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ABSTRACT

Microgrids are the building blocks for the next generation power grid, the so-called
‘Smart Grid’. They facilitate the integration of various distributed-generation
(DG) units such as electric vehicles (EV), diverse energy storage systems (ESS),
and renewable energy resources (RER) utilizing intelligent forecasting, Informa-
tion and Communication Technology (ICT) and control infrastructures to achieve
active consumer participation, augmented network reliability, reduced expansion
cost, and self-healing capabilities. Due to the binary nature of electricity i.e. al-
ternating current (AC) and direct current (DC), microgrids are broadly classified
as AC microgrids and DC microgrids. However, to comply with the legacy AC
system and to interface with the growing DC technologies, lately, coupled AC
and DC microgrids or hybrid AC/DC microgrid structures are gaining momen-
tum. The benefit of this structure is that it can accommodate both AC and
DC loads and generators instantaneously with minimum power-electronics-based
losses. In addition, this structure is suitable for integrating distributed stor-
ages such as the emerging electric-vehicle energy-storage systems (EV-ESS) for
vehicle-to-grid (V2G) applications. EV storages can effectively improve the over-
all performance of a hybrid microgrid in terms of voltage and frequency regulation,
system stability, active and reactive power support and fault robustness. How-
ever, the optimized coordination of EV storages within microgrids is an intricate

issue due to their different control and configuration structures along with inad-



equate standards regarding V2G applications. The centralized and distributed
control structures are viable options to coordinate spatially dispersed EV storages
within microgrids of different geographical sizes. Consequently, this Ph.D. thesis
presents three contributions in the area of microgrid control techniques and V2G
application within microgrids.

The first contribution of this research is the design and implementation of an
improved three-layered centralized coordinated control strategy considering EV
availability constraints for three-phase (3P) and DC type EV-ESSs to improve
the operation of a hybrid AC/DC microgrid. The first layer of the algorithm
ensures DC subgrid management, which includes DC bus voltage regulation and
DC power management. The second and third layers are responsible for the AC
subgrid management, which includes AC bus voltage and frequency regulation
with active and reactive power management. The multi-layered coordination is
embedded into the microgrid central controller (MGCC) which controls the inter-
linking controller in between the AC and DC subgrids as well as the interfacing
controllers of the participating EVs and distributed RER.

The second contribution of this research is to develop a new need-based dis-
tributed coordination strategy (NDCS) for multiple EV storages in an islanded
commercial hybrid AC/DC microgrid with extended geographical size. The con-
trol capacity of the interlinking converter is enhanced by incorporating combined
power-droop and voltage-droop strategies to leverage the coupling of AC and DC
voltages. Therefore, the AC bus voltage can be regulated simultaneously by regu-
lating only the DC bus voltage without affecting the power-sharing capabilities of
the converter. The NDCS is proposed to coordinate the EV storages to regulate
the DC bus voltage. The main objective of the NDCS is to decide whether the

coordination of the available EV storages is to be performed in a decentralized
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or a distributed manner. The mathematical model and the algorithm to deploy
NDCS are developed to realize its application to a real system.

The final contribution of this research is to establish an optimized distributed
controller for coordinating EV storages within microgrids. An optimizer is incor-
porated with the previously developed distributed controller for EV storages. An
economic dispatch problem is solved in real time with the optimizer to minimize
the output power-generation cost. The optimizer adjusts the power setpoint for
each EV, which ensures proper power management within the microgrid. As a
result, a cost-effective distributed V2G operation can be ensured.

The hybrid AC/DC microgrid and its extended version are designed in a
MATLAB/Simulink environment resembling the microgrid under construction at
Griffith University, Australia. Extensive case studies are performed considering
real-life solar irradiation, commercial load profiles, EV time delay, and EV plug-
and-play and fault conditions etc. to validate each proposed control scheme.
Additionally, the performance of the controllers is compared with the conventional
controllers. The results of the case studies demonstrate the efficacy of the overall
system in terms of improved transient response, fault-robustness, scalability, cost-

effectiveness and reliability.
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Chapter 1

Introduction

Microgrids have paved the path of the current electricity grid infrastructure towards the
smart grid. They have emerged as enablers in integrating distributed-generation (DG)
units, such as electric vehicles (EV), diverse energy storage systems (ESS), and renewable
energy resources (RERs) utilizing intelligent forecasting, and Information and Communi-
cation Technology (ICT). Among various microgrid structures, hybrid alternating current
(AC)/ direct current (DC) microgrids are becoming popular due to their compatibility
with both AC and DC technologies. This structure is particularly suitable for the in-
tegration of electric-vehicle energy-storage systems (EV-ESS) for vehicle-to-grid (V2G)
applications, as EV-ESS can operate as both AC and DC sources and loads. EV stor-
ages can improve the overall performance of hybrid microgrids in terms of voltage and
frequency regulation, system stability, active and reactive power support and fault ro-
bustness. However, they need to be smartly controlled and coordinated in presence of
RERs. The optimized coordination of EV storages within microgrids is a sophisticated
issue due to their different control and configuration structures along with inadequate
standards regarding V2G applications. The centralized and distributed control structures

are viable options to coordinate spatially dispersed EV storages within microgrids of dif-



2 Chapter 1. Introduction

ferent geographical sizes. This dissertation focuses on the coordinated control and power
management of EV storages in hybrid microgrids of different geographical sizes utilizing
cost-effective centralized and distributed techniques to enhance the dynamic performance

of hybrid microgrids with RERs.

1.1 Background and Motivation

1.1.1 Renewable-Dominated Power Grids

The existing power system infrastructure or unanimously called ‘The Grid’ was designed
following a vertical structure that consists of generation, transmission, and distribution.
Each step of the structure is supported by controllers and associated devices to ensure
reliable, efficient and stable unidirectional operation. However, due to increased environ-
mental concern, fuel price hiking and high penetration of RERs into the legacy system,
operators are facing challenges which require technical and economical manifestation. As
a result, the need for an updated ‘smart’ system with advanced monitoring, communi-
cation, control, coordination and decision-making capabilities is unarguably consistent.
Consequently, a range of innovative research and developments are being carried out which
is driving ‘The Legacy Grid’ towards a modernized version often termed as ‘The Smart
Grid’ [9]. According to the definition of Standards Australia [10], the smart grid can be
defined as:

“A ‘smart grid’ s an electricity system incorporating electricity and communications
networks that can intelligently integrate the actions of parties connected to it.”

According to United States Department of Energy (US-DOE), the Smart Grid has to
be: [11]
Intelligent: capable of sensing and decision making by supporting utilities, regulatory

authorities, and consumers;
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Efficient: capable of managing increased load without adding surplus expenditures;
Accommodating: competent in accepting any types of renewable, non-dispatchable and
distributed resources;

Motivating: capable of communicating in real-time with consumers and associated util-
ities;

Opportunistic: capable of creating new opportunities in market to exploit plug-and-
play facility irrespective of place and time;

Quality-focused: capable of delivering essential quality power to increase digital econ-
omy;

Resilient: resistant to natural disasters and cyber-attacks;

and

Green: environmental friendly.

Due to the proven technical, economic and environmental feasibility of renewable
resources, various policies have been developed by many countries to promote green-
energy technologies, such as solar, wind, geothermal, ocean energy, biofuels etc. These
policies implicate feed-in tariffs, renewable portfolio standards, tradable green certificates,
investment tax credits and capital aids etc. In Europe, the UK is targeting for 15% by
the end of 2015/16 and Germany is directing towards 25-30% within 2020 and aiming for
50% by 2030 of their total electricity generation to be generated by distributed renewable
resources. In Australia, renewable energy target (RET) is set for 20% by the end of 2020.
A thorough and state-of-the-art condition regarding policies and targets with planned or
installed projects regarding renewable energy throughout the world can be extracted from

REN21 Global Status Report [12].
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1.1.2 Vehicle-to-Grid (V2G)

Owing to increasing fuel cost and global concern regarding environmental issues, fuel-
efficient automobiles along renewable resources are gaining market demand. EV or plug-in
electric vehicles (PHEV) offer substantial advantages over even the most efficient internal
combustion engine (ICE) vehicles [13]. EV owners can exploit benefits like curtailed fuel
costs and accessibilities like workplace based charge station. Comprehensive communal
benefits may involve low environmental impacts and low carbon footprint with reduced
dependency on automotive oil. Considering these benefits many governments over the
world offer incentives for the consumer to purchase EV. Consequently, the usage of EV and
PHEV storages are increasing rapidly. One of the fascinating things about these vehicles
is their dual dynamic characteristics as a load while in G2V (grid-to-vehicle) mode and
as a generator while in V2G mode. With proper utilization of EV-ESS, the V2G concept
can improve utility grid performance in the area of efficiency, stability, and reliability
by offering reactive power management, active power control, tracking the intermittent
renewable energy resources, load balancing and shifting via valley filling support, peak
load shaving and filtering current harmonics in the output. However, extracting the
optimum performance from EV-ESS requires the design of proper charging-discharging
controllers. Sophisticated active and reactive power regulation, as well as the state-of-the-
art monitoring system, is required to overcome the impacts and to implement successful
interfacing. EV-ESS can significantly contribute to enhancing dynamic performance and
stability of the microgrid under different operating and loading conditions if they can be

implemented in a coordinated and controlled manner [14].
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1.1.3 Microgrids and Their Control

Successful integration of distributed and renewable energy sources in presence of dynamic
loads and storages like EV/PHEV has yet to overcome abundant technical challenges to
ensure reliability and efficiency. These challenges include proper scheduling and dispatch
of renewable sources, optimum demand side management, uncertain DG unit dynamics,
load forecasting, EV charging pattern and their charging infrastructures, voltage and
frequency control using power electronics interface in mostly low inertial DG units and
unified plug-and-play features of corresponding DG units. The concept of microgrids
could be an appealing solution in confronting these challenges.

The term “microgrid” actually refers to a localized and miniature version of existing
grid that can support particular electrical vicinity during an outage. Both US-DOE
and Electric Power Research Institute (EPRI) have adopted the following definition of
microgrid [11]:

“A microgrid is a group of interconnected loads and distributed energy resources within
clearly defined electrical boundaries that acts as a single controllable entity with respect to
the grid and that connects and disconnects from such grid to enable it to operate in both
grid-connected or “island” mode.”

These miniature and smart version of existing grid can support self-sustaining mil-
itary base, hospitals, industrial plants, refineries, data centers or any institutions that
cannot afford power outage not even for a minuscule period of time. But both utilities
and customers are looking beyond the capability of microgrids just as a support rather
as distributed generators that can generate power and contribute to overall demand man-
agement. A self-sustaining microgrid can not only help its corresponding neighborhood
riding through disruptions but also can support grid during that time by exporting extra
power. Actually these microgrids and its developed forms namely active distribution sys-

tem (ADS), cognitive microgrid (CM) or virtual power plant (VPP) could be unavoidable
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building blocks for the next generation smart grid if many of them can be properly planned
and incorporated into a single point of interconnection with utilities and if they can be
coordinated accordingly. Expected features that a microgrid should have are presented
below:

Throughout grid-tied operation:

e Provision of integrating renewable, non-dispatchable and non-inertial distributed

resources,

e Support for distributed resources market involvement,

e Optimized economical operation.

Throughout islanded operation:

Durable, improved and economical islanded operation,

Islanding detection, support, and operation,

Smooth islanded operating condition with high penetration of distributed resources,
e Management of critical/non-critical loads with available resources.

Throughout both operations:

e Distributed, resilient and robust architecture,

e Secure cyber-physical network.

To achieve these expected features in microgrid during grid-connected, islanded and

transient mode following technical challenges need to be addressed and surmounted [15]:

e Optimum power flow control within and outside of the microgrid,
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e Robust voltage controller design to attain desired voltage level in corresponding

nodes,

e Robust frequency controller design to attain stable frequency range within the sys-

tem,
e Fault fortification,
e Dynamic load management by balancing generation-load-storage-loss balance,
e Power conditioner/filter design to ensure quality power,
e System parameters selection considering transients and post transients,
e Reserve margin by introducing energy storage systems,
e Adequate installed DG units within islanded microgrids to serve loads,

e Single and multiple point of common coupling (PCC) ensuring seamless integration

of DG units and multi microgrid operation.

1.1.4 Self-Sufficient Commercial Neighborhoods

Modern commercial buildings are equipped with renewable and sustainable technolo-
gies such as smart EV parks; intelligent power electronic interfaced variable-speed drives
(VSDs), four-quadrant inverters for rooftop photovoltaic (PV) units and smart high volt-
age air-conditioning (HVAC) system. These buildings can contribute to both electric
power grids and electricity market by providing ancillary services by utilizing these tech-
nologies [16]. Particularly incorporation of EV storages along with smart energy manage-
ment systems can ensure flexible, reliable, secure and profitable power delivery. Keeping
track of the global trends, the number of commercially implemented EV charging sta-

tions are rapidly increasing in Australia. The current status of EV charging stations in
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4

- Australia

Figure 1.1: Current status of commercial EV charging facilities in Australia (www.

plugshare.com).

commercial vicinities throughout Australia is illustrated in Fig. 1.1. By proper utiliza-
tion of these chargers, commercial neighborhoods can operate as self-sufficient electrical
entities or microgrids. Nevertheless, the coordination among multiple EV storages in a
commercial vicinity is a difficult task, particularly when the neighborhood operates as an
autonomous microgrid owing to a fault at the grid-side or just to utilize installed renew-
able resources. Considering prospects of smart autonomous commercial neighborhoods,
research interests on vehicle-to-microgrid (V2M) application is increasing. Usually, the
peak loads for commercial areas occurs during mid-daytime; therefore, parked EV stor-
ages in commercial neighborhoods can be utilized to provide ancillary services during
office hours, which typically ranges between 9:00 am to 6:30 pm [17]- [18]. An attempt to

quantify the economic benefits by using EV storages for commercial building microgrids
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is presented in [19]. An energy management system (EMS) for a building with PV units
and EV storages is presented in [20] to minimize the operating cost considering different
charging and discharging profile. A real-time peak shaving model to reduce high peak
demand combining demand response and load control is presented in [21]. A four-stage
optimization algorithm is proposed in [22] for a PV-assisted EV charging station in a
commercial building to minimize operation cost associated with customer satisfaction by
the optimal scheduling of EV storages. However, above-mentioned methods have utilized
hourly or daily forecasting to optimal coordination of EV storages for the commercial
V2M operation. A combination of real-time optimization along with the coordination of

renewable resources and EV storages will ensure techno-economic optimality.

1.2 Significance of the Research

The coordination of EV storages in commercial vicinities is important to envisage smart
metropolitans. It is anticipated that in the near future, there will be a large number of
EV storages parked in commercial parking lots during the day. With the smart coordi-
nation of these energy storages and with the aid of renewable sources, such as rooftop
PV units, these commercial communities can operate as autonomous microgrids. Hybrid
AC/DC microgrid structures are feasible options in this regards, as they are compatible
with both AC and DC technologies. Moreover, these microgrids are likely to be intercon-
nected with neighboring microgrids to form internet of energy (IoE) networks. As a result,
this research intends to present new coordination schemes for EV storages in commercial
hybrid microgrids to tackle challenges, such as simultaneous AC and DC bus voltage reg-
ulations, fault robustness, interconnection with multiple microgrids, coordinated power
sharing among different DG units. This research also explores the technical and eco-

nomic feasibilities of the proposed coordination strategies by employing distributed and
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optimization-incorporated control topologies.

1.3 Research Challenges and Objectives

It is important to evaluate optimum microgrid structure to ensure better connectivity
among different agents or nodes within a microgrid. The structure of a microgrid can
vary based on various requirements. Microgrid structure may fall into three types namely
AC microgrid, DC microgrid and hybrid AC/DC microgrid based on their outputs. As
most of the renewable energy sources and energy storage devices have DC output and
at the same time, due to increasing DC load demand, the concept of DC microgrid has
recently been emerged and is getting acceptance. However, a majority of utility grids are
still operating on AC system, DC microgrids are not expected to be deployed solely in
near future. Nevertheless, both AC and DC microgrids would require multi-stage AC/DC
or DC/AC conversion through the non-linear power electronics-based interface to serve
DC and AC loads respectively. This results in a reduction of overall efficiency and at
the same time making the system complex and vulnerable. As a result, the concept of a
multi-bus hybrid AC/DC microgrid has been proposed in the literature. This structure
of microgrid ensures better connectivity than individual AC or DC microgrid. However,
the introduction of dynamic energy storages, such as EVs/PHEVs has challenged the
feasibility of the structure. For seamless V2G operation and to extract the optimum
benefit out of that operation, a modified microgrid structure with robust control strategies
is required. The modified structure of microgrid should ensure viable connectivity of these
dynamic storages and its control strategy should ensure proper power management and
stability.

The main control variables of a microgrid are voltage, frequency, active and reactive

power. As a result, the main target of microgrid controller is to maintain stable voltage
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and frequency level throughout different operations of microgrid and at the same time
achieving proper active and reactive power between energy nodes and loads. To achieve
these objectives a hierarchical microgrid control structure emulating the existing power
system control structure has been proposed recently. This structure includes primary,
secondary and tertiary levels of controllers. Present literature is mostly based on designing
primary controllers by adopting different approaches and most of the literature have
concentrated on either AC or DC microgrid individually. Consequently, there are scopes
for more research in developing other hierarchy of the control levels and for modified
hybrid AC/DC microgrid structure integrated with renewable DG units and EV/PHEV
storages.

Decentralization of microgrid control techniques can be considered as a major step
towards smart grid vision. Both utility and consumers can get benefits by utilizing DG
units and advanced ESSs. The challenge is the number of DG units and EV/PHEV units
associated with a microgrid. Application of centralized controller in a microgrid with a
huge number of energy nodes and loads is not a technically feasible and secure solution.
Apart from the increasing complexity, the centralized controller is susceptible to catas-
trophic consequences which might occur due to single-point of failure, causing the whole
system to shut down. As a result, researchers are looking for more control techniques with
minimal communication infrastructures so that even shutting down of one node will not
affect the whole system as much as it could have been done by the centralized controller.
Moreover, emerging energy storages, such as EV units are spatially distributed. Coordi-
nating these EV storages through centralized control structure is not a feasible solution.
As a result, distributed control techniques can be considered viable resolutions. However,
the need for communication structure cannot be avoided using distributed techniques. It
is also important that the communication channels are not always burdened with sensor

data. As a result, an algorithm is needed to administer the initiation and the duration
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of distributed coordination. Furthermore, EV units may introduce undesirable network
effects, such as voltage sagging, swelling unbalanced conditions, and power quality issues.
These issues need to be tackled utilizing cost-effective and efficient methods.

Motivated by the issues relating to the design of microgrid controllers considering high
penetration of DG units and EV/PHEV units the objectives of the current research is

defined as follows:

e Evaluating an optimum microgrid structure for suitable connectivity of various en-

ergy nodes (i.e. DG units, loads etc.) with special attention to commercial vicinities.

e Developing a profound understanding of the characteristics of DG units particularly

PV units that involve uncertainty, low inertia, and intermittency.

e Analyzing the aggregated impacts of loads, such as EV unit considering their indef-

inite charging pattern and existing charging station infrastructures.

e Quantifying the benefits of V2G and developing a better understanding regarding

the characteristics of EV-ESS and their applicability into microgrid paradigm.

e Designing novel control methodologies to ensure primary voltage and frequency reg-

ulations in a multi-bus microgrid structure considering various operational modes.

e Applying communication-assisted centralized and distributed control techniques to

ensure coordination among cooperating energy nodes.

e Providing cost-effective solution to the designed multipurpose microgrid controller.

1.4 Main Contributions

Based on the research challenges and objectives mentioned above, this dissertation pro-

vides three main contributions listed below:
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e Design and implementation of a novel three-layered centralized coordinated control
strategy for EV storages in a hybrid AC/DC microgrid with two commercial build-
ings. The algorithm takes EV availability constraints and power deviations in AC
and DC subgrids into considerations and provide necessary reference power signals
for primary controllers. It also ensures coordination among three-phase (3P) and
DC type EV-ESSs to achieve this objective. The first layer of the algorithm en-
sures DC subgrid management, which includes DC bus voltage regulation and DC
power management. The second and third layers are responsible for the AC subgrid
management, which includes AC bus voltage and frequency regulation with active
and reactive power management. The multi-layered coordination is embedded into
the microgrid central controller (MGCC), also known as the secondary microgrid
controller, which controls the interlinking controller in between the AC and DC sub-
grids as well as the interfacing controllers of the participating EVs and distributed

RERs.

e Development of a new need-based distributed coordination strategy (NDCS) for
multiple EV storages in an islanded commercial hybrid AC/DC microgrid with
extended geographical size. The control capacity of the interlinking converter is
enhanced by incorporating combined power-droop and voltage-droop strategies to
leverage the coupling of AC and DC voltages. Therefore, the AC bus voltage can be
regulated simultaneously by regulating only the DC bus voltage without affecting
the power-sharing capabilities of the converter. The NDCS is proposed to coordinate
the EV storages to regulate the DC bus voltage. The main objective of the NDCS is
to decide whether the coordination of the available EV storages is to be performed in
a decentralized or a distributed manner. The mathematical model and the algorithm

to deploy NDCS are developed to realize its application to a real system.
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e Establishment of an optimized and improved distributed control strategy to ensure
cost-effective operations of hybrid microgrids. A hierarchical V2M framework is
proposed which utilizes parked EV storages to ensure stable commercial hybrid
microgrid operation. A centralized aggregator model is developed which optimizes
EV economic dispatch problem in real time and generates references for the V2G-
capable EV storages under its operational vicinity. The optimizer adjusts the power
setpoint for each EV, which ensures proper power management within the microgrid.

As a result, a cost-effective distributed V2G operation can be ensured.

The commercial hybrid AC/DC microgrid and its extended version are designed in
a MATLAB/Simulink environment resembling the microgrid under construction at Grif-
fith University, Australia. Extensive case studies are performed in order to assess the
performance of each developed coordinated controllers, that include real-life solar irradia-
tion, commercial load profiles, EV time delay, and EV plug-and-play and fault conditions
etc. Additionally, the performance of the controllers is compared with the conventional
controllers predominantly available in the literature to cement their individual perfor-
mances in terms of transient response, fault-robustness, scalability, cost-effectiveness, and

reliability.

1.5 Thesis Outline

Subject to the above research objectives and targeted contributions this dissertation is
outlined as follows:

Chapter 1 is anticipated to provide the background and motivation of the current
research including main contributions and significance of the research. Later, the thesis
outline is presented at the end of this chapter.

Chapter 2 focuses on contemporary literature survey related to the structures and
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controllers associated with microgrids and EV storages. This chapter also discusses ex-
isting relevant standards.

Chapter 3 presents a new and improved three-layered centralized coordinated control
strategy considering EV availability constraints for 3P and DC type EV-ESSs to improve
the operation of a hybrid AC/DC microgrid in terms of voltage and frequency regulations
and power management.

Chapter 4 concentrates on distributed control techniques applicable to EV coordi-
nation. This chapter presents a novel NDCS for multiple EV storages in an islanded
commercial hybrid AC/DC microgrid with extended geographical size.

Chapter 5 discusses the application optimization techniques to improve the per-
formance of the designed distributed controller. An efficient optimization-incorporated
distributed control technique for EV coordination in hybrid microgrids is presented to
ensure a cost-effective solution for EV coordination in microgrid environment.

Chapter 6 provides the concluding remarks and future directives for this research.
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Chapter 2

Literature Review

2.1 Introduction

Deployment of renewable-based distributed energy resources (DER) is increasing due to
recent global concern about fuel price hiking and environmental pollution caused by con-
ventional power sources. As a result, microgrid - a building block of future smart grid
vision, is now an extensively accepted concept because of its flexible and bidirectional
power flow strategy and superior connectivity with alternative sources and utility grids.
Comparing to conventional bulk power system with centralized control operations, micro-
grid offer decentralized (local) control over power management and interconnection with
the distribution system. According to The Consortium for Electric Reliability Technology
Solutions (CERTS), the definition of microgrids is as follow,

“ A microgrid must be able to operate parallel with the grid, and also should have the
ability to isolate itself from the utility seamlessly with little or no disruption to the loads
within the microgrid during a disturbance [23] ”

As a result, by definition, microgrids are expected to be operated in both islanded and

grid-connected mode with multiple distributed sources and prosumers. Islanded opera-

17
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tion of microgrids particularly provides improved reliability. However, with the increased
number of prosumers and the integration of large number of vehicle-to-grid (V2G) capable
electric vehicles (EVs) in the distribution systems, the control of microgrids requires ro-
bust and improved solutions. Therefore, this chapter presents the state-of-the-art control
topologies and techniques of microgrids for both islanded and grid-tied mode of operations.
Firstly, hybrid alternating-current (AC)/direct-current (DC) microgrids are introduced.
Challenges and prospects of V2G operation along with particular control strategies in a
microgrid are discussed in the later sections. Finally, relevant national and international

standards are summarized to understand the grid requirements.

2.2 Hybrid AC/DC Microgrid: a Future for Distri-
bution Systems

Since most of the renewable energy sources have DC output power along with increasing
DC load demand, the concept of DC microgrid has recently emerged with lots of potentials.
Nevertheless, DC microgrids are not expected to be deployed solely in near future. It is
due to the fact that majority of utility grids are still operating on legacy AC system
and three-phase AC system is prevailing for more than hundred years. Moreover, DC
sources are needed to be converted into the AC form to supply AC loads. As a result,
AC microgrids are more common. However, AC microgrids again need conversion from
the AC to DC for supplying DC loads. These multiple AC/DC/AC conversions through
nonlinear power electronics based converters reduce overall efficiency and at the same
time make the system complex and vulnerable. As a result, the concept of hybrid AC/DC
microgrid has been proposed in literature [24,25]. The concept of hybrid AC/DC microgrid
system is to combine both AC and DC renewable/non-renewable power sources along with

corresponding AC and DC loads. A hybrid AC/DC microgrid is composed of individual
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AC and DC buses. At the point of the AC bus, AC sources like wind turbines and utility
grids along with AC loads like induction motors are connected. DC sources like PV, fuel
cells, electric vehicle - energy storage systems (EV-ESS) etc. and loads like data centers,
telecommunication base stations etc. are connected at the DC bus point. The AC and DC
bus are interfaced with an interlinking converter which acts as a gateway for the power
flow between AC and DC subgrids [24,25]. A hybrid AC/DC microgrid structure has
several advantages over conventional microgrid or distribution system structure. Some
notable benefits include feasibility in integrating distributed generation (DG) units of
both types with minimum conversion, minimum voltage and frequency synchronization
efforts, and simple voltage transformation for both AC and DC bus using transformer and
DC/DC converters respectively. Furthermore, due to fewer conversion efforts efficiency,
reliability and economic operations can be ensured. As a result, this distinct microgrid
structure can be considered as a viable solution to the future smart distribution system.
A conceptual hybrid AC/DC microgrid structure is illustrated in Fig. 2.1. The hybrid
AC/DC microgrid illustrated in Fig. 2.1 is comprised of AC and DC buses interfaced
through multiple parallel interlinking converters. All DC-type DG units such as DC fast
EV charging stations, PV units and community storages etc. along with DC loads are
connected to the DC bus, whereas, AC-type DG units such as diesel generators, doubly-fed
induction generator (DFIG) wind turbines, EV AC charging stations etc. and AC-type
loads are connected to the AC bus. The utility grid is connected to the AC bus also known
as the point of common coupling (PCC) through intelligent bypass switches (IBS). The
main objective of IBS is to sense the island detection signal to disconnect the microgrid
from the utility grid or to reconnect to the grid when necessary.

Power control and management techniques are a critical aspect of a hybrid microgrid
operation. Main objectives of a microgrid controller are to ensure stable islanded and

grid-tied operation by stabilizing and synchronizing voltage and frequency with propor-
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Figure 2.1: A conceptual hybrid AC/DC microgrid structure

tional active and reactive power sharing among multiple DG units. For grid integration,
the DG units have to follow IEEE 1547 standard at their point of common coupling
(PCC). However, after the publication of the standard, there have been lots of changes
in the standard, like in IEEE 1547.4, they covered some missing point from the initial
one regarding DG connection variable parameters like frequency, power quality, and the
voltage impact [26]. Conventionally, utility grid operates as a slack bus to support the
variation or change in real or reactive power. Therefore, microgrid control structures and

relevant standards will be discussed in subsequent sections.

2.3 Microgrid Control

Integration of multiple numbers of intermittent renewable sources and emerging loads like
EVs into the microgrid, introduce new technical and economic challenges. Appropriate
control and proper coordination of microgrid are extremely important in order to ad-

dress these challenges. This section will explore state-of-the-art literature on challenges,
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features, structures, and techniques associated with microgrid control.

2.3.1 Challenges

The design of microgrid control and protection systems requires addressing functional
challenges to ensure the contemporary level of reliability and to extract potential benefits
of DER. Some of the challenges are derived from invalid assumptions which may lead to
system instability. While considering the concept of emulating the power system control
within microgrid, most of the challenges are derived from the conventional distribution
and transmission system persistent in present power systems. Microgrid control challenges

can be identified as below [3,5]:

e Bidirectional power flows: Existing power system and its associated distribution
feeders are designed for unidirectional power flow. It is expected that introduction
of DG units in low voltage networks will require bidirectional power flow where con-
sumers will act as prosumers. Complicities such as reverse power flow, unexpected
power flow pattern, unbalanced voltage levels and fault current flow may arise if

existing feeder systems persist in presence of DG units in low voltage networks.

e Stability issues: Local oscillation may appear due to the interaction among dis-
similar control dynamics of DG units. Additionally, smooth transition between
grid-tied and islanded mode of microgrid operation requires thorough a small signal

and transient stability analysis.

e System modeling: Assumptions such as low X/R ratio, balanced three-phase condi-
tion and constant power loads can be considered valid in order to model a conven-
tional power system at the transmission level. Nevertheless, these assumptions are
invalid where a microgrid in low voltage distribution networks is considered. As a

result, a revised modeling is required.
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e Low inertia: Most of the renewable energy sources like solar modules, fuel cells etc.

have no inertia and other renewable sources like wind turbines have low inertia. In
contrast to large power systems with multitudes of synchronous generators ensur-
ing high inertia, these power electronic-interfaced DG units in microgrids show low
inertia characteristics. Even though power electronics based DG units show better
dynamic performance, the low-inertia characteristics may lead to frequency devia-
tions in the islanded mode of operation unless appropriate control mechanisms are

not adopted.

Uncertainty: Uncertainty, intermittency, non-linearity and unpredictability are as-
sociated characteristics of the most renewable DG units. Definite levels of coor-
dination among different DG units are required to ensure efficient and consistent
microgrid operation. Particularly during the islanded mode of microgrids where
maintaining generation-consumption balance is more severe due to the considera-
tion of the high rate of component failures and uncertainty associated with load
profile and weather forecast. The unpredictability rate in a microgrid is actually
higher than large power system due to the presence of highly correlated output
variations of accessible energy sources which are known as the limited averaging

effect.

Cyber-physical security: Controllers need to communicate through communication
networks due to the dispersed position of prosumers and DG units. Cyber networks
are vulnerable to malware and data infringement. With the growing number of
microgrids and their associated controllers, cyber-physical security is an important

issue.

The primary focus of this dissertation is to focus on the stability of the system in pres-

ence of V2G-capable EV storages and PV units. Novel coordinated control approaches
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are proposed to address challenges such as voltage and frequency stability, power manage-
ment, system-modeling etc. Uncertainties associated with the PV output power and the
load profile are considered while designing the controllers. The cyber-physical security
and the economic aspects are not within the scope of this dissertation and could be future

directives.

2.3.2 Expected Features

Control challenges mentioned in the previous section needs to be handled by the de-
signed microgrid controllers. Expected features of the control system to ensure reliable,

consistent and efficient operation of the microgrid involve:

e Qutput control: Output refers to the voltage and current generated by various DG
units in a microgrid. Desired microgrid controllers should have the capability to
control these outputs. They control the output voltage and current so that all
associated DG units track their predefined or generated set points/reference values

and oscillation is accurately damped.

e Power balance: Associated DG units in a microgrid should be able to meet load
requirements even under extreme conditions like faults. It is expected that microgrid
controllers will control both active and reactive power and initiate necessary steps
of power-sharing and storage commands to balance overall power profile and at the

same time keeping voltage/frequency deviations within acceptable levels.

e Demand side management (DSM): Demand side management (DSM) is the mech-
anism to modify the consumer demand for energy by means of financial incentive
and education. Generally, the objective of DSM is to motivate consumers to use
less energy during peak hours or to shift the time of energy consumption to off-peak

hours, for instance, night time and weekends. Economical DSM strategies should be
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integrated within microgrid controllers in order to ensure load frequency control and
active participation of prosumers. This will increase controllability over a portion
of load [27,28]. However, DSM has not been considered in this thesis and could be

a future directive of this research.

Economic dispatch: A proper and economical way to dispatch DG units particularly
in islanded mode can contribute immensely to the reduction of the operational costs

and maximization of the profit by taking reliability into consideration.

Durable operational mode transient: An intelligent and reliable microgrid should op-
erate in grid-tied, islanded and transition between these two modes. Various control
techniques are applicable for grid-tied and islanded operation. To achieve seamless
operation during the transition between these two modes require fast islanding detec-
tion and proper transient performance. As a result, microgrid controllers should be
properly responsive to the islanding detection signal and have robust transient han-
dling capability [29]. Moreover, the controllers need to be robust to cyber-physical

anomalies and faults.

2.3.3 Controlled Variables

The controllable variables for microgrid controllers are rather straight forward, they are

— voltage (V), frequency (f), active (P) and reactive power (Q).

In the grid-tied operation, the frequency of the microgrid and the voltage at the PCC

are determined and regulated by the grid. Microgrid controller operates in greed-feeding or

greed-supporting mode by handling and supplying the active and reactive power generated

by DG units to supply load demand. Reactive power generated by individual DG units (i.e.

wind turbine, diesel generators etc.) or by interfacing voltage source converters (VSC)

for solar modules, fuel cells etc. can be injected to meet the reactive power demand.
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VSCs can also take part in the operation of voltage regulation or power factor correction.
According to the present IEEE standard 1547 for interconnecting distributed resources
with electric power systems, DG units are not allowed to regulate or control the PCC
voltage during grid-tied operation to avoid interaction with the similar feature provided
by the grid [30]. However, with the recent modifications, VSCs can actively engage in
voltage regulation by reactive power injection or absorption.

In the islanded mode of operation, the microgrid functions as a self-governing entity.
This mode of operation is significantly more challenging than the grid-tied mode because
it involves active power balancing and load sharing. Since voltages and frequency of
the microgrid are no longer supported by the grid, thus separate voltage and frequency
controller need to be activated. Active power is balanced either by the central controller or
by the local controller. Local controllers of DG units use local measurements to generate
reference on the other hand central controller generate reference values centrally and
communicate these set points to DG units associated local controllers. The main objective
of such a mechanism is to guarantee that all units contribute to supplying the load by
tracking pre-specified set points [31].

Microgrid controllers can be classified from various perspectives. From the configura-
tion point of view, there are controllers specific to AC, DC or hybrid AC/DC microgrids.
Microgrid controllers can be classified as grid-forming, grid-supporting and grid-feeding
types based on assigned objectives and the mode of operations. Mostly recognized mi-
crogrid control topology involves a hierarchy of controllers. All controllers within the
hierarchy can be broadly classified into three major techniques that are centralized, decen-
tralized and distributed methods. A brief depiction of the hierarchical microgrid structure

are presented in the following section.
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2.4 Overview on Hierarchical Microgrid Control Struc-
ture

Microgrid can operate in both grid connected and islanded mode. It is also expected that
the microgrid will operate seamlessly during the transition between grid-tied to islanded
mode or vice versa. Thus microgrid control is rather complicated topic to be addressed.

The main objectives of microgrid controllers are [4]:

e Voltage and frequency regulation (in both operating mode)

Proper load sharing and DER coordination (in both operating mode)

Microgrid resynchronization with the main grid (transient mode)

Power flow control between the microgrid and the main grid (grid connected mode)

Optimizing the microgrid operational cost

Tertiary Control

Tertiary

Secondary Control

Primary Control

(a) Hierarchy of primary, secondary and tertiary (b) Position of the inner control loops in the

control layers in a microgrid hierarchical structure

Figure 2.2: Hierarchical microgrid control structure

It is important to standardize microgrid control structure to correlate with new grid

codes. In order to do so the standardized structure for automated interface between
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multiple enterprise and control systems given in ISA-95 is adopted [32]. According to [33]

and [34] the microgrid control structure shown in Fig. 2.2 would be as follows:

1. Level 3 (Tertiary Control): This level is responsible for importing and exporting

power to/from the grid.

2. Level 2 (Secondary Control): This level is responsible for the synchronization or
restoration of microgrid with grid. It is also responsible for maintaining all electrical

levels within acceptable region.

3. Level 1 (Primary Control): This level is responsible for parallel power sharing
between multiple DG units and stabilizing voltage and frequency using droop or

similar methods

4. Level 0 (Inner Control Loops): This level is responsible for handling voltage or

current regulation issues associated with each module.

Within the hierarchical microgrid control structure, each layer of controllers follows
a chain of commands. The higher layer has the supervisory authority over lower layer.
Command and references signals from layer to layer should have a low impact on the
system stability. As a result, the response time of the higher layers is slower as com-
pared to the lower layers. Table 2.1 documents the objectives and some of cutting edge
control techniques for different layers of the control structure predominantly utilized in
the literature. The design of primary control loops are well researched. Primary control
loops are mainly designed utilizing decentralized droop techniques due to the simplicity
of mechanism and implementation. Conversely, secondary and tertiary control loops can
be designed utilizing either distributed or centralized techniques. Several classical and
modern control techniques are utilized to design and tune inner control loops. However,

proportional-integral-derivative (PID) controllers are widely used in this loop due to the



28

Chapter 2. Literature Review

Table 2.1: State-of-the-Art Techniques for Hierarchical Microgrid Control [3—(]

Control loop

Objectives

State-of-the-art techniques

Inner Loop

- Handling stability and
regulation issues,
- Maintaining performance

proportional-integral-derivative (PID) Control,
proportional-resonant (PR) control, predictive
control, dead-Beat (DB) control, hysteresis control,
LQG/LQR control, sliding mode (SM) control,

Control  parameters which includes o b
rise time, settling time, H;,, p1y control, repetitive control, art1ﬁc31a.1
steady-state error, damping etc. neural networks (ANN) control, fuzzy logic (FL)
’ control etc.
conventional droop control (i.e. P — f/Q —V
or P—V/Q — f), P-D compensated droop control,
}rggggr%s; gfaiﬁ‘\{zssgﬁn adjustablg load sharing control, VPD /FQB droop
Primary - parallel power—sharin’g control, virtual frame transformation method,
control among multiple DG units virtual output 1mpedange me"ch'od, 'adaptlve
- avoiding circulating curr’ent voltage droop contr(_)l, signal injection method,
during parallel operation non-linear load sharing, centralized control,
master-slave control, average load sharing
control, circular chain control (3C) etc.
- microgrid energy genetic algorithms (GA), particle swarm
management system (EMS), optimization (PSO), model predictive
Secondary " compensating the voltage control (MPC), ant colony optimization (ACO),
control and frequency deviations potential function-based control, voltage
caused by the primary control,  unbalance compensation technique,
- Synchronization or restoration multi-agent (MAS) concept, gossip-based
of a microgrid with grid technique, distributed cooperative control etc.
- sets ‘Optimal’ set points as
per requirements of the host grid, 1 inal based h
Tertiary - coordinates the operation an equal marginal cost-based approach,
control of multiple microgrids, the gossiping algorithm, game theory-based

- control the power flow
to/from the grid

approach etc.

reasonable performance. As a result, PID controllers are used throughout this disserta-

tion to design the inner control loops and decentralized droop techniques are adopted

for the primary control loop within the microgrid controllers proposed throughout this

dissertation.
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2.5 Overview on Vehicle-to-Grid (V2G) and Vehicle-
to-Microgrid (V2M)

It is expected that EV or plug-in hybrid electric vehicles (PHEV) will be significant parts
of the connected load in the future smart grid. Decreasing battery costs, competitive
markets and incentives from the governments are contributing to the quick growth of
EVs. As of November 2017, the number of Hybrid electric vehicles (HEV), PHEV and
battery electric vehicles (BEV) on the world’s roads has passed the three million mark.
EVs are suitable for demand response program and dynamical electrical storage resources
due to their dual operations known as the V2G and grid-to-vehicle (G2V). These vehicles
are generally equipped with large batteries in ranging 7.8kW h to 27.6kW h, which are
to be connected to the grid to be fully charged. These batteries can be charged from
the DG units, for example, wind and solar during the off-peak time in the microgrid
and supply power back to the grid during peak time. In order to utilize EVs into mi-
crogrid paradigm robust coordinated controls are needed for charging and discharging.
Advantages and challenges of EV penetration into microgrid are briefly quantified in the

following subsections [35, 30].

2.5.1 Challenges of V2G/V2M Technology

Several research studies have been conducted for finding the optimum penetration level of
EVs into the grid in dual mode. Power flow variation monitoring and designing plausible
control methods have become a priority in recent years. Various literature has proposed
different methods of controlling and monitoring power flow during V2G mode (i.e. EV
discharging mode) and G2V mode (i.e. EV charging mode) and tried to quantify the
effects making realistic assumptions. Considerable efforts have been focused on the inves-

tigation of the impacts of a huge number of EVs in distribution grids. In several pieces
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of literature, the impacts of EV penetrations have been analyzed either by simulation or
by doing realistic case studies. In V2G concept both grid operators and car owners share
benefits among themselves which is a reason behind recent rapid EV development. EV
can behave either as a load or as a generator. Their behavior pattern depends on several
factors like type of charger connections (unidirectional/bidirectional), the number of EVs
being charged in given vicinity, voltage and current levels, battery status and capacity,
charging duration, geographical locations etc. [35]. Fast charging of these EVs can have
a huge impact on the distribution grid as typical EV load is almost double of an average
household load. Adding up harmonics resulting low power factor can be serious problems
if the charger does not utilize state-of-the-art conversion. The challenges associated with

the V2G operations can be summarized as follows:

e Stochastic charging pattern e Voltage and frequency fluctuation
e Storage life-cycle degradation e Harmonic distortion
e Fast charging e Peak demand management

e Smart coordinated charging e Additional infrastructure requirements

The primary focus of this research is to evaluate the feasibility of utilizing EV storages
of different configurations and to design coordinated controllers to improve and stabilize
the technical parameters such as voltage and frequency by maintaining robust power
management among participating DG units. Different types of EV chargers and their
corresponding charging time, maximum power consumption, maximum current drawing

capability and standard voltage levels are presented in Table 2.2.

2.5.2 Prospects of V2G/V2M Technology

EVs, with an adequate intelligent connection to the grid, interactive hardwires and soft-

ware control, can serve as direct resources or as a spinning reserve during a power outage.
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Table 2.2: Charging Power Level for EVs [1]

Cht?;%emg Type Power  Voltage cg?é(r.lt
6~8 hours Single-phase 3.3 kW 230V 16 A
3~4 hours Single-phase 7.4 kW 230 V 32 A
2~3 hours Three-phase 10 kW 400 V 16 A
1~2 hours Three-phase 22 kW 400 V 32 A
20~30 minutes Three-phase 43 kW 400 V 63 A

20~30 minutes Direct current 50 kW 400~500 V 100~125 A
10 minutes Direct current 120 kW 300~500 V 300~350 A

The V2G concept with appropriated control can improve the utility grid’s performance
in the area of efficiency, stability, and reliability by offering reactive power support and
active power regulation, tracking and supporting the efficient integration of variable in-
termittent renewable energy sources, load balancing and shifting via valley filling, peak
load shaving, and current harmonic filtering. According to Yilmaz et al. [14] to maintain
grid reliability, balancing supply and demand V2G concept can provide higher quality
ancillary services: quick frequency and voltage regulation, load leveling, and peak power
management and effective spinning reserve.

In order to facilitate proper function of the grid, it is required to unremittingly balance
production and consumption of both active and reactive power, so that the frequency and
voltage amplitude can be closer to their nominal values. Active power can be controlled
by controlling frequency and reactive power control relies on voltage control of the system.
Thus, frequency and voltage are important factors in determining the power quality of
utility grids. Implementing V2G in overall voltage and frequency regulation will pave
a path towards active and reactive power quality improvement. Currently, frequency
regulation is achieved by the expensive process of cycling large generators. EV can be
used in this case as they can act as a medium sized generator. An aggregator based
revenue model has been proposed in the literature which is able to provide the regulation

up to certain desired level by organizing EVs. An Energy Management System (EMS)
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will be placed at grid side which will dispatch appropriate regulation signal within the
contracted boundary of the aggregator. Idle EVs will respond to the regulation signal
based on the developed algorithm. A proper logic of charging and discharging of EVs can
be implanted in the battery charger with a voltage control to compensate reactive power,
which will select the current phase angle to operate in the inductive or capacitive mode
of charging. Despite large penetration of EVs for charging batteries from grid could be a
reason of line overloading and voltage instability at a low voltage network, it can regulate
reactive power within local vicinity. According to the Union for the Coordination of
Transmission of Electricity (UCTE) the control of frequency stability in the distribution
system can be categorized into three types: primary, secondary and tertiary [35].

Due to global awareness regarding energy security, fuel diversity and climate change,
the usage of renewable energy resources for power generation are increasing rapidly. In-
tegration of renewable energy sources into the grid has become a necessity. But the
unpredictability of the availability of sources has become a prime concern on integration.
Presently the most prevalent renewable energy resources are wind power and solar en-
ergy, particularly in Australia. Solar irradiation is not constant throughout the day and
not available to generate solar power at night. On the other hand, wind power is more
complex due to the unpredictable variations in the wind speed, which makes it strongly
intermittent and can lead to overall system instability. A number of studies have been
carried out to combine EVs with renewable energy sources to serve different purposes,
such as battery storage, reactive power system and active power control. In [37] an in-
vestigation on the possibility of V2G concept to overcome intermittency in wind power
is conducted. Guille and Gross et al. [38] proposed a structure using model predicated
control to analyze the positive effect of EVs on the wind generator. In [39] an autonomous
distributed V2G control has been proposed for providing distributed spinning reserve dur-

ing intermittency. Different strategies for integrating EVs into wind thermal power plant
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have been investigated in other literature [35]. A combination of demand response with
wind integration to balance the power is also analyzed. The V2G concept can provide
flexibility in power saving. In a renewable-dominated smart grid if the power generated
by renewable sources is high then without curtailment this energy can be stored in EV
batteries with designed charging model. This energy can be further used in residential
areas or industrial areas; if not can be supplied to the grid later on thus a flexible power
supply can be managed.

It has been mention previously that PHEVs or EVs can be used as a dynamic storage
and they can act as both as a generator and load. V2G can contribute to even out
peak energy load by discharging during peak time and charging during low demand (i.e.
overnight or off-peak hours). Several pieces of literature proposed different methods for
smart vehicle charging systems using various algorithms to level the curve. An algorithm
that can be utilized for load leveling purpose by using dynamic electricity pricing curve
has been proposed. This curve can optimize an ideal minimum charge when EV users
derogate their electric bill. EV should be charged late night due to low demand level
during that time. In a case study of California grid with 4 million EVs showed that
charging load can be met by the present power system without requiring additional power
sources. Mets et al. [10] showed that smart charging/discharging can reduce peak load
and level the load curve and described different local/global smart charging/discharging
and their coordinated control strategies. Chakraborty et al. [11] observed that for New
York City where 100,000 vehicles were simulated using Level 2 charging a benefit of $110
million per year can be achieved considering 50% simultaneous EV penetration level and
contribute approximately 10% of peaking capacity safely where up to 87.5% penetration
of EV charging does not pose any protection issue. For high penetration load shifting of
EV, fleets can reduce the overall impact on the grid. This can be achieved by coordinated

charging of EVs. The target of a controlled battery charger is to scale down peak load
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by shifting energy demand. This also gives opportunities for smart charging. A study
in 13 U.S. regions without smart charging considering high penetration of EVs showed
that additional 160 power plants will be required if every EVs are charged in the early
evening. In some literature like [12,13] it is shown that there is little financial incentive
with increased PEV penetration when V2G is used for peak load reduction. According
to [44], peak power control has been proven economically feasible solution in Japan.

Overall, the advantages of the V2G operation can be quantified in following grounds:

e Active power regulation e Peak load shaving

e Reactive power support e Current harmonics filtering
e Load balancing e Voltage regulation

e Load shifting via valley filling e Frequency regulation

e Smoothing the output powers of the DG units e Congestion management

2.5.3 Configurations and Control Strategies of Various EV Charg-
ers

An overview of the configurations and the control strategies used in this dissertation for
DC type, three-phase AC and single-phase AC type EV chargers are briefly presented in

subsequent sections.

DC Fast Charger

The configuration and the control strategy for the DC fast charger used in this disser-
tation, particularly while utilizing them in islanded microgrids, are shown in Figs. 2.3a
and 2.3b respectively. It includes a DC/DC bidirectional converter as the interfacing con-
verter for EV-ESSs. The control strategy for the converter involves a voltage-control loop

(VCL) and a current-control loop (CCL). PI controllers are used to control individual
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(a) Configuration
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Figure 2.3: Typical EV DC fast chargers [!]

loop parameters. The VCL stabilizes the DC link voltage by tracking V{,ecf. Therefore,
the output DC voltage of the converter is regulated. Later, the VCL generates refer-
ence current signals for the CCL, which in turns generate necessary duty cycles for the

interfacing EV-ESS converters.

Three-phase AC Fast Charger

Typical configuration and associated control strategies of a bidirectional three-phase EV
charger are shown in Figs. 2.4a and 2.4b. It consists of a DC/DC converter interfaced
with a three-phase inverter. In practical cases, there is a galvanic isolation in between
the converter and the inverter. The three-phase AC fast charger requires distinct control
strategy to achieve the V2G capability. The control strategy is developed utilizing de-
coupled d — ¢ control of three-phase inverters using pulse-width modulation (PWM). It
consists of three inner control loops i.e. power-control loop (PCL), VCL and CCL. The

PCL is basically a droop control that ensures effective bidirectional active and reactive
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Figure 2.4: Typical EV three-phase AC Fast Charger [!]

power allocation among several EV units. The designed droop controller generates refer-
ences for the voltage controller which are later fed to the current controller. The current
controller generates the necessary modulation signal for the inverter of the charger. Usu-
ally, LCL filters are used after the inverter in order to achieve smooth voltage and current
wave shapes. An elaborate description of the control strategy for the three-phase AC fast
charger used in this section can be obtained from [17]. Though the primary focus of this
dissertation is conventional charging, currently three-phase AC faster-charging system
has been introduced under the umbrella of onboard charging systems which utilizes the
internal bi-directional DC (Battery source) /AC (Motor drive) inverter. The AC Motor

drive can be connected to a three-phase AC side of 50/60 Hz only.
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Figure 2.5: Typical EV single-phase AC Fast Charger [!]

Single-phase AC Domestic Charger

Single-phase AC domestic charger configuration and control strategies are shown in Figs.
2.5a and 2.5b respectively. Single-phase EV chargers are designed to operate as active
loads. The operation of EVs is designed with single-phase phase-locked-loop (PLL) and
associated controllers as proposed in [15]. Single-phase PLL includes one orthogonal signal
generator which generates [ components of the single-phase input voltage and current
signals. Later the virtual a — # components of the voltage and current are converted
into d — ¢ components. The generated d — g components are used in the decoupled
d — g synchronous reference frame (SRF) controller for single-phase inverters as presented
in [16]. The terminal voltage magnitude of the single-phase AC chargers is reasonably

constant due to their active load operating control strategy.
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2.6 Interfacing Converter Control in Grid-Tied and

Islanded Mode
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Figure 2.6: Interfacing converter control in grid-tied mode

In this section, the conventional control structures of a grid-tied and islanded inter-
facing converter are depicted. Detailed description of each control structures and their

design guidelines can be obtained from [2, 17,47, 18].

2.6.1 Grid-Tied Control Structure

A grid-tied interfacing converter controller as shown in Fig. 2.6 is consists of two control
loops i.e. direct-quadrature reference current (i, and ;) generator loop and current-

control loop. Initially, grid side voltage (v2%) is fed to a PLL to get instantaneous angle
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Figure 2.7: Interfacing converter control in islanded mode

abc

o>¢ and inverter output

measurement which is later fed into abc — dq0 converter. Later, v
current (i) are passed through abe — dg0 converter to get corresponding d and ¢ axis
components i.e. Upd, Voq, 41 and .

Active and reactive power of the interfacing controller during grid-tied mode can be
controlled by 4,4 and 7, respectively [19]. Both ¢;4 and 7, need to follow their corresponding
references to achieve desired control objectives. The voltage deviation across the DC-link

capacitor indicates the active power deviations at the output of the inverter. As a result,

measured DC-link voltage is compared with its reference voltage and the error signal
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are passed through a proportional-integral (PI) controller to generate control input .
Similarly, load reactive power (Q) is compared with the inverter reactive power reference
(Q*) and the error is minimized using a PI controller by generating ij,.

The main task of the current-control loops is to compare , ¢4 and ¢, with their as-
sociated references ij; and ij, and decouple active and reactive power control from each
other. As a result, the controller performance becomes independent of system dynamics.
Finally, inverter voltage reference v}, and v;, are passed through a dq0/abc converter to
generate modulation signal (v},.) for to produce pulse width modulation (PWM) signal

of the inverter.

2.6.2 Islanded Control Structure

The islanded control structure as shown in Fig. 2.7 is consists of three control loops
i.e. power-control loop, voltage-control loop and current-control loop. During islanded
condition, a microgrid needs to work as self-governing entity. The additional power and
voltage-control loops ensure the frequency and the voltage stability and regulation during
islanded operation. Generally, droop control schemes are adopted in the power-control
loop. Power-control loop generates angular frequency reference (w) to drive abc — dgo and
dgo — abc converters. Power-control loop also generates reference value v?,. Assuming
the d-axis to be aligned with the line voltage measured by the PLL, the value of v,
can be assumed 0. The bandwidth (BW) for the power-control loop is 2-10 Hz. The
generated voltage reference values are fed to the voltage-control loop (BW: 400-600 Hz)
and later fed to the current-control loop (BW: 1.5 kHz) to generate necessary modulation
signals. More discussion on the improvement of the islanded microgrid control structure

is presented in subsequent chapters.
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2.7 EV Storage Control in Grid-Tied and Islanded

Mode
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Figure 2.8: EV storage controller in grid-tied mode [2]

In grid-connected mode it is expected that grid will provide necessary load require-
ment at the same time it will contribute to the active and reactive power regulation [50].
However, in case of overloading due to variable loading or variable irradiation effects,
parked EV-ESS can contribute to line voltage regulation and power management. For a

hybrid AC/DC microgrid, generation and load demand can be calculated as below:

PGeneration = Z PAC(DGS) + Z PDC(DGS) + Pgrid (21)

Where P,,;q = power supplied by the grid,
Ppc(pas) = power generated by DC DGs,

Pac(pas) = power generated by AC DGs, so overall load demand is

Proad = Z PAC’(Loads) + Z PDC’(Loads) + Pross (22)

In normal condition it is expected that

PGeneraticm Z PLoad;

During that time EV-ESS will be charged via buck/boost converter or maintain halt

mode based on battery SOC requirement. But if there is any generation-consumption
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mismatch occurs at the PCC point then there might be condition when the following
situation will occur

Peeneration < PLoad;

For this case EV-ESS will measure the power difference 6 P = Prouq — Pgeneration and
compare 0P with maximum allowable power range of EV-ESS battery packs. The error
signal is passed through a PI controller to generate duty cycles for the DC/DC converters

of EV-ESS. The illustration of the EV storage controller in grid-tied mode is given in Fig.
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Figure 2.9: EV storage controller in islanded mode

During islanded mode, EV storages have to regulate the DC bus voltages before power
dispatch. As aresult, EV storage controllers have two control loops to control both voltage
and current as shown in Fig. 2.9. More discussion on EV storage controller in the islanded

mode is presented in subsequent chapters.

2.8 Overview on Distributed Control Techniques for
Microgrids

As mentioned before, all the layers of the hierarchical microgrid control structure can
be designed in decentralized, distributed or centralized manner. The secondary and the
tertiary layer of the controllers requires communication among multiple DG units and

the grid. As a result, for these two layers, the decentralized structure is not an option.
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Moreover, the centralized structure has multiple shortcomings. It cannot operate securely
and reliably due to several reasons, such as the absence of dedicated demand management
unit, higher computational burden due to the presence of a bulk number of resources and
loads, a high number of communication links, single point of failure and unavailability of
DG units plug-and-play feature. Distributed control structure requires sparse communi-
cation, thus, it is less prone to communication failure. Hence, distributed controllers are
a better choice to achieve required functionalities. Some distributed control techniques
those are predominant in existing literature are presented below, later on, the application
of these distributed controllers in the different layers of the microgrid control hierarchy is
presented. Detailed review of various distributed control techniques and their application

in the areas of power systems can be obtained in [51-53].

2.8.1 Distributed Model Predictive Control

Distributed model predictive control (DMPC) is a preferred control scheme in large indus-
trial applications because of their distinct features like multiple control variable handling,
simple tuning methods and plant constraints handling capabilities. DMPC is a discrete-
time control strategy where system control sequence is determined by minimizing the cost
function associated with the system performance over a finite number of future time steps
considering the system mode. The cost function is defined as mathematical functions of
variables responsible for the minimization of the deviation of system states from prede-
fined set points. Each time step of DMPC includes calculation of the control sequence for
N future time steps, where N is the prediction horizon. Initially, the first input is applied
and the rest are updated in the next time step to minimize the weighted sum of errors.
The same procedure is repeated at each consecutive time step [54,55].

An MPC based method of reactive power control in an unbalanced microgrid has been

proposed in [56]. A linearized voltage control model is derived in the method which is



44 Chapter 2. Literature Review

integrated into MPC that predicts voltage profile for next step and set reactive power
reference value. In [57] a decomposition based MPC strategy for coordinated energy
management of DG units associated in a microgrid is proposed. In this method, the
control optimization problem is decomposed into steady state and transient sub-problems.
Decomposed steady state sub-problem requires slower time frame thus reducing overall

computation weight.

2.8.2 Consensus-Based Cooperative Techniques

Pioneering work of [58] proposes distributed computation that concentrates on decen-
tralized optimization where a defined global objective function is known to every associ-
ated unit in the system. Recently this problem is studied under newly introduced term
‘consensus’. The consensus is a method of solving distributed optimization problem by
converging the associated units parameter to a single parametric value like fish school
or bird flocks. This value could be voltage or frequency if microgrid is concerned. A
consensus-based method attains global optimality using partial, time-varying communi-

cation between neighboring units, without the need of a dedicated unit for communication

purpose. In [59] and [60] the unconstrained consensus algorithms in a distributed environ-
ment is discussed and the constrained situation is studied in [61-65]. A novel distributed
multiagent-based load restoration algorithm is presented in [(6] where each agent commu-

nicates with its neighbors to determine global information based on the average consensus
theorem.

The distributed cooperative control method is actually a concept that ensures coopera-
tion among multiple agents. This method is inspired by natural phenomena like swarming
in insects, thermodynamics law, flocking in birds and synchronization in a physical sys-
tem. In this system, each agent communicates with another agent by exchanging limited

information through restricted communication protocols and cooperates with each other
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to achieve a global or local objective [67]. This control and coordination can be achieved
in various ways like using a un-directed graph, by solving average consensus problem or
rendezvous problem or by flocking. In [68] a cooperative control technique is proposed
where agents can communicate and exchange data regarding active and reactive power
with their neighbors only. This exchange is done at a low rate and to facilitate the
method node to node distance need to be known. In [69-72] a distributed cooperative
secondary voltage control using input-output feedback linearization is proposed for is-
landed AC microgrid. In [73,74] a distributed cooperative secondary control for voltage
and frequency is presented. In this method, communication links are modeled using uni-
directional digraph. A multi-objective distributed control for islanded AC microgrid is
proposed in [75,76]. The method includes two layers of communication where the first
layer deals with voltage-controlled voltage source inverter (VCVSI) and regulates voltage
and frequency of the system whereas the second layer deals with current-controlled volt-
age source inverter (CCVSI) and manages active and reactive power. Each DG units in
the communication network graph require unidirectional communication with its neighbor
In [77], a consensus-based distributed cooperative control is proposed for voltage regula-
tion and reactive power management. In [78] distributed cooperative control method has
been extended to DC microgrid for voltage regulation and in [79,80] distributed cooper-
ative method has been used to coordinate distributed storages using the graph theory.
Apart from that, the efficiency of the distributed cooperative controllers in conditions

such as communication link failure and time delay are analyzed in [$1,82].

2.8.3 Agent-Based Techniques

In multi-agent system (MAS), agents are defined as specific entities that have communi-
cation skills, restricted goal oriented autonomy and a partial knowledge of the environ-

ment [33]. An intelligent agent has to be responsive to the change of the environment,
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opportunity seekers and communicative. State estimation in power system can be em-
ployed to address the limited knowledge of agent [31]. Although agents can communicate,
a large part of the control is achieved locally based on the autonomy and limited knowledge

of the agent. Agents can be categorized as follows.
1. Centralized agent architecture that consists of a single agent,
2. Decentralized agent architecture consists of several agents without communication,
3. Hierarchical agent consists of different layers of agents.

The information flows from lower to higher layers, while the demand flows from higher
layers to lower layers. Besides information flow in layers, different agents in one layer
may also be able to communicate with each other [85]. MAS is appropriate for a large
complex system like power systems where the humongous amount of dissimilar agents
exist and interact with each other. MAS can be implemented to monitor, control, model,
simulate and manage microgrids as they can be considered as a single entity in the islanded
mode. An extensive review of MAS concepts and challenges related to it are presented
in [86]and [87]. Agent programming in power systems is usually carried out in Java
agent development framework (JADE). Simulation of agent-based power systems requires
combining a power system simulator like PSCAD/EMTDC or MATLAB/SIMULINK with
a communication backbone simulator by proper interfacing. The interfacing issues and
partial resolutions are presented in [$8]. In order to manage power sharing and to maintain
voltage levels in a microgrid reference, [389] proposes a neighbor-to-neighbor three-step
communication scheme to device MAS architecture within the microgrid. Reference [90)]
develops a MAS based hierarchical control to address the need for hierarchical control
and hybrid dynamic behavior of the microgrid altogether in order maintain voltage levels
and maximum economic benefits out of the microgrid. More detailed information on

MAS-based control in microgrid applications can be obtained from [91].
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2.8.4 Decomposition-Based Techniques

Decomposition refers to breaking a problem into multiple subproblems where solving those
subproblems individually leads to a global solution. Several decomposition techniques
have been proposed in literatures such as auxiliary problem principle (APP), predictor-
corrector proximal multiplier method (PCPM), and alternating direction method (ADM)
[61,02,92-96]. These methods are based on decomposing the original optimization prob-
lem into multiple subproblems/areas. Those subproblems are then solved iteratively until
convergence. There are various methods for defining areas for example areas can be de-
fined based on their sensitivity factors and controllability of associated buses. In microgrid
this segmentation are done based on the available information which is alike physical ad-

jacency [H1].

2.9 Applications of Distributed Controller in Micro-
grid

The decentralized control techniques provide a scalable solution, whereas, the centralized
controllers provide enhanced monitoring and control capabilities. However, the central-
ized control techniques require intense communication and processing power. Conversely,
distributed control techniques provide alike control capability as the centralized struc-
ture with sparse communication. As a result, nowadays, the application of these control
techniques in the microgrid vicinity is increasing. In the following section, some of these

applications are presented.
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2.9.1 Application in Voltage Regulation

The main objective of the microgrid voltage controller is to provide a flat voltage profile
in the microgrid by maintaining the voltage level in different nodes within an acceptable
range. Insignificant line impedance in transmission and distribution lines causes large
current flow even under minuscule voltage differences across buses To prevent this proper
voltage regulation strategy is mandatory. Voltage controller can be designed either cen-
trally or locally. Local voltage controller performs voltage regulation directly utilizing
droop method through inner control loop (i.e. PI, PR, LQG etc.). A centralized or dis-
tributed clustered controller will update reactive power set point and communicate these
references with local controllers of DG units. For low voltage (LV) and medium voltage
(MV) grids voltage control requires determination of active power set points in addition to
reactive power set points due to their resistive network behaviors Earlier works like in [97]
proposes secondary voltage regulation in bulk power systems by reactive power injection
which has limited applicability only in transmission level. In [55] a communication-based
DMPC is proposed for multi-area power systems to achieve voltage regulation. In this
method, a simplified neighbor area is defined and designed DMPC works with the infor-
mation obtained from neighboring controllers. In [98] a distributed controller based on
droop strategy is proposed for low voltage DC microgrids to achieve voltage regulation
and active power sharing. In [99] a two-stage voltage regulation strategy based on reactive
power injection is proposed. In the first stage, DG units inject reactive power into the
system to mitigate voltage deviation. The second stage is only activated when the first
stage cannot fulfill required regulation. In the second stage, necessary amount of reactive
power to regulate voltage deviation is exported from neighboring units. A secondary volt-
age control method is proposed in [100] which regulate sensitive load bus (SLB) voltage
into the acceptable region by rejecting harmonics under hierarchical microgrid control

structure. A decentralized non-hierarchal voltage controller based on smart and coopera-



2.9. Applications of Distributed Controller in Microgrid 49

tive entities is proposed in [101]. The distributed voltage controllers use local bus variables
and mutually coupled oscillators to determine the main variables that characterize the
global operation of the smart grid. These variables are then processed by distributed
optimizers to estimate appropriate control actions. The global aim of the control ac-
tions is to minimize the objective function that describes voltage regulation objective.
Recently a distributed cooperative control strategy has been proposed in AC microgrid
which applies feedback linearization to convert secondary voltage control problem into
tracking synchronization problem. All the associated agents communicate with their cor-
responding neighbors to address the voltage regulation problem and act cooperatively
towards the common synchronization goal which is voltage regulation. References [102]
and [103] propose a distributed secondary voltage control scheme for islanded operation

of microgrids.

2.9.2 Application in Economical Power Coordination

Economical power coordination and optimal power flow (OPF) are important operational
concerns. Conventionally distributed optimization schemes usually do not take into con-
sideration issues like time variability of communication links as they may lead to a high
computational burden. This may hamper OPF for microgrid application. In [104] dis-
tributed OPF is presented for large power system considering discrete variables. The
algorithm can solve continuous distributed optimal power flow as the main scheme under
ordinal optimization technique which leads to the selection of discrete control variables.
In [96] a fast distributed OPF namely coarse-grained OPF is implemented. A comparison
of three decomposition-based methods namely the Auxiliary Problem Principle (APP),
the Predictor-Corrector Proximal Multiplier Method (PCPM) and the Alternating Direc-
tion Method (ADM) is provided in [95]. In [105] DMPC strategy has been implemented

in a DC microgrid and in the [106] decentralized protocol for EV charging has been pro-
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posed. A consensus-based algorithm for the economic dispatch of DG units is studied
in [107]. The algorithm adjusts active power and frequency set points for each DG units
using aggregate power imbalance in the network by minimizing area control error (ACE).
A decentralized multi-agent system is proposed in [108] for the economic dispatch of DG
units in microgrids considering all the agents being identical and self-governing. The cen-
tralized economic dispatch problem (CEDP) is solved in a distributed method in [109] by

using incremental cost consensus (ICC) algorithm.

2.9.3 Application in Frequency Regulation

The main objective of microgrid frequency control is to have all associated DG units con-
verge to a global frequency set point. Frequency control is applicable when DG units are
electronically interfaced and have independent controllability on the frequency and the
microgrid is in an islanded mode. During frequency control operation at least one unit
has to act as the master unit with fixed frequency set point and other DG units should
follow that unit as slave units. Every unit may have its own minimum and maximum
allowable power and terminal voltage values. In the conventional power system, there ex-
ists precise coupling between rotor angular speed and electrical frequency to aid frequency
regulation. As previously mentioned in microgrid control challenges majority of renewable
energy sources do not have inertia, as a result emulating a virtual inertia for these DG
units are required to imitate the operation of synchronous generators. In [110] a term
proportional to the time derivative of the frequency is introduced in the power control
loop which actually a measurement based derivative feedback term, as a result, is depen-
dent on bandwidth limits. Besides, this method does not address the complexity of the
existing power systems and their multi-input-multi-output (MIMO) natures [111]. Lots
of literature explore the possibility of implementing frequency regulation of microgrid

via droop characteristics. But conventional droop control strategy has certain limita-
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tions discussed earlier. A DMPC strategy and a consensus-based control are applied for
optimal coordination of frequency in multi-terminal high voltage DC (HVDC) in refer-
ence [H1] and [ 12] respectively. Additionally distributed secondary microgrid control can
be applied to regulate frequency to the normal operating condition during stand-alone op-
eration. In a conventional bulk power system, a central controller namely load-frequency
controller (LFC) in Europe or automatic gain controller (AGC) in North America, are
used to operate for frequency restoration. The secondary microgrid controller uses the
similar concept by using energy storage units to restore frequency of the microgrid within
nominal values.

In this thesis, a novel consensus-based distributed cooperative controller has been
designed to coordinate multiple EV storages within a microgrid to improve power-sharing,
simultaneous regulation of the AC and the DC bus voltages and the frequency regulation.
Consensus-based cooperative distributed techniques are simple to use and have the faster
convergence property considering broad-range of time delays. Suitabilities and advantages

of this techniques are elaborately discussed in consecutive chapters.

2.10 Relevant Standards

For optimum DG penetration into the grid or to form a microgrid, a set of rules, guidelines
or standards are needed. In order to standardize the procedure, IEEE published a series
of standards, numbered as 1547, on DG integration to electrical power system (EPS).
These standards present uniform rules and regulations related to testing, maintenance
operation, performance and safety of the interconnected EPS. Until now there are ten

versions of IEEE standard-1547 are available. These are:

1. IEEE 1547, published in 2003, the first standard was prepared for ruling out

governing conditions of connecting DG units to the electric power system [113].
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10.

. IEEE 1547.1, published in 2005, further describes about conformance testings for

DG units which determine their connection capability to electrical power systems

[114].

. IEEE 1547.2, published in 2008, provides a technical background on the standard

[115].

IEEE 1547.3, published in 2007, details techniques for monitoring and communi-

cation of distributed systems [116].

. IEEE 1547.4, published in 2011, is a guide for the design, operation, and integra-

tion of conforming systems. It focuses on the integration of islanded system with

the utility [L17].

IEEE 1547.5, is designed for distributed sources larger than 10 MVA. This stan-

dard has been withdrawn recently.

IEEE 1547.6, published in 2011, describes practices for secondary network inter-

connections [115].

. IEEE 1547.7, published in 2013, provides distribution impact studies for dis-

tributed resource interconnection [119].

. IEEE 1547a (Amendment -1), published in 2014, in this version, the acceptable

ranges of voltage and frequency have been modified for fault case [120].

IEEE 1547.1a (Amendment -1), published in 2015, some modifications have

been done in conformance testing [121].

In the latest amendment of the 1547 standard [120], operational voltage and frequency

range for interconnection system during abnormal operations have been changed. The ac-

ceptable voltage range is documented in Table 2.3 and the acceptable frequency range with
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fault clearing time during islanding or fault condition are presented in Table 2.4. In order
to sustain power quality, the total harmonic distortion (THD) of the PCC voltage and
current waveform needs to be within 5%. The maximum allowable harmonic distortion

in the PCC for both voltage and current waveforms are presented Table 2.5.

Table 2.3: Default response for interconnection system during abnormal voltage variations

Default settings

Voltage range Clearing time:

Table 2.4: Default response for interconnection system during abnormal frequency varia-

(% of base voltage)

Clearing time (s)

adjustable up to
and including (s)

V < 45% 0.16 0.16
45% <V < 60% 1 11
60% <V < 80% 2 21

110% < V < 120% 1 13

V > 120% 0.16 0.16

tions
. Default settings Adjustability range
Function Clearing
Frequency | Clearing | Frequency time (s)
(Hz) time (s) (Hz) adjustable
up to and including
Under
Frequency -1 < b7 0.16 56 — 60 10
Under
Frequency -2 < 59.5 2 56 — 60 300
Over
Frequency -1 > 60.5 2 60 — 64 300
Over
Frequency -2 62 0.16 60 — 64 10

In Australia, the nominal frequency is required to be 50 Hz according to National
Electricity Market (NEM). However, for an islanded microgrid condition, the frequency
range can vary between 49.5 Hz to 50.5 Hz. For contingency conditions, frequency regu-
lation goes through three phases namely containment, stabilization and recovery. NEM
approved mainland frequency operating standards is documented in Table 2.6 for islanded

microgrids in the Australian distribution networks during normal and emergency condi-
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Table 2.5: Maximum harmonic distortion of PCC voltage and current

Individual
harmonic
order h h<11|11<h<17|17<h < 23|23 <h < 35|35 < h|THD
(odd harmonics)
Percent (%) 4.0 2.0 1.5 0.6 0.3 5.0

Table 2.6: NEM mainland frequency operating standards for islanded microgrids in the
Australian distribution network [7]

Nominal frequency : 50 Hz

Condition Containment Stabilization Recovery

No contingency event,
or load event

Generation event, 19-51 H 49.5-50.5 Hz
load event or network event = z within 5 minutes

49.5-50.5 Hz

49-51 Hz or a wider band g =1 011, 49.5-50.5 Hz

The separation event notified to AEMO by a thi thi
that formed the island relevant Jurisdictional ;Vl i withii
Coordinator minutes 10 minutes
49.0-51.0 Hz  49.5-50.5 Hz
Protected event 47-52 Hz within within
2 minutes 10 minutes
Multiple contingency 49.0-51.0 Hz  49.5-50.5 Hz
event including a 47 to 52 Hz within within
further separation event 2 minutes 10 minutes

tions. The operating phase-to-neutral voltage level of all states in Australia and New
Zealand by various power companies are shown in Table 2.7. Surprisingly, the range and
the levels of voltages are inconsistent mainly in Australia due to various codes and reg-
ulations®. Based on the above-mentioned requirements, the islanding conditions selected

in this dissertation for Australia are presented in Table 2.8.

IThe Voltage limits in Queensland will change from 240 volts +/-6% to 230 volts +10/-6% according
to the Australian Standard (AS) 60038 (Standard voltages) from 27 October 2018.
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Table 2.7: Comparison of voltage requirements in Australia and New Zealand [3]

Power Nominal Range .
State company phase-neutral mr Regulation/Codes
voltage (V) PP
Energex Electricity Regulation
Country Energy 230 +10% -2%  NSW Dept. of Water and Energy’s
NSW  Energy Australia 240 +6% -6%  Code of Practice - electricity distributors
Integral Energy 230 +10% -2%  require detailing their standards.
ACTEWAGL Service and
ACT ACTEWAGL 240 +6% -6% Installation Rules
Citipower
Jemena Electricity Distribution
VIC Powercor 230 +10% 6% (code (VIC)
SPAusNet
TAS Aurora Energy 230 +10% -6%  Electricity Code (TAS)
Electricity (General) Regulations
. 1997 (SA) specifies AS2926.
SA SA Power Networks 230 +10% -6% ETSA Utilities Service and
Installation Rules
N Horizon Power 240 +6% -6% WA Connections Manual
W. Western Power 240 +6% -6%  and Technical Code
Nominal voltage set by Electricity
Reform (Safety and Technical)
NT PowerWater 230 +10% -10% Regulation PowerWater:
Power Network Connection
Technical Code
g:;llan q All 230 +6% -6%  Electrical Safety Regulations 2010 (NZ)

Table 2.8: Islanding conditions for Australia

Parameter

Tripping condition

Operating Range

Voltage |216V — 253V
(V) V> 255 (phase- neutral)
V' < 210 (phase - neutral)
49 < f <51
Frec(“};’ncy 7S 51 Hz

f <49 Hz
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2.11 Chapter Summary

A thorough literature survey on microgrid control structure and techniques, V2G tech-
nologies, distributed control techniques and relevant electricity connection standards are
presented in this chapter. Based on the analysis presented in this chapter, a hybrid micro-
grid has been designed with PV and multiple EV-ESS complying with the design structure
of a university-based microgrid in the Griffith University, Australia. A centralized coor-
dinated control is developed in Chapter 3 for multiple three-phase AC and DC EV-ESS
to improve the control capability of the designed hybrid microgrid. The efficacy of the
system is further improved utilizing distributed control techniques and enhanced inter-
facing converter controller as presented in Chapter 3 by adopting sparse communication
networks and augmented stability. In Chapter 4, the developed distributed controller is
optimized using a real-time optimization technique to attain economic benefits.

The next chapter provides the design and modeling of the hybrid microgrid along with
the proposed centralized coordinated controller for multiple EVs with different configu-
rations to attain simultaneous AC and DC bus voltages and frequency regulation during

the islanded mode.



Chapter 3

Centralized Coordinated Control of

EVs for Improved Hybrid Microgrid

Operations

The progressive deployment of electric vehicles (EV) and the increased penetration of al-
ternating current (AC) and direct current (DC) type renewable resources paves the path
towards hybrid AC/DC microgrid operation. Considering the potentials of EVs in the
realm of the microgrids, this chapter presents a three layered coordinated control strat-
egy considering EV availability constraints for three-phase (3P) and DC type EV energy
storage systems (EV-ESS) to improve the hybrid AC/DC microgrid operation. The first
layer of the algorithm ensures DC subgrid management, which includes DC bus voltage
regulation and DC power management. The second and third layer are responsible for the
AC subgrid management, which include AC bus voltage and frequency regulation with
active and reactive energy management. The multi-layered coordination is embedded
into the microgrid central controller (MGCC) which controls the interlinking controller

in between AC and DC microgrid as well as the interfacing controllers of the participat-

o7



Chapter 3. Centralized Coordinated Control of EVs for Improved Hybrid Microgrid
58 Operations

ing EVs and distributed renewable resources (DER). The hybrid AC/DC microgrid has
been designed in MATLAB/SIMULINK® environment resembling the under construction
microgrid at Griffith University, Australia. Extensive case studies have been performed
considering real life irradiation data and commercial loads of the campus building. Im-
pacts of homogeneous and heterogeneous single-phase EV charging are investigated to
observe the unbalanced scenario. Synchronization state while switching from islanded to
grid connected mode has also been tested considering contingency situation. From the
comparative simulation results it is evident that the proposed controller exhibits effective

and robust performance for all the cases.

3.1 Introduction

The accelerated depletion rate of fossil fuels and the raising environmental concerns asso-
ciated with the fossil-fired power generations are driving the global electricity generation
systems towards distributed generation (DG) units. Microgrids have the capability of
clustering DG units such as renewable/sustainable resources and energy storage systems
(ESS) through intelligent and coordinated control. As a result, the microgrid concept
has been widely adopted in different countries including Australia. It can provide sev-
eral ancillary services such as grid voltage and frequency regulation, active and reactive
power control, uninterruptable power supply (UPS) and fault ride through service during
any grid fault. It can also contribute to enhance power quality and system reliability
in an economic manner [122]. Based on the outputs of the participating DG units and
loads, microgrids can be classified into AC, DC and hybrid AC/DC types. Each type
of microgrid has its own characteristics, benefits and challenges associated with it. Cur-
rently, AC microgrid is predominant because of the AC nature of the existing grid. DC

microgrid concept has recently been emerged in the distribution arena due to increased
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penetration of DC types DG units such as photovoltaic (PV), electric vehicles (EV) and
so on. On the hand, hybrid AC/DC microgrid has been proposed in some recent litera-
tures [24,25,123] to combine the advantages of both AC and DC nature of the electric
system. A hybrid AC/DC microgrid has several potential advantages over conventional
AC and DC type microgrids, for instance the feasible integration of both AC and DC
type DG units and loads with minimal AC/DC conversion, reduced requirement of syn-
chronization due to the direct coupling of sources and loads to alike type common buses,
simple voltage transformation using transformer for the AC side and DC/DC converters
for DC sides, increased efficiency and reliability with improved economical operation due
to less conversion loss [124]. Conceptual European super grid or so called mega-grid is the
high level version of the hybrid AC/DC microgrid which includes high voltage AC and
DC transmission links to connect offshore wind turbines and desert based solar farms to
serve the load consumption of the entire continent. Furthermore, commercial buildings
consume approximately 32% of the worldwide energy usage. They hold accountable for
about 30% of the total end-use energy-related C'O, emissions. As a result, commercial
building can be operated with hybrid DG units such as PV and electric vehicle-energy
storage systems (EV-ESS) by forming commercial hybrid AC/DC microgrids which can
provide pivotal role in constructing green energy metropolitans [19, 125, 126].

However, hybrid AC/DC microgrid requires complex protection and control structures
to ensure reliable operation, especially when the participating DG units are intermittent
like PV and wind turbines. Even though the advantages of predominant renewable sources
like PV and wind turbines are widely acknowledged, their fluctuating outputs raises the
problem of maintaining balance between electricity generation and demand. This issue
can severely affect the system operation when the system operates in islanded mode.
Tackling this issue with regulated AC and DC bus voltage and frequency requires the

utilization of energy storages, such as battery energy storages (BESS) and EV-ESS.
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The progressive deployment of electric vehicles in recent years has driven the Distribu-
tion System Operators (DSOs) to consider the implications and the advantages of using
EV-ESS in low voltage (LV) networks. With proper utilization of EV-ESS, vehicle-to-grid
(V2G) concept can improve the performance of the utility grids or microgrids in terms
of efficiency, stability and reliability by offering ancillary services such as reactive power
management, active power control, tracking the intermittent renewable energy resources,
load balancing and shifting via valley filling support, peak load shaving and filtering cur-
rent harmonics in the output. Although electric vehicle owners may obtain some benefit
by individually providing ancillary services to the DSOs, V2G operation makes sense only
when there is reasonably large number of EVs can take part into the operation. Aggre-
gators or aggregation agents are intermediary authorities or computational entities that
unify and coordinate distributed EV-ESS to provide medium to large-scale ancillary ser-
vices [127-129]. However, due to various types of charging configurations such as DC and
three-phase AC fast charging and single-phase AC slow charging make the aggregation
of EVs a challenging task. Furthermore, increased penetration of single-phase or residen-
tial EV chargers introduce unbalanced phase voltage and current which may go beyond
acceptable tolerance limit of the microgrid system.

Intensive ongoing research has been being performed in order to tackle the aforemen-
tioned issues. In [21] coordinated control of an islanded hybrid AC/DC microgrid with
BESS, PV and wind turbine is presented. In [25] an autonomous control of the interlink-
ing controller is presented by using normalized droop control. Both [24] and [25] have
emphasised on active power management even though during islanded condition reactive
power management is equally necessary. Furthermore, the unbalanced condition has not
been explored. Power management and control of a islanded and grid-connected hybrid
AC/DC microgrid is presented in [50]. Robust power management with DC bus voltage

regulation by exploiting ESS is explored in [130]. However, the grid synchronization has
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Table 3.1: Salient features of the proposed approach in comparison with the contemporary

literatures
. . s s This

Considered issues { % [[ ]] [133] [134] [135] [136] [137) [138] ot
Concurrent AC/DC voltage regulation v v v
Frequency regulation v v v v v
Single-phase EV charging v v v
Four quadrant V2G operaiton v v
Grid synchronization v v

not been considered and more focus is given on the active power management. The feasi-
bility of reactive power support through V2G operation is explored for single-phase and
three-phase off-board chargers in [131,132] respectively and the concept of Smartpark is
introduced in [133], which has the capability of four quadrant V2G operation. However,
a microgrid environment requires both active and reactive power sharing among mul-
tiple DG units. These requirements cannot be achieved by the aforementioned control
strategies. A coordinated control is presented in [131] for frequency regulation only by
incorporating large scale EVs through monitoring and controlling of the area control sig-
nal (ACS). The role of EVs in microgrid service restoration by black starting is explored
in [135]. This paper [135] has also explored the active power sharing capability using con-
ventional droop control. However, the conventional droop control mechanism is not able
to provide enough damping to stabilize the voltage and frequency in islanded microgrids.
Stability analysis has been performed in [130] for asymmetrical virtual inertia caused by
the single-phase EV charges in a droop based weak grid or microgrid. The paper [130] has
also shown that the conventional droop control is unable to provide accurate frequency
regulation. Tackling the unbalanced distribution grid using coupled PV inverter and EV
chargers is presented in [137]. The primary focus is given to explore the potential of EVs
of balancing phase voltages which in turns reduce the unbalanced condition.

Motivated by the ongoing research and the aforementioned scopes of improvements,
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this chapter presents a unified approach which include the design of an interlinking /inter-
facing controller with four quadrant operational capability and a three-layered coordinated
control strategy for three-phase and DC type EV-ESS taking EV availability constraints
into account to improve the performance of an islanded commercial hybrid AC/DC mi-
crogrid. The first layer of the proposed algorithm manages the DC subgrid. The main
responsibility of this layer is to ensure DC bus voltage regulation and the power man-
agement within the DC subgrid. The second and third layers are accountable for the
management of the AC subgrid. Both layers simultaneously operate to ensure AC bus
voltage and frequency regulation within the AC subgrid. The designed coordination algo-
rithm is embedded into the microgrid central controller (MGCC) as a single entity. The
MGCC is responsible to generate necessary power management commands for the local
controllers (LC). LCs such as interlinking/interfacing controllers receive these commands
and perform required actions on smart inverters. The hybrid AC/DC microgrid and the
controllers are designed and tested in MATLAB/SIMULINK® environment. The hybrid
AC/DC microgrid is designed considering the under construction microgrid structure at
Griffith University, Australia. In order to validate the robust performance of the coor-
dinated control various case studies have been performed. These case studies include
the performance and the impact analysis of the designed controllers under heterogeneous
and homogeneous charging of single-phase EVs with variable commercial loads and solar
irradiation. Furthermore, considering the contingency condition, the controller has been
tested from islanded to grid connected mode as well. Table 3.1 shows the comparison of
the proposed approach with the contemporary literatures regarding microgrids and V2G.

The main contributions of this research can be summarized as follows,

e Concurrent variable PV output due to intermittent irradiation and variable real

commercial load profile has been considered.
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e A four-quadrant alike structured interlinking and interfacing LCs has been designed.
The designed LCs can regulate both active and reactive power by exploiting the

four-quadrant operational capability of the V2G operation.

e A multi-layered coordination algorithm has been proposed for the MGCC in order
to coordinate three-phase (3P) and DC type EV-ESS considering their availability
constraints. The layered coordination ensures optimum energy management by
prioritizing autonomous DC and AC microgrid operation without unnecessary power

flow caused by the hybrid operation.

e Simultaneous AC and DC bus voltage and system frequency regulation has been
ensured in order to obtain improved hybrid AC/DC operation. Unlike the previous
literatures [24, 25, 130] unbalanced condition has also been considered caused by

single-phase EV chargers.

The rest of the chapter is organized as follows. Section 3.2 gives a brief introduction of
the under construction hybrid AC/DC microgrid in Griffith University, Australia. Later,
dynamic model of the PV, EV-ESS, the developed interlinking/interfacing controller and
DC/DC converter controller are presented sequentially under the umbrella of Section 3.2.
Coordinated control structure with its objectives and step-by-step algorithm is presented
in Section 3.3. The proposed control scheme is verified by simulation with real-time
data. The case studies of the simulation results are presented and elaborately discussed
in Section 3.4. Section 3.5 draws the conclusion for the chapter. Table 3.2 presents
the simulation parameters for the designed hybrid AC/DC microgrid and its controllers.

Appendix A shows illustrations with description tables for the testing facility equipments.
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Figure 3.1: Hybrid AC/DC microgrid structure in Griffith University, Australia.

3.2 Hybrid AC/DC Microgrid

The test hybrid AC/DC microgrid system has been designed based on the under developed
microgrid at the Griffith University, Australia. The microgrid includes three buildings,
namely N44, N0O5 and N74 as shown in Fig. 3.1 [2]. Each building operates as an individual
smart hybrid AC/DC microgrid with separate AC and DC buses. Each AC and DC bus
of these buildings accommodate separate AC and DC sources and loads. Every pair of
AC and DC buses are interfaced with the bidirectional interlinking distribution static
synchronous compensators (D-STATCOM) or smart voltage source inverters (VSI) [139].

N44 building contains PV panels of 16 kilowatt-peak (kWp) with 60 kilowatt-hour
(kWh) Lithium-ion polymer (Li-ion) BESS [110]. The BESS are connected to the corre-
sponding DC bus through an intelligent DC/DC converter. The benefits of having BESS
attached to the PV system are twofold. Primarily, the BESS will tightly regulate the

output voltage of the PV system and secondarily, it will buffer the intermittent PV out-
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put power [2]. The combined DG units (PV and BESS) are presently used for the peak
demand management purpose. The capacity of these DG units will be increased in the
future based on the total load demand to utilize them in microgrid operation within one
or multiple buildings.

NO5 building is allocated for smart EV /plug-in hybrid electric vehicle (PHEV) charg-
ing station, which will facilitate V2G operation. EV-ESSs will be charged using bidirec-
tional DC fast chargers when they are connected to the DC bus. AC charging is planned
to be installed at the AC bus of the N05 building. The bidirectional AC charging will
include off-board three-phase fast charging and single-phase slow charging. N74 building
contains sensitive loads attached to both buses. This building requires an uninterrupt-
ible power supply (UPS) operation due to the presence of critical loads like laboratory
equipment and testing samples. The building is presently served by backup diesel gen-
erator and battery energy storages during outage. The diesel generators are inherently
slower compared to the micro-turbines due to the high inertia. As a result, the backup
diesel generators will be replaced in the future with micro-turbines for their fast starting
capability.

In order to monitor and analyse data sensor-based smart power meter (Power Meter
PM5350A) has been installed in each of the buildings. Sensor-based data have been
collected using OSI PI software using a centralized communication structure in order to
monitor and control the microgrid operation. Modbus TCP/IP (Transmission Control
Protocol /Internet Protocol) has been used as the communication protocol for supervisory
control and data acquisition (SCADA) systems. Hypertext Transfer Protocol (HTTP)
TCP/IP communication protocol has been used as the backup protocol when the Modbus
TCP/IP is not available [141]. Microgrid central controller (MGCC) is responsible for
generating command signals for the LCs. These command signals are transmitted through

Modbus TCP/IP communication protocol to the remote terminal units (RTU) such as
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LCs of D-STATCOMs, DC/DC converters etc.

In this chapter the primary concern is directed towards the microgrid operation of
N44 and NO5. As a result, the simulation model has been designed comprising only N44
and N05 microgrid system. The model of N74 is not included for the case studies in this
chapter. Both islanded and grid connected operation of the buildings have been taken
into consideration. The capacity of the DG units has been adjusted comparing with the
real load profile of the buildings. For the simulation purpose 250 kW PV with 60 kWh
high capacity energy storage systems are used. PV module comprises of PV panels and
maximum power point tracking (MPPT) system integrated boost converter. Perturb and
observe (P and O) algorithm has been chosen for the MPPT system [1412]. BESS are at-
tached nearby through separate DC/DC converter which is controlled by charge/discharge
algorithm. Intelligent DC fast charging has been designed in N05 building with EV-ESS
and DC/DC converter and connected to the DC bus. Single-phase AC and three-phase
AC charging has been modeled with EV-ESS and associated bidirectional single-phase and
three-phase inverters respectively. Both DC buses of N44 and NO5 buildings are inter-
linked with corresponding AC buses through interlinking VSIs and LCL filters. A concise
modeling of the DG units and the control strategies used in the design are presented in
consequent subsections. Necessary parameters related to the model and controller are

provided in 3.2.

3.2.1 PV Module Modeling

Using the physical property of the p — n semiconductor, the model of PV module can be

obtained based on the PV array current-voltage relationship presented in (3.1)

Vvi Rsi. o Nz Vvi Rsi. 1)
i = Nyilps — Nyl {exp{ozpi (NL + N—”’)} - 1} - (]\’; Nt NZ’? ) (3.1)

p p
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Where, I1; = current corresponding to light

I,; = reverse saturation current chosen as 9 x 107114
N,; = the number of cells in series

N,; = the number of modules in parallel

Ry and R,y,; = series and shunt resistances of the array
ipvi = the current flowing through the array

Vpwi = the output voltage of the array

The constant o, = Ag—TT

Where, k; = 1.3807 x 10722JK ! is the Boltzmann constant

¢ = 1.6022 x 107*C is the charge of an electron

A; = the p — n junction ideality factor with a value between 1 and 5,

and T,; = the cell reference temperature

To extract the maximum power from the PV module different MPPT systems, for instance
perturb and observe (P & O), incremental conductance (IC), hill climbing etc. are usually

used. For this chapter perturb and observe method has been chosen due to ease in

implementation and reasonably satisfactory performance [143—115].

3.2.2 EV Energy Storage Modelling

Li-ion based battery energy storage has been used to design both battery banks and
EV-ESS battery packs in the hybrid AC/DC microgrid. Generic third order Thevenin
equivalent circuit model presented in [116] has been used to model the battery. The only
difference in designing the battery banks and the EV-ESS battery pack is that the EV-ESS
battery pack possess the higher kWh capacity than ordinary battery banks. Both types
of energy storage systems are interfaced with DC/DC converter. The DC/DC converter
executes the charge and discharge command generated by LC or MGCC. Both battery

banks and DC type EV-ESS are directly connected to the DC bus through individual
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DC/DC converters. For three-phase or single-phase AC charging the EV-ESS battery
packs coupled with associated DC/DC converters are later connected to the three-phase
or single-phase inverters respectively. The dynamic charging and discharging of Li-Ion
battery model is designed based on (3.2) and (3.3) respectively [117, 118].

For ¢* > 0 the battery will act as in discharge mode which can be represented as:

Q . , 0

it + Ae” Bt (3.2)

For ¢* < 0 the battery will act as in charge mode which can be represented as:

Q . . Q

Nk -
Slit 0 = B = Koot ~ Ko —a

it + A.e”Bx (3.3)

Where, Ey = Constant voltage (V)

K = Polarization constant (Ah)~! or Polarization resistance (£2)
i* = Low frequency current dynamics (A)

i = Battery current (A)

it = Extracted capacity (Ah)

() = Maximum battery capacity (Ah)

A = Exponential voltage (V)

B = Exponential capacity (Ah)™!

3.2.3 Interlinking/Interfacing Converter Control

From the controlling point of view, the most important part of a hybrid AC/DC microgrid
is the interlinking converter controller which links the DC bus with the AC bus. The

interlinking converter controller consists of three inner loop controllers for both islanded
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Figure 3.2: Modified local control structure for each interlinking/interfacing converters of

the hybrid AC/DC microgrid

and grid connected operation of the microgrid. These inner control loops are power
controller, voltage controller and current controller. The dynamic modeling for each of

the control loops are derived and presented in the succeeding subsections.

Power Controller

The power controller is shown in Fig. 3.2. Instantaneous voltage (v¢) and current (i)
after the LC filter and the inverter output current (i#*) are measured and transformed
into their corresponding d — ¢ components (denoted by separate subscripts in d and q).
The real and reactive power can be calculated from the measured line voltage and current

components as [119]:

p= (,Uodiod + quioq)

q:

DO LN W
—~
w
e~
~—

(quiod - Uodioq)
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Fundamental components of the calculated real and reactive power are extracted using a
low pass filter (LPF) with cutoff frequency w.. The outputs of the LPF are the inputs for

the droop control which are given by:

p=_* D

S+ we (3.5)
Q==

s+wcq

Voltage and frequency regulation during islanded microgrid operation requires specific
control actions. These requirements can be achieved through an embedded droop control
mechanism within VSI LCs. The main concept of the droop mechanism is to mimic
the characteristics of synchronous generators which include reduced angular velocity with
increased load demand. Generally the X/R ratio of a microgrid is very high due to the
high value of the inductors present in LC filters. As a result of this inductive nature
of a microgrid, well known P/w and @Q/V droop control can be applied to regulate the
frequency and the voltage. The conventional droop control schemes can be presented

as [150]:

w=w"—Dp(P— P (36)

V=V"=Do(Q-Q)

where, Dp and D¢ are the droop coefficients for P/w and ()/V droop controller re-

spectively. 7%” represents the reference signals of the corresponding variables. The d — ¢
reference frame is rotating synchronously with the frequency of the line voltage measured

by the phase-locked-loop (PLL). As a result, v} is taken 0. The conventional droop mech-

q
anism possesses inherent trade-off between active and reactive power sharing accuracy
and frequency and amplitude regulation. Considering this issue a modified proportional-

derivative (PD) compensated droop control has been utilized in this research according
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to [33]. The PD compensated droop control ensures proper damping and desirable power
sharing accuracy with adequate frequency and voltage regulation. The droop coefficients

can be calculated using the following equations,

— 27T(fmax - fmm)
Pmaac
Vmax - Vm'm

Qmax
Considering that the three-phase inverter interfaced EV chargers are V2G capable and

Dp
(3.7)
Dg =

can absorb or supply both real and reactive power. Then the above droop coefficients for
the three-phase inverter interfaced EV-ESS would be [30]:
_ 27T(fmaz - fmzn)

Dp
2o (3.8)
D — Vmax - me
- QQmax

According to the Australian Energy Market Operator (AEMO) specification, the accept-
able frequency range for islanded microgrid operation in Australia is in between 49.5Hz
and 50.5Hz [151,152] and the voltage magnitude limit lies within -6% to +10% [153]. So
the fiazs fmin, Vinae and Vi, have been taken as specified standard. By observing the

load profile maximum KVA ratings for both interlinking converters have been chosen.

Voltage Controller

The differential algebraic equations (DAE) for the voltage controller have been derived

and given as [30, 154-150]:

( ¢;)d = Upg — Vod .
L qﬁ‘aq = U:q — Voq
( .

iy = Fliog — WCveq + Kpv)yPod + Ki(vyPoa 10
\ ity = Fiog — WCfv0a + Kp(v)gb;)q + Ki(v)Poq
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where ¢;d and qﬁ.oq are state variables corresponding to the proportional-integral (PI)
controller of the voltage controller. ”%” represents reference signal of corresponding d
and ¢ components of voltage and current. w is the angular frequency generated by the
droop control. K,y and K,y are respectively proportional and integral gain. F' is the

feed-forward gain also known as the virtual impedance. F' can be calculated from the line

and filter resistances.

Current Controller
The DAEs for the voltage controller are given as [30, 15—

Na = iy — g
(3.11)

S
Aig = Lig — Uq

Uiy = Vog — wLyipy + Kp([)xld + Ki(nAia
(3.12)

Ul*q = ’qu + CL)Lf’ild + Kp([))\‘lq + Ki(I)Alq

where )\;; and qu are state variables corresponding to the proportional-integral (PI) con-
troller of the current controller. ”%” represents reference signal of corresponding d and
q components of voltage and current. K,y and K are respectively proportional and

integral gain. The conventional current controller has been modified by feed-forwarding

the line voltage components to get improved performance.

3.2.4 DC/DC Converter Control

The DC/DC converter is the interfacing converter for battery banks and EV-ESS battery
packs as illustrated in Fig. 3.3. The DC/DC converter includes a voltage control loop
cascaded with a current control loop. The voltage control loop keeps the DC link voltage

of the energy storage between VSI or DC bus at V]Sg and generate reference current
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Table 3.2: Simulation parameters for the hybrid AC/DC microgrid

Energy nodes

Solar PV 250 kW
PV BESS 60 kWh
3P BESS 48 kWh
EV-ESS
DC EV-ESS 48 kWh
3P EV-ESS 48 kWh
Single-phase EV-ESS 19.2 kWh
Line parameters
Nominal AC bus RMS voltage (line to neutral) 230 ~ 240 V
Nominal DC bus voltage 600 ~ 800 V
Frequency 50 Hz
Cpc 100 x 1073 F
Ry 2 x 10730
L 250 x 1075 H
of 16.9 x 1073F
R, 2 x 10730
Le 500 x 1079H
Damping resistor 20 x 1072Q

Control parameters

Power controller

Current controller DC/DC converter

Voltage controller
We 3142 rad/s K,

p(vy 4.1497
Vo 340V Ky 3.90 x 103

w* 314.16 rad/s F 0.75
Dp 3.14x107°
Dy 136 x107*

Kppy 2.5 x 1074

Kd(P) 3 X 10_3

Kyry 0.7390
Ky 3.17x10*  K[JE 800

DC
Kp(V) 7

b
Ky 03
KPS 20

signals for the battery. DAEs for the voltage and current control loop of the DC/DC

converter controller are given as [157]:

Kb<
e re DC i(V)
i)+ 5)

-re . K’LDC
(zDé - ZBatt> <K£Zg + S(I))

Vbe

(

L DBatt =

where KV

(3.13)

p(g) and K il()‘% are the proportional and integral gains for the voltage control loop

respectively and K é?lc) and K 11(35 are the proportional and integral gains for the current
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control loop respectively. Dpgyy is the generated duty ratio for the pulse width modulation

(PWM) of the DC/DC converter.

3.3 Coordinated Control Strategy

3.3.1 Coordinated Control Objectives

The coordinated control of the three-phase and the DC type EV-ESS is designed consid-

ering the following objectives:

e Bus voltage requlation: Hybrid AC/DC microgrids are composed of single or mul-

tiple AC and DC buses. It is essential to maintain both AC and DC bus voltage

levels within an acceptable range to maintain a stable hybrid AC/DC microgrid

operation. Usually, during islanded condition the amplitude and frequency of the

AC bus voltage are regulated by the bidirectional interlinking converter and the

DC bus voltage is controlled by the DC/DC converter connected to energy storage

devices. According to [158] the input DC bus voltage and the output AC bus RMS

voltage of the interconnecting VSI maintains a linear relationship as given by:

(. J
~

(3.14)
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Where, Vpe= DC bus voltage;

Vi_ = Peak-to-peak magnitude of the phase-to-phase voltage;

A= voltage compensating factor for the VSI interconnection loss and

m= modulation index.

Considering the loss less interconnection of the VSI (i.e.A = 1) and the maximum

value of the modulation index (i.e.m = 1) then the (3.14) can be rewritten as follows

Ve = 2 X (%) X Vi1 (3.15)

~~
RMS
VL—N

It can be observed from (3.15) that the DC bus voltage needs to be double in mag-
nitude of the phase-to-neutral RMS voltage (i.e.V%). As mentioned previously
that based on AEMO standard the AC bus RMS voltage should be in between
-6% to +10%. Due to the linear relation between DC bus voltage and AC bus
RMS voltage, the acceptable deviation for DC bus voltage should be within -3%
to +5%. This defined relation has been utilized for the medium voltage (MV) DC
microgrid in [159], however, this relationship can be applied to the low voltage (LV)

distribution networks as well.

e Frequency regqulation: During grid connected operation the frequency of the AC
subgrid is regulated by the utility grid itself. However, islanded operation requires
the frequency of the output voltage of each VSI or interlinking converter to be

adjusted through the embedded droop control of the associated VSIs.

e Power sharing: During grid-tied mode, DG sources generate pre-specified active/re-
active power and the main utility grid act as slack bus. Throughout this operation,
the main objective of the utility grid is to provide or absorb power to balance the

frequency by managing loads. The challenging condition arises when microgrids
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operate in islanded operation as during islanded operation microgrids are solely re-
sponsible for managing the total load demand by proportional sharing of real and

reactive power.

e Reduction of phase unbalance: The introduction of single-phase or residential charger
for the EVs can generate unbalanced phase voltage and current. With increased pen-
etration of EVs this unbalanced condition might go beyond acceptable range, which
require optimal coordination among EV-ESS aggregators of various configurations.
This research considers the generation of separate sinusoidal modulation indexes for
each phase to partially tackle this issue. However, proper load planning from the
DSOs is required to distribute the single-phase loads among phases in order to avoid

the higher unbalanced condition.

3.3.2 Coordinated Control Algorithm

During normal operation of the microgrid it is expected that the overall demand of active
and reactive power is balanced with the respective generation. Any mismatch in total
generation and load demand requires regulation services. Usually DC bus voltage magni-
tude and the frequency of the AC bus voltage are closely related to the balance of active
power generation and load demand. If the active power generation is higher than the load
demand, then the excess active power will increase the value of the frequency and the DC
bus voltage. As a result a regulation down service is required for both DC bus voltage and
frequency of the system. Regulation down service involves routing the energy to the grid
or charge the energy storage system which are not taking part in the microgrid operation.
Regulation-up service are required when there is a shortage of generating active power
than load. Then additional active power demand will decrease the DC bus voltage and

at the same time the frequency of the system. Regulation-up service involves importing
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additional power from the grid (grid connected mode) or from the participating ESS (in
islanded condition) which results in the discharging mode of the ESS.

On the contrary, for a converter dominated microgrid with relatively high value of
the inductors in the LC or LCL filters, the magnitude of the AC bus RMS voltage is
regulated by matching the reactive power generation and demand. Similar to the DC
bus voltage and frequency regulation, if the reactive power generation is higher than the
total reactive load, it will increase the magnitude of the AC bus RMS voltage, as a result
regulation-down service is required. On the other hand, if the reactive power generation
is less than the total reactive load, then the magnitude of the AC bus RMS voltage will
decrease which requires regulation-up service. Regulation-up or down of the AC bus
voltage magnitude can be obtained by absorbing or supplying the reactive power from or
to the grid or from/to the four quadrant STATCOM attached to DG units or distributed
energy storages like EV-ESS.

Synchronous generators/alternators run by natural gas and coal units can provide
regulation-up or regulation-down for all essential parameters, by reducing their production
or by supplying additional power to the grid, respectively, to match the load. Due to their
slower dynamics and environmental impacts the fast responding converter based DG units
and ESS are preferred in this research. Due to comparative higher expenses of ESS they
require smart coordination to be utilized. As a result, this chapter introduces a smart
coordination algorithm that can effectively provide satisfactory performance for the hybrid
AC/DC microgrid for both grid connected and islanded operation even in the presence of
single-phase EV-ESS charging station.

The proposed coordination algorithm is illustrated in Fig. 3.4. The smart coordination
algorithm has considered the operation of the discharging mode of the DC fast charging
station and the four quadrant operation of the three-phase charging station in the pres-

ence of single-phase AC charging for the electric vehicles. The coordination algorithm
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has three layers. It should be noted that all three layers can operate concurrently and
autonomously without any overlapping factors in order to improve hybrid AC/DC micro-
grid operation. The advantages of simultaneously operating multi-layered coordination
are, for instances, it will avoid excessive power transport due to hybrid operation, which
results in lower power electronic based loss and it will also ensure the highest possible
autonomy to the individual AC and DC microgrid. The notations presented in the Fig.
3.4 have following meanings,

- PMS — PMG . Active power is flowing through the interlinking converter from the DC
microgrid to the AC microgrid

- PMS «+ PME . Active power is flowing through the interlinking converter from the AC
microgrid to the DC microgrid

- QUS — QNS . Reactive power is flowing through the interlinking converter from the
DC microgrid to the AC microgrid

- QME + QNS - Reactive power is flowing through the interlinking converter from the
AC microgrid to the DC microgrid

AVpe and AVye denote the deviation of the DC and AC bus voltages from their corre-
sponding nominal values.

Layer 01: The first layer is responsible for the DC subgrid management and the
DC bus voltage regulation. This layer prioritized the DC side load management by co-
ordinating the DC EV-ESS. Initially this control layer will check whether the DC bus
voltage requires regulation-up or regulation-down service by instantaneously checking the
DC bus voltage magnitude and comparing that value with the allowable range. If the DC
bus voltage is within acceptable range, then it will check whether AC subgrid requires
additional active power. If the required power by the AC subgrid is within the acceptable
KVA rating of the interlinking converter then it will export power to the AC subgrid.

On the other hand, if the DC bus voltage requires regulation down service, then it will
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Figure 3.4: Proposed three-layered coordination algorithm
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charge the DC EV-ESS battery based on the requirement or no control action will be
taken as shown in the illustration. For the regulation-up service this control initiates
the EV-ESS discharging operation. The layer will prioritize the initiation of DC EV-ESS
over 3P EV-ESS based on the availability. Later, if necessary it can import/export ad-
ditional power to/from the AC subgrid through the interlinking converter by initiating
3P EV-ESS operation based on their availability. For contingency purpose if even with
the simultaneous DC and 3P EV-ESS operation the DC bus voltage cannot be regulated
within the limit, DC load curtailment for the islanded condition or switching back to the
grid has been suggested.

Layer 02: The second and third layer are dedicated to AC subgrid management. The
second layer is closely resembled to the first layer as both parameters i.e. DC bus voltage
and the frequency are closely related to the active power regulation. The exemption
between Layer 01 and Layer 02 is the prioritized choice of operating 3P EV-ESS over DC
EV-ESS due to their close proximity and configuration in the AC subgrid.

Layer 03: The third layer manages the reactive power of the AC subgrid to regulate
the AC bus RMS voltage. This layer changes the reactive power references of the control
system of the interlinking converters or the 3P EV-ESS interfacing converter. This layer
will initially look for reactive power support (either source or sink of reactive power) from
the 3P EV-ESS. However, if no reactive power support can be obtained from the 3P
EV-ESS then it will send the required reactive power signal to the interlinking converter
droop controller to supply or absorb additional reactive power.

It is not expected that EVs are allowed to be available all the time compared to any
other static ESS such as BESS. Moreover, economical aspects of the application of large
scale EV-ESS in distribution level is still a major research topic. Apart from these issues,
optimum utilization of V2G operation requires a rigorous market framework. As the

primary focus of this chapter is inclined to the design of the coordination and control
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strategy of various types of EV-ESS, the details about the possible market framework for
V2G operation are not discussed here. However, EV availability constraints which are

relevant to the design process of the proposed controller are presented in the next section.

EV Availability Constraints

e FEV-ESS capacity constraints: Overcharging or discharging has adverse effect on EV
battery lifetime. As a result, charging/discharging of both DC or 3P EV-ESS need

to satisfy energy constraints mentioned below:
(SOC™™® — SOCY)QRated < AQ?Ti < (80CY — soCmimQlated (3.16)

where,

AQP = ATP,
(3.17)
ATy = Tifinaty — Tiginitial)

In the above equations,
SOC™*™ and SOC™™ are the maximum and minimum allowable SOC for the ith
EV;
SOC? is the initial SOC of the ith EV before participation;
QPRated ig the rated battery capacity in ampere-hour (Ah) of the ith EV;
AT; is the charging/discharging duration of the ith EV;

AQZATi is the change in battery capacity within AT; duration of the ith EV

o EV user requirements: In order to ensure flexible user experiences, the EV user
should be able to pre-set the available time and minimum required SOC value for

their EVs:

Tie {n(imtml% n(final) }

SOOZ-fmal Z SOC,LPTB_SEt

(3.18)
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where,

T; is the available or controllable time of ith EV, during the period that EV can be
involved in V2G service;

Ti(initiar) a0d T(initiqry are the allowable start and stop time (charging or discharging)
of ith EV respectively. The start and stop time of charging and discharging are
dependent on several factors such as time of use pricing, driving patterns of EV
owners etc.

SOC!" and SOCY™***" are the battery SOC value after its participation for V2G

service the minimum SOC required value of ith EV pre-set by the user respectively.

e Active and reactive power constraint: When EV-ESSs respond to the control signals,
their V2G capability of supplying or absorbing active and reactive power through

their corresponding interfacing converters must be within the allowable range:

(3.19)

max * max
—Q" < Qi <@
where, P and Q""" are the maximum allowable active and reactive power re-

)

spectively for ¢th EV. P’ and @)} are the active and reactive power reference for

the power controller illustrated in Fig. 3.2. The negative (—) sign represents the

absorption of active or reactive power by the EV-ESS.

3.4 Case Studies

In this section, simulations have been carried out to demonstrate the performance of the
coordinated control strategy for three-phase (3P) and DC EV-ESS in a hybrid AC/DC mi-
crogrid with developed interlinking/interfacing controller. The hybrid AC/DC microgrid
is composed of 250 kW PV and 60 kWh BESS at the DC side and 48 kWh BESS at the
AC side. EV-ESS for both DC and three-phase AC configurations are 48 kWh, whereas
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for single-phase configuration they are 19.2 kWh. All the necessary parameters have been
provided in the 3.2. The hybrid AC/DC microgrid and the control structure have been de-
signed in MATLAB/SIMULINK® environment using SimPowerSystems™toolbox. The
simulations are run on Intel(R) Core(TM)i5-4570 CPU 3.20 GHz with 8.00 GB RAM.
Four case studies have been carried out in this chapter. In case A, the performance of the
interlinking /interfacing converter controller has been demonstrated for islanded hybrid
AC/DC microgrid operation considering simultaneous variable irradiation of the PV sys-
tem and the commercial load profile for one day (24 hours) of N44 building without any
participation of EVs. In Case B, single-phase EV charging has been introduced consider-
ing that all the single-phase EV chargers are allocated homogeneously among the three
phases. Case C considers the heterogeneous allocation of single-phase EV chargers. In
the last case study, which is case D, demonstrates the capability of the designed controller

to synchronize with the grid when the grid is available.

3.4.1 Case A: Variable Irradiation and Loading Effects

In this case study, the performance of hybrid AC/DC microgrid operation has been ob-
served without any EV participation. The main purpose of this case study is to demon-
strate the performance of the interlinking converter during the islanded operation of the
microgrid. The solar irradiation data, PV output power and the load real and reactive
power for the N44 building is collected using OSI PI data acquisition software. This
software collects data from the building smart power meters. The solar irradiation, PV
output power and the building load profile are shown in Fig. 3.5. The main control pa-
rameters for the interlinking/interfacing converter controller are vy and v,. The references
for vy and v, are generated by the combined action of the power controller/droop con-
troller and the coordinated control algorithm. Later, references for ¢4 and 7, are generated

to control the interlinking/interfacing converter. In Fig. 3.6 the interlinking converter
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Figure 3.5: Input data for the hybrid AC/DC microgrid: (a) PV output power, (b) Solar

irradiation and (c) Usual active and reactive power demand of the building for 24 hours

control signals have been presented for normal operating condition.

3.4.2 Case B: Homogeneous Single-Phase EV Allocation

In this case study, single-phase EV charging has been introduced. Initially homogeneous
allocation of single-phase EV chargers have been considered. Homogeneous allocation of
single-phase EV charging station means each phase (i.e. a, b and ¢) of the three-phase
system is equally loaded with EV chargers. Usually for residential single-phase charging
the overnight charging is suggested when the peak demand is less and EV owners are at
home. Unlike residential EV charging the commercial EV owners need to charge their EVs
during day time while they are working in office or for this case in the university campus.
So the charging period has been taken for this simulation is form 9:30 AM till 5:30 PM,
which is usual office hours. Results obtained from this simulation for DC bus voltage, AC
bus RMS voltage and frequency are presented in Figs. 3.7, 3.8 and 3.9 respectively. Both

AC and DC bus voltages are measured in per unit (p.u.). It can be observed from the
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Figure 3.6: Control signals of the interlinking converter

figures that the DC and AC bus voltages and system frequency are within acceptable limit
during the islanded operation when there is no EVs are participating for charging. With
the introduction of EV charging in each phase, there is a drop in both DC bus voltage and
AC bus RMS voltage while the frequency is not severely affected due to the droop control
mechanism. In order to keep the AC and DC bus voltage within acceptable limit three
coordination methods have been utilized. These methods include, participation of only DC
EV-ESS, participation of only 3P EV-ESS and for the worst case scenario, simultaneous
participation of DC and 3P type EV-ESS operation has been considered. It can be
observed that only 3P EV-ESS support is not enough to ensure DC bus voltage regulation,
though it can ensure regulated AC bus RMS voltage. It is evident that simultaneous DC
and 3P EV-ESS operation (which is referred as aggregated operation) improves both AC
and DC bus voltage effectively. However, aggregated operation may not be economical for
long time operation. Comparative simulation results for DC bus voltage, AC bus RMS

voltage and frequency considering without EVs, with EVs, only DC EV-ESS support,
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Figure 3.7: DC bus voltage

only 3P EV-ESS support and aggregated operation are shown in Figs. 3.7, 3.8 and 3.9
respectively. Meanwhile, the state-of-charge (SOC) for charging and discharging EV-
ESS considering all these modes are shown in Figs. 3.10 and 3.11. Active and reactive
power profiles for the aggregated operation are shown in Figs. 3.12 and 3.13 to show the

effectiveness of the designed droop controller.

3.4.3 Case C: Heterogeneous Single-Phase EV Allocation

Heterogeneous allocation EV-ESS has been considered for this case study. It refers that
each phase in loaded whimsically as presented in Fig. 3.14. It should be noted that each
single-phase EV chargers has been designed to act as active load operation. The active
load operation of EV is designed with single-phase PLL and corresponding controllers
as presented in [15]. It can be observed from Figs. 3.15 and 3.16 that even with the
unbalanced loading condition the controller effectively regulates DC and AC bus voltages

and frequency.
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Figure 3.10: SOC of the single-phase EV-ESS
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Figure 3.11: SOC of the DC type and 3P type EV-ESS
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Figure 3.14: Charging power drawn by single-phase EV-ESS: (a) Single-phase power and
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3.4.4 Case D: Grid Synchronization

Meanwhile, microgrid may need to switch from islanded to grid connected condition during
contingency. During the switching period from islanded mode to grid connected mode,
the designed controller ensures smooth operation and synchronization with the main grid.
In order to connect from the islanded to grid connected mode, the magnitude and the
frequency of the AC side PCC voltage has to be in synchronism with the grid voltage
magnitude and frequency. From the case study results presented in Fig. 3.17, it can be
observed that DC bus voltage, AC bus RMS voltage and frequency remain in synchronism

even in the transition period from islanded to grid connected mode.

3.5 Chapter Summary

In this chapter, a novel coordinated control strategy is proposed which facilitates the
V2G capability of three-phase AC and DC type EV charging stations in an islanded com-
mercial hybrid AC/DC microgrid. The main objective of the coordinated control is to
improve the performance of the microgrid in terms of voltage and frequency regulation,
active/reactive power management in both balanced and unbalanced systems. Realistic
EV availability constraints are considered for the design process. Three concurrently op-
erating and non-overlapping layers of coordination have been developed. The first layer
manages the DC subgrid of the hybrid AC/DC microgrid and ensures stiff DC bus voltage
regulation by coordinating DC type EV chargers. The second and third layer coordinate
three-phase EV charging station that has the V2G four quadrant operational capability
which are responsible for frequency and AC bus RMS voltage regulation respectively. As
a single entity, the coordination algorithm is embedded into the microgrid central con-
troller (MGCC) which generates necessary active/reactive power command for microgrid

local controllers such as interlinking and interfacing controllers. The designed controller
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with proposed algorithm has been tested considering PV with fluctuating output and ran-
dom commercial loads. Based on the comparative simulation results, improved voltage
regulation and power sharing performance have been observed even with the presence of
homogeneous and heterogeneous single-phase EV charging.

The centralized control structure presented in this chapter is well suited when there is
a few number of DG units or multiple interconnected microgrids are involved. However,
for larger interconnected or isolated microgrids with multiple EVs, distributed control
techniques are a better alternative due to less computational burden and the avoidance of
single-point communication link failure. As a result, in the next chapter, coordination for
multiple EV storages are done in a distributed fashion with an improve inverter control

topology.
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Chapter 4

A Need-Based Distributed
Coordination Strategy for Multiple

EVs in a Commercial Microgrid

This chapter presents a need-based distributed coordination strategy (NDCS) for mul-
tiple electric vehicle (EV) storages in an islanded commercial hybrid alternating-current
(AC)/direct-current (DC) microgrid. The control capacity of the interlinking converter is
enhanced by incorporating combined power-droop and voltage-droop strategies to lever-
age the coupling of AC and DC voltages. Therefore, the AC bus voltage can be regulated
simultaneously by regulating only the DC bus voltage without affecting the power-sharing
capabilities of the converter. The NDCS is proposed to coordinate the EV storages to
regulate the DC bus voltage. The main objective of the NDCS is to decide whether the
coordination of the available EV storages is to be done in a decentralized or a distributed
manner. The mathematical model and the algorithm to deploy NDCS are developed to re-
alize its application to a real system. The effectiveness of the control system is verified in a

commercial hybrid AC/DC microgrid comprising one photovoltaic (PV) unit and four EV

95
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storages directly connected to the DC bus via DC/DC converters and four distributed-
generation (DG) units connected to the AC bus using the conventional droop-control
scheme. The performance of both controllers is tested under variable irradiation, com-
mercial loading and various fault conditions. The results of the case studies demonstrate
the efficacy of the overall system in terms of robustness for a variable generation-demand

scenario, time delay, EV plug-and-play and fault conditions.

4.1 Introduction

With a view to leveraging the advantages of both alternating current (AC) and direct
current (DC) types of power systems, recently a hybrid AC/DC microgrid structure is
proposed in [24]- [25]. This particular structure is gaining momentum due to its several
advantages including minimum AC/DC conversion loss, higher efficiency, less effort in
voltage synchronization and feasibility of source-load connection [50]- [160]. However,
the control structure of a hybrid microgrid is more complex due to the coexistence of
multiple buses of different electric natures. Supplementary complexities are introduced
when dynamic energy-storage systems (ESS) like electric vehicles (EVs) are plugged in on
a massive scale, either to charge themselves or to provide ancillary vehicle-to-grid (V2G)
services, such as active and reactive power support, voltage and frequency regulation,
valley filling, peak-load shaving etc. [14]— [161]. Consequently, the hybrid AC/DC mi-
crogrid is unlikely to be implemented in residential areas in the near future, because of
higher uncertainties and complexities [2]. Thus, suitable applications for a hybrid AC/DC
microgrid structure could be commercial or industrial vicinities [17]- [1]. Moreover, com-
mercial buildings are using nearly 32% of the overall energy generation, and at the same
time these buildings are responsible for emitting almost 30% of the C'O, related to energy

consumption. Sustainable sources like photovoltaic (PV) units, fuel cells and small-scale
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wind turbines can be incorporated to reduce this emission. The efficiency of the overall
system can be further improved by utilizing the power generated from the EVs parked in
a commercial vicinity [125]- [162]. However, additional research attention is required for
the effective utilization and control of EVs in a commercial-grade microgrid.

Microgrids require a definite control structure due to the presence of power electronic
converters and non-inertial sources as well as their ability to work in both islanded and
grid-tied modes. The concept of a hierarchical control structure for both conventional
power systems and for all types of microgrids (i.e. AC, DC and hybrid AC/DC) is well-
accepted in the literature [150]. This structure involves a hierarchy of primary, secondary
and tertiary layers of control. Of those layers the primary control layer is well researched
and various types of decentralized droop controls are predominantly studied and used for
this layer. The main objectives of both the primary and secondary control layers are to
ensure voltage and frequency stability by compensating for respective deviations, whereas
the tertiary control layer is more focused on optimal power flow and economic dispatch
operation in the grid-tied mode. Both secondary and tertiary control layers can achieve
their individual objectives by adopting either a centralized (for small-scale microgrids)
or a distributed approach (commercial-grade microgrids or interconnected microgrids)
[150]- [163]. However, the centralized approach has some limitations such as single-
point failures, extensive computational burden for the processing units and expensive
communication networks. As a result, distributed control approaches are gaining attention
particularly for the secondary and tertiary control layers. This control structure requires
sparse communication among neighboring distributed-generation (DG) units and utilizes
local parameters, such as voltage, frequency and power requirements to regulate them,
which in turns reduces the computational burden of the processing units and reduces the
overall cost with improved reliability [164]- [32].

Recently application of distributed control in microgrids has been a topic of interest
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due to the above-mentioned advantages over centralized control structures. For instance,
these controllers are developed for AC microgrids [102]- [7] to achieve proportional power
sharing and voltage regulation. The controller has been applied to DC microgrids [165]
and is later extended for multiple DC microgrid clusters [166]— [167]. The performance
of the developed controller is later improved to consider the impacts of communication
latency [31]— [168], uncertain communication topology [169], communication link failure
and parameter uncertainties [32]. Consensus-based distributed control structures for ESS
are developed in some recent literature [30]— [170] to achieve certain objectives, such as
state-of-charge (SOC) balancing and energy-level balancing. An SOC-based distributed
cooperative controller is developed to reduce distribution feeder-voltage swelling due to
high PV penetration [171]- [172]. A distributed consensus algorithm is utilized for PV-
battery based single-phase islanded microgrids [173]. However, none of these analyses con-
sidered simultaneous AC and DC bus voltage regulation, which is a primary requirement,
particularly for an islanded hybrid AC/DC microgrid. Moreover, effective utilization of
EV storage in a microgrid through proper coordination requires additional research.
Several distributed control schemes are proposed to coordinate ESSs considering them
as active cooperative agents. However, most of these literature consider the controllers
used, either in the primary or the secondary layer to be fully distributed in nature. Dis-
tributed controllers are indeed attractive options to coordinate multiple storages; nev-
ertheless, problems the use of communication and the extent of computational burden
persist. As a result, an efficient algorithm is required, which will ensure the period and
the scenario when the distributed controllers need to be activated. Motivated by these
challenges, this research presents a need-based distributed coordination strategy (NDCS)
for the V2G-capable EV storages connected to the DC bus of the microgrid to regulate
the DC bus voltage of the hybrid AC/DC microgrid. Firstly, the correlation between the

AC-bus RMS voltage and the DC bus voltage is established using a voltage-based droop
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control method [174]- [175]. The conventional interlinking converter (IC) control struc-
ture is extended with combined power- and voltage-droop control schemes. As a result,
one type of voltage regulation ensures regulation of other types of voltage without affect-
ing the power-sharing capabilities of the converters. The main contributions presented in

this chapter can be summarized as follows:

1. An improved IC-control structure is proposed by unifying proportional-derivative
(PD) power-based and voltage-based droop control structures. This improved con-
trol topology ensures better transient performance and provides coupling between
the AC-bus RMS and the DC bus voltage without affecting the power-sharing ca-
pability of the converter. This control topology is cost-effective as it substantially

utilities the apparent-power (kVA) ratings of the converter without overloading it.

2. An integrated EV storage controller is proposed which can work in both decentral-
ized and distributed manner. This controller ensures DC-bus voltage regulation,
which results in zero circulating currents. As a result, the efficiency and the lifetime
of the EV storages are improved. Additionally, this controller interacts with the IC
to aid in regulating the AC bus voltage. As a result, simultaneous AC and DC bus

voltage regulation is achieved.

3. A novel strategy named NDCS is proposed that takes the EV availability into ac-
count to activate need-based distributed coordination of multiple EVs. By utilizing
this algorithm, the advantages of both decentralized and distributed controllers can

be obtained.

4. Unlike existing distributed controllers, the proposed need-based controller exhibits
robust fault-tolerance while operating in pair with the improved IC-control struc-

ture, which ensures reliable control framework.
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Figure 4.1: IC control structure with voltage-based droop.

5. Interaction between the EV storage controllers and the IC controller affects the
dynamic response of the hybrid microgrid. Moreover, there are substantial effects
of time delay on the performance of the IC when the EV storages are controlled in a
distributed manner. Therefore, a dynamic mathematical model for the IC controller

is derived considering the interaction and the delay effects.

The remainder of the chapter is organized as follows. Section 4.2 presents the proposed
IC control topology and its mathematical model. The general formulation of the proposed
NDCS for the EV storages is presented in Section 4.3. In Section 4.4, case studies involving
a commercial hybrid AC/DC microgrid with four EV storages in various scenarios are
presented to demonstrate the controller performance. Finally, concluding remarks are

presented in Section 4.5.
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4.2 Proposed IC Control Topology

The IC acts as an interface between the AC and DC subgrids while the microgrid enters
into a hybrid AC/DC microgrid operational mode. The IC controller has three inner
control loops namely power controller, voltage controller and current controller as shown
in Fig. 4.1. The dynamic modeling of these control loops is briefly described in the

following subsections.

4.2.1 Power-Based Droop Control

The instantaneous voltage v2% and current i%°¢ after the LC filter and the inverter output

current v#¢ are measured and transformed through the Park transformation. The real

and reactive power calculations are carried out as follows [102, 119]:

b= § (Uodiod + quioq)
4.1
3 ) . (41)

q= 5 (quzod - Uodloq)

The fundamental components of p and ¢ are extracted using a low-pass filter (LPF) with

a cutoff frequency w.. The filtered active and reactive power are as follows:

P= We P

S+ Wwe (4.2)
Q=—>

s+wcq

Voltage and frequency are regulated via droop control during islanded microgrid oper-
ation. The usual X /R ratio of a microgrid is very high due to the high inductance of the
inductors present in LC filters, particularly for a commercial-grade microgrid. As a result,
the well-known P/ f and Q/V droop control can be applied to regulate the frequency and

the voltage of the system as follows [150]:

w=w"—Dp(P— P7) (43)

V=V"=-Do(Q-Q)
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It should be noted that the designed controller can also be applied to microgrids with a low
X/R ratio using the inverse droop equations. The dynamic performance of the conven-
tional droop controllers is poor and can be improved by implementing PD-compensated
droop control, which enables robust microgrid mode transitions and improved fault tol-
erance capabilities [176]. Now, assuming the d—axis to be aligned with the line voltage
measured by the phase-locked-loop (PLL), we get v,, = 0. Therefore, V' ~ v;;. Then the

droop equations become:

d
w=w"— Kp(p)Dp(P — P ) Kd(p)Dpd (P P*)
(4.4)
V=50 = V" = Kpp)Dqo(Q - Q) — Ky P)Dth<Q Q")

w* is a global parameter, and a constant value can be assigned to it. For instance,

for the system frequency of 50 Hz, w* = 314.16 rad/s. Conventionally V* P* and Q*
are taken as constants as well. However, for this chapter all of these three parameters
are adaptive. This method ensures robustness in dynamic load changing, uninterrupted
active/reactive power-sharing capabilities of the converter, and simultaneous AC and DC
bus voltage regulation. The following subsection will discuss how P*, @Q* and V* are

dynamically generated.

4.2.2 Generation of P*, Q* and V*

The references for the active power (P*), reactive power (Q*) and the AC-side voltage
(V*) need to be adaptive, so that the IC controller performs robustly in changing network

dynamics. Let us define three variables (A, B, C) C R as follows:

A= gg’tload) Pz;g't(gen) (45)

B = Q:‘Z(g load) 7léi(g’f(gen) (46)
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C= ng(load) - gg(gen) (47)

Line losses should be added, if known, to all of (4.5)-(4.7). However, line losses are
not considered in this chapter. The normal operation of a hybrid AC/DC microgrid
refers to zero energy transfer between the AC and DC subgrids. In order to preserve the
KVA ratings of the converters, the normal operation requires v/.A2 + B2 = C: however,
deviations might occur due to overloading or surplus energy generation. These deviations
will lead to hybrid AC/DC microgrid operation. Then P* and Q* for the hybrid AC/DC

microgrid operation are to be defined as follows:

0 for VA2+B2=C
Pr=< A for VA2 +B2>C (4.8)
C for VA2+B2<C

0 for vVA2+B2=C
Q" =4 B for VAA+B2>C (4.9)
0 for VA2+B2<C

The inverter output AC voltage is proportionally related to the DC link voltage. The
relation is presented in [158] and later elaborated in [17]. Vandoorn et al. in [L74]- [175]
utilize this relationship of voltages of different electric natures to control the inverters of
DG units. This relation can be expressed as

Vpe = 2 X (%) X (%) x VA (4.10)

~~
&7

where VA9 = peak-to-peak magnitude of the phase-to-phase voltage of the AC bus and
a = slope of the linear relation presented in (4.10).

Then the VA /VPY droop equation presented in [174]- [175] can be expressed as

V* = V" + Ko(Vpe — Vio) (4.11)
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Implementation of the control scheme in (4.11), combined with the power-based droop
in the power control loop of the IC controller gives the opportunity, particularly for
the islanded microgrid scenario, to achieve simultaneous quasi-decoupled power sharing
and AC and DC bus-voltage regulation. Representing the delay using an LPF with the
cutoff frequency of w, where w, > w. , the proposed IC control topology is illustrated
in Fig. 4.1. It can be seen from Fig. 1 that if the DC bus voltage is tightly regulated
(i..Vpe — Vo = 0) then the whole IC control structure operates under the conventional
strategy. As a result, the power sharing remains unaffected. Herein, by utilizing the
information obtained from (4.8) — (4.9); and by the perturbing (4.2), (4.4) and (4.11) the
state-space dynamic model of the proposed power-control loop of the IC controller can be

obtained as follows:

. [ ¢—Q
Q—Q" Q—Q p—P
P—P|=A|P—P| 4+ B |Vbc— Vi
v v Vi
w*
T g—Q
o* Q—Q" p—P
{ Lgd} =C|P—-Px|+D|Vpe —MVZ;C
v Vfc* ’ (4.12)
L w J ’
00 O w. 0 0 0 0
A=10 0 O [;:B=1|0 w, 0 0 0];
0 0 —w, 0 0 Kuw. w. O
C— —K,p)Dg 0 1|
0 —Kp(p)Dp 0f°
D— —KqpyDow. 0 000
o 0 —Kd(p)Dp(JJc 0 01

It is evident from the A matrix of the proposed power control loop that the system is
only dependent upon the time delay attributed to the distributed controllers of EVs. It
is also clear that eig(A) < 0 for all values of w,. As a result, the system is inherently
stable for acceptable time delays. However, the controller, operating in the distributed

mode can reach critical stability for unlikely large time delays in range of seconds.
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Figure 4.2: EV converter controller with distributed cooperative control loop.

4.2.3 Voltage and Current Controllers

Voltage and current controllers are developed utilizing decoupled d-q axis PI controllers

with feed-forward gains |

current controllers can be obtained as follows:

ngd - U:d — Vod

éoq = Ugg — Voq

N =i}y — iia

Mg = i, — g

g = Fliog — wCjv,q + Kp(V)QS;)d + Ki(v)®od

ZZ] = Fliog — wCvoq + Kp(V)qﬁ‘Oq + K

*
Viqg = Vod

*
Uiq

V)¢oq

- wailq + Kp([))\.ld + Ki(I)/\ld

= qu + (J.)Lfild -+ Kp([))\.lq -+ Ki([))\lq

, 102]. The combined dynamic equations for both voltage and

(4.13)

where ¢oq and éoq are state variables corresponding to the PI controller of the voltage

controller whereas )\ld and }\lq are state variables corresponding to the PI controller of the

current controller.
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4.3 Need-Based Distributed Coordination Strategy

Let us consider a microgrid of N number of EV storages communicating with each other
through a sparse communication network. The communication graph, also known as
a weighted directed graph (digraph), representing the interconnection of nodes can be
denoted by G = (Vg, &, Ag), where Vg = {Vi, Vs, Vs,...V,} is the set of all nodes,
Eg C Vg x Vg is the set of pairs of nodes also known as edges, Ag = [a;j]nxn is the
weighted adjacency matrix of dimension N x N that gives information regarding the in-
terconnectivity of nodes. The communication between node i and node j can be presented

as follows:

- 1 if (Z,j) €&
Qixj = { 0 otherwise (4.14)

The in-degree matrix is D¢f=diag{d;"}, i.e. the diagonal matrix of d{"=3""_; a;;. Sim-

ilarly the out-degree matrix is D@ =diag{d"'}, i.e. the diagonal matrix of d{"'=>""  a;;.
For an undirected communication network with bidirectional information flow, D&“=D2.
As aresult, the Laplacian matrix Lg, defined as Lg=D% — Ag, is considered balanced [59)].

All EV storages are designed with the distributed dynamic average consensus protocols
shown in Fig. 4.2. This protocol uses local information of the n'* EV storage and the
information measured from its neighbors to converge to an average output voltage u.,

given by:

W2 (t) = U (£) + b / S s (o (7) — (7)) dr

jeN
- (4.15)

= vgatt(t) + AU
Following this protocol, the output voltages of the EV storages for any step changes

will converge at an average value of the neighboring units at ¢ — oo, as long as there
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exists a spanning tree and the communication delay (7;) satisfies the condition [177]
(4.16)

The nominal value of the DC bus voltage is fixed for a particular application. As a
result, without loss of generality it can be considered that all the EV storages connected
to the DC bus have access to this reference value. This enables the entire controller to
act in a leaderless manner. Fig. 4.3 illustrates the NDCS for cooperative V2G-capable
EV storages. Each EV storage collects the terminal voltage information of its neighboring
units n — 1 and n+ 1. The DC bus voltage deviation, AVp¢ is checked for the acceptable
operating range, i.e. -3% — +5% [17]. If AVp¢ is within the acceptable operating range
then zero is assigned for 1,. This results in Av = 0 such that u) = v},,,. As a result,
the EV storage controllers start operating in the decentralized mode. On the other hand,
when AVpe exceeds the acceptable range, then a substantial number of EV storages need
to work cooperatively to regulate the DC bus voltage. As a result, when this situation
occurs, NDCS will check the availability of V2G-capable EV storages. The availability

constraints can be set as follows:

e Storage-capacity constraints for the nth EV can be set as (SOC™® — SO initial) () Rated <
AQAT < (SOCimitial _ gOCmin)QRated; where, SOC™er SOC™n  SOCMal are
the maximum, minimum and the initial state-of-charge (SOC) of the nth EV stor-
age respectively; QFated and AQAT" are the rated capacity and the capacity for the

duration of V2G operation (AT,,) of the nth EV storage respectively.

e The converter capacity for the nth EV storage can be depicted as —Pm® < PEV <
Pﬁnax and _Q;nam S QEV S Q:Lmzm;
where P and @'*" are the maximum allowable active and reactive power respec-

tively and PEV and QFV are the output active and reactive powers respectively for
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the nth EV storage. However, the reactive power capacity will not be a concern

when EVs are operating through DC/DC converters.

e A flexible user experience can be preserved by setting a constraint such as SOC/al >
SOCEre=sets where SOCI M and SOCP™*=*¢ are the SOC of the nth EV storage af-

ter the V2G participation and the user-defined pre-set SOC respectively.

Now if all the constraints are satisfied then 1, = 1 will be assigned which enables the
EV storage controllers to operate in the distributed mode. However, if the constraints are
not satisfied then the NDCS will keep the EV storage controller in the decentralized mode
by preserving 1, = 0. Later on, it will initiate non-critical load curtailment to keep AVpe
within the limit. The grid reconnection command will be initiated for the microgrid as
the last resort of regulation. For both decentralized and distributed modes of operation,
up is updated according to (4.15) and I} is generated using (4.17), which results in the
generation of d',,, for the DC/DC converters of the EV storages using (4.18). In the final

step the output voltage, v}, of the EV storage is broadcast to its neighboring units n —1

and n + 1.
Ky
Iy = (Ve — ull) (K;zg) +— >> (4.17)
* n DC KZ?IC;
(Uhe = Ta) | Ky + =
Batt = Voo (4.18)

Storage lives can be enhanced by preserving pre-defined SOC levels for all EVs. As a
result, it is important to maintain that level when EVs are operating in the decentralized

mode. According to [178], the SOC of a battery is a function of time and output current
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Figure 4.3: Need-based distributed coordination strategy of EV storages.
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of the battery i.e. SOC, = f(t,i%,,)- It can be observed from (4.17) and (4.18) that
%o = f(Upe). It implies that, by limiting the dynamic value of I}, the SOC level can
be maintained during the decentralized mode. Assuming that each EV has the maximum
power capacity of 20 kW with the output reference DC bus voltage 520 V, in this chapter

we have assumed the maximum and minimum values of I}~ to be £40 A.

4.4 Case Studies

Several case studies are carried out to demonstrate the performance of the developed
controller. For all the case studies, the microgrid is considered to be islanded. Case A
is carried out considering islanded operation, with step load changes to verify the perfor-
mance of the proposed NDCS. Concurrent variable PV generation and real commercial
loading are considered for case B to demonstrate the efficacy of the controller under in-
termittent supply and demand. This case study also demonstrates the efficacy of the
proposed controller in the distributed mode with the conventional one presented in [25].
In case C, the effects of time delay on the controller performance are demonstrated. EVs
are mobile storages in contrast to the static ESS and their operations also rely on their
owners. As a result, in case D, the impacts of user-preferred disconnection is explored to
demonstrate plug-and-play features.

The designed hybrid AC/DC microgrid model is an extended version of the university-
based commercial hybrid AC/DC microgrid as presented in [17]. A simplified single-line
diagram of the model is illustrated in Fig. 4.4. The AC subgrid consists of four DG
units controlled by the conventional droop-control scheme [163] without any inter-unit
communication. All DG units are connected to the AC bus through respective LCL filters.
The DC subgrid is designed with four EV storages and one PV unit. The EV storages are

connected to the DC bus through DC fast chargers which are controlled by the developed
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Figure 4.4: Single-line diagram of the test hybrid AC/DC microgrid.

distributed cooperative controllers. The bidirectional connectivity graph among the four
EVs is shown in Fig. 4.5. The DC/DC converter of the PV unit is controlled by a
maximum-power-point tracking (MPPT) controller. The DC bus is interfaced with the
AC bus through the IC. DC loads are connected at the DC bus terminal and AC loads
are connected at the AC bus terminal. The load profile as shown in Fig. 4.7 and the
solar irradiation data used for the case studies of this chapter are obtained using OSI
PI software that uses a centralized communication structure. The system parameters
and ratings of all units are given in Table 4.1. Additional information regarding the
hardware setups, communication protocols used for data collection and monitoring along

with building schematics can be obtained from [17].

4.4.1 Case A: Step Load Change

The objective of this case study was to compare the performance of NDCS with the
decentralized coordination of EVs under sudden load change. From t = 0 s to 4 s EVs
were operating a under the decentralized mode. During this period, the DC bus was

loaded with 40 kW DC load. All EV converters were designed to generate or consume a
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Figure 4.5: Communication graph of EVs.

Table 4.1: System parameters

Energy nodes

PV 30 kW
Initial EV blattery
24, 41, voltages, (vg,;y, 465, 580, 500
EV-(1234)  30'and 23 kWh  02,,,, vBat(t P and 520 V
and v,y
DG-(1,2,3,4) 17 kVA
Line parameters
Nominal V215 240 V Ly 10x10°H
Vi 520 V of 250 x 1076 F
Frequency 50 Hz R., R¢ 0.03Q2
Cpe 150 x 107* F L., Lg 3.5x1074 H
Ry 2 x 10730 Td 0.658
1,72, 12,723,
by 0.02 Q ras 0.05 Q

Control parameters

Power controller

Voltage controller

We, We 31.42, 314.16 rad/s F 0.19
w* 314.16 rad/s %) 0.11
Dp 3.14 x 1074 Kivy 2.2
Dg 1.36 x 1073 Current controller
ke 1 K, 0.16
Ky p) 2x107° Kin 200
Kd(p) 2x 1077

EV storage controller
Kpg‘g) 1.3 K]glg 0.03
K 6 K 1.1
b 1.5
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Figure 4.6: Vb, Vhares Vigare and v, for case A. At t =4 s, a step load is applied at the

DC bus for 2 s. At t = 6 s NDCS is activated to initiate the distributed operation.
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Figure 4.7: Power supplied or consumed by the EVs for case A. Saturation constraints

were applied to ensure that the EV powers do not exceed the maximum allowable limit

of £20 kW for both decentralized and distributed operation.
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Figure 4.8: %SOC for all EVs for case A during both decentralized and distributed

operation.

maximum of 20 kW power. As a result, the maximum and minimum saturation points
for I}, as mentioned earlier, were chosen as £40 A. Over utilization of EV converters,
particularly during decentralized operation, can be avoided by putting this limit in the
current-control loops of EV converters. At t = 4 s, a step load of 25 kW was switched on
for the duration of 2 s. As a result, the DC bus voltage dropped down below the lower
reference level as shown in Fig. 4.6. The standard acceptable voltage ranges for the AC
and DC bus voltages are shown in dotted red lines. The standard references for the AC
bus voltage is in between 0.94 per-unit (pu) to 1.1 pu [80]. For the DC bus voltage, this
range is in between -3% — +5% of the nominal voltage [1 7]. In order to restore the DC bus
voltage to its reference value, at t = 6 s NDCS was activated. The objective of the NDCS
was to provide regulation-up service by ensuring that all EVs generate additional power
by discharging. The generated or consumed power of all EVs and their corresponding

%SOC are shown in Fig. 4.7 and Fig. 4.8 respectively. As can be seen there, initially
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Figure 4.9: Commercial AC and DC load profiles

EV-1, EV-2 and EV-4 were in the discharging mode, whereas EV-3 was in the charging
mode. When the NDCS was activated, all EVs including EV-3 checked their individual
constraints and started discharging. This results in a restored DC bus voltage. Apart
from the voltage restoration, it can be observed from Fig. 4.6 that NDCS demonstrates

more stable DC bus voltage regulation capability than the decentralized operation.

4.4.2 Case B: Variable PV Generation and Commercial Loading

For case B, the islanded hybrid AC/DC microgrid was exposed to variable PV generation
due to fluctuating irradiation. The main aim of this case study was to verify the perfor-
mance of the designed controller under variable PV generation, as its output is random
and variable in nature. The DC bus and AC bus were loaded with commercial load pro-
files as shown in Fig. 4.9. Both conditions (i.e. variable PV generation and load profile)
were considered simultaneously to accurately represent a realistic scenario. The NDCS

for the EV storages was activated at t=0 s. The communication links among neighbors
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Figure 4.10: Varying output power of all DG units. DC type DG units are shown in solid

lines and the AC type DG units are shown in dotted lines.

were considered ideal without time delay. The output active powers of all the DG units
are shown in Fig. 4.10. The output powers of all the DG units at the AC side were alike
because of their fixed droop coefficients. The output voltages of the EV storage converters
and the AC bus RMS voltages are shown respectively in Fig. 4.11 and 4.12. It can be
observed from Fig. 4.11 that, despite the differences in the initial terminal voltages, all
of the EV storages eventually converged to the desired voltage level. Likewise, due to the
coupling of the DC bus voltage with the AC bus RMS voltage, the convergence of the DC
side voltage assists in controlling the AC bus RMS voltage to be within the acceptable
range.

During islanded microgrid condition, it is important that all operating ICs should
have four-quadrant operational capability. This means that the converter can transfer
both active and reactive power in between two subgrids. As a result, the inverter will

have four modes of operation (rectifier, inverter, capacitive and inductive modes). During
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Figure 4.11: vg,y, VB VBan a0d Up,,, for case B.

the rectifier mode, the inverter will transfer power to the DC subgrid from the AC subgrid,
whereas, during the inverter mode it will transfer power to the AC subgrid from the DC
subgrid. The normalized DC bus voltage for all the cases are shown in Fig. 4.17. The DC
bus voltage for this case is shown in red in Fig. 4.17. It can be seen that the voltage is
properly regulated through the proposed control scheme. The tracking performance of the
proposed controller for the reactive power reference is shown in Fig. 4.14 in comparison
with the conventional control scheme presented in [25]. It can be observed that the
proposed controller provides superior reference-tracking performance without any steady-

state error.

4.4.3 Case C: Effects of Time Delay

EV storage controllers need to withstand an obvious latency while operating under the
distributed mode, which requires sparse communication among neighbors. The main

purpose of this case study is to evaluate the controller performance under a communication
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time delay. It should be noted that the usual communication delays for WiFi-based
networks are typically 20 ms [179]. However, for this case study a 30 ms time delay
was assumed and the effects on the controller performance were observed. NDCS were
considered active at t = 0 s. The AC bus RMS voltage for this case is shown in blue
color in Fig. 4.12. Fig. 4.13 presents the output voltages of the EV storages for this case
study. The output voltages of all EVs took approximately 1.5 s to converge when the
time delay is 30 ms. It can be observed from Fig. 4.13 that due to the 30 ms delay there
were slight magnitude deviations in the beginning for the voltages of the EV storages,
which also impacted the AC bus voltage as shown in Fig. 4.12. Nevertheless, the AC bus
voltage remained in acceptable range as shown in Fig. 4.12. The DC bus voltage also
maintained the acceptable range for this case as presented in Fig. 4.17 in blue color. It
should be noted that the performance of the controller in terms of convergence speed can
be further improved by increasing the level of connectivity. However, this will increase

the communication-based cost [177]. Overall, it is evident from the result that both the
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IC controller and the distributed cooperative controller are robust to time-delay effects.

4.4.4 Case D: User-Preferred Disconnection

The objective of this case study is to evaluate the controller performance when partici-
pating EV users disconnect the V2G service without sending any notification signal. The
controller should work in a dynamic condition where EV owners will have the flexibility
to include or exclude their EVs for V2G operations. For this case study, both types of
loads were kept constant. For the AC load a fixed 70 kW+ 530 kvar was used and for the
DC load a fixed 30 kW was used.

The NDCS was activated at the beginning of the simulation. At t = 2.5 s, user of EV-1
decided to disconnect the V2G service while EV-2, EV-3 and EV-4 was active under the
NDCS. The output voltages of EV storages maintain the required voltage level as shown
in Fig. 4.15 to regulate the DC-bus voltage as shown in black in Fig. 4.17. As the DC
bus voltage is properly regulated, it keeps the AC-bus RMS voltage within the acceptable
limit as presented in Fig. 4.16. The output powers of the EVs for this case study are
shown in Fig. 4.18. It can be observed that the output power of EV-1 becomes zero
when disconnected. However, the load, EV-3 and EV-4, is supported partially by the
high-capacity EV storage EV-2. The rest of the power is exported from the AC subgrid

for this particular case.

4.4.5 Case E: Performance Evaluation under Faults

The robustness of the proposed distributed controller was evaluated under two types of
fault scenario. At first, a short circuit fault was applied at the DC bus at ¢ = 3 s for the
duration of 30 ms. During that period, the DC bus was loaded with 55 kW and the AC
bus was loaded with 200 kW + 570 kvar. The load current at the DC bus experienced

a spike due to the fault condition as shown in Fig. 4.19a. Due to the fault at the
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Figure 4.19: Performance evaluation of the proposed scheme under the DC short circuit
fault for case E. The fault was applied at ¢t = 3 s for the duration of 40 ms. (a) Load current
at the DC bus. (b) Load current at the AC bus. (c) Normalized DC bus voltage with
the proposed distributed controller (solid black) and with the conventional decentralized
controller (dotted blue). (d) AC bus RMS voltage in per unit (pu) with the proposed
distributed controller (solid black) and with conventional decentralized controller (dotted

blue).

DC terminal, the load current at the AC bus was temporarily affected as presented in
Fig. 4.19b. Figs. 4.19¢ and 4.19d represent the DC bus voltage and the AC bus RMS
voltage respectively for this case study. Voltages are shown with the solid black line for
the proposed distributed controller and with the dotted blue line for the conventional
decentralized controller. As compared to the conventional decentralized controller, the
proposed distributed controller effectively performs post-fault voltage regulation for both
AC and DC bus voltages with zero steady state error.

The performance of the proposed controller was further validated under three-phase
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Figure 4.20: Performance evaluation of the proposed scheme under three-phase AC sym-

metric fault for case E. The fault was applied at ¢ = 3 s for the duration 60 ms (a) Load

current at the DC bus. (b) Load current at the AC bus. (¢) Normalized DC bus voltage

with the proposed distributed controller (solid black) and with the conventional decentral-

ized controller (dotted blue). (d) AC bus RMS voltage in per unit (pu) with the proposed

distributed controller (solid black) and with conventional decentralized controller (dotted

blue).
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symmetric fault applied at the AC bus. The fault was applied at ¢ = 3 s for the period
of 60 ms (3 cycles for a 50 Hz system). The loading conditions for both buses were kept
the same. The load current at the DC bus and the AC bus are shown in Figs. 4.20a and
4.20b. The DC and the AC bus RMS voltages for this case study are shown in Figs. 4.20c
and 4.20d. Both voltages are marked with solid black and dotted blue lines respectively
for the proposed distributed controller and the conventional decentralized controller. It
is evident from Figs. 4.20c and 4.20d that both bus voltages are effectively regulated
when the fault is cleared. The conventional decentralized controller exhibited oscillatory
performance for the DC bus voltage and higher settling time for the AC bus RMS voltage

as compared to the proposed distributed controller.

4.5 Chapter Summary

This chapter presents a novel algorithm to coordinate EV storages in a commercial hybrid
AC/DC microgrid. Based on the DC-bus voltage condition, the algorithm switches the
coordination among multiple EV storages from decentralized to distributed mode or vice
versa. Firstly, the conventional IC control topology is enhanced by using a combination of
the PD-compensating power-droop and voltage-droop control schemes. This development
ensures improved transient response along with the coupling between the AC-bus RMS
voltage and the DC-bus voltage. This results in the capability of regulating one bus voltage
by regulating the other. Secondly, a mode-changing EV storage controller is designed
which can operate in decentralized or distributed mode. Finally, a new coordination
strategy namely NDCS, is proposed that ensures when and how long the EV storages
need to operate in distributed mode to regulate the DC bus voltage. The NDCS also
takes into account the storage and converter capacities along with the user preferences for

both decentralized and distributed operation. Case studies are carried out to demonstrate
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the performance of the developed controller under concurrent variable PV generation
and commercial loading. The effects of time delay and user-preferred disconnection of
operating EVs are explored through case studies. It is evident from the comparative
analysis that the developed controller operated by NDCS can provide robust performance
for voltage regulation and power sharing within a hybrid AC/DC microgrid.
Considering the economic aspects, in the next chapter, real-time optimization tech-

niques are incorporated with the distributed EV storage control topology.



Chapter 5

V2M via Optimization-Incorporated
Distributed EV Coordination

Strategies

An improved vehicle-to-microgrid (V2M) framework is proposed for a commercial locality
operating as a hybrid alternating-current (AC) / direct-current (DC) microgrid, which
optimally coordinates electric-vehicle (EV) storages in a distributed manner. An aggre-
gator model is proposed that solves the economic dispatch problem of parked EV storages
in a centralized manner and generates the power reference for the designed distributed EV
storage controller. The proposed optimization-incorporated distributed controller (ODC)
for the EV storages ensures DC bus voltage regulation by supplying the demand in a
cost-effective way by utilizing a sparse vehicle-to-vehicle (V2V) communication network.
The power flow between the AC and DC subgrids is managed by interlinking convert-
ers (IC). The IC control structure is augmented by combining voltage- and power-based
droop-control schemes in the power-control loop. This modification enables simultaneous

AC and DC bus voltage regulation. Case studies are carried out to validate the efficacy of
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the developed framework with a real commercial network and loads. The results exhibit
robust performance of the overall system for generation-demand variability, transitions
between islanded and grid-tied conditions, and user-preferred EV disconnections and time

delay.

5.1 Introduction

The concept of a direct-current (DC) power distribution network is gaining momentum
due to the increased number of photovoltaic (PV) installations along with the rapid growth
in electric vehicles (EV) as promising energy storage systems (ESS). The DC distribution
system can provide a cost-effective solution to integrate DC technologies such as light-
emitting diodes (LED), DC motors, data centers etc. with minimum conversion losses.
Commercial buildings, that consume nearly 61% of the total electric energy in the United
States, are emerging as zero-net energy (ZNE) buildings by adopting DC distribution
systems [180]. As a result, islanded DC distribution systems or inter-tied DC microgrids
are possible by expanding the capacities of rooftop PV and ESS in commercial buildings.
However, the installation of a DC-only distribution system is unlikely in the near future
due to the AC-dominated legacy electric system. Therefore, an intermediate solution
would be hybrid AC/DC microgrids [24,25]. Hybrid microgrids combine the aptness of
both AC and DC systems. They have emerged with advantages such as minimum AC/DC
conversion loss, increased efficiency, and reduced voltage synchronization effort, to ensure
improved connectivity for AC and DC technologies [50, 160]. However, they come along
with convoluted network and control topologies. Due to the intricate nature of their
structures and control methodologies, hybrid microgrids are well suited for commercial
neighborhood rather than residential localities.

Contemporary commercial buildings are equipped with state-of-the-art technologies
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such as smart EV parks, intelligent power-electronic-interfaced variable-speed drives (VSDs),
four-quadrant inverters and smart high-voltage air-conditioning (HVAC) systems. Utiliz-
ing these technologies, commercial buildings can contribute to both electric power grids
and the electricity market by providing ancillary services [16]. However, coordination
among multiple technologies such as EV storages is a difficult task, particularly when
these buildings are operating as autonomous microgrids. Furthermore, peak load for
commercial areas occurs during mid-daytime; therefore, parked EV storages in commer-
cial neighborhoods can be utilized to provide ancillary services during office hours, which
typically range between 9:00 am to 6:30 pm [17, 18]. Considering the above-mentioned
possibilities of vehicle-to-microgrid (V2M) application in commercial vicinities, several
pieces of literature have explored this research area. In [19], an economic analysis is pre-
sented to show the feasibility of using EV storages in commercial-building microgrids.
An energy-management system (EMS) for a building with PV units and EV storages is
presented in [20], designed to minimize the operating cost considering different charging
and discharging profiles. A real-time peak-shaving model to reduce high peak demand
combining demand response and load control is presented in [21]. A four-stage optimiza-
tion algorithm is proposed in [22] for a PV-assisted EV charging station in a commercial
building to minimize operation costs associated with customer satisfaction by the optimal
scheduling of EV storages. However, all the optimization approaches to coordinate EV
storages for V2M operations follows either the hourly or the daily forecasting methods.
As a result, these approaches are only suitable for the planning purposes of the V2M.
Conversely, a dynamic framework to ensure EV coordination in conjunction with the
real-time optimization technique can provide both technical and economic optimality.
The V2M connection can be achieved by centralized, decentralized or distributed ap-
proaches for AC, DC or hybrid AC/DC microgrids. The centralized structure provides

improved controllability with reduced scalability. The decentralized structure ensures
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modularity, however, optimal operation cannot be guaranteed due to the limited informa-
tion exchange among units. Conversely, a distributed structure combines the advantages
of both centralized and decentralized structures. As a result, distributed control in mi-
crogrids with EV storages is gaining momentum. Distributed controllers are developed
for AC microgrids [71, 102], for DC microgrids [165—167] and for hybrid AC/DC micro-
grids [18,181]. The application of distributed control for ESS is presented in [0, 170-173]
to achieve voltage control, state-of-charge balancing and power-sharing considering time
delays and uncertainties in PV output power generation. However, these analyses do
not specifically concentrate on commercial-grade V2M applications, and the concept of
incorporating a solution for the EV economic dispatch problem in their real-time control
has not been explored. Some recent work [182,183], has attempted to unify optimization-
based economic dispatch with real-time distributed control for DC microgrids. However,
their feasibility and efficacy for hybrid-microgrid operations are not explored. Moreover,
from a realistic point of a view, an EV aggregator would like to have a certain control
over the EV storages under its operational vicinity, but at the same time, EV storages are
parked in a spatially dispersed form. Therefore, from the perspective of an EV aggregator
and EV owners, a combination of the centralized and distributed control framework would
be an optimal approach for commercial-grade V2M operation.

Considering all the above issues, this chapter presents a novel V2M framework suit-
able for commercial neighborhoods. The framework involves three core components: (i) a
centralized EV economic-dispatch optimizer, (ii) a distributed EV storage controller and
(i) an interlinking converter (IC) with modified control topology. The optimizer gener-
ates the reference power for each EV storage as a function of the incremental cost (A) by
solving an economic dispatch problem. Later, it adjusts the power reference accordingly,
which ensures proper power management within the microgrid through a cost-effective

and distributed vehicle-to-grid (V2G) operation. The IC is responsible to control the
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power flow between the AC and DC subgrids. The IC control topology is augmented by
combining the voltage-based droop- [174,175] and power-based droop-control techniques.
This augmentation enables simultaneous AC and DC bus voltage regulation without af-
fecting the power-sharing capabilities of the converter. Overall, the salient contributions

of this chapter can be summarized as follows:

1. An aggregator model is developed that provides a centralized solution for the EV
economic dispatch problem considering a bounded EV output power. The aggrega-
tor/optimizer generates a reference power signal for the designed distributed con-
troller. A generalized mathematical expression of the optimal reference power is
presented as a function of the optimal incremental cost, defined by the slope of the

cost function.

2. A distributed EV storage controller is designed that can operate in both decen-
tralized and distributed manner based on a situation-aware signal. The designed
controller communicates with other neighboring EV units through a sparse com-
munication network with a spanning tree to exchange output-power information.

Later, it utilizes a local voting protocol for dynamic averaging.

3. In order to ensure voltage regulation and to maintain power flow between the AC
and DC subgrids, a modified IC control strategy combining power- and voltage-
based droop techniques is developed. The transient performance of the IC is further
enhanced by utilizing a proportional-derivative (PD) controller within the power-
control loop of the IC as proposed in [176]. This approach facilitates a smooth

transition between islanded and grid-tied microgrid operation.

The remainder of the chapter is organized as follows: Section 5.2 presents the proposed
V2M framework, which includes a description of the optimizer operating as a centralized

EV aggregator, the distributed EV storage controller and the IC controller. Case studies
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Figure 5.1: Proposed control topology. (a) ODC for individual EV storage.(b) Single-line

circuit diagram of each IC. (c) IC control structure with voltage-based droop.

are presented in Section 5.3, for a commercial hybrid AC/DC microgrid with four EV
storages operating under one aggregator, for various scenarios. Moreover, a concluding
discussion based on the results is provided in this section. Section 5.4 concludes the

chapter.
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5.2 Proposed V2M framework

5.2.1 EV Economic-Dispatch Problem Formulation

During V2G operation within a hybrid AC/DC microgrid, EV units operate as dispatch-
able sources. With a view to minimizing the generation cost of EV units while preserving
all other flexibilities, the optimization problem can be formulated as similar to that of a
conventional power system. Now let us consider that the aggregated cost function, C'(p)
of N EV storages operating in V2G mode is a quadratic function of their corresponding
output powers with coefficients of «, § and . Therefore, the optimization problem for

EV economic dispatch can be presented as follows [182]:

min  C(p) =Y _ o + Bupn + bl
neN
st. G=)» =Pod—Pin n=12..,N,
neN (51)

Hy = —p, +p;"™ <0,
Hy = pn —py™* <0
whete, Pl = X it + 30 Pt
Pl = 22 5%¢ + 22 Phe
S Skad = the aggregated demand of the apparent power by AC loads,
S~ Pload — the aggregated demand of the active power by DC loads,
> 8% = the aggregated apparent power generated by dispatchable AC sources,

> PP = the aggregated active power generated by non-dispatchable DC sources,

maxr

Dn

min — the allowable maximum and minimum power of the nth EV storage

and p;
respectively.
Therefore, the economic dispatch problem can be formulated as a Lagrange function

with Lagrange (\) and Karush-Kuhn—Tucker (KKT) multipliers (y; and us) for each EV
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storage as below

L(pn, A, pas pi2) = C(p) + AG + pn Hy + poHo (5.2)

The solution of the aforementioned optimization problem is a stationary point where
the partial derivative of L(p,,\) is zero with respect to all variables. Now, for the time

being, if we neglect the EV output power constraints H; and Hs then

oL 86’( ) a—o0
opn  Opn (5.3)
_9C(p)
Opn,

In order to achieve optimality, it is necessary that the Lagrange multiplier or the incre-
mental cost (A) of each EV storage converges to the optimal incremental cost (A*). This
convergence can be achieved only when all EV storages generate the optimal power (p}).
Considering small perturbations of both AC and DC load demands, the optimal output
power of each EV storage can be obtained with simple mathematical manipulation of

(5.3), as below [181]

= AP + ZnEN 29n
1
ZnGN 29n, (54)
pn - 2’}/n

where, AP = P — pload  Moreover, by considering the output power constraints, the

necessary minimum-cost operating condition can be extended to represent the reference

power for the distrubuted EV storage controller.

; { p,, for pi™ < p, <ppe

pn main fOI' Dn <pmzn (55)

Dy
for Dn > pmax

max

Drn
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5.2.2 Optimization-Incorporated Distributed Control (ODC) for

EV Storages

Let us consider a commercial negihborhood operating as a hybrid microgrid with N V2G-
capable EV storages. Additionally, all active EV storages communicate through a sparse
communication network with each other. The interaction among active EV storages can
be represented via a weighted directed graph (digraph). The interconnection nodes can
be represented by G = (Vg, &g, Ag), where Vg = {V1, Vs, Vs, ...V, } is the set of all nodes,
Eg C Vg x Vg is the set of pairs of nodes also known as edges, and Ag = [a;;]nxn 1S
the weighted adjacency matrix of dimension N x N that gives information regarding
the interconnectivity of nodes. The communication between node ¢ and node j can be

presented as follows:

_ )1 if (i,5) € &
Qixj = { 0 otherwise (5.6)

The in-degree matrix is defined as D' =diag{d;"}, i.e. the diagonal matrix of d*=3""_ a;;.
Likewise the out-degree matrix is defined as DZ“=diag{d?"*}, i.e. the diagonal matrix
of d?'=>"" jaj. The Laplacian matrix Lg, defined as Lg=D — Ag, provides useful
insights regarding the stability of the communication network. For an undirected com-
munication network with bidirectional information flow, Dg=D2*=D2 which results in
Lg being balanced for this particular case [59)].

All EV storages are designed with the local voting protocol shown in Fig. 5.1a. This

protocol uses local information of the nth EV storage and the information observed from

its neighbors to converge to an average output power u,, given by

(1) = Pl (£) + by / Sty (P (7) — (7)) dr (5.7)

JjeN

where p%,, = measured output power of n' EV storage,
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Figure 5.2: Convergence of output powers with the distributed controller for various time
delays. (a) Time delay, T; = 0's. (b) Time delay, T; = 0.3927 s. (c) Time delay, T, = 1.5

s. Dotted lines are the outputs measured from the distributed controller

Y, = acknowledgement signal for the distributed operation which is governed by the need-
based distributed coordination strategy (NDCS) [15],
b, = coupling gain of the cooperative control loop.

The local voting protocol ensures that the output power of all EV storages for any step
changes will converge at an average value of the neighboring units at t — oo, considering

a spanning tree is present and the communication delay (7}) satisfies the condition [177]

Tas 2 max(eig(Lg)) (5:8)

Now by introducing an uniform time delay of T, in (5.7), the following relation can be

obtained

(0 = (O + by [ Y s (o (1) = 3 (5.9)

JjeN



5.2. Proposed V2M framework 137

Example: let us consider that the output powers of four EV storages for any instant
are 20 kW, 15 kW, 25 kW and 30 kW - represented by EV-1, EV-2, EV-3 and EV-4

respectively. The communication network illustrated in Fig. 5.3 can be presented as

follows:

010 1 200 0
1010/ - |0o20o0|

Ai=10 1 0 1['Ps=10 0 2 0"
1010 000 2
9 1 0 -1
12 -1 0

Log=|¢o 1 2 1
10 -1 2

Therefore, the output power of all EV storages will converge to an average consensus value
of 22.5 kW following (5.7) as long as the time delay Ty is less than 0.3927 s, calculated
using (5.8) The results of this example are presented in Fig. 5.2, where Figs. 2a, 2b and
2¢ represents the performance of the distributed controller for Ty;= 0 s, 0.3927 s and 1.5
s respectively.

By differentiating (5.7) and taking the Laplace transformation with zero initial condi-

tions, we can obtain a generalized model for the cooperative power controller:

Up = S(SINXN + GTprbpﬁg)_lPEv (510)
where the cooperative control output, U, = [u}? uf, e uZ]T, the measured output powers
of EV storages, Pry = diag{p, }, and Grp = ﬁ Iy« N represents an identity matrix

of dimension N x N. Overall, the general formulation of the voltage references, V*ef =
(7" w5 . wref]T for the optimization-incorporated distributed EV storage controller

can be expressed as

Vref _ [Pref (INXN 4 GI];jl‘(fP)) _ UPGEI\(/P)} IE{-/_ (511)
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where Ggi‘(fp) = diag{Gfi‘(/P)}, Pref = diag{pr®/} and Igy = diag{i%, } considering Gﬁ‘(fp)
to be the transfer function of the proportional-integral (PI) controller in the power-control
loop of the ODC and 7%,, is the output current of the nth EV storage.

Overall, the design procedure of the proposed ODC can be summarized as below:
Step 1: From smart meters collect load and generation data then check output powers of
active EV storages.

Step 2: Find values of «a, 8 and ~ for all EV storages.
Step 3: Calculate pr®/ using (5.5).
Step 4: Calculate V™ using (5.11).

Step 5: Repeat the process until [pref — pi,| = 0.

5.2.3 Power-Flow Control between Subgrids via IC

The objective of the IC is to ensure accurate active and reactive power flow between
the AC and DC subgrids to maintain the bus voltages and the frequency stability. The
single-line circuit diagram of the IC is shown in Fig. 5.1b. The IC controller consists
of three control loops, i.e. power, voltage and current-control loops with bandwidths
(BW) of 2-10 Hz, 400-600 Hz and 1.5 kHz or above respectively as illustrate in Fig.
5.1c. The voltage and current controllers are designed utilizing a conventional decoupled
topology with voltage and current feed-forward techniques, whereas the power-control
loop is extended with the combined voltage- and power-based droop techniques proposed
in [18]. This augmentation improves concurrent DC and AC bus voltage regulation. The

algebraic expression of the inverter voltage references in d — ¢ reference frame (v}, and
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v;“q) and the input angle 6 for the d — ¢ to abc converter can be presented as below

"

Uy = Voa — wLyitg + [{V* — Do(Q — Q*)Gpa — voa} Gy
- WConq + Figg — ild]G}In-
Vig = Vog + wLyita + {wCvod + (V5 — Vog) Gy (5.12)

+ Fligg — ilq}G;ﬁi

| 0= (o~ Dp(P~ P))G}

where P and () are the filtered output active and reactive power whereas P* and QQ* are
the respective references. v, and v,q4, are the inverter filter input and output voltages,
t1dg and v,q, are the inverter filter input and output currents in the d — ¢ reference frame.
Dp and D¢ are active and reactive power droop coefficients. V* is the output of the
voltage-based droop-control loop [18] and F' is the feed-forward gain. w is the angular
frequency measured from the phase-locked loop (PLL). L; and C} are the inductance and
capacitance values of the LC filter. Gpq, G}; and G}, are the transfer functions of the
PD controller of the power-control loop, the PI controllers of the voltage and current-
control loops respectively. Considering Vpe to be the measured DC bus voltage, finally,
the pulse-width modulation (PWM) generator of the IC generates the modulation index

in the natural abc reference frame as follows:

2

Mabc = deqo—abc<9) ;kdq (513)

where, Mape = [mq mp me]”, Vigq = [viy v;]" and Tago-abe(f) is the dg0 — abe transfor-

mation matrix.

5.3 Case Studies

The designed commercial hybrid AC/DC microgrid is illustrated in Fig. 5.3, and consists

of four V2G-capable EV storages parked at the parking area with individual capacities
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Figure 5.3: Single-line circuit diagram of the test hybrid AC/DC microgrid.

of 24 kWh, one rooftop solar PV unit with a rated capacity of 30 kW and four 17 kVA
dispatchable-power electronic-based AC sources. The model is the extended and modified
version of the university-based microgrid presented in [1,2, 17, 18]. All the EV storages
and the PV unit are connected to the DC bus of the microgrid. The PV unit is designed
to provide maximum power, whereas the EV storages are equipped with the designed
ODC. The dispatchable AC sources are connected to the AC bus via four-quadrant in-
verters, which are controlled by decentralized droop control scheme as presented in [163].
It should be noted that due to large-value inductors present at the inverter terminals, com-
mercial localities usually have a higher X/R ratio. Thus, decentralized P — f and Q — V
droop-control schemes are adopted. Both the AC and DC buses are interfaced through
a bidirectional interlinking converter, which is controlled by the combined voltage- and
power-based droop-control scheme.

Three case studies are carried out to demonstrate the efficacy of the proposed V2M

framework. The first case study demonstrates the voltage-regulation and power-sharing
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capabilities of the proposed scheme considering irradiation and load variability. The
second case study provides insights on the performance of the framework during and
subsequent to grid reconnection. The final case study is performed to show the effects
of a sudden V2M service disruption due to the disconnection of particular EV storages.
This case study also explores the effects of time delay on the output powers of the EV
storages. Parameters relevant to the design of the system are depicted in Table 5.1. The
load and solar irradiation data are obtained using OSI PI software which gathers sensor

data from the smart meters installed at the university premises.

5.3.1 Case A: Variable Solar Insolation and Commercial Load-
ing
For Case A, the designed V2M framework is tested considering PV generation and com-
mercial load variability. The main objective of this case study is to assess the robustness
of the developed framework. Both AC and DC buses are loaded with commercial load
data obtained from the OSI PI software. Concurrent PV power and load variabilities en-
sure genuine conditions that the controller needs to withstand. EV storages communicate
through a vehicle-to-vehicle (V2V) communication network illustrated in Fig. 5.3. As was
mentioned before, the designed distributed controller can provide stable operation as long
as there exists a spanning tree and the time delay is within a specified limit. The inter-
action graph among the four EV storages shown in Fig. 5.3. has one spanning tree. The
optimal incremental cost (¢/kW) and the dynamic cost for all EV storages for this case
are presented in Figs. 5.4a and 5.4c respectively. It can be observed from the dynamic-
cost profiles of all EV storages that EV-1 and EV-4 require higher incentives to provide

V2G operation than EV-2 and EV-3. Therefore, from Fig. 5.4e, it can be observed that
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Table 5.1: Specifications of the Framework

Energy nodes

PV

30 kW DG-(1,2,3,4) 17 kVA

EV-(1,2,34) 24 kWh

Line parameters

Nominal VIS 240 V Ly 20 x 107% H
Vi 600 V Cy 200 x 1076 F
Frequency 50 Hz R., R 0.03Q2

Cpc 130 x 1074 F L., Lg 3.5x107* H
R§ 0.1Q rd 0.65Q

™,72, 0.02 Q 12,723, 0.05 Q

r3, T4 34,745

Control parameters

Power controller Voltage controller
We, We 31.42, 314.16 rad/s F 0.19
w* 314.16 rad/s K, 0.11
Dp 3.14 x 1074 K; 2.2
Dq 1.36 x 1073 Current controller
K, 2x107° K, 0.16
K, 2x 1077 K; 200

EV storage controller
Power control loop Voltage control loop

K, 1.3 K, 0.03
K; 6 K; 1.1
by 1.5

Cost functions of EV storages

EV-1 120 + 0.80p; + 0.017p3
EV-2 80 + 0.65p2 + 0.012p3
EV-3 90 + 0.60p3 + 0.010p3
EV-4 100 + 0.90p4 + 0.018p2
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the EV storages with higher dynamic costs discharge less power for V2G operation. As
a result, the highest power is discharged by EV-3 and then EV-2 descending from EV-1
towards EV-4. Figs. 5.4b, 5.4d and 5.4f represent electrical parameters such as the AC
bus voltage, the normalized DC bus voltage and the system frequency respectively. It can
be concluded from the results that the designed V2M framework can provide stable and

efficient hybrid microgrid operations in a cost-effective manner.

5.3.2 Case B: Effects of Grid Reconnection

Case B is carried out to demonstrate the efficacy of the designed system during and
subsequent to grid reconnection. Microgrids can operate in both islanded and grid-tied
modes. However, an intentional islanding or grid reconnection have certain effects on
the electrical parameters of the concerned microgrid. For this case study, at t = 2.5 s
the islanded hybrid AC/DC microgrid is reconnected with the grid. During the islanded
operational mode, the EV storages provide ancillary V2M services by power sharing and
voltage regulation to ensure stable microgrid operation. However, if the microgrid is
reconnected with a stiff grid then further V2G operation might not be essential. As
a result, EV storages are typically expected to be in charging mode during grid-tied
microgrid operation. Furthermore, due to the support of the grid, the operating cost or
incentives required for V2M operation are reduced. This phenomenon can be observed in
Figs. 5.5a and 5.5¢, which represent the optimal incremental cost and the operating cost
of all EV storages. It can be observed from both Figs. 5.5a and 5.5¢ that the overall cost
is steeply reduced due to the presence of a stiff grid. Therefore, all EV storages enter into
charging modes also known as grid-to-vehicle (G2V) mode, for most of the period after
t = 2.5 s. The negative values of the cost function in Fig. 5.5c represents the dynamic
cost required to charge a vehicle. The output charging or discharging power for all EV

storages are shown in Fig. 5.5e. The electrical parameters such as the AC bus voltage,
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Figure 5.4: Performance evaluation under variable solar insolation and commercial load
profile. (a) Optimal incremental cost in ¢/kW. (b) AC bus voltage in per unit (p. u.).
(¢) Dynamic cost of all EV storages. (d) Normalized DC bus voltage. (e) Output power

of all EV storages. (f) Frequency of the system.
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the DC bus voltage and the system frequency for this case are shown in Figs. 5.5b , 5.5d
and 5.5f respectively. Due to grid reconnection, the AC bus voltage and the frequency
quickly settle down by tracking the grid-enforced reference values. The DC bus voltage
exhibits a dip during the reconnection but quickly settles down due to the efficacy of the
designed ODC for EV storage.

5.3.3 Case C: Effects of EV Disconnection and Time Delay

Case C is dedicated to analyzing the effects of intentional EV service disruption on the
system. As EV storages are individually owned, the designed V2M network needs to
withstand sudden EV disconnection based on owners’ desires. The designed framework
should be robust enough to endure dynamic situations where EV owners possess the
flexibility of including or excluding EV storages for V2M operations. The load profiles
and the solar insolation used in the previous case are kept similar for this case study. At
t = 2 s, EV-4 is disconnected from the system, emulating a fault at the V2M terminal
or a service disruption condition. Figs. 5.6 and 5.7 present the dynamic operating cost
and the output power profile for all EV storages before and after the disconnection of
EV-4. As there is a shortage of supply due to this disconnection, other EV storages need
to cover this additional power requirement to make the system stable. As a result, the
output powers of all EV storages have increased after t = 2 s. However, active EV storages
require higher incentives to supply this additional discharged power. Therefore, it can be
observed from Fig. 5.6 that there is an escalation in the operating cost profile after t =
2 s.

The effects of a time delay on the power profiles of EV storages are presented in Fig.
5.8. A time delay of 30 ms is introduced at the distributed power-control loop. It can be
observed from Fig. 5.8a that the outputs of the distributed controller for all EV storages,

1,2 .3

Le. uy, u,, us and ué, converge to an average value of output power with time delay Ty = 0
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ms. Conversely, introducing a delay of 30 ms deteriorates the controller performance on
convergence. However, the response is stable, as T, is within the specified limit given in
(5.8). As the output powers of all EV storages are driven by the values u, the discharged
output powers from all EV storages are also affected by the time delay as shown in Fig.

0.8.

5.4 Conclusion

A novel V2M framework combining the centralized economic dispatch problem with the
distributed EV coordination strategy is presented for optimal power sharing and voltage
regulation for a commercial neighborhood to operate as an autonomous electric entity.
An aggregator model is developed that generates reference powers for all EV storages
utilizing a centralized optimization technique to solve an economic dispatch problem. An
EV storage controller is developed that tracks the reference power generated by the EV
aggregator and has the capability to operate in either decentralized or distributed mode.
Finally, a modified interlinking converter is designed that ensures proper power trans-
portation between the AC and DC subgrids of a hybrid AC/DC microgrid designed for a
commercial locality. The developed model is tested considering various scenarios such as
generation-load variability, intentional EV disconnection, time delay, and grid reconnec-
tion. It is evident from the critical analyses of the case studies that the proposed V2M
framework ensures stable microgrid operation in terms of voltage/frequency regulation,

power sharing, and cost effectiveness.
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Chapter 6

Conclusions and Future Work

This dissertation has extended the conceptual framework of hybrid alternating current
(AC)/ direct current (DC) microgrids for an autonomous electrical network for commercial
vicinities. This research has analyzed the impacts of electric vehicle (EV) storages in
commercial hybrid microgrids and has proposed novel coordinated control schemes for EV
storages to mitigate the potential issues by ensuring robust power control and management
in presence of renewable energy resources (RERs). General concluding remarks of this

dissertation and research directions for the future are provided below.

6.1 Thesis Conclusions

This thesis has discussed the prospects and challenges of EV integration in commercial
vicinities by forming them as autonomous microgrids. In order to facilitate this, novel
control strategies are proposed to coordinate multiple EV storages in presence of inter-
mittent RERs and real commercial load profiles. The main purpose of the case studies
presented in this dissertation is to assess the performance of the developed control and
coordination strategies. However, an extensive literature survey is carried out before

applying the proposed techniques in simulation results. The survey is composed of the
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state-of-the-art of the prospects and feasibilities of hybrid microgrids, hierarchical control
strategies, EV charging/ discharging control during grid-tied and islanded operations and
distributed control techniques. Different electricity connection standards are also studied
for different operational modes and their feasibilities are discussed keeping special atten-
tion to the integration of RER integration and vehicle-to-grid (V2G) applications. This
comprehensive and structured literature survey is presented in Chapter 2.

A simulation benchmark model for a commercial hybrid AC/DC microgrid is devel-
oped in Chapter 3. A novel approach to coordinate EV storages is presented in the
designed microgrid. The potential impacts of EV chargers with different configurations
such as DC, three-phase (3P) AC and single-phase (1P) AC EV chargers are studied.
The effects of concurrent fluctuating photovoltaic (PV) output power and the variable
commercial load profile on the microgrid performance are analyzed. A modified interlink-
ing/interfacing converter controller is designed to improve the transient response of the
microgrid during transient from grid-tied to islanded mode or vice versa. A centralized
three-layered coordinated control algorithm is proposed to mitigate the impacts caused
by different EV chargers and to improve the overall efficacy of the microgrid operation.
Finally, several case studies such as variable irradiation and commercial loading, homo-
geneous single-phase EV allocation, heterogeneous single-phase EV allocation and grid
synchronization are carried out to quantify the performance of the proposed approach.

Research challenges associated with the coordination of EV storages in hybrid micro-
grids with extended geographical size and spatially dispersed EV storages are considered
in Chapter 4. The centralized EV coordination is vulnerable to single-point failure and
subsidiary computational burden. As a result, an innovative need-based distributed co-
ordination strategy (NDCS) for several spatially dispersed EV storages is proposed to
avoid the abovementioned problems associated with the centralized coordination tech-

nique. The control capacity of the interlinking converter is augmented by utilizing both
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voltage- and power-based droop control techniques. With this modification, simultaneous
regulation of AC and DC bus voltages and robust power-sharing among distributed gener-
ation (DG) units are achieved. An improved distributed controller for DC EV chargers is
developed that requires fewer communication interactions as compared to the previously
developed centralized technique. Furthermore, unnecessary distributed coordination is
avoided utilizing NDCS, which decides whether the coordination of the available EV stor-
ages is to be performed in a decentralized or a distributed manner. A mathematical model
is developed to assess the controller performance during communication delays. The per-
formance of the proposed approach is validated by performing several case studies such as
step load change, variable PV generation and commercial loading, effects of time delay,
user-preferred EV disconnection and severe 3P fault at the DC and AC buses.

A cost-effective and optimized solution of the distributed EV coordination scheme is
presented in Chapter 5. An optimizer is unified with the previously developed distributed
EV storage controller. The reference power for each EV storage is generated as function of
the incremental cost (\) by solving an economic dispatch problem. The optimizer adjusts
the power reference for each EV storages, which ensures proper power management within
the microgrid through a cost-effective distributed V2G operation.

Overall, the following conclusions can be drawn from this research work:

e Hybrid AC/DC microgrids can be a feasible solution to form commercial vicinities
into microgrids. Additionally, these microgrids can be interconnected with neigh-

boring microgrids to form the internet of energy (IoE) network.

e Different configurations of EV storages such as DC, 3P, and 1P AC chargers have

different impacts on the performance of a microgrid.

o Aggregated EV storages parked in commercial vicinities can be utilized as smart

power parks to improve the microgrid performance.
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With the application of the existing microgrid controllers, uncoordinated DC EV
chargers severely affect the DC bus voltage whereas the AC bus voltage is minimally

affected.

The incorporation of an additional proportional-derivative (PD) in the power control
loop of the microgrid controller enhances the transient stability. This augmentation
also stabilizes the system frequency during and subsequent to a fault and transition
from grid-tied to islanded modes of operation or vice versa. The effects of phase
unbalance caused by heterogeneous allocation of 1P chargers as constant power loads

are also minimized due to the abovementioned enhancement.

The proposed centralized EV coordination is a feasible solution to improve the
performance of medium-sized commercial microgrids. The optimal voltage and fre-
quency regulation can be achieved when both 3P and DC EV chargers participate

in V2G operations.

The proposed distributed controllers is an effective EV coordination scheme for
commercial microgrids with extended geographical size and spatially dispersed EV

storages.

The conventional distributed controller that uses average consensus method has the

inherent capability to withstand time delay effects.

The augmented interlinking converter control topology by combining voltage- and
power-based droop control techniques and the designed distributed EV storage con-
trollers provide robust fault tolerances and improved AC and DC bus voltage reg-
ulations. Furthermore, user-preferred EV disconnection has minimal effects on the

system voltages with the proposed approach.
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e Unification of optimization techniques related to economic dispatch with the mi-
crogrid controllers is possible. This union provides cost-effective distribute control

solution.

6.2 Future Research Directions

With the increasing RERs and EV penetration, particularly in Australia, there are several
challenges that require further research and developments. The future research directions

of this dissertation are summarized below.

e Research problems related to harmonics due to nonlinear loads, unbalanced phase

voltage conditions could be incorporated with the proposed approaches.

e Circulating current can be minimized by the proposed approach in the dissertation;
however, mitigation of the circulating current among multiple interlinking converters

connected in parallel requires further attention.

e Model-free adaptive controllers also known as the data-driven controllers (DDC)
can be feasible solutions to develop robust controllers for large interconnected and
converter-dominated power systems. These controllers do not require extensive
system modeling and only utilize the information obtained from the system outputs

for given inputs.

e There are several promising research areas such as transactive energy management
and control, blockchain-based peer-to-peer energy trading, advanced data manage-
ment with cyber resiliency, Internet of Energy (IoE), vehicle-to-vehicle (V2V) power

sharing can be explored to enhance the present research.

e Utilizing of nonlinear controllers in the inner control loop of the microgrid controller

can provide better performance.
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e The hardware implementation can be organized utilizing small-scale microgrid sys-
tems with two or more battery-energy storage systems (BESS) and bi-directional
inverters to validate proposed approaches. However, the experimental setup would
require expensive installations and interdisciplinary aptitudes in the field of com-

munication, optimization, power electronics, control theory and power systems.
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Commercial Microgrid Testbed

Table A.1: N44 microgrid testing facility equipment

Identifier

Description

& >

el el lule)

Allocated location for D-STATCOM

10 kW SMA inverter

DC marshalling, micro-inverter and DC/DC converter enclosure
2 kW SMA Inverter

160 A distribution board

1.5 kW SMA inverter

3-phase monitoring enclosure

3-phase monitoring and protection unit
Red-lion communication adapter
Single-phase monitoring enclosure

Data connection point with SMA Webbox
DC bus

AC bus

Table A.2: Installed solar PV specification

Identifier

Description

oQw >

10 kW peak SunPower E20 series solar panels in 6 strings of 5 panels
2 kW peak SunPower E20 series solar panels

2 kW peak SunPower E20 series solar panels

1.5 kW peak Kyocera modules in series configuration
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Figure A.2: Rooftop PV installation on N44 building of the Griffith University
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List of Acronyms

ADM
AC
ACE
ACS
AEMO
AGC
APP
BEV
BESS
CEDP
CERTS
CCL
CCVSI
DSM
DAE
DC
DER
DG
DMPC
D-STATCOM
DSO
EV-ESS
EV
EPS
HVDC
HEV
HTTP
ICC

IC
JADE
LFC
LC

Alternating direction method
Alternating-current

Area control error

Area control signal

Australian Energy Market Operator
Automatic gain controller

Auxiliary problem principle

Battery electric vehicles

Battery energy storages

Centralized economic dispatch problem
Consortium for Electric Reliability Technology Solutions
Current control loop

Current-controlled voltage source inverter
Demand side management

Differential algebraic equations
Direct-current

Distributed energy resources
Distributed generation

Distributed model predictive control
Distribution static synchronous compensators
Distribution System Operators

Electric vehicle - energy storage systems
Electric vehicles

Electrical power system

High voltage DC

Hybrid electric vehicles

Hypertext Transfer Protocol
Incremental cost consensus

Interlinking converter

Java agent development framework
Load-frequency controller

Local controller
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LPF Low pass filter
LV Low voltage
MPPT Maximum power point tracking
MV Medium voltage
MGCC Microgrid central controller
MAS Multi-agent system
MIMO Multi-input-multi-output
NDCS Need-based distributed coordination strategy
NEM National Electricity Market
OPF Optimal power flow
PLL Phase-locked-loop
PV Photovoltaic
PHEV Plug-in hybrid electric vehicles
PCC Point of common coupling
PCL Power control loop
PCPM Predictor-corrector proximal multiplier method
PWM Pulse width modulation
RTU Remote terminal unit
SLB Sensitive load bus
SOC State-of-charge
SCADA Supervisory control and data acquisition
SRF Synchronous reference frame
3P Three-phase
THD Total harmonic distortion
TCP/IP Transmission Control Protocol/Internet Protocol
UPS Uninterruptable power supply
UCTE Union for the Coordination of Transmission of Electricity
V2G Vehicle-to-grid
V2M Vehicle-to-microgrid
VCL Voltage control loop
VSC Voltage source converters
VSI Voltage source inverters
VCVSI Voltage-controlled voltage source inverter
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List of Symbols

Ve measured DC bus voltage.
V RMS measured root-mean-square (RMS) voltage of the AC bus, also

known as the point of common coupling (PCC).

Ve DC bus voltage reference.

Ly filter inductance.

L, coupling inductance.

L¢ grid inductances.

Ry filter resistance.

R, coupling resistances.

Rq grid resistances

r DC-side coupling resistance.

T4 damping resistance.

Cy filter capacitance.

Chc DC-link capacitance.

pabe inverter output voltage in abc frame.

iabe inverter output current in abc frame.

igbe inverter current before LCL filter in natural abc frame.
Vod d—axis inverter output voltage.

Tod d—axis inverter output current.

Vog g—axis inverter output voltage.

log g—axis inverter outputcurrent.

114 d— axis inverter output currents before filter.
Ug g— axis inverter output currents before filter.
P filtered active power.

Q filtered reactive power.

w angular frequency.

0 angle.

F feed-forward gain.

Dp droop coefficients of active power controller.
Dqg droop coefficients of reactive power controller.
ke droop coefficient of voltage-based droop controllers.
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A voltage compensation factor for inverter interconnection loss.
bt duty cycle of n'* EV storage.

m modulation index of the inverter pulse-width-modulation
(PWM) controller.

Amaz the largest eigen value of a particular matrix.

* reference values for corresponding variables.

VBt measured voltage of n'* EV before their corresponding DC/DC
converter.

B att measured current of n'* EV before their corresponding DC/DC
converter.

Uy cooperative-control input for voltage control loop.

QAixj weight of the communication link from unit j to i.

b, coupling gain of the cooperative voltage control loop.

Uy acknowledgement signal for the voltage cooperation.

Ky, Ky, Kag.)

DC DC
Koy K

Tot
PAC(load)

Tot

AC(load)

Tot
PDC(load)
PTot

AC(gen)
Tot

proportional-integral-derivative (PID) gains of interlinking in-
verter. P,V and [ within parentheses represent control loops

for power, voltage and current respectively.
PI gains of EV storage DC/DC converters. V and [ within

parentheses represent control loops for voltage and current re-

spectively
total active power drawn from the AC bus by the AC-type loads.
total reactive power drawn from the AC bus by the AC-type

loads.
total active power drawn from the DC bus by the DC-type loads.

total active power generations by AC-type DG units.
total reactive power generations by AC-type DG units.
total active power generation by DC-type DG units.
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