proves to be sufficient to obtain optimal results due to the
fast dynamics of the MG, thus minimizing computation times. This simulation allows
evaluating the effect of the proposed control scheme on the frequency of the system during
disturbances.

Figure 4.4 shows the MG frequency response for the trips of BESS 2-4. Observe that
the fixed droop control is able to regulate the frequency, albeit slowly and remaining below
its nominal value, as an integral frequency controller was not implemented in this case
to highlight the fact that the proposed methods do not need such a controller to recover
the nominal frequency. On the other hand, both proposed techniques quickly recover the
frequency to its nominal value, without the need for additional integral controls.

The simulation results for the DU 5 trip are shown in Figure 4.5. Observe that the
frequency of the system with fixed droops is unstable after the generator trip, which results
in a system blackout [80]; on the other hand, with the proposed optimization approaches,
the frequency recovers quickly to the required range. Furthermore, note that both OPT
and MPC approaches recover to the same frequency, showing better frequency recovery
than the VFC technique proposed in [44].
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Figure 4.4: MG frequency for various control schemes for BESS 2-4 trips.
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Figure 4.5: MG frequency for various control schemes for a DU 5 trip.

The droop gains and voltage setpoints obtained from the optimization are shown in
Figure 4.6. Observe that the proposed optimization approach dynamically adjusts the
droop gains and the voltage setpoints of the DERs to stabilize the frequency of the system.
Figure 4.7 depicts the DERs’ active output powers during the optimization period. Figure
4.8 illustrates the voltages at two of the farthest load buses in the test MG, showing the
little impact of the grid, as the load voltages follow closely the reference voltage setpoint
from the controller and are practically the same, despite the significant voltage variations

allowed in this case.
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Figure 4.7: Active power outputs of DERs for a DU 5 trip; note that the smaller droop gains of the BESSs
with respect to the DUs, due to their smaller ratings, limit their response to frequency variations.
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4.1.4.2 Sensitivity Analysis of Optimization Parameter

The following parameters need to be carefully selected to obtain adequate results: the
sample time, i.e., At, the maximum limit of the DER droop gains, and the limits of the
voltage setpoints. For the results depicted in Figures 4.4 to 4.8, the optimization problem is
solved every At = 0.5 s. The maximum limits of the droop gains were determined through
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Table 4.1: MG frequency for different At and Np values for DU 5 and BESS 4 trips.

At
Control | £{Hz] |1 o 1 055 | 0.2s | 0.015s | 00158
Np =5
MPC 59.79 | 80.46 s | 80.46 s | 80.46 s | 80.46 s 80.46 s
60 80.96 s | 80.93 s | 80.93 s | 80.92s 80.92 s
OPT 59.79 | 80.46 s | 80.46 s | 80.46 s | Unstable B
60 81 s 80.93 s | 80.93 s | Unstable

small-signal stability of the system, by increasing the droop gains until the maximum
droop gain is found for the worst operating condition with the system remaining stable,
thus resulting in Kpy = 12, and Kgggs = 8 for all DUs and BESSs, respectively.

To investigate the impact of the sample time and the voltage limits on the proposed
control techniques, trips for DU 5 and BESS 4 at ¢t = 80 s and ¢t = 80.4 s, respectively, are
simulated. The sample time At needs to be selected carefully, because if the OPT model is
solved too often, the rapid changes in the droop gains and the voltage setpoints, especially
for DUs, would cause the system to become unstable, as illustrated in Table 4.1. On the
other hand, the MPC method is not significantly affected by faster sample times, as shown
in Table 4.1, due to the fact that this technique estimates the frequency response of the
system and reacts accordingly. Furthermore, observe that the faster the sample time, the
faster frequency recovers; however, the computational burden is an issue in this case, since
if the sample time is too short, the model will not be solvable online. Also, increasing
the prediction horizon Np does not result in a noticeable improvement in the frequency
response of the system, mainly due to the fast dynamics of the system associated with the
diesel generator trip, which resulted in a significant decrease in the equivalent values of
My and Djysq, as mentioned earlier.

In the previous studies, the limits on the DER voltage setpoints are 0.9 and 1.1. Sim-
ulation results for more restrictive voltage limits are shown in Figure 4.9, observing that
the MG frequency recovery decreases as the limits become more restrictive, as expected;
however, the proposed control technique seems robust against restrictive voltage limits.
Note that the proposed MPC performs better than the VFC as the voltage setpoint limits
decreases.
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Figure 4.9: MG frequency for different limits on DER voltage setpoints for a DU 5 trip and At = 0.5 s.

4.1.4.3 Severe Disturbance

The proposed controls are tested here for an even larger disturbance in the system; thus,
DU 5 and BESS 2-4 are tripped at ¢ = 80 s. The results are shown in Figure 4.10, where it
can be observed that the proposed control schemes OPT and MPC successfully maintain
the frequency stable and within the 0.2 Hz steady-state limit compared to the system
without these controls, which is unstable, and to the VFC. Note also that proposed control
techniques show better frequency recovery compared to the VFC, with the latter exceeding
the frequency range limits of 0.2 Hz, which could trigger DU protections as per [80]. The
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instability of the frequency for the fixed control in Figures 4.5 and 4.10 can be associated
with a system eigenvalue crossing onto the right-half plane due to the severe disturbance.
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Figure 4.10: MG frequency for DU 5 and BESS 2-4 trips and At = 0.5 s.

4.1.4.4 Parameter Uncertainty

The impact of uncertainty of the load parameters, as well as the estimated system’s M
and Dysc values, are studied in this section to test the robustness of the proposed tech-
niques. Thus, note that the significant reduction in the M, and D), values due to the
DU 5 trip does not have a noticeable impact on the proposed MPC technique, as seen in
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Figure 4.5; hence, the MPC is shown to be not very sensitive to variations in the dynamics
of the system due to disturbances.

Figure 4.11 depicts the results of assuming load exponents ap = 0.5 for all voltage
dependent loads, which are significantly different from the ap values used in the previous
simulations, thus introducing a significant error in the estimated load model used in the
proposed control approach. Observe that the frequency still recovers to a reasonable value
within the allowable range, demonstrating that both OPT and MPC approaches are robust

against uncertainties in the load models.
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Figure 4.11: Impact of uncertainty on the load parameters for the proposed control techniques for a DU
9 trip.
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4.1.4.5 Impact of Communication Delay

The impact of communication delay on the performance of the proposed controllers is
studied in this section. Thus, a time delay transfer function G4(s) = e~*7, where 7 is the
time delay, is added between the proposed optimal controls’ outputs and the corresponding
system setpoints. The following time delays were then studied: 100 ms, 250 ms, 500 ms,
which are typical time delays used in [84], for which instabilities were observed. The
simulation results are shown in Figure 4.12, for a DU 5 trip where it can be observed
that longer time delays result in lower frequency nadirs. However, in all cases, the system
frequency properly recovers, thus demonstrating the robustness of the proposed controllers

against time delays.
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Figure 4.12: Impact of communication delays on the proposed controllers for DU 5 trip for DU 5 trip
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Table 4.2: Computational performance comparison

Technique MPC | OPT | Ref [31] | Ref [11]
CPU Time (ms) 11 8 5 4

4.1.4.6 Discussion

The proposed approaches are compared with previously presented MPC and optimal tech-
niques for frequency regulation described in [11] and [31], respectively, for the first (BESS
2-4 trips) and second (DU 5 trip) contingencies. The obtained results are illustrated in
Figure 4.13, where it can be observed that for the first contingency in Figure 4.13(a), the
dynamic response of the proposed techniques is better than the one obtained with the ex-
isting methods, whereas for the second contingency in Figure 4.13(b), the system becomes
unstable with the existing techniques. The computational performance of the techniques is
illustrated and compared in Table 4.2, observe that even though the proposed techniques
are slower compared to existing ones, the computational cost is such that their application
to real-time frequency regulation is feasible, as per [69].

It is important to highlight the fact that the OPT and MPC models are non-convex,
nonlinear mathematical models, i.e., Nonlinear Programming (NLP) problems. However,
the constraints are at most quadratic, and hence do not present a significant challenge
for existing NLP solvers, especially considering the reasonable size of the problem. Thus,
for example, for the complex CIGRE benchmark MG system used here, which includes a
significant number of DERs, both OPT and MPC models can be solved in less than 0.02
seconds at most, using the CONOPT solver in MATLAB for all cases.

The main factors that could adversely affect the performance of the proposed techniques
are the droop gain and voltage setpoint limits of DERs, which should be carefully selected
to avoid large system voltage variations. The sample time should also be appropriately
chosen so that the proposed models are not solved too often, while still properly regulating
frequency; furthermore, since the developed control methods would be implemented in an
MGCC with an existing MG communication infrastructure, communication delays should
be taken into consideration when defining the sample time.
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Figure 4.13: Comparison with respect to existing techniques.
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4.2 MMG Adaptive Droop Control

The aforementioned optimal droop controller for MGs is extended here for an MMG sys-
tem, and compared with the proposed distributed consensus control coordination technique
discussed in Chapter 3. Thus, to coordinate the grid and MGs of an MMG system, a cen-
tralized technique that optimally adjusts the droop gains of the interfacing VSGs is pro-
posed in this section, since frequency regulation is directly proportional to the interfacing
VSG droop gain but inversely proportional to the interfacing VSG load-sharing capability.
Thus, increasing the droop gain of the interfacing VSG results in more frequency regula-
tion, but that results in a decrease in the VSG load sharing. Hence, to achieve an optimal
compromise between load sharing and frequency regulation, an optimization problem based
on the model described in Section 4.1 is proposed here to adjust the droop gains of the
interfacing converters as discussed next.

Host grid loads

ﬂnm Host Brid

| | oI ME Loads !

APyGs I APpERg !
Lap, CE] w ]

_________________________________

Figure 4.14: Representation of the MMG system for the proposed control optimization problem.

4.2.1 Objective Function

Considering the MMG system depicted in Figure 4.14, the objective would be to minimize
at time ¢ the power changes of the MMG as follows, as per (4.1):

Nuag NpEeRg
min APM]\/IGt = E APMGSmst + E APDERg.t (420)
Kyeg KpERG ' 5 B
ms=1 i=1
Nmey, Nrg
o Z APMGLmz,t o Z APLGz,t
mil=1 =1
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where Pygg  is the output power of the ms™ ac/dc MG acting as a source; PpErg,
is the output power of the i*" DER of the host grid; Pyq, ., is the demand power of

the mi*™ ac/dc MG acting as a load; and Prg, , is the ™ host grid load. APyg, can
be obtained from the corresponding ac/dc MGs acting as loads when the optimization
problem is triggered at time ¢, as follows:

Niye NpERy6

APMGLml,t - Z A‘PLmll,t - Z APDElei,t (421)
=1

i=1

where Py, s the [ load of the mi"" MG, and Ppgr,, , is the i"" DER power of the mi™
MG. |
4.2.2 Power Constraints

The output powers of the microgrid interfaces and host grid DERs are constrained as
follows:

0 < Pugs,,, < Puas,,, Yms (4.22)
Py, , = Pucs,,,,, + APucs,.,Yms (4.23)
Ppprg,, = PpERg,, , + APpgr, Vi (4.24)

Pporg, < Poerg,, < Pppre, Vi (4.25)

where Pyg, , is the available power reserve of the ms™ microgrid, which is obtained
ms

from the corresponding MG as follows, depending on whether it is an ac MG with voltage
dependent loads as per (2.2) or a dc MG:

Niye ap P NpERy
P— o Zl:l KLPZ VMGmS,t - VMG,,”',L + Zi:l APDERmsLt Vms € MMGac
MGSms,t

Nper
>im1 M9 APppr,,.,, Vms € Mua,,

(4.26)

where Viy,,,, is the ac voltage of the ms™ ac MG, and APpgR,,,, is the available power

in the i'" DER of the ms®® MG. Note that BESSs are not explicitly considered in this
model, but can be readily included by adding similar BESS associated constraints such as
those presented in Section 4.1.1.4.
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The power balance between generators and loads should be maintained, considering
system loss changes, albeit small, as follows:

Nyag NpERg Nmay, Npg
Z AP]MGSms,t + Z APDERGi,t 2 Z APMGLml,t + Z APLGl,t (427)
ms=1 i=1 ml=1 =1

4.2.3 Droop Constraints

The constraints for the droops Kjysqs of MG interfaces acting as sources and Kpgr,, of the
host grid DERs, and their associated limits can be defined as follows:

KMGSmS,t = BMGmsPMGSmS’t Vms (4.28)

0 < Kugs,,, < Kuas,, Vms (4.29)
Kpere,, = Boere, PpER,, Vi (4.30)

0 < Kppre,, < Kppre, Vi (4.31)

where Bprr and (¢ are parameters chosen based on a linear relation between the max-
imum power of DERs and MG interfaces, respectively and maximum values of droop
constants, as proposed in Section 4.1.1.2.
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4.2.4 Implementation

Measure Af (7)
of the host grid

Calculate Pyrrc, and APy,

v

Solve MMG OPT Model

L 1
Change K, , K

b4
MGg ~ DER;

t=t+At

Figure 4.15: Implementation of the proposed optimization control approach.

The implementation of the proposed optimization control approach is illustrated in Figure
4.15, with the optimization problem being solved at time ¢, every At, (e.g., fractions of a
second), depending on host grid and its frequency response, as in the case of Figure 4.1.
Thus, the optimization problem is solved in a Centralized Controller (CC) when the change
in the frequency of the host grid exceeds A f, which is the maximum acceptable frequency
deviation (e.g., 0.2 Hz as per [73]). The CC will accordingly adjust the droop gains of the
interfacing VSGs of the MGs acting as sources every At, to resolve frequency deviations in
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the host grid, which maybe triggered by voltage and/or frequency imbalances within the
MMG system and dc MGs, as discussed next.

4.2.5 Case Studies and Results

The proposed controller is compared based on the following case studies, so that direct com-
parisons of the proposed centralized control can be made, with respect to the distributed
controller discussed in Section 3.2.2:

e Case 1 corresponds to the distributed consensus controller for the VSG adaptive
inertia and VFC controllers presented in Section 3.2.

e Case 2 corresponds to the proposed adaptive droop controller for the same VSG
converters.

The test system, the simulation scenarios, and disturbances are the same as the ones
presented in Section 3.2.3.

The simulation results in Figure 4.16 show the frequencies of the ac MGs for the afore-
mentioned cases and disturbances. Note in Figures 4.16(d) and 4.16(a) that the host grid
and ac MG 1 frequencies are restored to nominal value after the CC in Case 2 adjusts the
droop gains of the interfaces of ac MGs 2 and 3, increasing their frequency regulation, as
shown in Figure 4.18 depicting the output powers of the corresponding VSG interfaces.
However, the distributed controller in Case 1 shows better overall frequency regulation than
Case 2, due to, in part, that it acts continuously as system conditions change, whereas the
CC waits until the host grid frequency deviation exceeds a threshold.

Figure 4.17 shows the voltages of the dc MGs. Note in Figure 4.17(b) that the dc
voltage of the de MG 2 recovers to its nominal value for Case 2 after the disturbance at
t=50 s, by drawing power from the host grid, as shown in Figure 4.18, which does not
affect significantly the host grid frequency due to the frequency regulation provided by
the VSGs of ac MGs 2 and 3. Observe that, in general, Case 1 shows better dc-voltage
regulation than Case 2 for the aforementioned reasons.

Note in Figures 4.16 and 4.17 that the Bus 5 three-phase fault at ¢t=70 s does not
destabilize the system due to the proposed adaptive inertia control in the VSG interfaces
for both cases. Table 4.3 shows the global average frequency and dc voltage deviations for
all MMG system components, demonstrating that the distributed controller has a superior
overall performance compared to the optimization-based adaptive droop controller.
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Figure 4.16: AC MG frequencies for different disturbances.
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Table 4.3: Global average frequency and dc voltage deviations.

850

——Case 1
—— Case 2

800

750

700

650

Control scheme HZAfAVE o VAVdCAVE%
Case 1 0.011235 | 0.018725 | 14.66873 | 1.955831
Case 2 0.0337675 0.0563 15.59352 2.0791
900
——Case 1
—— Case 2
800
' 3 A [\/.f'
J RTQ 700 v kl V/
600
20 30 40 50 60 70 20 30 40 50 70
t(s) t(s)
(a) DC MG 1. (b) DC MG 2.

Figure 4.17: DC MG voltages for different disturbances.
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Figure 4.18: Output powers of the VSG interfaces with proposed controllers for Case 2.

4.3 Summary

Two adaptive optimization-based frequency controllers through droop and voltage control
for isolated ac MGs have been developed and discussed in this chapter first, to improve the
frequency response of the MG and enhance the system’s stability and robustness against
severe disturbances. The proposed control schemes have been designed to optimally and
dynamically change active power droop gains and voltage setpoints of DERs, adjusting
their values based on optimization approaches that take into account several factors, such
as generation-demand balance, BESS SOC, and the voltage sensitivity of the MG loads.
The proposed methodologies were tested on a benchmark MG with multiple DERs, showing
that both maintain the frequency stability of the system during severe disturbances, even
in the presence of uncertainties and communication delays, performing better than the
state-of-art VFC. Overall, the second technique performed slightly better compared to the
first proposed method, being more appropriate if faster sample times are required.

In the second part of this chapter, a centralized adaptive droop control technique for
the coordination of MMG system is developed, which aims to coordinate the output power
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of both ac and dc MGs acting as sources in the overall grid to regulate the host grid fre-
quency based on an optimization approach. The performance of the proposed controller
is compared against the distributed consensus controller developed in Chapter 3, observ-
ing that the distributed consensus controller shows a superior frequency and dc-voltage
regulation compared to the centralized adaptive droop controller.

Some of the content of this chapter has been published in [85].
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Chapter 5

Conclusions, Contributions, and
Future Work

5.1 Summary

This thesis focuses on control of MGs and MMG systems. Several techniques are pro-
posed in this thesis to control ac and dc MGs and MMG systems, interconnecting the MGs
with VSG-Based converter interfaces to control the output powers of the MGs and provide
inertia and damping to the system. The output powers of these proposed interfaces are
coordinated through both distributed and centralized control schemes. The primary con-
trol of the interfacing VSGs adaptively adjusts the inertia and the damping constants to
improve both the frequency and dc-voltage responses of the ac/dc interconnected system.
Two secondary controllers are proposed to coordinate the MMG system. The first approach
is based on a distributed consensus technique that coordinates the system with limited in-
formation about the overall grid. The second control approach is based on centralized
control technique that adaptively adjusts the droop gains of interfacing VSGs based on an
optimization technique. The proposed MG and MMG controllers share the total system
load among the host grid and MGs, while minimizing the overall frequency and dc-voltage
deviations.

In Chapter 2, the main relevant background for the proposed research was covered.
Thus, a general overview of MG modeling, operation, and control were first presented.
Then, a brief review of dc MGs was provided. Different layouts and architectures of an
MMG were also discussed, together with associated, coordination, and control issues of a
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network of MGs. Finally, the VSG principles models, and controls used throughout the
thesis were presented.

In Chapter 3, a distributed control scheme was first proposed and discussed for voltage
regulation of a dc MG, while proportionally sharing the loads among the DERs and acting
as a primary and secondary control at the same time. Simulation results demonstrate the
superiority of the distributed controller compared to conventional droop controls, which
present several technical challenges, such as the need for careful selection and tuning of
droop gains, and stability and voltage regulation issues. The proposed controller is shown
to be robust against system disturbances in a realistic test dc MG, and communication
link latencies, and could be readily implemented in dc MGs with minimal communication
infrastructure and thus costs.

In the second part of Chapter 3, a hierarchical distributed control system to regulate
the frequencies and voltages of an MMG system was proposed and developed here. The
controller was integrated into a network architecture based on interfacing the MGs with
VSG-based MG interfaces, which provide virtual inertia through the realization of the
SG swing equation, providing frequency support for an MMG system. A hierarchical con-
troller was also proposed based on an adaptive inertia technique that enhances the system’s
frequency and dc-voltage responses by adjusting the inertia and damping constants. Fur-
thermore, a distributed controller based on an adaptive consensus technique was presented,
which aims to coordinate the output power of both ac and dec MGs to regulate the frequen-
cies and the dc voltages of all MGs based on local MG measurements. This controller can
be readily scaled up for larger MMG systems, with minimum communication bandwidth
and infrastructure, compared to existing centralized controllers that are prone to single
point failures. The results obtained for a test ac/dc MMG demonstrate the advantages of
the proposed VSG-based adaptive inertia and damping controllers for the MG interfaces,
coordinated by the presented distributed control approach.

In Chapter 4, two adaptive optimization-based frequency controllers through droop and
voltage control for isolated ac MGs have been developed and discussed first, to improve the
frequency response of the MG and enhance the system’s stability and robustness against
severe disturbances. The proposed control schemes have been designed to optimally and
dynamically change active power droop gains and voltage setpoints of DERs, adjusting
their values based on optimization approaches that take into account several factors, such
as generation-demand balance, BESS SOC, and the voltage sensitivity of the MG loads.
The proposed methodologies were tested on a benchmark MG with multiple DERs, showing
that both maintain the frequency stability of the system during severe disturbances, even
in the presence of uncertainties and communication delays, performing better than the
state-of-art VFC. Overall, the second technique performed slightly better compared to the
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first proposed method, being more appropriate if faster sample times are required.

In the second part of Chapter 4, a centralized adaptive droop control technique for the
coordination of MMG system is developed, which aims to coordinate the output power of
both ac and dec MGs acting as sources in the overall grid to regulate the host grid frequency
based on an optimization approach. The performance of the proposed controller is com-
pared against the distributed consensus controller developed in Chapter 3, observing that
the distributed consensus controller shows a superior frequency and dc-voltage regulation
compared to the centralized adaptive droop controller.

5.2 Contributions

The main contributions of this thesis are the following:

o A VSG based interface for ac MGs with a new adaptive inertia and damping control
with VFC has been proposed. The control scheme enhances the frequency response
of ac MGs and the host grid in an MMG system, limiting major frequency excursions,
especially during severe disturbances, and allowing proper power sharing among the
MGs without causing significant power transients, compared to existing control ap-
proaches.

e A new control technique has been proposed for VSG-based dc-ac interfaces that
improves the voltage dynamics in dc MGs by adjusting the damping constants of the
VSG interface, compared to existing control approaches.

e A new distributed consensus controller for dc MGs and MMG systems has been
proposed. The proposed controller coordinates the power exchanges among the con-
verter interfaces in dc MGs and the interconnected ac and dc MGs in a MMG systems,
maintaining the power balance of the overall system. The developed controller co-
ordinates the system based on limited information about the overall system, which
improves its scalability to larger systems and it is robust to single point failures of
the communication network.

e Adaptive droop controllers that ensure an optimal compromise between load sharing
and frequency regulation for both ac MGs and MMG systems have been presented.
The proposed optimization-based techniques continuously adjust the active power
droop gains and the voltage setpoints of DERs to maintain the frequency of the
system within acceptable limits and enhance the primary frequency response of the
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system, while taking into account the active power sensitivity of the loads to the
system’s operating voltage. The proposed techniques also mitigate stability issues
associated with improper selection of DER droop gains.

The contents of this thesis have been published by the time of writing [75], [76], and [85].

5.3 Future Work

Further research may be carried out to address the following issues:

e Develop a distributed OPF for frequency and voltage coordination of the MMG
system, and compare its performance against the proposed distributed consensus
controller.

e Develop a detailed linearized mathematical models of the VSG interfaces for eigen-
value analyses and study the impact of the synchronous impedance on the eigenvalues
of the system.

e Develop an Adaptive Neuro-Fuzzy Inference System (ANFIS) versions of the pre-
sented VSG adaptive inertia controllers.
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Appendix A

Relevant data for the dc test MG based on a dc MG in Xiamen University, China, are

presented here.

Table 5.1: Main parameters.

Parameter Value
DC microgrid voltage 380 Ve
LED load 20 kW
EV load 40 kW
A-C load 30 kW
PV 150 kW
Grid interface 160 kW
BESS 1 33.6 kW
BESS 2 33.6 kW
BESS 1 max SOC 38 kWh
BESS 2 max SOC 38 kWh
Lines resistances 5 m{2
va 1
Ky, 7
Distributed controller time constant | 0.15 s
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Table 5.2: BESS parameters.

Parameter Value
Rated voltage 430 V
Switching frequency 25 kHz
Ciec 175.7859 pF
L. 0.168 mH
Kp, 2
Ky, 12

Table 5.3: PV parameters.

Parameter Value
Rated voltage 430 V
Switching frequency 25 kHz
Clc 527.9471 pF
Lge 100 uH
KPI 2
Ky, 8

Table 5.4: Load converter parameters.

Parameter Value
Rated voltage 430 V
Switching frequency | 25 kHz
Odc 130 ,uF
Lg. 0.125 mH
va 2
KIV 4
KPI 2
Ky, 10
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Appendix B

The data for the MMG test system and associated VSGs are provided here.

Table 5.5: VSG interface parameters.

Parameter Value
S 1.65 MVA
Viase 12.45 kV
Vie 2.5 kVg.
H 431 s
g, 0.0001 s?
D, 1s
Wn, 376.992 rad/s
Kp, 5
K, 10
Kp, 6
Ky, 7.6923
AC Current controller Kp, 3
AC Current controller K7, 15
DC controller Kp, 10
DC controller Ky, 15
KPdc 20
Krqe 10
L; 1.65 mH
Rf 20 mQ
C; 220 i F
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Table 5.7: DC-AC VSG adaptive damping controller parameters.

Table 5.6: B2B VSG adaptive inertia controller parameters.

Table 5.8: MGs load parameters.

Parameter | Value
Jvig 0.01 s?
Jsmall 5%¥107°s2
D, 1s
Dbig 38
TAIl 0.25 s
TAI2 0.25 s
TAI3 0.35 s
KA[ 1

Parameter | Value
K, 0.3
Tde 0.35 s
Tl 0.01s
T2y, 0.25 s
D, 1s

MG Phase A (kVA) | Phase B (kVA) | Phase C (kVA) PF

Res. Com. Res. Com. Res. Com. Res. | Com.

ACMG 1| 361 95 210 175 250 175 0.9 0.85

AC MG 2 | 220 235 351 120 85 80 0.95 0.8

AC MG 3 | 322 160 233 90 345 110 0.9 0.9

Host grid | 100 25 250 60 50 15 0.95 0.8

DC MG 1 1151 kW

DC MG 2 1391 kW
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Table 5.9: AC BESS and WG parameters.

Parameters BESS WG
Switching frequency | 5 kHz | 5 kHz
Ly 3 mH 1.5
Ry 30 mQ | 15 mQ2
Cy 100 pwF' | 200 pF
Kp, 5 5
Ky, 25 25

Table 5.10: DC BESS parameters.

Parameter Value
Rated voltage 825 V
Switching frequency | 25 kHz
Caec 550 uF
de 2.5 mH

KP[ 1

Ky, 10

Table 5.11: Governor data.

Parameters | Value
TSGy 0.01ls
TSGo 0.02 s
TSGs 0.2s
TSGy 0.25 s
TSGs 0.009 s
TSGg 0.0384 s
Ksc 31

™D 0.024 s
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Table 5.12: Diesel generators and AVRs.

Parameter Value
R, 0.0051716 pu
X 0.14 pu
X4 1.014 pu
Xy 0.77 pu
X} 0.314 pu
X, 0.375 pu

X7y 0.28 pu
X7, 0.375 pu
T,0 6.55 s
Tq’O 0.85 s
T a0 0.039 s
T 40 0.071 s
Wy, 376.992 rad/s
H 0.5134 s
Krp 0.03 pu
TSGr 0.025 s
TSGs 0.1s
TSGy 0.8s
TF 1.0s
KSG 1 pu
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Appendix C

The data for the modified CIGRE benchmark test system are provided here.

Table 5.13: CIGRE test system line parameters.

Rh Xh Bh RO XO Bh Length

From Bus | To Bus | o 1 | 0 /km | uS/km | Q/km | Q/km | pS/km | km
1 2 0.173 | 0432 | 383 | 0351 | 18 1.57 1.2
2 3 0.173 | 0432 | 383 | 0351 | 18 1.57 1
3 1 0.173 | 0432 | 383 | 0351 | 18 1.57 0.61
4 5 0.173 | 0432 | 383 | 0351 | 18 1.57 0.56
5 6 0.173 | 0432 | 383 | 0351 | 18 1.57 1.54
6 7 0.173 | 0432 | 383 | 0351 | 18 1.57 0.24
7 8 0.173 | 0432 | 383 | 0.351 | 1.8 1.57 1.67
8 9 0.173 | 0432 | 383 | 0351 | 18 1.57 0.32
9 10 0.173 | 0432 | 383 | 0351 | 18 1.57 0.77
10 11 0.173 | 0432 | 383 | 0351 | 18 1.57 0.33
11 1 0.173 | 0432 | 383 | 0351 | 18 1.57 0.49
3 8 0.173 | 0432 | 383 | 0351 | 18 1.57 1.3
12 13 0.173 | 0432 | 383 | 0351 | 18 1.57 489
13 14 0.173 | 0432 | 383 | 0.351 | 1.8 1.57 2.99
14 8 0.173 | 0432 | 383 | 0351 | 18 1.57 2
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Table 5.14: Governor data.

Parameters | Value
TSGy 0.01s
TSGo 0.02 s
TSGs 0.2s
TSGy 0.25 s
TSGs 0.009 s
TSGe 0.0384 s
Ksc 31

™ 0.024 s

Table 5.15: Diesel generators and AVRs.

Parameter Value
R, 0.0051716 pu
X 0.14 pu
X4 1.014 pu
Xy 0.77 pu
X} 0.314 pu
X, 0.375 pu
X7y 0.28 pu
X7, 0.375 pu
T,0 6.55 s
Tq’O 0.85 s
T a0 0.039 s
T 40 0.071 s

Wy, 376.992 rad/s

H 0.5134 s
Krp 0.03 pu
TSGr 0.025 s
TSGs 0.1s
TSGy 0.8s

TF 1.0s
KSG 1 pu
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Table 5.16: Loads apparent power.

Bus Phase A (kVA) | Phase B (kVA) | Phase C (kVA) PF

Res. Com. Res. Com. Res. Com. Res. | Com. | Res.*
1 223.6* — — 130 260 130 0.9 0.8 0.95
2 130 260 650 260 — 260 0.95 | 0.85 —
3 - 104 260 104 65 104 0.9 0.8 -
4 260 - 130 - 130 - 0.9 - —
5 260 65 223.6* 260 — 65 0.95 | 0.85 0.95
6 65 — 130 — 223.6* — 0.95 — 0.95
7 — 130 130 130 — 130 0.95 | 0.95 —
8 130 — 195 - — 260 0.9 0.9 —
9 130 - 195 - 130 - 0.95 - -
10 195 — 130 - 325 - 0.9 - —
11 65 195 65 195 — 195 0.95 | 0.85 —
12 | 223.6* 104 223.6* 104 — 104 0.9 0.8 0.95
13 — 188.5 — 188.5 — 188.5 0.95 | 0.85 -
14 — 117 — 117 223.6* 117 0.9 0.9 0.95

Table 5.17: BESS and WG parameters.

Parameters BESS WG
Switching frequency | 5 kHz | 5 kHz
Ly 3mH | 1.5 mH
Ry 30 mS2 | 15 mS2
Cy 100 pF' | 200 pF
Kp, 5 5
Ky, 25 25
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