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Preface

The electric power system is undergoing a profound change, driven by the
increasing penetration of renewable energy resources (RES) and integration of
electrification for modern transportation. The need for environmental compliance
and energy conservation becomes a very important issue for the future. We need
better grid reliability while dealing with an aging infrastructure, and we need
improved operational efficiencies and customer service. The changes that are
happening are particularly significant for the electricity distribution grid, where
‘blind” and manual operations, along with the electromechanical components, will
need to be transformed into a ‘smart grid’. The smart grid, regarded as the next
generation power grid, uses two-way flows of electricity and information to create
a widely distributed automated energy delivery network. The smart grid will meet
environmental targets to accommodate a greater emphasis on demand response. It
will also support the plug-in electric vehicles (PEVs), including all-electric vehicles
and plug-in hybrid electric vehicles (PHEVs), as well as distributed generation and
storage capabilities. It is obvious that these needs and changes present the electric
power industry with the biggest challenge it has ever faced. On the one hand, the
PEVs will play a significant role in the electric power system. The connection of
PEVs can have a serious impact on the future smart grid. Although PEVs can
provide a new opportunity to reduce oil consumption by drawing on power from
the electric power grid, PEVs can also be used as energy storage to provide energy
into the power grid. The power flow of the grid connection of PEVs can be
bi-directional if PEVs have the function of vehicle-to-grid (V2G), which can be
either flexible loads (charging mode) or storage sources (discharging mode).
To maximize the benefits of V2G, the emerging PEV infrastructure must
provide access to electricity from the smart grid, satisfy driver expectations and
ensure safety.

The aim of this book is to cover a broad area of the V2G and the smart grid, and
provide an in-depth coverage of specific topics related to PEVs and battery charging
technologies and infrastructures. It will also cover the impact of the V2G on the
smart grid and renewable energy systems. Chapter 1 presents a short introduction to
the smart grid using PEVs. Chapter 2 discusses the impact of PEVs and the V2G on
the smart grid and renewable energy systems. Chapter 3 is devoted to distributed
energy resources with PEV battery energy storage in the smart grid. Chapter 4
investigates power conversion technology in the smart grid and PEVs. Chapter 5
covers power control and monitoring of the smart grid with PEVs. Chapter 6
introduces PEV charging technologies and V2G on distributed energy resources and
utility interfaces. Chapter 7 investigates the economic, social and environmental
impacts on the smart grid using PEVs.
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Chapter 1
Introduction to the Smart Grid using PEVs

Junwei Lu* and Jahangir Hossain*

Abstract

The smart grid, regarded as the next generation of power grid, uses two-way flows
of electricity and information to create a widely distributed automated resilient
energy delivery network. The smart grid will meet environmental targets to
accommodate a greater emphasis on demand response, and to support plug-in
electric vehicles (PEVs) as well as distributed generation and storage capabilities.
The PEVs including all-electric vehicles and plug-in hybrid electric vehicles
(PHEVs) will play a significant role in the electric power system. The connection
of PEVs can have serious impact on the future smart grid. Although PEVs can
provide a new opportunity to reduce oil consumption by drawing on power from
the electric power grid, they can be used as energy storage to provide the energy
into power grid. The power flow between PEVs and the grid can be bidirectional if
PEVs have the function of vehicle-to-grid (V2G), which can be either as flexible
loads (charging mode) or storage sources (discharging mode). To maximize the
benefits of V2G, the emerging PEV infrastructure must provide access to electricity
from the smart grid, satisfy driver expectations, and ensure safety. This chapter
introduces a basic concept of the smart grid and its “building blocks,” microgrids,
and impact of PEVs on distributed energy resources in the smart grid and V2G
technology and PEVs charging infrastructures.

1.1 Introduction

Plug-in electric vehicles (PEVs), including all-electric vehicles and plug-in hybrid
electric vehicles (PHEVs), will provide a new opportunity to reduce oil consump-
tion and play a central role in decarbonising road transport. This could have
a significant effect on future grid performances and load demands. Electricity
suppliers and business investors will need to anticipate the long-term investments
that will be needed to respond to this emerging trend, both in the electricity network
and associated PEV charging infrastructure. Since the use of PEVs will increase,

*School of Engineering, Griffith University, QLD, 4222, Australia



2 Vehicle-to-Grid: Linking Electric Vehicles to the Smart Grid

PEVs could have a significant impact on the future smart grid and load demand, as
this new type of electricity load will need careful management in order to minimize
the impact on peak electricity demand. The integration of the smart grid and
microgrid technology with vehicle-to-grid (V2G) can enable PEVs to be used as
distributed energy storage devices, feeding electricity stored in their battery tanks
and sending it back into the grid when electric power is needed. Microgrids and
smart grids using PEVs can help to reduce electricity system costs by offering a
cost-effective means of providing regulation services, spinning reserves, and peak-
shaving capacity. However, there are several technical, environmental, and eco-
nomic barriers to such a development, including PEV charging infrastructure and
battery technology. Overcoming these limitations will be critical to the future of
V2G supplies and could have a significant impact on future grid and load
demanding. This chapter presents a brief introduction to the smart grid using PEVs,
and provides some general information related to this book. More detailed technical
information on each topic will be discussed in each chapter.

1.2 The Smart Grid and Microgrid

The smart grid uses advanced information and communications technologies to
improve the reliability, security, and efficiency of the electric system from large
generation of power, through to the delivery systems to electricity consumers and a
growing number of distributed-generation and storage resources. The smart grid
vision is to make lower voltage networks more visible and to enable the partici-
pation of customers in the operation of the power system, particularly through
smart meters and smart homes. The definition and operation of smart grids have
been described in the book “Smart Grid — Technology and Application™ [1-2].
There are a number of different types of the smart grid technology, all of which
make use of information and communications technologies including both hard-
ware and software. The smart grid will play an important role in encouraging the
integration of PEVs, and PEVs could reinforce the benefits of smart grids.

A microgrid is defined by the U.S. Department of Energy (DOE) as “... a
group of interconnected loads and DERs within clearly defined electrical boundaries
that act as a single controllable entity with respect to the grid. A microgrid can
connect and disconnect from the grid to enable it to operate in both grid-connected
and island-mode” [3]. Microgrids are “building blocks of smart grids,” which
consist of several basic technologies for operation. These include: distributed
generation, distributed storage, interconnection switches, and control systems, as
illustrated in Figure 1.1. Distributed generation (DG) units are small sources of
energy located at or near the point of use. DG technologies typically include
photovoltaic (PV), wind, fuel cells, microturbines, and reciprocating internal com-
bustion engines with generators. Distributed storage (DS) technologies are used in
microgrid applications where the generation and loads of the microgrid cannot be
exactly matched. The interconnection switch is the point of connection between
the microgrid and the rest of the distribution system or the smart grid. The control
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Figure 1.1 Basic concept of the microgrid introduced in IEEE 1547.4 Standard [4]

system of a microgrid is designed to safely operate the system in grid-parallel and
stand-alone modes.

Microgrids are electric power systems (EPSs) that have distributed resources
(DRs) and load. They also have the ability to disconnect from and parallel with
the EPS, and they include the local EPS. Microgrids may also include portions of
the area EPS, and are intentional and planned. The modes of operation of the
microgrids include normal parallel mode, transition-to-island mode, island mode,
and reconnection mode. The planned microgrids include the local EPS island
(facility island), secondary island, lateral island, circuit island, substation bus
island, substation island, and an adjacent circuit island. Microgrid standards are
intentional islands formed at a facility or in an electrical distribution system that
contains at least one distributed energy resource and associated loads. Microgrid
standards will become more realistic and easier to meet the power-quality
requirements of the IEEE 1547 series of standards [4]. IEEE 1547.4 covers key
considerations for planning and operating microgrids. This includes: impacts of
voltage, frequency, power quality, inclusion of single point of common coupling
(PCC) and multiple PCCs, protection schemes and modifications, monitoring,
information exchange and control, understanding load requirements of the customer,
knowing the characteristics of the DER, identifying steady state and transient
conditions, understanding interactions between machines, reserve margins, load
shedding, demand response, cold load pickup, additional equipment requirements,
and additional functionality associated with inverters.
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1.3 Impact of PEVs on Distributed Energy Resources
in the Smart Grid

Recent technological advances in electricity distribution and load demand man-
agement, which make use of information and communications technologies and
distributed control systems, promise to facilitate the integration of PEVs into the
electricity load and to lower costs. The impact of PEVs on the smart grid demand
response has been moving from a load-following (LF) to a load-shaping (LS)
strategy [2]. Therefore, PEVs can be used as distributed storage devices, feeding
electricity stored in their batteries back into the system when needed (vehicle-to-
grid, or V2G, supply). V2G technology can help to reduce electricity costs by
providing a cost-effective means of providing regulation services, spinning
reserves, and peak-shaving capacity. The smart grid and microgrid technologies
can enable the PEVs’ charging load to be shifted to off-peak periods, thereby
flattening the daily load curve and significantly reducing both generation and net-
work investment needs. In this way, PEVs could both benefit from and promote
investment in smart grids. However, there are a number of technical, practical, and
economic barriers to this development, including low battery discharge rates and
limited storage capacity. Both have the potential to significantly impact the future
of V2G supply [5].

The integration of PEVs and clean electricity generated from renewable sources,
such as solar PV arrays and wind turbines, offers the greatest near-term potential for
net-zero energy transportation. Today, approximately 12 percent of electricity comes
from renewable sources, but the variable nature of the wind and sun may pose
operational challenges [6]. V2G technology makes it possible to store energy in and
source energy from vehicle batteries to balance intermittent renewable resources,
enhance grid stability, and/or reduce demand for costly grid-fed electricity at peak
hours. With V2G technology, the grid and other infrastructure will allow the trans-
portation system of the future to use dramatically less fossil fuel and significantly cut
greenhouse gas emissions while also addressing grid demand and electric vehicle
consumer adoption issues. There are also concerns about the impact of a nationwide
migration to a fleet of electric-drive vehicles on electricity demand. The utility
infrastructure has a finite capacity to meet ever-growing electricity needs, and the
majority of this system is powered by coal and natural gas generators. The rapid
growth in the number of PEVs in use would have a significant impact on the need for
investment in electricity network capacity and the smart grid technologies. Depending
on the rate of penetration of the light-duty vehicle fleet, PEVs could account for a
substantial share of total electricity consumption and, more importantly, peak load.
The greater the increase in consumption, the larger the potential benefits from the
smart grid technologies that improve the ability of the electricity utility to manage
load in order to schedule charging as much as possible outside of peak hours [7—10].

The connection of batteries of PEVs can have significant impacts on microgrids
and the future smart grid. The power flow of the PEV connection can be bidirec-
tional, as vehicles can function either as flexible loads (charging) or storage sources
(discharging). This dual procedure must be controllable in order to achieve a more
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Figure 1.2 Impacts of PEV penetration in a microgrid

economic and optimal grid operation. As shown in Figure 1.2, within microgrids,
the presence of EVs has more advantages. They contribute to the optimization pro-
cedure allowing a higher and more efficient renewable energy system penetration,
while smoothing the load curve. Microgrids comprise low voltage (LV) distribution
systems with distributed energy sources, storage devices and controllable loads,
operated through a connection to the main power network or island, in a controlled,
coordinated way. The uncontrolled connection of PEVs in the grid increases the
peak demand, producing technical and economical issues. Considering the PEV
batteries as the microgrid’s controllable components, charging and discharging
(V2G procedure) can be executed in an optimal way. This is because PEV battery
management can be used for balancing load-generation, islanding, black start and
regulation in a microgrid. PEVs used as energy storage devices and flexible loads in
a microgrid or a commercial building with distributed generators (DGs) can help to
take advantage of the surplus energy in periods of high renewable energy production
and low load demand. Besides the technical and economic benefits, this approach is
environmentally beneficial, as the charging procedure is executed by using energy
sources of low CO, emissions, reducing the CO, footprint of PEVs. Several PEVs
plugged into a low voltage network in the residential area, or a larger number of
PEVs in a parking garage connected to a lateral feeder, could cause a localized
overload on the distribution network and transformers. Many distribution networks
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Figure 1.3 Solar energy sources can increase the availability of peak-period
midday charging and powering PEVs can be made more affordable

have been operating close to their operating limits, and the additional load may
push them above their emergency operating limits. Furthermore, the potential
unbalanced conditions created by such loads could cause problems on main feeders
and other laterals. Therefore, the load forecasting and scheduling will play an
important role in the microgrid and future smart grid with V2G. V2G technology
makes it possible for vehicles to become valuable grid resources while conserving
energy and supporting CO, emissions reduction. As illustrated in Figure 1.3, if
solar energy sources can increase the availability of peak-period midday charging,
powering PEVs can be made more affordable. At the same time, PEVs can store PV
energy during periods of low demand. A more detailed discussion on peak demand
management can be found in Chapters 2, 3, 4, 5, and 7.

1.4 V2G Technology and PEVs Charging Infrastructures

The use of PEVs has increased significantly in recent years due to concerns
regarding the environment and increasing fossil fuel prices. These vehicles possess
dual dynamic characteristics as a load while in G2V (grid to vehicle) mode and as a
generator while in V2G mode. If it is designed carefully, the novel concept of V2G
with four-quadrant topologies can improve a utility’s grid performance in the areas of
efficiency, stability, and reliability by offering reactive power support, active power
regulation and the tracking of various renewable energy resources, load balancing by
valley filling, peak load shaving, and current harmonic filtering [11-12]. Power-
factor corrected (PFC) unidirectional chargers only transmit power from a utility to a
vehicle battery and operate with an input power factor (PF) of almost unity. In other
words, they are not designed to exchange reactive power with the grid. Today, most
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PEVs on the market use these types of chargers but, considering their limitations,
they are not promising in comparison with other type of topologies for reactive
power operation. As four-quadrant topologies are suitable for reactive power com-
pensation, the second innovation of this project is the design and commercialization
of a four-quadrant energy-efficient charging system for a V2G system, which will
contribute to stabilizing grid voltage.

PEVs provide a new opportunity to reduce oil consumption by drawing on power
from the electric grid. To maximize the benefits of PEVs, the emerging PEV infra-
structure must provide access to clean electricity generated from renewable sources,
satisfy driver expectations, and ensure safety. PEVs have shown great promise in that
they have the potential to curb emissions and reduce the cost of transportation.
Although wide-scale adoption of PEVs is still a few years away, politicians, electric
utilities, and auto companies are eagerly awaiting the opportunities that may arise
from reduced emissions and gasoline consumption, new services and increased
revenues, and new markets that would create new jobs. This is particularly true for
electric utility companies, which could see substantial revenue growth through the
electrification of the transportation market segment. For consumers, PEVs will
significantly lower operational costs when compared with traditional gasoline cars.
While PEVs will provide economic and environmental benefits, they can also offer
a potential source of energy storage which has a significant impact on microgrids
or future smart grids. A number of papers have discussed several topologies and
control methods including reactive power compensation using bidirectional PEV
chargers that can perform bidirectional power transfer using a PEV as a distributed
energy resource [13-16].

The PEV-charging infrastructure could form an important part of the microgrid
or future smart grid. This includes physical charging facilities (connectors and
meters), as well as billing, scheduling, and other intelligent features for smart
charging during off-peak periods or storing PV energy during periods of low
demand. As the share of PEV charging in the overall electricity load increases, the
grid would need to incorporate other assets in order to enhance the capacity to
provide power-system ancillary services (reserve generating capacity and peak-
shaving facilities), and, potentially, power discharging hardware and software to
enable PEV batteries to be used as storage devices. Three other features of this
technology are also promising: smart charging, V2G communications, and fast
charging. Automated smart charging systems use information about the grid
frequency, voltage, availability of renewably generated power, and pricing to
determine when and how much power to deliver to PEVs [5]. V2G communications
pair smart charging capabilities with features allowing PEVs to feed energy back to
the grid. Bidirectional on-board charging systems give PEVs the potential to balance
variable production from intermittent renewable sources, supply emergency backup
power, and act as grid-tied energy storage devices. PEV charging needs to become
more convenient and cost effective for a larger number of people to buy PEVs.
Wireless power transfer (WPT) takes this V2G communication one step further.
While PEV owners might have the means to plug in vehicles at home or at work,
charging stations can be far apart once drivers get on the road. Table 1.1 presents
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various charging systems where bidirectional on-board charging systems with four
quadrant topologies can be used. A more detailed discussion on PEVs charging
infrastructures can be found in Chapter 6.

References

(1]
(2]

[10]

[11]

[12]

[13]

J. Ekanayake, K. Liyanage, J. Wu, A. Yokoyama, and N. Jenkins, Smart
Grid — Technology and Application, Singapore: John Wiley & Sons, 2012.

Trevor MORGAN, “Smart grids and electric vehicles: Made for each other?”
Discussion Paper No. 2012-02, Menecon Consulting, United Kingdom
(Further information about the International Transport Forum is available
at www.internationaltransportforum.org).

Peter Asmus, “Why microgrids are moving into the mainstream,” /EEE
Electrification Magazine, March, 2014.

IEEE Standards Coordinating Committee 21, “IEEE guide for design,
operation, and integration of distributed resource island systems with electric
power systems,” IEEE Std 1547.4™-2011, July 20, 2011.

Qiuwei Wu (Editor), Grid Integration of Electric Vehicles in Open Elec-
tricity Market, Wiley, 2013.

C. Gearhart, J. Gonder, and T. Markel, “Connectivity and convergence,”
IEEE Electrification Magazine, June, 2014.

F. Ahourai and M. A. Al Faruque, “Grid impact analysis of a residential
microgrid under various EV penetration rates,” Technical Report 13-08, July
30, 2013.

Wencong Su, Habiballah Rahimi-Eichi, Wente Zeng, and Mo-Yuen Chow,
“A survey on the electrification of transportation in a smart grid envir-
onment,” [EEE Transaction on Industrial Informatics, Vol. 8, No. 1,
February 2012.

C. Pang, P. Dutta, and M. Kezunovic, “BEVs/PHEVs as dispersed energy
storage for V2B uses in the smart grid,” IEEE Transaction on Smart Grid,
Vol. 3, No. 1, March 2012.

M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “EV/PHEV bidirectional
charger assessment for V2G reactive power operation,” /[EEE Transaction
on Power Electronics, Vol. 28, No. 12, December 2013.

M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “Examination of a
PHEYV bidirectional charger system for V2G reactive power compensation,”
Twenty-Fifth Annual IEEE Applied Power Electronics Conference and
Exposition (APEC), February 2010.

S. Schey, D. Scoffield, and J. Smart, “A first look at the impact of electric
vehicle charging on the electric grid in the EV project,” EVS26 International
Battery, Hybrid and Fuel Cell Electric Vehicle Symposium, May 2012.

M. Meiqin, S. Shujuan, and L. Chang, “Economic analysis of the microgrid
with multi-energy and electric vehicles,” 8th International Conference on
Power Electronics — ECCE Asia May 30—June 3, 2011.



10

[14]

[15]

[16]

Vehicle-to-Grid: Linking Electric Vehicles to the Smart Grid

Y. Ota, H. Taniguchi, T. Nakajima, K. M. Liyanage, J. Baba, and
A. Yokoyama, “Member autonomous distributed V2G (vehicle-to-grid)
satisfying scheduled charging,” IEEE Transaction on Smart Grid, Vol. 3,
No. 1, March 2012.

N. C. Kar, K.L.V. Lyer and et al., “Courting and Sparking”, IEEE Elec-
trification Magazine, September 2013.

T. S. Ustun, C. Ozansoy, and A. Zayegh, “Electric vehicle potential in
Australia, its impact on smart grids,” IEEE Industrial Electronics Magazine,
December 2013.

fvww.ebook3000.con)



http://www.ebook3000.org

Chapter 2

Impact of EV and V2G on the Smart Grid
and Renewable Energy Systems

Taha Selim Ustun*®

Abstract

This chapter is aimed at examining different electric vehicle (EV) technologies
along with different electric vehicles such as cars, motorbikes, service mobiles, etc.
Having covered these EV types, the chapter will further focus on the potential
impact in the existing electric system. This will be done based on estimated
migration to EV, the vehicle ownership in different countries and at generation,
transmission and distribution levels. The introduction of EV and vehicle-to-grid
(V2G) has impacts on the smart grid/microgrid management, and these will be
discussed. Finally, standardization and plug-and-play requirements for wide-spread
EV acceptance shall be covered.

2.1 Introduction

The idea of powering cars with electricity has been around for quite some time.
When Nikola Tesla removed the gasoline engine of his Pierce Arrow, replacing it
with an electric motor, and drove for hours, some called him possessed while others
called him crazy. Thankfully, after a century, we have less mystic and more
scientific explanations about vehicles that can run without the use of fossil fuels.
The scary experience for the old is becoming the daily routine for some envir-
onmentalists who opt to go for green cars.

Of course, it did not happen all of a sudden. The recent improvements in
electric motor technology as well as batteries made it commercially possible to
produce electric cars. Considering the concerns on global warming and rising oil
prices, governments are offering incentives for electric vehicle market. All of these,
when backed by more efficient engines and saving on fuel costs, increased the
interest of drivers in electric vehicles.

In parallel with the increasing number of electric vehicles, the interaction with
the electric grid has also become a popular subject. There are different aspects of
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this field such as aggregated load of electric vehicles, the changing load profile,
proposed load management schemes as well as V2G opportunities. These factors
are equally interesting and under the radar of power engineers for research and
development.

In addition to technical research that focuses on the impact on electrical grid,
there are socio-economic researches which focus on the impact of electric vehicles
on drivers, and their driving patterns and life styles. Also, similar approaches are
taken to estimate the migration to electric vehicles and the socio-economic groups
which might be more welcoming them.

The cumulative impact of electric vehicles on electrical networks as well as
drivers is investigated. First, types of different electric vehicles are examined due to
their differing impacts on the grid. Second, an estimation of migration to electric
vehicles and the potential of the vehicle fleet are worked out from statistical
information of various countries. Then, the impacts of the estimated potential on
the grid as well as the driving patterns of the owners and operation of smart grids
are studied from various aspects. Finally, standardization considerations are laid
out to facilitate mass migration to EVs.

This chapter serves as a bridge between various research fields. It contributes
to knowledge by linking data from a distinct field with its consequences on another
field. The technical features of different EVs are coupled with socio-economic and
spatial data of various countries to extract the expected migration and the resultant
electrical impact. This result is interpreted with load profiles of different users and
the feasibility of V2G implementation is established on real-life information. Fur-
thermore, the unprecedented requirements of EV usage, such as constant need for
charge, and the smart technologies utilized to tackle them are investigated. This is
particularly important considering that these smart technologies have impacts on
users, electrical networks, and the network operators. All of these considerations
show that there is large data to be assessed in EV technology. Considering the
number of vehicles and manufacturers present in the market, it is easily appreciated
how hard it is to realize communication between them. Standardization efforts and
a model developed by the author are examined in detail for automated deployment
of EVs in the electrical network.

In summary, a wide scope of information pertaining to EVs and their impact on
electrical networks is provided to equip the readers with necessary knowledge to
analyze EV migration and their impacts at large.

2.2 Types of Electric Vehicles

Different types of electric vehicles have different characteristics and, thus, different
impacts on the electric grid. Therefore, it is beneficial to have a look at types of
electric vehicles before estimating their potential effects. There are several ways of
classifying electric vehicles based on their sizes and the employed technology.

As far as the size of vehicles that run on electrical energy is concerned, it is
possible to talk about ships, which can be considered as moving electrical grid, as
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well as electric scooters with very small battery sizes. For the scope of this chapter,
we shall focus on the electric cars (i.e., automobiles, service cars, etc.) and electric
motors since they are connected to the electrical grid and have a continuous
interaction with it.

The electrification of vehicles can be discussed as a gradual change from
vehicles using conventional internal combustion engines. The first step is to equip
these vehicles with electrical auxiliaries such as electric motors, power electronics
interfaces, and batteries. This is called hybridization of cars and is preferred due to
its increased efficiency which is only 30 percent in internal combustion engines [1].
This hybridization can be realized at different factor such as 5-10 percent for
micro-hybrids and 10-25 percent for mild hybrids. Regardless of the factor,
hybridization has two major benefits [2]:

e Higher operation efficiency due to higher efficiency and speed of electric
propulsion systems.
e The ability to charge batteries during braking through regenerative braking.

Figures 2.1 and 2.2 show Hybrid electric vehicles (HEVs) with a series power
train and a parallel power train, respectively. As the name implies, a series power
train necessitates a cascade operation. The fuel tank feeds the internal combustion
engine which, in turn, charges the batteries with a generator over power electronics
interface. The electric motor that gives traction to the wheels is only fed by the
batteries. Since the engine is decoupled from the wheels mechanically, there is
freedom to relocate it. Series power trains are popular for large vehicles, easy to
develop and control, yet have large manufacturing costs [2].
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Figure 2.1 Schematic of an HEV with a series power train
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Figure 2.2 Schematic of an HEV with a parallel power train

In contrast to above, with the parallel power train, it is possible to provide
traction to the wheels through fuel tank—internal combustion engine couple or
through battery—electric motor. While it is true that the electric motor increases the
efficiency and decreases carbon emissions, parallel power train does not operate in
all-electric mode at high speeds. This significantly limits the implementation
opportunities.

Figure 2.3 shows a plug-in HEV (PHEV) with both of these technologies
combined, i.e., series-parallel power train. This topology possesses the advantages
of both of the previous ones, includes more components (mechanical coupling and
a generator at the same time), and is more expensive. But there is a more funda-
mental difference between HEVs and PHEVs which is the external connection for
the battery system that allows charging independently from the engine. The inter-
action between PHEVs and the electrical grid is provided through this connection.
In short, HEVs do not have any interaction with, hence impact on, electrical grid.
Only PHEVs and pure EVs (obtained by completely eliminating the fuel tank and
the internal combustion engine) interact with the grid, enable V2G technology and
are taken into account accordingly.

Table 2.1 summarizes different types of electric vehicles based on hybridiza-
tion technology and their impacts on the vehicle and the electric grid. Both HEV
and PHEV provide higher efficiency and lower carbon emissions in the vehicle
while pure EV provides maximum efficiency and zero emission. HEVs do not have
any interaction with the grid. On the other hand PHEVs and EVs charge from the
grid and in case of necessity may provide power to the grid through V2G tech-
nology. Pure EVs can only provide the energy stored in the battery (i.c., act as a
storage) while PHEVs can also generate electricity with internal combustion engine —
generator topology (i.e., act as both storage and generator).
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Figure 2.3 Schematic of PHEV with a series-parallel power train

Table 2.1 Types of electric vehicles based on technology

Technology Overall Carbon Impact on the grid
efficiency emissions
Hybrid electric vehicle Higher Lower None
Plug-in hybrid Higher Lower Charging, V2G,
electric vehicle Emergency case generation
Pure electric vehicle Much higher  Eliminated Charging, V2G

Another way of discussing the types of electric vehicles is based on their
battery sizes. This is especially the case for plug-in vehicles (PEVs), including
both PHEVs and pure EVs, due to their interaction with the grid. As expected, a
higher hybridization will imply larger battery size and, consequently, a larger
impact on the grid operation. In addition, there are all-electric motorbikes that are
developed as the fastest sports bikes [3], high comfort riders [4, 5] and even
electric version of the classic Harley Davidson [6]. The electric motorbikes have a
more dynamic market with a myriad of technologies used. There are models with
gasoline tanks as well as fuel cells [7], while Zero Motorcycles has a model which
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is designed in a way that permits battery swapping. As it will be discussed in the
next section, there are cases, such as Macau, where use of electric motorbikes is
more preferable.

Table 2.2 shows different models of electric cars and motorbikes along with
their electrical specifications [3—13].

The electric vehicles in the market and/or under development have electrical
characteristics which can be represented as a significant residential load. The
average battery size for electric cars is around 20 kWh while motorbikes, not
considering high performance bikes such as Lightning, have batteries around
10 kWh. As it will be discussed in the next sections, these capacities constitute
serious increase in residential loads and in distribution networks. The electric range
is a serious parameter for estimating mass migration to electrical vehicles and its
impact on drivers’ behaviors which will be discussed below.

The final point to consider in this section is the types of chargers. Charging is a
multifaceted issue as it involves the manufacturers, customers and other parties
such as electric service providers. It involves special stations, devices, and con-
nectors. The most important concern is the time required to fully charge a battery.

Table 2.2 Electrical specs of some electric vehicles

Vehicle type | Manufacturer | Model EV type Electric range | Battery

(km) size (kWh)

Zero DS ZF8.5 City: 152 8.5
Highway: 92

Harley Lightwire 53 ~10

Davidson
Brammo Empulse City: 206 10.2
Motorbike All electric Highway: 93

Lito Sora City: 200 12
Highway: 100+

Mission Mission R City: 370 17
Highway: 225

Lightning LS-218 275 20

Toyota Prius PHEV 8 4

Chevrolet Volt EREV 64 16

BMW i3 EV 160 18.8

Automobile | Nissan LEAF EV 160 24

Toyota RAV4 EV |EV 190 27

Cooper Mini E EV 251 28

Tesla Roadster |EV 354 53
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Table 2.3 Charging options for EVs

Option Utility Field of use Charging power (kW)
Level 1 110 V, 15 A Opportunity 1.4

Level 2(a) 220 V, 15 A Residential 33

Level 2(b) 220V, 30 A Home/public 6.6

Level 3 480 V, 167 A Public/private 50-70

This may range between 30 minutes and 18 hours, depending on the electrical grid
parameters and availability of special charging equipment [2].

Currently, there are three charging levels defined: Level 1, Level 2 (a and b),
and Level 3. Table 2.3 summarizes the characteristics of these levels. All of these
levels require an upgrade of the existing electrical network except for Level 1.
Level 1, also called opportunity, takes very long time to charge but costs less and
uses off-peak times. Level 2 can be used in houses for private use (Level 2a) or in
public charging stations located at schools, train stations, or shopping centers
(Level 2b with a larger charging ability). Level 3, which is fast charging, requires
completely separate charging stations and special charging equipment [14]. EV
users can leave their vehicles in these charging stations, similar to conventional
petrol stations, and get recharged in a quick manner. This facility is especially
required for vehicles with large battery packs such as Tesla Roadster, Cooper Mini,
Lightning, and Mission motorbikes.

It is obvious that the electrical burden posed by EVs on the electrical grid
depends on the charging option used. Level 1 can be easily deployed in residential
distribution networks and thanks to its small charging power it will not have a large
impact on the operation of the grid. It may sound appealing to use Level 1 for all
charging applications at the first sight. However, as shown in Figure 2.4, faster
charging options are required for vehicles with a thirst for power. For instance,
BMW Active E needs almost a complete day to fully charge. Although preferred
for their mobility and availability, even electric motorbikes had to be tied up to the
grid for more than half of the day.

In relation with the above, it is expected that there will be public fast charging
stations for several vehicles. Aggregating many vehicles over a fast charging option
means that these stations will be a focal load point and, as discussed below, have a
significant impact on the grid.

2.3 Motor Vehicle Ownership and EV Migration

As much as knowing different technologies and their interaction with the electrical
grid, estimating the number of electric vehicles is also important. Electric vehicles
are distributed and small-scale prosumers, i.e., an entity capable of both generation
and consumption. The significant level of impact on the electrical grid is due to
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Figure 2.4 Charging times of various EVs with different charging options

massive number of vehicles present in a neighborhood. Although an individual
electric vehicle does not constitute a very large component for the electric network,
the cumulative effect can reach levels such that network planners and operators
need to consider.

For this reason, researches have been undertaken to document the motor
vehicle ownership and possible migration to electric vehicles in different countries.
There are three main groups that are taken into account. The first group is com-
prised of countries with large surface area such as Australia [15] and the United
States [16]. The common feature of these countries is the low density of population
due to sparse settlement. The vastness of the residential areas, large distances that
should be covered and the absence of reliable public transportation are the key
reasons for the common desire to own a personal vehicle.

The second group includes countries from Western Europe. The residents of
these countries have sufficient financial means to own several vehicles. However,
in contrast with the first group, these countries have smaller cities with clustered
population. Therefore, public transport is more reliable and preferable.

The last group focuses on some Asian cities with high incomes. These cities
possess high financial means, large clusters of population and cultural codes that
are different than the first two groups. In a general sense, these countries are more
inclined toward public transport and the service quality is much higher. An inter-
national comparison of public and private transport usage levels is shown in
Figure 2.5 (Data Source [17]).

As mentioned, the first group countries, i.e., the United States, Australia/
New Zealand, and Canada, have very high portion of private motor vehicle use.
Western European Union (WEU) countries, the second group, have significantly
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Figure 2.5 Public and private transport use in different countries [17]

higher motorized public mode and nonmotorized mode such as bicycle use.
Representing the third group, High Income Asian (HIA) countries, such as Singapore,
have the lowest motorize public transport use.

There are different reasons for this large contrast between these groups. First
and foremost, the structure of the cities plays a major role. People living in the first
group countries have a taste for stand-alone buildings and even the growing popu-
lation does not change this view. In contrast, flats and apartments are more common
in WEU and HIA. The natural result of this sparse and clustered living is the dif-
ference in population densities. Table 2.4 shows surface areas and populations of
some major world cities. The list is arranged in descending order based on the land
area. However, when special attention is paid on the population density an inter-
esting fact can be observed. The cities in first group countries, regardless of their
population, have lower population density than cities located in other groups. For
instance, Washington, Paris, and Osaka have very similar land area. The population
density of Washington is less than half of population density of Paris and is equal to
one fifth of population density of Osaka. Alternatively, we can have a look at
Chicago, London, and Beijing which had populations around 8 million in 2007.
When we compare the land areas we observe that Chicago spreads over an area that
is four times that of London and, surprisingly, seven times that of Beijing. A final
comparison can be done with the population density, where the city with the highest
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Table 2.4 Surface area and population densities of major cities [18]

City/Urban area  Country Population Land area (km”*) Density (per km?)
Tokyo/Yokohama  Japan 33,200,000 6,993 4,750
Chicago USA 8,308,000 5,498 1,500
Atlanta USA 3,500,000 5,083 700
Washington USA 3,934,000 2,996 1,300
Nagoya Japan 9,000,000 2,875 3,150
Paris France 9,645,000 2,723 3,550
Essen/Disseldorf Germany 7,350,000 2,642 2,800
Osaka/Kobe/Kyoto  Japan 16,425,000 2,564 6,400
Melbourne Australia 3,162,000 2,080 1,500
Montreal Canada 3,216,000 1,740 1,850
Sydney Australia 3,502,000 1,687 2,100
London UK 8,278,000 1,623 5,100
Kuala Lumpur Malaysia 4,400,000 1,606 2,750
Milan Italy 4,250,000 1,554 2,750
Seoul/Incheon South Korea 17,500,000 1,049 16,700
Berlin Germany 3,675,000 984 3,750
Madrid Spain 4,900,000 945 5,200
Lisbon Portugal 2,250,000 881 2,550
Cologne/Bonn Germany 1,960,000 816 2,400
Barcelona Spain 3,900,000 803 4,850
Beijing China 8,614,000 748 11,500
Shanghai China 10,000,000 746 13,400
Manchester UK 2,245,000 558 4,000
Rotterdam Netherlands 1,325,000 531 2,500
Stockholm Sweden 1,400,000 518 2,700
Singapore Singapore 4,000,000 479 8,350
Taipei Taiwan 5,700,000 376 15,200

value is Seoul, a HIA city and with a relatively small land area, while the city that
has the lowest density is Atlanta which ranks third in terms of its land mass.

The daily commute is a significant part of life in developed countries. For
instance, in the United States the impact on the population change is very high
where some counties experience 94.7 and 111.4 percent population change
increase, such as New York County, NY and Redmond City, Washington, while
some others lose 41.4 percent of its population [19].

In spite of this daily movement, the share of public transport is very limited.
The U.S. statistics indicate that Americans prefer private vehicles the most [20]. The
daily work commute means distribution given in Figure 2.6 shows that 86.2 percent
of the U.S. population uses private automobile for this purpose. It is also noteworthy
to mention that the share of public transportation and other means (including walk-
ing) does not show real change. It is observed that the mobility need of the increasing
population is met by the private automobiles. (Data Source [21]).

The share of public transport in 50 largest metropolitan statistical areas is also
examined in the research. New York, New Jersey, and Long Island region lead
the pack with a little more than 30 percent public transportation use. However, the
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Figure 2.6 Transportation modes for daily commute in the United States

figures drop dramatically after this. The next two regions only have around 15 percent
and while eighth region only has 6 percent public transport usage [22]. This low use
of public transport affects the quality and frequency of public transport vehicles such
as buses or trains. With less frequency, people tend to use their own vehicle more and
this loop results in poor service and low preference of public transportation.

Similar trends are observed in Australia as well. The public transportation
network is very weak in Australia and it is not likely to change according to
Australian Bureau of Statistics. The research states that the wide-spread nature of
cities makes it very difficult to extend the public transportation services to every
corner of the city [23]. The ratio of public transport to other means in Australia is
very lop-sided. It is worthy to note that nine out of every ten passenger-kilometers
are covered by cars while bus or rail services only represent 10 percent of the total
travel. The historical growth trends as well as the future projections indicate that
rapidly increasing population does not change the passenger load met by the bus
and rail services. The real portion still relies on privately owned passenger cars for
all Australian cities.

All of the above discussion becomes relevant when it is reflected on the
number of motor vehicles owned per capita. The above factors make driving a
necessity rather than a luxury for the countries in the first group. U.S.-wide
figures indicate the highest motor-vehicle ownership per capita in the world;
828 motor vehicles per 1,000 people [25]. As shown in Figure 2.7, in 2011, only
9 percent of American households did not have access to a vehicle while
34 percent had one vehicle, 57 percent had two or more vehicles. It is not a
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Table 2.5 State motor vehicle registration 1990-2009 in the

United States

Type 1990 2009

All motor vehicles 188,798,000 246,283,000
Private and commercial 185,541,000 242,058,000
Public 3,257,000 4,225,000

Automobiles 133,700,000 134,880,000
Private and commercial 132,164,000 133,438,000
Public 1,536,000 1,442,000

Trucks 54,470,000 110,561,000
Private and commercial 53,101,000 108,269,000
Public 1,369,000 2,292,000

surprise that 70.2 percent of total petroleum consumption in the United States is
due to transportation and this corresponds to more than 1.7 billion annual metric
tons of CO, [25].

According to census data, the number of motor vehicles is rising in the United
States. State motor vehicle registration data pertaining to 1990-2009 given in
Table 2.5 indicate two key information:

(i) The overwhelming majority of the vehicles are privately owned.
(i) About 50 percent of all vehicles registered are privately owned automobiles
[26].
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Figure 2.8 Motor vehicle types in Australia [29]

These figures do not include motorcycle registrations that reached 7,883,000
in 20009.

Passenger vehicle ownership in Australia is not different; where 85 percent of the
population at least owns one car [27] and 60 percent of the households have two or
more cars [28]. Figure 2.8 shows that in Australia, majority of the registered vehicles
are passenger vehicles. In 2011, this number reached 16,368,383 with a 2 percent
increase from 2010. Furthermore, in 2010, 72 percent of the total kilometers traveled,
i.e., 2,666 billion kilometers, was covered by the same vehicle group [29].

The above data clearly show that countries in the first group have an enormous
passenger vehicle fleet. Due to unreliable nature and insufficiency of the public
transport, low quality of the service, safety concerns and high ticket cost, future
estimations show that passenger vehicle fleet will grow in parallel with the popu-
lation. This is an opportunity for electric vehicle introduction into the market. The
size of the market is large and the demand is increasing with different customers
from a wide range of backgrounds. As long as electric vehicles can provide the
same driving range with a comparable price, there will be drivers interested in
them. However, this might be the Achilles’ heel for the electric vehicles some of
which suffer from short ranges. In order to estimate possible migration, it is crucial
to investigate daily vehicle use patterns of drivers and link this information to
current electric vehicle characteristics discussed in the previous section.

Annual and daily average kilometers traveled by passenger vehicles in
Australia are given in Table 2.6 [30]. The figures corresponding to capital cities and
urban areas are welcoming electric vehicle technology even with the current battery
technology. The average travel time to work in Australia is 39 minutes while
average travel time to home is 40 minutes. On average, a passenger vehicle is used
on for 69 minutes in a day [27].

On a slightly different angle, Federal Highway Administration’s (FHWA)
National Household Travel Survey in 2009 shows that in the United States daily
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Table 2.6 Passenger vehicle use in Australia (2010)

Capital Other Other Total Interstate  Australia
city urban areas  areas interstate
Total 95,619 30,787 31,400 157,806 5,555 163,360
(million km)
Daily use 29.6 21.1 24.7 37.0 16.7 38.1

(million km)

Table 2.7 Urban and rural travel in the United States

Travel type Trip length (miles) Trip time (minutes)
Urban Rural Urban Rural
Work 11.11 15.36 22.36 24.34
Work-related 15.53 20.99 26.66 29.41
Shopping 5.49 9.50 13.47 17.14
Family/Personal 6.07 9.17 14.27 16.33
Other 10.98 16.06 20.16 25.13
Social 10.72 12.85 19.69 20.90
All 8.79 12.59 17.96 20.67

travel per person is 3.8 trips and 36.12 miles [31]. On average, daily commutes
make up 25 percent of the total daily travel. Table 2.7 shows urban and rural
vehicle travel based on the travel purpose, time, and the distance. On average, the
urban trip of a vehicle is around 10 miles and a rural trip does not exceed 20 miles.
In terms of travel time, urban and rural trips have an approximate average travel
time of 20 minutes. Although rural areas have longer trips, especially for work-
related trips, ranges of current electric vehicle are sufficiently long. This is crucial
in capitalizing on vehicle usage and using it for electric vehicle migration.

In the light of the above discussion based on real motor vehicle data, travel
time and usage pattern of drivers, it is safe to say that countries of the first group
have large number of vehicles which is bound to increase in the future. This
opportunity can be used to introduce electric vehicles into the market and realize
vehicle migration. The daily use ranges and times lend themselves perfectly to
current electric vehicle technology. With the foreseen developments in electric
vehicle technology, it can be expected that even rural and inter-state travels can be
covered in the near future. In this fashion, drivers can cut down on fossil fuel
consumption, decrease carbon emissions, and enjoy their driving freedom all
the same.

Knowing the number of the vehicle fleet, battery characteristics of electric
vehicles that are likely to appear (or have already appeared) in the market is very
crucial from power engineering perspective. This electrical entity is reflected on the
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grid as a load or a storage/generator while charging and discharging/V2G, respec-
tively. The average driving time shows that electric vehicles will be idle approxi-
mately 95 percent of the time. This allows for different management patterns by the
grid which is discussed in the following sections.

2.4 Impact of Estimated EVs on Electrical Network

Considering the potential of electric vehicles and the rate of migration to them,
there is bound to be a strong impact on different levels. It is true that the electric
vehicle uptake is estimated to be slow and the impact would not be experienced
abruptly. However, given the current trend toward electric vehicles and the will-
ingness to cut down dependence on cars that run on petrol, it is safe to say that
numbers and impacts of electric vehicles will surge in the near future.

Even if is assumed that the share of electric vehicles is 5 percent in the entire
vehicle fleet, the resulting electrical load (and generation/storage capacity) is at
considerable levels. Figure 2.9 shows the estimated aggregated capacity of electric
vehicles based on Lito, Leaf, and Roadster models. Lito and Leaf are chosen as
representative cases for electric motorbikes and automobiles while Roadster with a
large battery is chosen as a representative case for future when average vehicles
have larger capacities.

The most trivial impact of electric vehicles on the grids is the increase in the
load. The good news is that the impact is not as much as feared. Due to small
number of electric vehicles and the expected low migration rate, the impacts of
electric vehicles on the grid is manageable and sometimes automatically solved
with regular upgrade and maintenance works. Southern California Edison stated
in its recent report that of almost 400 upgrades only 1 percent was specifically
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Figure 2.9 Electrical capacity of EVs (in GWh)
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required for electric vehicle power demand [32]. These upgrades are only required
at distribution level, since the impact of electric vehicles does not reach transmis-
sion and generation level as yet [33].

Figure 2.10 shows the national energy demand of Australia for the period 1999—
2010 (Data Source [34]). Contrasting with the load constituted by the electrical
vehicles given in Figure 2.9, it is observed that the impact on the national grid is
negligible. Even if it is assumed that the entire vehicle fleet in Australia is replaced
with electric vehicles, such as Nissan Leaf, the resulting load would be 300 GWh.
This is around 0.15 percent of the national energy in 2009-2010 in Australia.

The national grid in the United States has a similar situation as well. U.S. Energy
Information Administration publishes generation, transmission, market bidding,
and other regulatory information about the national energy market including the
electricity sector. Table 2.8 shows the generation in total electric power industry
by electric utilities as well as independent power producers (IPPs) for the year
2012 [35].

2,10,000

2,05,000

2,00,000

1,95,000

1,90,000

1,85,000

1,80,000

National Energy (GWh)

1,75,000 ~

Figure 2.10 National energy demand for Australia

Table 2.8 National electric power industry in the United States

Net generation Total (GWh) Utilities IPPs

Coal 1,514,043 1,146,480 354,076
Natural gas 1,225,894 504,958 627,833
Nuclear 769,331 394,823 374,509
Hydro 276,240 252,936 20,923
Renewable energy 218,333 28,017 160,064
Total 4,047,765 2,339,172 1,551,186
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The population is much higher in the United States than Australia, but so is the
electricity market level. The estimated electric vehicle load in the United States,
which is 161.9 GWHh, is infinitesimally small when compared with the national grid
generation levels. When a full electric vehicle migration is assumed in the United
States based on Nissan Leaf, the resulting electric load would be only 0.8 percent of
the national grid.

Therefore, power engineers are aware of the fact that the immediate impact
of electric vehicles would be at the distribution level. The increasing load profile in
residential neighborhoods as well as aggregated load caused by electric vehicle
charging stations has to be taken into account by distribution network operators.
Several simulation works have been undertaken to verify these results as well.
Figure 2.11 shows a sample neighborhood developed to investigate the impact of
the electric vehicle charging and power injection to the grid. Simulations have been
performed for stand-alone operation and operation when connected to IEEE T14
and 34 Bus systems. The results listed in [15] show that the impact of electric
vehicles in the grid is only at the distribution level and no change is required at
transmission and generation level [35-37]. Also, the upgrades that are required can
be made gradually as the electric vehicle migration progresses.

The impact of electric vehicles as a load is one aspect and as a potential
distributed storage is another. The estimated storage capacity and the idle time
during which storage can be realized have been discussed above. It is also vital to
investigate and relate daily load profiles for distribution systems and daily vehicle
usage patterns. Figure 2.12 shows distribution of vehicle trips over the 24-hour
period (dark grey-commute, dashed line-family/personal, light grey-school, dotted
line-social/recreational, black-total, Data Source [31]).

Regardless of the motivation for the trip, almost all trips tend to rise around 5 a.m.
until 8 a.m., and 5 p.m. until 7 p.m. This pattern is especially true for daily commute
to work and school. The reverse analysis of the situation indicates that the vehicles are
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Figure 2.11 Sample microgrid with EV deployments
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Figure 2.13 Load profile of a house in the United States

idle (i.e., parked) during other times and available for V2G purposes. There is ample
time between two peak times both during the day time and during the night. There-
fore, power operators will have the opportunity to use the charge in the batteries to
support the grid and recharge the batteries before the next peak hour. In order to
extract the possible effects on the grid, consider Figures 2.13 and 2.14 which depict
daily load profiles for a household and a school as provided by Xcel Energy [38].
Contrasting Figures 2.12, 2.13, and 2.14 reveal the opportunity posed by
electric vehicles in terms of grid support. Drivers leave their home and arrive at
the school (for other cases, work place) before the peak hour starts. As a matter of
fact, school load increases as people arrive. Therefore, the amount of vehicles
arriving at the premises is directly proportional to the load increase. During day
time, the energy is required at the school and the vehicles parked outside can
energize the microgrid as distributed storage systems. The load is decreasing at
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Figure 2.14 Load profile of a school in the United States

school when people start leaving for home. The peak load at home increases in line
with the number of people, hence vehicles, reaching home. The vehicles will be
parked at the houses during peak hours. Generally speaking, majority of the dri-
vers would only need their vehicles in the morning to commute to work. There-
fore, the charging time can be postponed to off-peak hours. The owners would not
be affected as long as the car is fully charged in the morning. This can also help
them save money in two ways:

1. By selling power back to grid during peak hours when the prices are high.
2. By delaying charging until off-peak hour when the prices are significantly
lower.

This pattern is also true for Australia, the daily vehicle regime of which is
shown in Figure 2.15 in terms of combined vehicle-kilometers traveled (VKT)
(Data Source [24]). Considering isolated communities which rely on stand-alone
microgrid [37, 39], this additional storage provided by V2G technology contributes
much needed support for reliability and control.

Although grid operators are looking into ways of using batteries of electric
vehicles, V2G technology is not implemented commercially yet. There have been
some pilot projects in by PG&E and Xcel Energy, both in the United States. These
are projects of very small scales and their impact on the larger grid has not been
investigated. The main idea was to verify the applicability of V2G technology.
These pilot systems were successfully implemented and the applicability of the
technology has been verified.

As far as the power quality is concerned, electric vehicles can be classified as
very “well-behaving” loads thanks to their power electronics interface and
sophisticated control. Moreover, should the necessary hardware infrastructure be
provided, it is possible to use electric vehicles to increase the power quality at the
point of common coupling. According to a recent publication, reactive power
compensation can be performed both during charging and discharging (V2G
operation). It is also documented that reactive power compensation can be realized
without affecting the charging time and/or state of the charge in the battery [40].
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Figure 2.15 Daily commuting pattern in Australia for vehicle types

Despite being at pilot implementation stage, these features will ensure that electric
vehicle deployments enhance the power quality and reliability in local networks
and microgrids.

2.5 Impact on Drivers and the Smart Grid

Depending on the range and the capacity of the electric vehicle that is used, the
drivers might need to plan their routes and car usage more wisely. This is not a very
big issue of PHEVs that can run on petrol and electricity, but, in the first years of
fleet migration, EVs are likely to force users to be more aware of their usage. As
discussed above, statistical data show that majority of daily car use is less than the
range of electric vehicles and there is not a change in a driver’s daily routine. Long
road trips require planning ahead. The number of available charging stations and
available spots may constitute a problem in the beginning. As the EV market grows
and auxiliary services improve, it is natural that there will be ample charging sta-
tions and drivers can charge their vehicles at will. Furthermore, fast charging
infrastructures are expected to be deployed. During a short break, the charging can
be completed even for a battery with large capacity. Nevertheless, as the market
picks up, there will be certain growth and feasibility problems with these
technologies.

Another effect on the drivers is the changing charging times with demand side
management by the network operators. Vehicle owners may opt to postpone their
charging into off-peak hours and save on their utility bills. The owners have the
freedom to choose whether or not to participate in this scheme and normally it will
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not have an effect. However, should a need for emergency drive arise in the middle
of the night (e.g., hospital) the battery may not have sufficient charge. This can be
solved with the improvements in charging infrastructure. Although it is not realistic
to expect this in the near future, houses may have super-fast chargers that minimize
the charging time. Therefore, even with demand side management participation, the
charging will take very short period of time.

The interface between the smart grid applications and electric vehicles offers
exciting opportunities. One example of this is “smart charge” technology. This
technology is developed to meet the differing, and sometimes conflicting, needs
and preferences of vehicle owners and the grid operator. It goes without saying,
the realization of such a scheme relies on extensive communication and coordi-
nation. For successful implementation, a myriad of devices such as smart meter;
the vehicle, battery and the charger; vehicle owner and the grid operator should
be synchronized. Therefore, smart charging is not only a power transfer operation
but also a power management and optimization problem with many factors
included.

This is where the smartness of the grid comes into play. The electric vehicle
charging systems are equipped with IT-based communication and control technol-
ogies. The related parties, i.e., owner, the grid operator, have access to these systems
through same IT technologies. The information is exchanged over communication
lines (wired or wireless) in line with implemented communication standards. The
next section discusses the standardization of electric vehicle communication.

As an example of the smart applications it is possible to mention ChargelQ.
Developed by an Australian Company, DiUS, the smart charging solution
comprises a charger, smartphone app, and ZigBee-based communication [41]. The
operation details of ChargelQ are as follows. The network operator communicates
with the smart meter via wide area network (WAN). This is required for power
dispatch, charging management and V2G applications, if applicable. The smart meter
is coupled with the smart meter over house area network (HAN). The parameter or
preference changes from both grid operator and the vehicle owner are reported
through this coupling. The smart charger is directly accessible by the user over the
internet via a smartphone app. The user can control and input his preferences through
this internet based connection.

ChargelQ smartphone application provides necessary information to the user.
The user has the ability to know the connection status, the time required to fully
charge his vehicle, the time when the vehicle will be fully charged as well as the
current state of the charge (SOC). These features are designed to minimize the
impact of electric vehicles on the driver which are discussed above. Furthermore,
the user can choose between “ChargelQ” and “Charge Now,” grid-friendly and
owner-friendly charging options, respectively.

As it is used by DiUS, grid friendly charging corresponds to the concept of
postponing vehicle charging to off-peak hours. This is a permission given by the user
for the network operator to manage the charging time. In response to this assistance,
the network operators offer incentives such as upfront payments or discounts in the
bills. To implement this concept in ChargelQ, a query screen is shown to the owner,
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asking whether he is willing to participate in grid-friendly charging. When agreed,
ChargelQ is managing the charging process and the power transfer is stopped during
peak hours, as shown below. This information is reported to Network Operator for
dispatch planning via smartphone — smart charger — smart meter link. This process
increases the charge time and the user saves an extra $5.00 payment. The difference
between on-peak and off-peak charging costs is also another gain for the user.

In addition to this individual coordination of chargers in houses, a tool to locate
available charging stations and gather charging cost information is also required.
Chargepoint [42] is an electric vehicle charging solution which lists near-by char-
ging spots, their availabilities and costs. This solution is also internet-based and has
a smartphone application.

When a specific location is selected, say Honolulu, the application can be used
to compare prices and get directions to a selected charging station. Furthermore,
Chargepoint allows users to create their own account, save their preferences, and
keep record of their recent charging stations.

Chargepoint only focuses on the United States and Canada (with only two
other charging stations in China). On the other hand, EV-charging, a more powerful
tool, lists all charging stations in Europe, including Istanbul, Turkey [43].
EV-Charging solution has more embedded information such as plug type (AC,
DC), charging Volt (400, 230, 36 V), operation times and cost as well as the type of
accepted vehicles such as e-cars, e-bikes, and e-boats.

The smartphone application of EV-charging helps locate charging stations that
are available for charging and suitable for the vehicle in terms of charging voltage,
charger socket type, etc. The most important contribution of these applications is
fast and easy detection of available charging stations even in places that are com-
pletely unknown to the driver and make the use of EVs more manageable by
decreasing their impacts on the driver.

2.6 Standardization and Plug-and-Play

Previous sections discussed the communication required for the interaction
between electric vehicles and the smart grids. The smart grid technologies that
monitor the state of charge of the battery and devise charging plans need to com-
municate with the vehicles. Similar to all components of smart grids, electric
vehicles need to have the ability to interface and operate with other components.

In order to achieve the above, only using standard chargers is not sufficient.
Electrical vehicles should be modeled in communication systems. This is important
to receive information such as the battery capacity of the vehicle, the state of the
charge in the battery, the owner’s preference to participate in V2G or not, and the
time when the vehicle needs to be fully charged. These data are inevitable for
proper planning in electrical networks.

Considering the number of different manufacturers in the car industry (also
motorbikes), a nonstandard approach to communication modeling will result in
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different models that cannot talk to each other. Although companies usually prefer
to keep their information under propriety rights, electrical vehicle models need to
be transparent and standard.

In a properly functioning electrical grid, electrical vehicles from different man-
ufacturers are likely to be connected to the same charging station and interact with
the network operation components. The same charging station or the network plan-
ning device needs to be able to successfully detect and communicate with these
different models. This can only be achieved by a universal standard modeling
approach. There are several researches conducted in this field with specialized
research centers such as Electric Vehicle-Smart Grid Interoperability Center [44, 45].
This chapter focuses on IEC 61850 communication standard which is very popular in
power engineering circles.

2.6.1 I[EC 61850 Communication Standard and
IEC 61850-7-420 Extension

The need for a standard communication in power systems has been felt long before
the introduction of electric vehicles. The communication required for supervisory
control and data acquisition (SCADA) systems consist of several instruments from
different vendors. The ability to operate these instruments seamlessly relies on a
standard communication where, regardless of their manufacturer or model, all
equipment speaks the same language.

IEC 61850 Substation Communication Standard was developed to address
this need. It supports all parameters and functions in a substation by proposing data
models [46]. Shortly after its publication, IEC 61850 created much interest among
power engineers and is in use ever since. In parallel with the latest developments in
microgrid and renewable energy areas, International Electrotechnical Commission
(IEC) formed Workgroup 17 to prepare an extension to IEC 61850-7-4 which
defines compatible logical nodes (LN) and data classes [47, 48]. This extension is
aimed at defining new generation components:

solar panels

diesel generators

fuel cells

combined heat and power

L=

In addition to function of switching DERs on and off, DER systems also
involve:

e Managing of the interconnection between the DER units and the power sys-
tems they connect to, including local power systems, switches and circuit
breakers, and protection.

Monitoring and controlling the DER units as producers of electrical energy.
Monitoring and controlling the individual generators, excitation systems, and
inverters/converters.
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e Monitoring and controlling the energy conversion systems, such as recipro-
cating engines (e.g., diesel engines), fuel cells, photovoltaic systems, and
combined heat and power systems.

e Monitoring and controlling the auxiliary systems, such as interval meters, fuel
systems, and batteries.

e Monitoring the physical characteristics of equipment, such as temperature,
pressure, heat, vibration, flow, emissions, and meteorological information.

The system assumes a holistic sense in which the DER systems are modeled
starting from their internal parameters (e.g., fuel type for diesel generators, battery
test results for solar panels or hydrogen levels for fuel cells) to their grid connection
types and parameters and even microgrid operator commands and control units.
Having detailed characteristic variables and measurement values entrenched inside;
this modeling system serves for a rigorous communication system. The extended
discussion about this standard and its modeling can be found in [49]. For the sake of
simplicity, this section would focus on standard approach taken for modeling the
electric vehicles.

2.6.2 Extending IEC 61850 for Electric Vehicle Modeling

IEC 61850-7-420 extension is a very suitable and timely move to include renew-
able energy based generators. However, electric vehicles and functions pertaining
to them are still not included. As discussed, electric vehicles are not mere loads that
sink power from the grid. They can be used as distributed storage systems and can
participate in management efforts through communication and control. Therefore,
it is logical to introduce a new model in IEC 61850-7-420 for electric vehicles. This
will ensure that messages and parameters are sent in a universal way so that electric
vehicles, regardless of their models and manufacturers, can smoothly communicate
and cooperate with other grid elements.

A logical node (LN) has been developed earlier for this purpose [50]. In IEC
communication standard terminology an LN is a sub-function located in a physical
node and exchanges data with other distinct logical entities. In simple terms, LNs
are representations of real devices in the virtual world. To put it into perspective,
they are real devices such as battery systems, energy converter, circuit breakers,
and measurement units. On the other hand, 4-letter acronyms located above these
rectangles are the names for their representations in the real world, i.e., names of
the LNs. Several LNs might be used to model a single device. For instance, ZBAT
is used to model battery and its parameters while ZBCT is used to model the
charging interface and its features.

The controllers can also be modeled as a separate entity such as “DRCT” which
is used as a standard controller model for all distributed energy resource (DER)
controllers. This LN defines the control characteristics and capabilities of one DER
unit or aggregations of one type of DER device with a single controller. If EVs are to
be included as a separate DER, this class has to be updated. In the original document,
IEC 61850-7-420 includes the four different types mentioned above. It is possible
add another entry to DRCT Class, “DERtyp = 6" as shown in Table 2.9.
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Table 2.9 DRCT class with electric vehicle addition

DRCT Class
Data name CDC| Explanation T | M/O/C
LNName Shall be inherited from logical-node class (see IEC 61850-7-2)
Data
System LN data
LN shall inherit all mandatory data from common LN M
class
Data from LLNO may optionally be used (€]
Settings
DERNum ING | Number of DER units connected to controller M
DERtyp ING | Type of DER unit:
Value | Explanation
0 Not applicable/unknown
1 Virtual or mixed DER
2 Reciprocating engine M
3 Fuel cell
4 Photovoltaic system
5 Combined heat and power
6 Electric vehicle (with V2G technology)
99 Other
MaxWLim ASG | Nominal max output power M
MaxVarLim | ASG | Nominal max output reactive power M
StrDITms ING | Nominal time delay before starting/restarting M
StopDITms ING | Nominal time delay before stopping M
LoadRampRte |ING | Nominal ramp load or unload rate, power vs. time M

This addition ensures that electric vehicles can be defined in an electrical grid,
in the same way a diesel generator or fuel cell is. Being an identity card, DRCT will
serve as an interface with network operator (such as SCADA system) and identify
the electric vehicle. The other components of electric vehicles should be modeled
with the components explained above. For instance battery and the charger can be
modeled with ZBAT and ZBCT that are already present in the standard. The grid
connection can be modeled through an inverter/converter and a switch. This
topology is already modeled with previously developed LNs with ZRCT, ZINV,
CSWI, and XCBR.

This holistic modeling includes all components of an electric vehicle and its
connection to the grid. The only missing link is a control entity that holds key
information about charging/discharging status about the vehicle and preferences
inputted by the owner. Hence, a new LN class called electric vehicle control
(EVCT) has been developed in [50] as shown in Table 2.3 to reflect the
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sub-function required for monitoring the critical functions and states of the V2G
process. The EVCT LN node will hold the answers to the following questions:

When to start the vehicle-to-grid (discharge) process?

At what time during the day or night should the battery be fully charged?
When to charge the car?

Is demand side response in operation? Economy charging out of peak-hours or
immediate charging at the time of connection?

How much power has been supplied to the grid? How much imported?

e  What are the settings for audible and visual signals?

The EVCT class defines the data about the charging and discharging (V2G)
operations as discussed above in relation to ChargelQ. The preferences of the owner,
the incoming offers/commands from the network operator and the internal para-
meters of the vehicle are defined and held by EVCT in a standard manner. Table 2.10
shows the developed EVCT class and its contents [50]. It is split into four categories,
i.e.,, “Settings,” “Status information,” “Controls,” and “Measured values.” The
settings section holds the information that is required for successful interaction with
the grid. Some of these are preferences of the owner such as ChrgReady, some other
might be a parameter agreed on by the owner and the grid operator such as V2GStart
while other might be built-in parameters set by the manufacturer such as Alim and
Vlim. These current and voltage values shall be in compliance with the standard IEC
61851-22: ac electric vehicle charging station [51]. This standard stipulates upper and
lower limits for voltage, current, and frequency for different countries. This way it is
ensured that the proposed EVCT class can be used worldwide.

Another parameter that is tailored toward worldwide use is ChrgMode that
holds the value for the selected charging mode among the modes defined by IEC
61851-1: Electric Vehicle Conductive Charging System, General Requirements
[52]. This parameter is vital for providing a standard LN for EVs since different
countries have different grid parameters and grid codes. For example, Mode 1
charging which is prohibited in the United States by the national regulations can be
used in Japan and Sweden for residential charging. This way the same modeling
can be used for different countries with necessary tweaks, such as disabling Mode 1
for vehicles in the United States. It is a solid advantage that both of the standards
utilized in EVCT LN, i.e., IEC 61851 and IEC 61850, are prepared by the IEC. This
means they are compatible and complementary with each other.

The mandatory parameters under “Status information” in Table 2.10 are
required to transmit owner preferences to the grid operator. When the network
operator connects to electric vehicle over EVCT and reads V2Gstatus and
EconStatus, the preferences of the owner about whether or not to participate in
V2G and economic charging (grid-friendly charging as used by ChargelQ) are
acquired. The last two optional variables show the status of visible and audible
signals showing on-going and completed charging. Depending on the policies and
regulations, two control inputs, V2GEnable and EconCharge, can be toggled either
locally by the owner for demand response or by the central network control for
demand side management.
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Table 2.10 EVCT class for EV communication and control

EVCT Class
Data Name | CDC | Explanation T | M/O/C
LNName Shall be inherited from logical-node class (see IEC 61850-7-2)
Data
System LN data
LN shall inherit all mandatory data from common LN class M
Data from LLNO may optionally be used (6]
Settings
V2Gstart ASG | V2G-Allowed period start time (6]
V2Gend ASG | V2G-Allowed period end time (6]
ChrgReady | ASG | Time when EV should be fully charged o
Alim ASG | Input current limit (0]
Vlim ASG | Input voltage limit O
ChrgMode | ING | Charging Mode (see IEC 61851 — 1)
Value Explanation
1 Charging Mode 1 M
2 Charging Mode 2
3 Charging Mode 3
4 Charging Mode 4
Status information
ConnCount | INS | Count of grid connection M
V2Gstatus SPS | True: V2G participation is On M
False: V2G participation is Off
EconStatus | SPS | True: Economic charging is selected M
False: Immediate charging is selected
Charging SPS | True: Charging indicator is On o
signal False: Charging indicator is Off
BattFullAu | SPS | True: Battery full audible signal is On o
dibleSignal False: Battery full audible signal is Off
Controls
V2Genable | DPC | Switch on/off V2G participation, On = True, Off = False M
EconCharge | DPC | Toggle between economic and immediate charging,
Economy = True, Immediate = False M
Measured values
Supplied MV | The amount of power supplied to the grid through o
power V2G scheme
Received MV | Power received for charging the batteries 0
power

The optional measurements are aimed at keeping record of energy transfer
between the grid and the EV. However, measurement can also be performed
through smart meters and in that case separate modeling would be required.

Figure 2.16 shows how electric vehicles can be integrated into IEC 61850-7-
420 blueprint given in IEC 61850-7-420 [50]. It is possible to utilize these models
not only for an individual EV but also for aggregated V2G pools which consist of
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Figure 2.16 Universal electric vehicle modeling IEC 61850-7-420 [50]

several EVs. The generic nature of EVCT class is very versatile and accommodates
different models. Thanks to universal approach assumed, various EVs produced by
different manufacturers can be conveniently modeled and used separately or
together in a pool. The seamless communication between different vehicles and the
network operators is achieved with this communication model that provides EV
parameters in a standard fashion.

2.7 Conclusion

There are several factors that make electric vehicles popular such as the will to
reduce carbon emissions and dependency on imported oil due to security concerns.
The availability of the technologies for wide spread electric vehicle implementation
increased the interest in this market. The incentives given by the governments are
pushing this sector forward and several manufacturers have already assembled their
own electric vehicles in the form of an automobile or even motorbike. The expec-
tation into the future is the steady growth of electric vehicles’ share in vehicle fleets.

Due to the technology and infrastructure required, only developed countries
are candidates for large electric vehicle roll-out. Among them, large countries with
sparse population and low use of public transport pose a special opportunity for
quicker migration to electric vehicles. These countries have households with high
vehicle ownership. Therefore, the impacts of electric vehicles have to be taken into
account by power engineers and network operators.
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The impact studies undertake focus on both power sinking and sourcing features
of electric vehicles. The extra load introduced with electric vehicles causes no issues
at generation or transmission levels. The distribution networks may require some
upgrades and these can be solved by regular upgrade works and in a gradual manner
as the electric vehicle market matures. On the other hand, the unique opportunities
posed by V2G technology require some serious effort both on technological and
financial fronts before it becomes commercially viable. Research and development
efforts show that V2G technology can be used to support grids in terms of power
supply and power compensation. The fact that usual driving pattern lends itself to
extensive use by the grid operators makes this technology promising for the future.

The interaction of electric vehicles with the smart grid can take quite innova-
tive forms including smartphone apps, communication for demand side manage-
ment and dynamic control as well as searching charging stations over the Internet.
This communication interface requires a standard approach for different electric
vehicle models for plug-and-play convenience.

In short, electric vehicles are becoming popular for technological, political,
and financial reasons with multifaceted impacts on the grid operators, customers,
and the infrastructure. In addition, this poses exciting opportunities for unprece-
dented applications both at macro and micro scales. For a smooth migration, this
multidisciplinary area should be thoroughly investigated by researchers from
different fields of expertise.
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Abstract

This chapter presents various aspects of grid-connected distributed generation systems
with electric vehicle, including the historical growth of two dominating renewable
energy sources, i.e., wind and solar, the existing technologies for large-scale genera-
tion, transmission and distribution, power quality, reliability, technical challenges, and
possible solutions. Recent development of grid integration technologies, converter
topologies, and control techniques are the foremost intention of this chapter.

3.1 Introduction

The power from big power plants travels through the power transmission lines
before distributed to the consumers. Most of conventional power stations,
depending either on fossil fuels or hydro turbines, require high infrastructure sup-
ports for construction, operation as well as maintenance. Furthermore, a problem in
a transmission subsystem will result in a power failure to the consumers.

Today, the world challenges in energy area are how to accommodate the needs
of energy without endangering the environment by decreasing the dependency of
polluting fossil fuels. Moreover, it has to be economically feasible and reliable. On
the other hand, distributed generations (DGs) particularly generated from renew-
able energy (RE) sources are emerging in power systems. Sources like wind, solar,
micro-hydro, and fuel cells (FCs) are highly implemented.

Normally DGs are connected in the distribution network voltage level. DGs
should be placed near to the consumers to compensate the lower power ratings and
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the high transmission losses. However, the RE based DGs suffer from the power
fluctuation due to the nature’s intermittency. Thus, the RE sources with proper
control technologies are the solution for the grid problems.

Conventional electrical power system consisting of large power stations
recently evolves to the so-called smart power grid system concept. It incorporates
sensors and information exchange through communication among elements in the
power system network [1]. Moreover, it also provides alternatives for customers to
actively participate in the network by means of home based DGs penetration.
Therefore, the smart power grid reduces the dependency as for big centralized
power plants by introducing the aggregation of DGs. A clustered system using
advanced technologies called microgrid can merge all the components above in an
effective way. Thus, it improves the reliability and the quality of the grid power by
controlling the grid regionally.

Connecting DGs as well as other elements such as the energy storage systems
(ESS) or other smart power appliances in a proper way enhances the network
instead of adding more electrical transmission infrastructures (power plants,
transmission lines, substations, etc.) [2]. From the technical aspect, employing DGs
have several positive benefits namely reducing line losses, upgrading the voltage
profile, lowering emissions, improving overall energy efficiency, increasing the
reliability and security, and also enhancing the power quality [3].

The concept of zero emission vehicles is emerged recently. These future
vehicles employ electric motors to diminish the dependency of fossil fuels in order
to preserve the environment as well as to increase the fuel flexibility. There are
various types of electric vehicles (EVs); however, in principle an EV comprises of
electric machine/motor, energy storage, and controller [4]. This chapter focuses on
the energy storage in EVs.

The battery type used as the energy storage in EVs is commonly called as the
secondary or rechargeable battery. This type of battery has flexibility in applica-
tions for instance standby power system, starting, lighting, and ignition (SLI) in
automotive area and for power sources in EV applications [5]. Furthermore, a large
capacity of the battery can be used to support the operation of RE generation
systems. Batteries can be used to optimize the generated RE power by charging or
discharging them during power excess or shortage condition respectively due to the
intermittency of energy sources. Therefore, batteries in EVs are a potential element
to be employed as power sources for EVs as well as energy storages for DGs.

3.2 Distributed Energy Sources

Distributed energy sources or DGs can be distinguished by the capacity of the power
sources and the voltage level when paralleled to the grid. Moreover, high power
demand requires higher power production. As mentioned earlier regarding the
negative environmental impact of conventional energy sources, DGs support the
smart power grid system by supplying clean and efficient energies for the consumers.

There are two types of DGs regarding the technology used, namely conven-
tional and nonconventional DGs. The first type normally uses combustion or steam
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systems to generate electricity such as gas turbine and diesel generators. The sec-
ond one may use newer energy source technologies and nonfossil fuels to produce
electricity, for instance, wind turbines, solar photovoltaic (PV) systems, fuel cells
(FCs), etc. Furthermore, the EV battery energy storage integration supports the
penetration of RE based DGs since the batteries can compensate the fluctuation
drawback of RE sources. Therefore, it is considered as the part of DGs. Some of the
distributed energy sources are discussed in this chapter.

3.2.1 Solar

Solar energy is one of the main RE sources for future electricity supply. Solar PV
generates electricity in well over 100 countries and continues to be the fastest growing
renewable resource in the world. By the end of 2011, a total of 69.68 GW PV power
capacity had been installed, sufficient to generate around 80 billion kWh/year and
enough to cover the annual power supply needs for more than 20 million households
as reported by European Photovoltaic Industry Association (EPIA). Solar PV instal-
lations have substantially increased over the last five years. The annual installation of
new PV power capacity rose from 7.43 GW in 2009 to 16.80 GW in 2010 and to
29.66 GW in 2011. The globally installed PV power capacity is summarized in
Table 3.1. According to statistical data the cumulative installed capacity of solar PV
generation in 2007, 2009, and 2011 was 9.44, 23.21, and 69.68 GW, respectively. This
means that the capacity of solar PV generation effectively tripled every two years.
Since 2007, medium and large-scale PV power plants have attracted significant
interests and PV power plants of more than 10 MW in capacity have now become a
reality. More than 200 PV power plants have already been installed in the world;
each of them generating an output of more than 10 MW. Of these plants, 34 are
located in Spain and 26 in Germany. The number of PV power plants will continue to
rise. More than 250 PV power plants will be installed within the next few years [6].
Future PV power plants will have higher power capacity. Indeed, some are to have a
capacity in excess of 250 MW. These multimegawatt PV power plants require large
areas of land. Owing to this, they are usually installed in remote areas, far from cities.
When PV arrays are used to harvest solar energy, two important factors could
limit the implementation of PV systems, i.e., high cost and low efficiency in energy
conversion. The conversion efficiency of the current solar PV modules is typically
only about 10-17 percent. In PV systems, the PV array represents about 57 percent

Table 3.1 Global solar PV installations

Year Annual addition (MW) Cumulative (MW)
2001 328 1,753
2003 578 2,798
2005 1,429 5,340
2007 2,528 9,443
2009 7,438 23,210
2011 29,665 69,684

2012 32,472 102,156
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of the total cost of the system, and the battery storage system corresponds to
30 percent of the cost. Other system components such as inverters and maximum
power point tracker (MPPT) contribute to only 7 percent of the total cost [7]. Due
to the low conversion efficiency and high cost of solar array, it is very desirable to
operate the PV panel at the maximum power point (MPP). Solar energy sources
have variable daily and seasonal patterns. Daily bright sunshine hours have also
variable daily and seasonal patterns. The output characteristics of the PV array are
nonlinear and critically affected by the solar radiation, temperature, and load con-
ditions [8, 9]; however, consumer power demand requirements have very different
characteristics. If energy storage is not wanted, e.g., in large-scale systems then a
grid-connected PV power plant is the only practical solution.

For power transmission, a medium voltage grid is usually used for medium and
large-scale PV power plants. Although different power electronic converters have
been developed in the last few decades using conventional topologies for solar PV
systems, it is hard to connect the traditional converters to the grids directly as the
distortion in generated output voltages is high and a single switch cannot stand at
the grid voltage level. With the rapid growth of grid connected PV generations, the
total harmonic distortions (THDs) generated from PV inverters is becoming a
major concern. In this regard, conventional systems utilizing the power-frequency
step-up transformer, filter and booster not only increase the size, weight, and loss
but also increase the cost and complexity of the system installation and operation.

These heavy and large size power frequency step-up transformers significantly
increase the weight and volume of the renewable power generation systems.
Because of the heavy weight and large size of the power frequency transformer, the
wind turbine generator and PV inverter system can be expensive and complex in
terms of installation and maintenance especially in offshore and remote area
applications. For example, the weight and volume of a 0.69/33 kV, 2.6 MVA
transformer is typically in the range of 6-8 tons and 5-9 m® respectively, and the
weight and volume of a 0.4/33 kV, 1 MVA power frequency transformer is typi-
cally in the range of 3-5 tons and 4-5 m” respectively [10]. A liquid-filled 2 MVA
step-up transformer uses about 900 kg of liquid as the coolant and insulator, which
requires regular monitoring and replacement. Table 3.2 summarizes some trans-
former data. These levels are critical in remote area applications where the costs of
installation and regular maintenance are extremely high.

Today, to ensure that the goals of smart grids are met, the industrial trend is
to move away from these heavy and large size passive components to compact
and lightweight systems that use more and more semiconductor devices controlled

Table 3.2 Transformer data

Transformer type Rating (MVA) Size (m3) Weight (kg) Liquid (kg)

Cast coil 2.50 8.50 6,200 -
Liquid filled 2.00 5.70 4,530 870
SLIM 2.30 4.00 5,040 900
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by advanced digital controls. In comparison with conventional two-level con-
verters, multilevel converters present lower switching losses, lower voltage stress
on switching devices, and better harmonic performance. They also enable the
development of medium voltage converters using mature and cheap power semi-
conductor devices. The development of multilevel medium voltage converters
enables the connection of RE systems directly to the grid without using large,
heavy, and costly power transformers. In 2011, different medium voltage multilevel
inverter topologies were compared for the possible medium voltage grid connection
of wind turbine and PV systems [11]. The modular multilevel cascaded (MMC)
inverter topology was considered as a possible candidate for medium voltage
inverter systems. The MMC inverter requires multiple isolated and balanced DC
sources. In 2013, a high-frequency magnetic-link was proposed to generate multiple
isolated and balanced DC sources for the MMC inverter from a single source [12].
Compared with the conventional transformers operated at the power frequency (50
or 60 Hz), the medium-frequency transformer-link has much smaller and lighter
magnetic cores and windings, thus much lower costs. Fe based amorphous alloys
have attracted a high degree of attention because of their significantly low magnetic
core losses and very high saturation magnetic flux density [13]. However, the
electromagnetic design of high-frequency common magnetic-links is a multi-physics
problem and thereby affects the system efficiency and cost. An optimization
technique was proposed and verified by prototype magnetic-links in [14].

In 2012, by combination of a quasi-Z source inverter into an MMC inverter a
medium voltage PV inverter was proposed in [15]. The proposed inverter does not
have isolation between PV array and medium voltage grid. Multiphase isolated
DC/DC converter based MMC inverter topology was proposed in [16]. In the
proposed configuration, the voltage balancing is the challenging issue, since each
H-bridge cell is connected to a PV array through a DC/DC converter. A common
DC-link may be one of the possible solutions to minimize the voltage imbalance
problem, and a single DC-link based inverter was presented in [17]. Although this
design may reduce the voltage balancing problem in the grid side, the generation of
common DC-link voltage from different PV arrays makes the inverter operation
complex and limits the range of MPPT operation.

As an alternative approach to minimize the voltage imbalance problem with a
wide range of MPPT operation, a common magnetic-link, as shown in Figure 3.1, was
proposed [6]. The boost converter was considered for the MPPT operation. The array
DC power is converted to a high-frequency AC through a high-frequency inverter.
The inverter also ensures constant output voltage. The inverter is connected to a
primary winding of a multi-winding high-frequency magnetic-link. Each secondary
winding works as an isolated source and is connected to an H-bridge cell through a
bridge rectifier. The number of primary windings depends on the number of PV arrays
and the number of secondary windings depends on number of levels of the inverter. In
medium or large-scale PV power plants, several PV arrays are operated in parallel.
The magnetic-link also provides electrical isolation between the PV array and the grid,
which can thus inherently overcome the common mode and voltage imbalance pro-
blems and ensure a wide range of MPPT operation and safety of operating personnel.
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Figure 3.1 Common high-frequency magnetic-link based medium-voltage
inverter [6]

Table 3.3 Global wind farms installed capacity

Year Annual addition (MW) Cumulative (MW)
2005 11,471 59,091
2007 19,951 93,889
2009 38,351 158,975
2011 40,125 238,126
2013 34,923 318,117
3.2.2 Wind

Over 318 GW of wind power generation has been installed by 2013. The cumula-
tive installed capacity of wind power generation in 2008, 2010, and 2012 was at
120.26, 197.68 and 282.43 GW, respectively. The global annually installed capa-
city of wind farms is summarized in Table 3.3.

Wind speed varies continuously with time and height because of the changes in
the thermal conditions of air masses. The motion of air masses is not only a global
phenomenon but also a regional and local phenomenon. A wind turbine generator
converts wind energy to electricity energy. Usually offshore winds tend to flow at
higher speeds than onshore winds. This allows the turbine to produce more elec-
tricity as the possible energy produced from the wind is proportional to the cube of
the wind speed. Also unlike onshore wind, offshore breezes can be strong in the
afternoon, matching the time when load demands are at peak level. Moreover, wind
farms cover large areas of land. The land area covered by a 3.6 MW turbine can be
almost 0.37 km?, such that 54 turbines would cover about a land area of 20 km? [18].
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Since offshore wind farms can save land rental expense which is equivalent to
10-18 percent of the total operating and maintenance costs of a wind farm, offshore
based wind farms have attracted great attention in the last few years. Considering
the wind speed and capacitance effect of the transmission-line cables, offshore
wind turbines are usually installed about 7-27 km from the shore. It is expected that
the global offshore installed capacity will increase to approximately 20 GW by
2015 and rise sharply to 104 GW by 2025.

To integrate scattered wind turbine generators into a medium-voltage grid
(e.g., 11-33 kV), a power frequency (50 or 60 Hz) transformer is commonly used to
step-up the voltage for long distance transmission. In an offshore wind turbine
power generation system, this transformer is usually installed at a height of about
80 meters inside the nacelle together with other equipments, such as the generator
and power converter, which increases the weight of the nacelle and mechanical
stress of the tower. Therefore, a reduction in mechanical loading represents an
enormous saving of tower construction and turbine installation costs.

In 2008, an 11 kV, 25-level converter with 2.5 kW modular permanent magnet
generator (72 isolated stator coils) was designed [19]. This multi-winding generator
requires a special winding arrangement (which increases the weight and volume)
and complicated control strategies [20]. The rotor diameter of a low-speed, direct-
drive synchronous generator is several times larger than that of a conventional
gearbox based high speed generator. The most critical drawback of the multi-coil
generator and MMC converter based wind power generation system is the lack of
electrical isolation between the grid and turbine generator. A transformer-less wind
power generation structure with several parallel six-phase permanent magnet syn-
chronous generators (PMSGs) has been proposed in [21], where a few six-phase
generators are placed in the turbine nacelle. All the generators are driven by the
same wind turbine and each stator winding generates an isolated source for an
H-bridge inverter cell of the MMC converter. The MMC converter generates
medium-voltage AC output, which can be connected to the medium-voltage network
directly. The proposed structure requires multiple generators, depending on the
number of levels of MMC converter. The multiple generators increase the system
volume and weight, and make the system impractical especially in medium-voltage
applications, where a high number of levels are required. Moreover, the grid iso-
lation is the critical issue in the proposed converter system.

As an alternative approach, a high-frequency magnetic-link MMC medium-
voltage converter was validated for step-up-transformer-less direct grid integration
of wind turbine generators [18]. The common magnetic-link generates multiple
isolated and balanced DC supplies for all the H-bridge inverter cells of the MMC
converter from a single or multiple renewable sources. The grid electrical isolation
and voltage imbalance problems are solved through the common high-frequency
magnetic-link. Figure 3.2 shows the basic block diagram of the proposed high-
frequency magnetic-link MMC converter for wind turbine generator systems [18].
Although the common magnetic-link may ensure equal voltages at the secondary
terminals, the topology diminishes modularity of the power conversion system,
which is very important for medium or high-voltage high-power system.
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Figure 3.2 Wind turbine generator system for direct medium-voltage grid
integration [18]

The implementation of high-power high-frequency inverter is the main chal-
lenging issue. Moreover, the leakage inductance may also limit the power capacity
of the high-frequency magnetic-link. Recently, a new medium-voltage converter
has been proposed in [22] with multiple-cascaded modules for wind farms, which
has the following new features compared with the existing similar systems:

1. no requirement for special or multiple generators

2. an inherent voltage balance

3. completely modular in construction

4. possibility to use commercially available low-cost mature devices
5. no power limitation

6. an overall compact and lightweight system

7. an inherent minimization of the grid isolation problem

Figure 3.3 shows the circuit diagram of the medium-voltage power conversion
system, where the available rectified wind power (from generator followed by
rectifier circuit) is supplied to a few cascaded modules.

3.2.3 Fuel Cells

Fuel cells (FCs) are the electrochemical devices due to the direct conversion of the
chemical energy in the fuel into the electricity energy and heat, without undergoing
combustion. Similar to the primary batteries, the FCs have two electrodes which are
separated by an electrolyte, and the cell reaction can produce electrical energy. But
different from batteries, an external storage source supplies the reactants to an FC
and the FC continues to operate as long as a fuel supply is maintained.
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Figure 3.3  Circuit diagram of the modular high-power density wind generation
system [22]

FCs have several very appealing advantages, including low operating tem-
perature, higher efficiency than conventional energy conversion processes and
good performance even at partial loads. Fuel reformation increases fuel flexibility
in the system, but fuel reformer technologies are still in early development stage.
Furthermore, the lack of moving parts in the energy converter and modular design
make the maintenance easy and improve the system reliability. Efficient and clean
energy production processes are very interesting and topical due to the concern
about the environment and the earth’s limited resources. In addition, FCs are
expected to be economically viable once the mass production begins, at least in the
fields of distributed power generation and remote systems.

FCs are customarily classified according to the electrolyte used. The most
common FC types are as follows [23]:

proton exchange membrane fuel cells (PEMFCs)
alkaline fuel cells (AFCs)

phosphoric acid fuel cells (PAFCs)

molten carbonate fuel cells (MCFCs)

solid oxide fuel cells (SOFCs)

direct methanol fuel cell (DMFCs)

zinc-air fuel cells (ZAFCs)

protonic ceramic fuel cells (PCFCs)

biological fuel cells (BFCs)

Being the electrochemical devices, the FCs involve the thermodynamics,
electrochemical, mass transport, charge transport, heat transfer, characterization
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Figure 3.4 A hydrogen—air fuel cell system

technologies, materials and components, failure or degradation mechanisms,
operating conditions, power electronics technology, and modeling and control. In
practice, according to the application of FC and its efficiency, a FC system can be
designed simply or very intricately. The devices to support its operation mainly
include a fuel supply pump, an air circulating pump, a coolant circulating pump, a
ventilation fan, and an electrical controller as shown in Figure 3.4.

At present, hybrid ICG/EV vehicles made in United States, Japan, and EU such
as the GM HydroGen3, Daimler-Chrysler NECAR 5, Toyota FCHV-5, Honda
FCX-V5, Audi Q5, and Volkswagen Passat are very successful. However, hybrid
electric vehicles (HEVs) still heavily depend on oil. Therefore, fuel cell vehicles
(FCVs) will be the next generation of electric-drive vehicles after HEVs, even
though the issues of hydrogen refueling infrastructure and high cost of PEMFC
have to be solved before commercialization. Before presenting the FCVs archi-
tecture, it is necessary to describe hybrid vehicle architectures for a better under-
standing of the FCVs technology because, generally, FCVs also belong to the
HEVs. These hybrid vehicle technologies can increase the efficiency and fuel
economy through the application of regenerating energy during braking and storing
energy from the ICE coasting [24].

3.2.4 Electric Vehicles

In 1886, one of the most life-changing technologies was invented by German
inventor Karl Benz as Benz Patent-Motorwagen which is widely regarded as the
first automobile in history. Since then, with more than a century of rapid devel-
opment, the mobile vehicle industry has promoted a whole new standard through-
out the world [25]. However, because of the rapid growth in the number of
automobiles in the world, we are now facing more problems of environment and
human life, such as oil and diesel consumption or the greenhouse emissions. These
issues bring an urgent challenge for researchers to develop new vehicle
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technologies with cleaner, more efficient and sustainable solutions for transporta-
tion [24]. With these requirements, nowadays, many automotive companies are
focusing on EVs, HEVs, plug-in hybrid electric vehicles (PHEVs) and fuel-cell
vehicles. In the near future, with the rising of EV technology, the world will have a
new generation of conventional automobiles.

The first EV was introduced in the second half of last century, and more and
more researches have been focusing on this field since 1990s. From that time, the
EV industry has experienced an accelerated pace with a large number of manu-
facturers beginning their own plan for EVs and HEVs technologies. Power elec-
tronics is an essential technology for the development of these more
environmentally friendly vehicles, providing the means for a clean and efficient
transportation system [26]. Most EVs’ battery can serve as a backup storage system
not only to “valley filling” (store energy by charging during off-peak hours — G2V)
but also to “peak shaving” (provide power to the grid by discharging during peak
hours — V2G). In this way, the EVs can act as a distributed ESS which is a new way
to achieve the smart grid technology.

Besides EVs, HEVs also provides an effective solution to achieve higher fuel
economy, better performance and lower emissions, compared with conventional
vehicles. The first HEV was Lohner-Porsche Mixte Hybrid produced in 1899 [27].
Since then, a majority of HEV concepts were developed in the last century. The
hybrid vehicles can be very different from each other in term of structure, but share
the characteristic of having at least two energy source, and one (or more) of these
source is electricity. These sources can be a battery, a flywheel, a fuel cell, etc. In a
number of cases, one source takes energy from a fuel and converts it into a more
qualified form which is either mechanical or electrical. The other source may
include energy storage where electrical energy will be generated if some energy has
been stored in it. Depending on the vehicle configurations, two or more of these
power or energy sources are used [28-30]. For that reason, HEVs combine the
advantages of the electric motor drive and an internal combustion engine (ICE) to
propel the vehicle. In a conventional vehicle, only 10-15 percent of the energy
contained in gasoline is converted to traction but the proportion can be improved to
about 30-40 percent in hybrid vehicle. This would reduce the emission and
increase the fuel economy.

A typical configuration of a fuel-cell powered HEV is shown in Figure 3.5.
This configuration consists of a FC system with DC/DC converter as the primary
power source, batteries or supercapacitors with bidirectional DC/DC converter as
the peaking power source (PPS), an electric motor drive with DC/AC inverter, and
a vehicle controller. With proper control strategy, the motor power (torque) output
and the energy flows can be controlled by the vehicle controller, based on the
received power/torque command and other signals. When in sharp acceleration
where the peak power demand is needed, it will enable both the fuel-cell system
and the PSS to supply the propulsion power to the traction motor. During the
braking process, the traction motor acts as a generator that provides power back to
the PSS. Friction brakes are used when the vehicle must be stopped in a short time
or if the PSS is fully charged. If the rated power generation is greater than the load
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Figure 3.5 Configuration of a typical hybrid fuel cell vehicle

consumption, the excess energy coming from the fuel-cell system can be stored in
the PPS.

The HEVs are generally classified as series hybrids and parallel hybrids. In
series hybrid vehicles, the engine drives the generator which, in turn, powers the
electric motor. In a parallel hybrid vehicle, the engine and the electric motor are
coupled to drive the vehicle. The advantage with the series HEV configuration is
that the ICE runs mostly at its optimal combination of speed and torque, and
therefore, the system will have low fuel consumption and high efficiency. How-
ever, because there are two stages of power conversion during the transformation of
the energy between the ICE and the wheels, there may be more lost energy in the
process. On the other hand, the parallel hybrid vehicle can be driven with the ICE,
or the electric motor, or both at the same time. Therefore, it is possible to choose
the most desirable combination freely to feed the required amount of torque at any
given time. With this technique, the system can achieve the most efficient operating
points for the ICE anytime, leading to lower fuel consumption. Energy is also saved
due to regenerative braking. For that reason, the parallel HEVs have fewer energy
conversion stages so the lesser energy will be lost.

The pure electric vehicle or battery EV relies only on the electricity from the
ESS such as batteries. However, at the current stage, the pure EVs or battery
electric vehicles (BEVs) are not preferred due to battery technology limitations
such as short travel distance and high cost. The other drawback is the lack of fast
charging facilities to the battery.

As an intermediate stage, the plug-in HEV may be an excellent choice.
Compared to the traditional HEVs, PHEVs can rely on a much greater degree of
electrical propulsion and hence possess a few merits such as higher fuel economy,
more all-electric ranges, less fuel consumption, and less greenhouse gas emission.

3.2.5 Backup Power Supplies

Besides energy storage units, conventional DGs by combustion systems can be
used as backup power supplies when emergency takes place or when fluctuation
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Figure 3.6 Role of backup power generator in renewable source based power
grid

demand occurs. The backup generators are used to support the power system in the
case of either deficit or excess condition of the distribution grid.

Moreover with the RE penetration, the intermittency of RE sources can be
compensated by the support of backup generators [31]. Therefore, the RE sources
can operate at the maximum extracted power, meanwhile the grid can serve the
base load requirement only. As an addition, the load power demand fluctuation can
be handled by the backup generators. Figure 3.6 shows the role of the backup
generator where the grid power (Pgrid) provides a constant power meanwhile the
RE source from photovoltaic (Ppv) contributes power during the daylight. Thus the
gap of the load demand (Pload) can be handled by the generators.

Basically the working principle of the backup power supply generator is
identical with the generator used in RE such as hydro or wind turbine. The only
difference between them is the prime mover. There are two types of fuel used for
the combustion based generators, such as liquid fuel and gaseous fuel. In a
microgrid, oil and gas based fuel are preferable as the backup power supplies due to
the simplicity of operation as well as maintenance. The DGs are usually synchro-
nous generators and consume diesel as the fuel. Diesel based generators can be
ranged from small up to high capacity in the range of kW to MW. Some advantages
of DGs in the smart grid applications are:

physically smaller space required

simple instalment, operation and maintenance
providing the dynamic of the power demand
manageable fuel supply

Furthermore for the environmental concern, the fuel option can be produced
from nonfossil sources known as the synthetic or artificial fuel [32]. As for the alter-
native of fuel choices, the biomass can be utilized as the alternative for the diesel fuel.
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Biodiesel is usually produced from vegetable oil through so called trans-esterification
process to be converted into the diesel fuel. Using vegetable oil as the fuel has
advantages such as [33]:

portability
availability
renewability
higher heat content
biodegradability

Although the production cost of biofuel is still the hindrance of this envir-
onmentally green fuel development, however the contribution of diesel as the
backup power supply is essential in the smart grid network.

3.2.6 MPPT Strategies for PV Based Microgrids

Due to the increasing interest to the PV energy in electrical power applications, it is
crucial to increase the efficiency of PV systems by operating them near their MPP.
According to the nonlinear nature of PV system the output current and power of the
PV array depends on the array terminal operating voltage. On the other hand, the
MPP varies with insolation level and temperature. Therefore, the MPPT is a com-
plicated process. To overcome these problems, many tracking strategies have been
proposed in the literature [34, 35]. The main requirements for MPPT are simplicity
of structure, low cost, quick tracking under changing conditions with small fluc-
tuation of output power. The MPPT methods can be divided into direct and indirect
methods. The direct methods measure the real value of PV voltage, current, irra-
diance and temperature levels, and calculate the MPP using real time data. They
don’t need a large database or memory and are totally versatile with respect to the
load profile. The direct MPPT process is quite independent of the variation of the
PV parameters and is not designed for a specific PV array. On the other hand,
indirect methods estimate the MPP for any irradiance or temperature levels using
measured values of PV voltage, current and irradiance or empirical data along with
mathematical expressions and numerical databases. Thus, they are designed for a
specific PV array and do not obtain the exact point of maximum power for any
irradiance or temperature levels.

3.2.6.1 Direct MPPT Methods

Perturb and Observe (P&O) Method

The perturb and observe method, also known as perturbation method, is the most
commonly used MPPT algorithm in commercial PV products [36]. The method is
based on a “trial and error” algorithm. In this method the controller increases the
reference for inverter output power slightly and then detects the changes on output
power. If the output power is increased, it will continue to increase the reference
step-by-step until the output power starts to decrease. At this point the controller
decreases the reference to avoid collapse of the PV output due to the highly
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nonlinear PV characteristic. The method is easy to implement although there are
some drawbacks due to the slow dynamic response of process.

Incremental Conductance Method

The operation of this method is based on the derivative of PV output power with
respect to its output voltage [37]. An incremental conductance algorithm is used to
define dP/dV. The maximum PV output power can be achieved when dP/dV
approaches zero. In this method the controller calculates dP/dV based on measured
values of PV output power and voltage. The method is quite fast in tracking of
maximum power however there is a possibility for instability in output power due
to the use of derivative algorithm. Another drawback of this method is unsa-
tisfactory results under low levels of insolation.

Parasitic Capacitance Method
This method in general is similar to the incremental conductance method, except
that it takes into account the effect of the PV cell’s parasitic union capacitance [38].

Forced Oscillations Methods

In this method a small medium-frequency signal is added to the operation voltage
of the PV panel. This leads to a ripple on the output power, whose phase and
amplitude are dependent on the relative location of the operation point to the MPP.
According to the phase shift between oscillations of output power and output vol-
tage, the direction of movement of operating point toward the MPP is defined [39].

3.2.6.2 Indirect MPPT Methods

Curve-Fitting Method

The method is based on the off-line modeling of nonlinear characteristic of PV
panel from conventional diode model, using mathematical equations or numerical
approximations [40]. The coefficients of the model equation are calculated using
several close operating points and the MPP can be found by using resulted coef-
ficients and solving the equation. This process should be repeated every few
milliseconds in order to find a fine MPP. The method requires accurate knowledge
of the physical parameters relating to the cell material and manufacturing speci-
fications, and the resulted equations are not valid for all climatological conditions.
It also requires a large memory and high speed processor for calculations.

Look-Up Table Method

In this case, the measured values of the PV voltage and current are compared with
those stored in a look-up table corresponding to the maximum power operating
points under concrete climatological conditions. In this method a large capacity of
memory is required for storage of the data and the implementation must be adjusted
for a specific PV panel. A drawback of this method is the difficulty of recording all
possible system conditions [41].

Open-Circuit Voltage and Short-Circuit Current Method
This algorithm is based on the fact that the PV voltage or the current at the MPP is
approximately linearly proportional to its open-circuit voltage or short-circuit
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current respectively. The proportional constant mainly depends on the fabrication
process of solar cells, fill factor, and the meteorological conditions [42, 43].

3.3 The Smart Grid and Microgrids

As the electricity demand keeps rising these years, the existing electrical power
system is undergoing a major transformation. Due to the limitation of delivery
capability and the increase in power demand, it is getting more and more stressed.
Generally, the main drawbacks of the existing power systems can be summarized as
follows [44]:

1. Inefficiency: Almost 8 percent of the total power is lost along transmission
lines while only one-fifth of the generation capacity exists to meet the peak
demand.

2. Domino-effect failures: It is a strictly hierarchical system where power plants
at the top of the chain ensure power delivery to customers’ loads at the bottom
of the chain. In other words, the power flows in only one direction, which will
leads to large-scaled blackout triggered by power plants intermittence or even
transmission lines problems. The most well-known failure occurred in August
2003, when 50 million customers in the United States and Canada lost power
for up to two days due to cascading events.

3. Instability: The unprecedented fluctuation of power demand, coupled with
increasing penetration level of DGs and lagging investments in the electric
power infrastructure, has decreased the system stability.

In order to address the issues of the existing electricity grid mentioned above
and at the same time exploit the RE sources effectively, the next generation elec-
tricity grid known as the “smart grid” was proposed recently. At the generation
level, it is expected to emerge as a well-planned plug-and-play integration of smart
microgrids. At the distribution and transmission level, the smart grid integrates
small microgrids through dedicated highways for command, data, and power
exchanges. Therefore, the efficiency, reliability, and security of the grid can be
greatly improved by dynamic optimization of electric-system operations, main-
tenance, and planning. The smart grid can thus be regarded as a platform to balance
the supply and demand sides [45-47].

There are two transmission paths throughout the smart grid, i.e., the digital
highway and the physical highway. The information from the smart meters and
fault diagnosis monitors is collected by advanced metering infrastructure (AMI)
system, and is then sent to the control center through the digital highway. The
control center controls the electronic device to optimize the power flow and heal
the grid faults in the physical highway. Since the smart grid is an electricity net-
work that can intelligently integrate the actions of many microgrids, the distinct
advantage compared to the conventional power grid is that it can efficiently deliver
sustainable, economic, and secure electricity supplies. It is noted that the smart grid
would and should coexist with the existing electricity grid, and it is required to be
self-healing and resilient to system anomalies.
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Although much attention has been drawn from all over the world, the devel-
opment of smart grids is still in the pilot stage. Generally, the key technologies and
challenges of smart grids can be summarized as follows:

Power Electronics Control Technology

Control strategies of power electronics with excellent steady-state and dynamic
performance are very important in active and reactive power regulation, current,
voltage and frequency control. Though some methods have been proposed such as
improved droop control, for larger microgrids with numerous inverters, the depth of
available literature is less comprehensive and doubts remain as to the scalability of
techniques proposed for small-scale systems.

New Semiconductor Device

Silicon based semiconductor device is reaching its physical limits in power hand-
ling and switching frequency capability. Seeking new materials technology is very
exigent for the smart grid. As the need for RE technologies, energy storage tech-
nologies, and the smart grid technologies has grown in recent years, power semi-
conductor devices with high-voltage, high-frequency, and high temperature
operation capability are required.

Information Technology

An increasing number of the smart grid deployments are using the internet tech-
nologies, broadband communication, and nondeterministic communication envir-
onments. Advanced technique for huge data processing is essential in information
collection and energy management within the smart grid.

Security and Privacy Issues

As the grid incorporates smart metering and load management, user and corporate
privacy is increasingly becoming an issue. For example, will the power utilities be
able to control the customer load without the customer’s prior permission? Will the
private power consumption information be stolen by cyber-hacker with illegal
motivation? Could the electricity consumption patterns lead to the discourse of the
customers’ information, e.g. how much energy they have used, and when they are
at home, at work, or traveling? These are the security and privacy issues needed to
be concerned for the construction of the next generation smart grid.

From the power distribution perspective, to mitigate the negative influences on
the grid and incorporate effectively the renewable generations, it is a good idea to
combine the local utilization, energy storage, and distributed generation to form a
grid-friendly distributed generation system, namely microgrid. In addition, con-
sidering that most of the power outages and disturbances take place in the dis-
tribtution network, the first step toward the smart grid should start at the bottom of
the chain, the microgrid system [48].

Based on this background, the next-generation electricity grid is expected to
address the major shortcomings of the existing grid. The microgrid is one of such
systems in which the distributed power generation is controlled not only to provide
power but also to stabilize the fluctuation caused by the RE sources, such as wind
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power and photovoltaic [49, 50]. Microgrid system is currently a conceptual
solution to fulfill the commitment of reliable power delivery for the future power
system which can address issues related to operation, control, and stability of
the system. Renewable power sources such as wind and hydro offer the best
potential for emission free power for future microgrid systems.

A microgrid can operate both in grid-connected and islanded modes which
integrates the following features:

e It incorporates DGs capable of meeting local demand as well as feeding the
excess energy back to the electricity grid. Such DGs are known as cogenerators
and often use renewable sources of energy, such as wind and solar.

e It services a variety of loads, including residential, office, and the whole
building.

e It incorporates smart sensors capable of measuring a multitude of consumption
parameters (e.g., active power, reactive power, voltage, current, demand, and
so on) with acceptable precision and accuracy.

3.3.1 Microgrid Topologies

A microgrid is a cluster of DGs and local loads that can offer many advantages to
the current power grid in terms of power autonomy and the ability to incorporate
renewable and non-RE sources [51, 52]. In the grid-connected operation, the DGs
together with the utility grid supply power to the local loads. If the power gen-
eration is greater than the load consumption, the excess can be either stored in the
energy storage unit or injected into the grid if there is a need. On the other hand, if
the power generation is smaller than the load demand, more power can be imported
from the grid. In the islanded operation, the DGs should be able to provide a
stable voltage at the point of common coupling (PCC) and pick up the loads
automatically. In addition, the microgrid should be reconnected to the utility grid
seamlessly when the grid is available.

This new concept is becoming more and more attractive. Compared to a single
DG unit, it offers many technical advantages in terms of power quality and relia-
bility. Compared to the whole power system, it presents more control flexibilities.
However, due to the discontinuous nature of these DG units, the output power is not
stable and may cause negative influence on the quality of electricity or damage the
electric appliances. For the spread of RE in demand side, the DG units must be
installed with facilities which absorb the fluctuation. In addition, due to the com-
plexity of such a small power system including several kinds of energy sources,
ESS and loads, the coordinated control of these DGs to achieve optimal power flow
and maintain high power quality becomes a big challenge. From the perspective of
the energy sources, the power converters should be controlled to capture the
maximum real power and inject the excess into the utility. On the other hand, from
the utility/grid perspective, the power electronics interface should also be able to
provide reactive power according to the requirement to improve power quality and
enhance grid stability [53].
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Figure 3.7 Schematic diagram of a simple microgrid for households

Figure 3.7 shows a simple microgrid application for households, where the PV
panels are generally installed on the roof of the houses, an ESS is also utilized to
absorb the surplus energy when the production is greater than the power
consumption.

In such a small power system, the DC output of the PV panel is connected to
the common DC bus through a DC/DC converter that is used to achieve MPPT. On
the other hand, an energy storage device, such as the battery bank, is used to
smooth the gap between the generation and consumption. It is interfaced to the
common DC bus through a DC/DC converter which allows the bi-directional power
flows for battery charging and discharging. The other side of the common DC bus
is connected to a DC/AC converter that is connected to an LC filter before con-
nected to the household electric appliances or the utility grid.

Figure 3.8 shows a typical microgrid system with several DG sources at
the Commonwealth Scientific and Industrial Research Organisation (CSIRO),
Australia. It consists of three control levels. The first level is the DC microgrid
including a small-capacity wind turbine (WT), PV panel, and a battery bank which
are connected to a DC PCC. At the second level, single-phase inverters are used to
interface PVs to the 240 V AC PCC while a WT and a gas micro-turbine (MT)
supply power to this AC common bus through three-phase converters. A load bank
controlled in a binary system is utilized to simulate the fluctuated profile of power
consumption. There are also wind turbines, PVs, and gas MT with higher capacity
at the third level, which is not shown here. In this distributed generation system, the
gas MT not only provides a voltage signal to all other inverters for synchronization,
but also control the voltage and frequency of AC PCC. The control of the DGs and
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Figure 3.8 A typical microgrid configuration with several DGs

the data acquisition are fulfilled through a supervisory control and data acquisition
(SCADA) system.

In such a system, the major part of the electricity produced by DGs is con-
sumed locally, and the excess will be exported to the grid. If the load is greater than
local generation, more power can be obtained from the grid. Besides, it can operate
in islanded mode in which electric power can continue to be supplied to the load
bank. The control center will coordinate/dispatch the generators and energy storage
devices according to the local demands. The main objectives of this microgrid are
to exploit the RE effectively and efficiently.

Figure 3.9 shows a smart microgrid system built at the University of Tech-
nology, Sydney. In this microgrid, there are distributed generation units including
doubly fed induction generator (DFIG) based wind power system, photovoltaic
(PV), and proton exchange membrane (PEM) fuel cell (FC). In addition, there is a
charging/discharging battery based ESS to absorb the fluctuation between power
generation and power consumption [54]. The real-time information such as vol-
tage and current of each DG unit and the PCC at common AC bus are monitored
by a radio frequency (RF) module which is sent to the control center through
wireless transmission. The control center will then determine the future beha-
viours of the microgrid in order to obtain the optimized power flow and power
quality, according to the current real-time information. After that, the control
center will deliver the control commands to control the power converters of each
DG units.

For the smart operation of a microgrid system, all the DG units should be able
to participate in the optimized control mechanism, from the perspectives of both the
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Figure 3.9 A microgrid with multi-DGs and a control center

loads and the utility grid. Generally the basic requirements for a microgrid to
achieve smart operation can be described as follows:

1. It provides high quality power for the loads, i.e., establish a stable output
voltage regardless of intermittent power generation and the fluctuated power
demand.

2. It incorporates RF modules capable of sending the real-time information of
power generation and consumption and receiving control demands through
wireless transmission, which makes it very useful in the applications where
long wire interconnection is impractical, such as rural areas and large high-tech
building in cities considering the reduction of cost and space.

3. It can also participate in the voltage support and power quality improvement
for the utility grid by compensating reactive power.

Figure 3.10 shows the prospective electricity network of a smart city config-
uration in the future. Large-scale of renewable power distributed generation units
such as wind turbine and PV arrays will supply electrical power to the grid together
with the conventional power plants. The intelligent power transmission and dis-
tribution system will optimize the power flow and balance the power generation
and consumption effectively. At the power demand side, consumers not only can
enjoy high-quality power, but also supply the surplus power back to the grid.

3.3.2 Microgrid Control Strategies

With a non-radial system configuration due to the presence of DG units, the power
control complexity for a microgrid is substantially increased, and the “plug-and-
play” feature is the key to ensure that the installation of additional DG units will
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not change the control strategies of DG units already in the microgrid [47].
To realize this “plug-and-play” characteristic, many control techniques have
been developed, which can be categorized into two main groups, namely active
load sharing method and droop control method. The first one is derived from
control approaches of parallel DC/DC converters and UPS, such as centralized
[56], average load sharing [57], and circular chain control [58]. However, these
methods need intercommunication lines between DGs to achieve output-voltage
regulation and power sharing, which can deteriorate the system stability and
reliability.

The second type of control technique of parallel DGs is the droop control
without control wire interconnections, which has been commonly used for active
and reactive power regulation in microgrids recently [59-64]. In this method, an
artificial droop characteristic is introduced, and the active and reactive power
supplied by the DGs can be controlled by adjusting the frequency and amplitude of
the output voltage, respectively, according to a predefined manner. Therefore, the
DGs can meet the new load requirements in a manner determined by its frequency
and voltage droop characteristics.

With this technique, the active and reactive power sharing by the inverters
is automatic achieved by adjusting the frequency and amplitude of the output
voltage. In order to fix the reference voltage generated by the droop con-
troller, generally a multiloop control scheme is implemented, where an inner
inductor current feedback loop and outer filter capacitor voltage feedback loop
are used.
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Figure 3.11 Equivalent circuit of parallel-inverters based microgrid

The equivalent circuit of DGs connected to a common AC bus through
inverters is presented in Figure 3.11. The active and reactive power flow from the
DG to the common AC bus can be expressed as [65]

E?cos @, — EV cos(pp — ¢y + @)

. 3.1
Z e

E?sin ¢, — EV sin(gp —
o Esings s;l(q)g Py + Pz) (3.2)

where £ and V are the magnitudes of the inverter output voltage and AC common
bus voltage, Z is the line impedance. For a purely inductive line impedance, the line
resistance may be neglected, i.e., ¢z = 90°, and thus (3.1) and (3.2) become

_ EV sin(gz — @)
X
_ E*—EVcos(gp — gy)
0= X
where X is the line reactance.
Further, considering that the phase angle difference 0 = ¢ — @y is typically
small, we can assume sin(d) = ¢ and cos(d) = 1, and consequently,

P (33)

3.4)

P:ETVé (3.5)
_EE-7)
0= (3.6)

As a consequence, the flow of active power is linearly dependent on the phase
angle difference () and the flow of reactive power is linearly dependent on the voltage
magnitude difference (£ — V). At this point, similar to the power system theory where a
generator connected to the utility drops its frequency when the required power increa-
ses, a voltage and frequency droop control method for microgrid can be defined as

o =w"—mP —P") 3.7)
E=E —n(Q-0) (3.8)
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where P* and Q" are the desired active and reactive power, o” and E” the inverter
nominal output frequency and voltage amplitude, and m and » the slopes of the
droop characteristics. Figure 3.12 depicts the droop characteristics. For example, in
P-o droop control, the active power demand changes in load can be taken up by the
DGs in a predetermined manner and the wireless control of parallel inverters is
achieved with the utilization of system frequency as a communication link within a
microgrid.

Figure 3.13 shows the block diagram of the droop control strategy, consisting
of an inner voltage control loop and an outer power control loop. In the outer power
control, the instantaneous P and Q are firstly calculated according to the inverter
output voltages and output currents. These measured powers together with the
power references, Pand Q*, are then sent to a predefined droop function, in order
to obtain the desired voltage, E*, which will be delivered to the inner voltage
control loop. In the voltage control loop, a proportional compensator is used to
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force the inverter output voltage to track this specified E". The outputs of this
voltage compensator together with the inner filter inductor currents are then fed to
an inner current compensator to produce modulating signals for the sinusoidal
PWM (SPWM). This permits each generator to take up changes in the total load in
a manner determined by its frequency droop characteristics and amplitude droop
characteristics, and essentially utilizes the system frequency as a communication
link between the generator control systems.

This type of control method is very suitable for microgrids where several DG
units are parallel-connected to a common AC bus. However, this method is subject
to two particular problems as follows:

Power coupling: (3.5) and (3.6) are derived based on the assumption that the
line impedance is mainly inductive. However, in some cases, line resistance cannot
be neglected, especially in a low-voltage microgrid. As a result, the change of  and
E can affect both the active and reactive power flows, which can be explained
from (3.1) and (3.2).

Slopes selection: Even the power coupling can be avoided with improved
strategies such as virtual power frame transformation or virtual output impedance.
The trade-off between the power sharing accuracy and the voltage frequency and
magnitude deviation should be taken into account in the selection of m, n.

The microgrid control strategies mainly focus on a two-parallel-DG based
system, and droop control method is generally used to control the inverters for
autonomous power sharing between DGs. However, it is commonly necessary to
combine different kind of DG sources, loads and storage technologies in order to
ensure both long-term and short-term energy storage, and thus smooth the gap
between power generation and power consumption within the microgrid [66].
Therefore, advanced techniques of microgrids including DGs, load, and ESS for
power flow optimization are desired.

3.3.3  Simulation Results and Discussion

A microgrid with two DG units, as shown in Figure 3.14, is used in this simulation.
There is one local load connected to each DG unit and one common load connected
to common AC bus. The microgrid is connected to utility through a static transfer
switch (STS). The voltage droop method is used. The system parameters are listed
in Table 3.4.

At the beginning, the microgrid operates in the islanded mode. Figure 3.14
shows the active and reactive power sharing within the microgrid. P, P,, and P,
denote the active power output from DG1 and DG2, and the active power flowing
from the utility, respectively. On the other hand, O, 0>, and O, denote the reactive
power output from DG1 and DG2, and the reactive power flowing from the utility,
respectively. In islanded mode, DG1 and DG2 together supply all the active and
reactive power required by the local loads and the common load according to their
frequency and voltage droop characteristics. It can be seen that DG1 carries a larger
share of active power since it has a stiffer slope while P, =0 W and Q, =0 VAR.
At 0.1 second, the power consumption of local Load 1 rises to its rated value
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Figure 3.14 Power flows within microgrid

Table 3.4 System parameters of microgrid using voltage droop method

Nominal utility voltage 380V o 50 Hz

Switching frequency 2 kHz ®min 48.5 Hz

DC source voltage 1,000 V * 310 V

Filter inductance 0.9 mH Enmin 290 V

Filter capacitance 250 uF v 35 kW

Line impedance 0.05 Q, 1.6 mH Ql* 15 kVar

Rating of each DG 70 kVA P, 30 kW

Rating of load 1 30 kW, 10 kVar y 10 kVar

Rating of load 2 20 kW, 6 kVar my, ny —3/7e4, —4/8e4
Rating of common load 13 kW, 10 kVar My, Ny —3/1.1e4, —1/3e3

(30 kW, 10 kVAR), DG1 and DG2 increase the output power automatically to meet
the new power requirement.

At 0.3 second, the microgrid starts to synchronize, the increase in both active
and reactive output power of DGs can be observed during the process of synchro-
nization. After reconnection (0.5 second) of the microgrid and utility, it is seen that
the output powers of DG1 and DG2 drop back to their referenced dispatched
values (P,", Qi", P>, and 0>") because part of the power flows from the utility in
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Figure 3.15 Per phase current within the microgrid

grid-connected mode. The DG output current and the grid current are shown in
Figure 3.15.

The dynamic response of AC common bus voltage and STS current can be
found in Figure 3.16. The AC common bus voltage is very stable during the grid
connection process while slight overshoot current can be observed in the STS at
0.5 second. The synchronization process can be observed in Figure 3.17. The AC
common bus voltage can track the utility grid voltage in less than 100 milliseconds
in terms of frequency, magnitude and phase angle, which guarantees the smooth
and fast transition from the islanded mode to the grid connected mode.

3.3.4 Experimental Results and Discussion

The laboratory microgrid structure in the experiment is shown in Figure 3.18.
It consists of a solar PV array, a gas micro-turbine, a programmable load bank, and
an electric motor. All these units are parallel connected to a common AC bus
with nominal line-line voltage of 415 V and nominal frequency of 50 Hz. The
microgrid can operate in both modes, connected to the utility grid through the STS
or autonomously in islanded mode. The control of the DGs, loads, STS, and the
data acquisition are fulfilled through a SCADA system.

3.3.4.1 Grid-Connected Operation

In this experiment, the PVs and the load bank are connected to the common AC bus
and the microgrid is then connected to the utility grid through the STS. The total
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Figure 3.19 Response of powers and PCC voltage in grid-connected mode

power output of the PV systems at the time of this test is about 4.5 kW. The load
bank is set to zero at the beginning, then raised up to 3 kW (less than the PV output
power) and 10 kW (greater than the PV output power) at 2.2 seconds and 5.3 seconds,
respectively. Under such circumstances, the power flow between the microgrid
and the utility grid, and the power flow between the PV and load demand, would
be interesting to see. The voltage response at the common AC bus in terms of
amplitude and frequency will be investigated as well.

Figure 3.19(a) shows the active power sharing between the PV systems and the
utility grid. It can be seen that the PV systems produced about 4.5 kW active power
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Figure 3.20 Response of powers and PCC voltage in grid-connected mode

throughout this test. At no-load operation at the beginning, the power flow from the
utility is —4.5 kW, which indicates that all the power generated from the PVs was
fed back to the utility grid. When the load bank was set to 3 kW at 2.2 seconds, the
power flow from utility becomes —1.5 kW. This is as expected since the PVs
provided all the load demand, resulting in only 1.5 kW (4.5 kW — 3 kW = 1.5 kW)
to be exported to utility. When 10 kW was loaded at 5.3 seconds, it can be observed
that extra 5.5 kW (10 kW — 4.5 kW = 5.5 kW) power was imported from the utility
because now the load demand is greater than the power generation from the PV
systems.

Figure 3.19(b) presents the voltage response at the PCC during the variation of
the load demand. It can be seen that the amplitude and frequency of the PCC
voltage are quite stable, presenting a voltage variation of only 0.6 V and frequency
variation of 0.02 Hz, which is as expected due to the connection to the utility grid.

3.3.4.2 Islanded Operation

When the microgrid was isolated from the utility grid, the micro-turbine system is
used as a master in islanded operation. The total output active power of the PV
systems at the time of this experiment was about 6.5 kW. The load profile was set
in such a pattern that there was a constant 10 kW resistive load throughout this
test while a 5 kVAR inductive load was added and removed at 1.9 seconds and
3.5 seconds, respectively. The aim of this test is to demonstrate the feasibility of the
microgrid in islanded mode under the fluctuated load profile.

Figure 3.20(a) shows the power sharing between the PV systems and the micro-
turbine system in islanded mode. It can be seen that the micro-turbine system initi-
ally supplied active power together with PVs to the load bank. At = 1.9 seconds,
the micro-turbine system increased its reactive power from 0 to 5 kVAR to meet the
new load demand, while the PV systems continued to supply around 6.5 kW
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Figure 3.21 Harmonic spectrum of common AC bus voltage

Table 3.5 Power quality comparison

Performance Voltage distortion Flicker
Standard limits 5.0 0.8
Grid-connected 1.40 0.12
Islanded 231 0.56

active power. At r=3.5 seconds, the inductive load was removed, the micro-
turbine system continued to provide 3.5 kW active power while the reactive power
dropped back to 0 kVAR.

Once again, the response of the common AC bus voltage is the main concern
and it is analyzed during the variation of load demand. Due to the excellent
control capability of the micro-turbine system, the common AC bus voltage is
stabilized during the whole islanded operation. The magnitude and frequency of
PCC voltage during the load change are shown in Figure 3.20(b).

3.3.4.3 Power Quality Comparison

Figure 3.21 compares the harmonic spectrum of the common AC bus voltage at
grid-connected and islanded operation. It can be seen that both grid-connected and
islanded operation can provides high-quality power, with only 1.40 percent voltage
THD and 2.31 percent voltage THD, respectively.

In order to better validate the feasibility of the proposed microgrid operation,
the power quality results are summarized at Table 3.5, where the performance of
the common AC bus voltage is compared with the IEEE Standard 1547 [67]. The
results show that the microgrid at grid-connected mode supplies better quality
power compared with islanded mode. Most importantly, the power quality of both
grid-connected and islanded operation can meet the standard requirement.
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3.4 Conclusions

Because of the rapid growth in the number of automobiles in the world, we are now
facing more problems of environment and human life, such as oil and diesel con-
sumption or the greenhouse emissions. These issues bring an urgent challenge for
researchers to develop new vehicle technologies with cleaner, more efficient and
sustainable solutions for transportation. With these requirements, nowadays, many
automotive companies are focusing on EVs, HEVs, and PHEVs driven by clean
energy. In the near future, with the rising of EV technology, the world will have a
new generation of conventional automobiles. Scientists all around the world are
now seeking energy and environment solutions from different renewable resources
and till today only wind and solar PV energy sources are found to be suitable for
future large-scale generation. By generating electric power from our abundant
renewables, such as wind and solar energy sources, we can solve a big portion of
energy deficiency. It is expected that more than 80 percent future wind and solar
PV power generation systems will be connected with the grids by 2030. Therefore,
it is essential for scientists and researchers to find the most effective technologies
for the grid integration and control of wind and solar PV power generation systems.
The power converter topology, system stability and control of grid-connected DGs
have attracted considerable interest in recent years, as the existing technologies are
not suitable for large-scale systems. Research is needed to push these technologies
to solve two enormous challenges, i.e. energy and environment by replacing con-
ventional power plants with clean power plants.
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Chapter 4

Power Conversion Technology
in the Smart Grid and EV

M.A. Mahmud*

Abstract

The chapter presents a dynamical model and power conversion technology of
electric vehicles (EVs) used in smart grids. The efficient power conversion of EVs
in smart grids depends on the operation of bi-directional converters as these EVs
need to be either charged or discharged. In this chapter, the mathematical model of
a bi-directional converter used in EVs is developed and a nonlinear controller is
designed to facilitate the power conversion in the smart grid environments. Since
the power conversion of EVs in smart grids requires the communication, a nonlinear
partial feedback linearising distributed controller based on the communication with
different EVs is proposed to ensure high power quality and system stability.

4.1 Introduction

The recent innovations in renewable energy integration at low or medium voltage
networks have led to the concept of smart grids. In smart grids, the connection of
conventional synchronous generators is very uncommon and these generators are
normally responsible for supplying load demand in conventional power systems.
The renewable energy sources (RESs) have intermittent characteristics for which
it is essential to store the extra energy into storages devices after fulfilling the
demand. For example, effective charging and discharging schedules of PHEVs
could support the integration of RESs by storing energy during the off-peak and
deliver it back to the grid during the peak. These features of EVs pose several
opportunities and challenges in energy management strategies of smart grids [1].
Power conversion in smart grids with EVs plays an important role as frequent
charging and discharging of EVs are essential.

The integration of huge number of EVs into smart grids as loads might cause
several problems such as transformer or line overloading and voltage stability [2—4].

*School of Software and Electrical Engineering, Swinburne University of Technology, Hawthorn, VIC
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On the other hand, power quality is an important issue when EVs are used to supply
the load as power electronic inverters are used as interfacing units. An effective
switching scheme is essential for efficient power conversion in smart grids with EVs
as well as to maintain the power quality and stability of whole system. By con-
sidering these problems, several investigations have been performed in [5, 6] so that
EVs could be advantageous for the smart grid operations.

Although a great deal of attention has been paid for investigating the impacts of
EVs on smart grids along with optimal charging and discharging of EVs, a very little
focus has been made on the development of appropriate power conversion techno-
logy [7-10]. The charging of EVs has huge impacts on the operation of smart grids
as these vehicles consume a large amount of electrical energy which leads to unde-
sirable peak demands. From the smart grid operators’ point of view, power losses are
another important concern as a significant amount of power is lost during the char-
ging of EVs. Since the charging of EVs increases the load on smart grids, voltage
stability is another key issue [11, 12]. Some efficient charging schemes have been
recently developed to minimise the power loss and overloading problems [13].

During the discharging mode of EVs, the batteries of EVs act as distributed
energy resources by locally meeting the demand during peak hours which in turn
reduces the stress on overloaded smart grids. The amount of power delivered from
vehicles to the grid is estimated by the aggregator in which a communication link is
used to communicate between vehicle owners and the smart grid service providers
(SGSPs) [14]. A sudden discharge of batteries used in smart grids may cause a voltage
variation problem and this in turns causes voltage stability problems. Very few power
conversion techniques are available in the literature to eliminate these problems.
A fuzzy-based frequency controller is proposed in [15] to alleviate frequency and
power fluctuations in tie-lines with an application to V2G systems. The approach
presented in [15] provides satisfactory results for controlling active power but the
reactive power control is uncovered which is a key factor for maintaining voltage
stability. The control of power flow has been demonstrated using a fuzzy logic con-
troller in [16] for voltage compensations and peak shavings. However, the main
limitations of fuzzy logic controllers are that a fuzzy system cannot fully capture the
dynamical model of V2G systems and require more fine-tuning and simulation before
making it operational [17]. Therefore, it is essential to consider model-based control
approach to enhance the power quality and stability of smart grids with EVs.

A mathematical model of EVs has been proposed in [5] for economic eva-
luation of these vehicles in smart grids. The model developed in [5] is useful for cot
benefit analysis of smart grids but could not be used for technical development such
as power conversion. A static model of EVs is used in [13] to control charging in
smart grids without any contacts. A robust load frequency control scheme is used
in [18] for the penetration of wind energy in smart grids where the controller is
designed using H,, control scheme for the linearised model. The dynamical model
used in [18] is mainly developed by considering the dynamics of the load and wind
generators rather than EVs.

Most of the smart grid literature from the control point of view, so far exist in
the literature, treats EVs as ideal voltage sources behind the inverters and some
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of them consider the dynamics of inverters only in order to design proportional
integral (PI) and other linear controllers. But the consideration of ideal voltage
sources behind the inverters is valid when the dynamics of smart grids are domi-
nated by the generators connected to high voltage transmission levels. However in
smart grids with EVs, low voltage power networks are considered and the system
dynamics are dictated EVs. Therefore it is essential to consider the dynamics of
original dynamics of EVs for an efficient operation of smart grids. Therefore,
special attention has been paid in this chapter to develop a meaningful dynamical
model of EVs which is suitable for the implementation of model-based controller.

Centralised controllers are normally used for power conversion with power
electronic interfaces in either smart grids or microgrids [19-21]. The main limita-
tions of these centralised controllers are the inclusion of very slow control loops
and low-bandwidth communication systems. Moreover, the use of centralised
controllers may cause the failure of whole system if one of the units fails down. In
addition to these, most of the centralised controllers are designed based on the
linearised model of smart grids and linear techniques are used for power conversion
through inverters connected to RESs.

Distributed power conversion schemes have some features in which the failure
of any unit does not shut down the whole system. In recent years, the concept of
distributed control scheme has gained much popularity for the control of smart
and microgrids where the controller at each unit communicates with others [22].
A distributed control scheme is proposed in [23] where proportional integral con-
trollers are used to achieve the desired control objectives. Another cooperative
PI controller is used in [24] in order to maintain an appropriate power balance
between the supply and demand. In [25], a distributed controller is designed for DC
microgrids where a linearised microgrid model is considered. Recently, a network-
based distributed controller is proposed in [26, 27] for linearised model of islanded
microgrids. However, these linear controllers can operate only over a fixed set of
operating points and have not been implemented in smart grids with EVs.

Nonlinear power conversion or switching control schemes overcome the lim-
itations of linear controllers by converting appropriate power from EVs over a wide
range of operating conditions. Feedback linearization technique transforms a non-
linear system into a fully or partially linear system and linear control techniques
can be employed to stabilise the whole system [28-31]. In the literature of power
systems, the application of feedback linearisation techniques on large-scale inter-
connected power systems has been considered in a decentralised manner due to the
geographical separation of generators [32]. But in the recently growing smart grids,
the EVs are connected very close to each other and the performance of one EV
affects the dynamic performances of others. Therefore, it is essential to consider the
interactions among different EVs which can be done by implementing the feedback
linearising controllers in a distributed manner.

This chapter aims to design a nonlinear distributed controller for power con-
version in smart grids with EVs by considering the actual dynamical models of
EVs. Since the partial feedback linearisation is a model-based approach, a com-
prehensive mathematical model of EVs, which matches with the control proposed
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theory, is formulated in this chapter. The regulation of active and reactive power is
taken as the control objectives as either any or both these quantities need to be
consumed or supplied by EVs. Partial feedback linearisation technique is used to
design the controller and the stability of internal dynamics has been ensured before
designing the controller. Since the proposed distributed scheme requires the com-
munication among different EVs, graph theory has been used to formulate a gen-
eralised communication scheme and incorporated with the feedback linearising
controller. Some case studies have been presented to demonstrate the performance
of the proposed scheme.

4.2 Dynamical Modelling of EVs

For effective power conversion in smart grids with EVs, it is essential to develop a
meaningful system model which has the capability to adapt with various power
conversion technologies as overshadowed in the earlier section. In the literature of
power conversion of EVs in smart grids, the mathematical model is not well-
developed for the implementation of model-based controller as most of the existing
literature is mainly based on the intelligent controllers [15, 16]. A model-based
investigation has been performed very recently in [33] by considering a static model
of EVs. But still now, it is very hard to locate an appropriate dynamical model of
EVs in the literature of smart grids. This section aims to develop a new generalised
mathematical model of EVs to represent the dynamics of the system which can be
used for both charging and discharging mode by adjusting the controllable factors.
However before developing the model of EVs, a battery model is briefly reviewed as
this is a major part of any smart grid integrated with EVs.

Electrochemical batteries are normally used in EVs which have the capability to
store energy based on the requirement. There exists a rich literature on the modelling
of batteries which are mainly based on the chemistry of batteries and most of them
are very complex for practical electrical engineering applications [34, 35]. The most
commonly used battery model is proposed in [36] and the electrical circuit model
of this battery is shown in Figure 4.1. The battery model as presented in [36] is

R R
-« 1, |l 2 LR
R, ] ]
: +

C) E, (V) Ve

Figure 4.1 Equivalent circuit diagram of an EV battery
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basically the analogous representation of an electrochemical model in which elec-
trical components such as electromotive forces, resistors, capacitors and inductors
are used to represent the electrochemistry of batteries.

In the model as described in [36] and presented by Figure 4.1, the charge stored
in the battery is the integral of only a part /,, of the total current /. entering into the
battery. The detail of the battery elements such as resistors (R, R} and R;), capacitor
(C1) and internal voltage (E,,) can be seen in [36]. Since parasitic reactions often
present in the battery, nonreversible parasitic branch models (with subscript p in
Figure 4.1) draw some current but does not participate in the main, reversible
reaction. Therefore, the parasitic branch can be omitted and the model of EVs can
be revised accordingly.

Let EVs used in a smart grid, N numbers of EVs are connected either
to consume or to supply power and the connection of i EV at i" node of the
smart grid is shown in Figure 4.2 where the subscript > denotes i" PHEV and the
smart grid node. The EV model as shown in Figure 4.2 can be connected either to a
single-phase or a three-phase smart grid node and can also be modelled both single-
and three-phase systems. In this section, first the model is developed for single-phase
model nodes and then for three-phase nodes.

4.2.1 Dynamical Modelling of EV Connected to Single-Phase
Smart Grid Node

From Figure 4.2, it can be seen that /,,; = I;;. Now by applying Kirchhoff’s current
law (KCL) at the node where the resistor Rj; and capacitor C,; are connected in
parallel, it can be written as

dav...
Ly = I + Cy; dtC“ 4.1)

where V,,, is the voltage across Cj; which is also the voltage across R;; and thus,
Ve, = LiRy;. Using this relationship, (4.1) can be simplified as

dly; 1
7 ; (Laei — i) 4.2)
1
Cyi R; L,
1 1
41@; —| Ry; Ly %m_
Ry; ie—>
+
+ L Bi-directional The
@ Epi Vaei Converter € | Smart Grid
Node (i)
Battery of i EV

Figure 4.2 EV connected to smart grids
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where 7; = R;;C};. Now by applying Kirchhoff’s voltage law (KVL) at the output-
side of the inverter, i.e. at the grid-side, it can be written as
di; R; i
4 — Ny mivdc

dr L

—e (4.3)

where m; represents the switching action of the converter which is a function of
modulation index and firing angle, R; is the resistance of the connecting line, i; is
the output current of the inverter, L; is the combination of filter and connecting line
inductance and e; is the grid voltage. The modulation index m; can be adjusted
either to charge or discharge EVs.

Equations (4.2) and (4.3) represent, the instantaneous and time-variant
model of EVs connected to i node. But for the purpose of analysis and control, it
is essential to transform the model into time-invariant system. To do this, the
smart grid-connected EV system can be transformed into dg-frame. Let if x is a
state variable in the instantaneous form and the corresponding space-phasor is x,
then in the dg-frame it can be written as

¥ = (Xd —i—jXq)ejwt (4.4)

where X; and X, represent the state variables in d- and g-frame respectively, j is the
complex number, ¢ is the time and o is the angular frequency. The dynamics of the
state variable can be written as

¥ = (K + 7K, e +joo (Xy + X, )™ (4.5)

Using the relations presented by (4.4, 4.5), the grid-connected EV model repre-
sented by (4.2, 4.3) can be transformed into the following dg-frame:

. 1

I = o (Mailai + Myilgi — I;) (4.6)
; R; Eyi Vdci

o= =yl — 24y g 47
d 7, + ol L, + M, I, 4.7
: R; Eyi Vdei

Iy = —oly = 7l = L—" + My (4.8)

with
Laei = mi; = Myly; + Myl 4.9)

where  is the angular frequency; My and M,; are the switching functions in d- and
g-frame respectively; /5 and /,; are the currents in d- and g-frame respectively and E;
and E,; are the grid voltages in d- and g-frame respectively. In dg-frame, the active
power (P1,;) and reactive power (Q1,;) delivered from the vehicle into the single-phase
grid or from grid to the vehicle can be written as

Pipi = Egilyi + Egila (4.10)
Owpi = Egilai — Eqilyi (4.11)
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In dq rotating frame, it can be assumed that £; = 0 [31, 37] and in this case, (4.10)
and (4.11) can be simplified as

Py = Egily (4.12)
O1pi = Egilyi (4.13)

Equations (4.6—4.8) represent the full dynamical model of an EV connected to
single-phase node of a smart grid and the three-phase node is developed in the
following subsection.

4.2.2 Dynamical Modelling of EV Connected
to Three-Phase Smart Grid Node

For three-phase smart grid node, the relationship among different currents will be
similar to that of single-phase node and but the input current to the inverter can be
written as

Laei = Myiiai + Mpiip; + Mejic; (4.14)

Therefore for three-phase system, (4.2) will be modified as

. 1
L = — (Myilai + Mpilpi + Mol — 1) (4.15)
T1i

If the EV is connected to a three-phase node of smart grids, it is essential to use a
three-phase six-pulse full bridge converter. In this case, the current flowing through
all three phases can be expressed as

Ri.  ew | Vi
i = — — g — — 2M ;i — Myp; — M,; 4.16
i Lil L + I, ( b ) (4.16)
. Ri.  en | Vi
lpi = 7L—ilbi - L_, + L[ (*Mai + 2Mbi — Mci) (417)
. Ri . €ci Vdci
Ipp = —— i — 7 + 7 (—Ma[ — Mp; — ZMC,-) (4.18)

where the subscripts ‘a’, ‘b” and ‘c’ represent phase-a, phase-b and phase-c respec-
tively and all other variables represent the same as in single-phase smart grid node.

Equations (4.15-4.18) represent the complete model of an EV connected to
three-phase smart grid nodes which are instantaneous and time-variant. Like single-
phase model, this model also needs to convert into dg-frame so that it can easily be
used for power conversion applications in smart grids. For three-phase system,
Park’s transformation is used to transform from phase components to dg-frame.
Using park transformation, (4.15—4.18) can be written as

. 1
Iy = o~ (Mailai + Myilyi — I;) (4.19)
1i
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. R; Eyi Vdci
Py B VL 420
d 7, + ol I, + My I, (4.20)
; R; E,i Vci
Iy=—oly =7 1i- L—‘i‘+Mq,~Ti (4.21)
with
Laei = Mjigi + My + Mejic; = Myilg; + Myl (4.22)

where 1, = Tjgciabc, Eq =T, adgceabc and Ky, = TchKabc" Equations (4.19-4.21)
represent the full dynamical model of an EV connected to a three-phase node of
smart grids. This model is similar to that of a single-phase node. The transformation

. d .
matrix 77, can be written as

5 coswt cos(wt — 120°)  cos(wt + 120°)
T4 — 3| sinor  sin(wr —120°7)  sin(wr +120°) (4.23)
1/2 1/2 1/2

In dg-frame, the active power (P3,;) and reactive power (Q3p;) delivered from the
vehicle into the three-phase grid or from grid to the vehicle can be written as

3

Py = 5 (Eqilqi + Edildi) (4.24)
3

Ospi = 5 (Eqi]di - Edilqi) (4.25)

Since it can be assumed that E; = 0, (4.24) and (4.25) can be simplified as

3

P3i = EEquqi (4.26)
3

Ospi = 7 Lailu (4.27)

The dynamical model of an EV connected to both single-phase and three-phase
node of smart grids is same and the only difference is in the power equation. In
smart grids, it is essential to control the power in or out from EVs for which it is
essential to use a high performance power conversion algorithm. From (4.12, 4.13)
and (4.26, 4.27), it can be seen that active power (P) and reactive power (Q) can be
controlled just by controlling /,; and /;; respectively.

4.3 Power Conversion Problem Formulation
in Smart Grids with EVs

Since EVs can be either charged or discharged based on the desired objectives, it is
essential to adjust the modulation index and firing angle of the bi-directional con-
verter. The main aim of the proposed controller is to convert either AC power into DC
during the charging mode or DC to AC during the discharging mode of EVs. During
the discharging model, the EV will supply both active and reactive power into the grid
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as the load connected to the grid consumes these powers. From the power equations as
described by (4.12, 4.13) and (4.26, 4.27), it can be seen that the active power (P) can
be regulated by controlling the current /, and reactive power (Q) regulation can be
obtained by controlling /; as there is nothing to do with the microgrid voltage £,.

During the charging mode of EVs, reactive power will be zero as the battery
can store DC power only. In this case, the modulation index and firing angle need
to be adjusted in such a way that /; = 0. The design of feedback linearizing con-
troller depends on the output functions, i.e. the control objectives of the system. To
serve the purpose of this chapter, the active and reactive current components /, and
1; need to be chosen as control objectives.

Feedback linearisation technique may transform the smart grid with EVs into a
fully or partially linear one and when the orders of the transformed system is
equalled to the orders of original system, the controller design is straight-forward.
But if the transformed system is a reduced-order linear system, some additional
works need to be done to check the stability of untransformed dynamics (which are
also known as internal dynamics) before designing the controller.

In this chapter, distributed partial feedback linearising scheme is used for
power conversion in smart grids with EVs. But before designing the proposed
distributed control based on partial feedback linearisation, it is essential to know
about the feedback linearisation and justify the necessity of this special type of
partial feedback linearisation.

4.4 Feedback Linearisation and Feedback Linearisability
of Smart Grids with EVs

The EV vehicle model as describe in the Section 4.2 can be represented in the
following form of a generalised nonlinear systems:

X = fi(x:) + guilxi)ur; + @2 (xi)ua; (4.28)
i = hii(x;) (4.29)
i = hai(x;) (4.30)

where
[ 1 ] rl 17
__11’ 7Idi Iql
I li T1i T1i
R, E i1 Vdci
xi= |la |, filx)= *Lfi[di + wly; fi . gulx) = Zi 0 )
Lyi . v
Rl qu O dci
|l 0

uy; My hii Lyi
up = = s and Vi = hi(xi) = = .
u; My hoi Lyi
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Based on this mathematical model, an overview of feedback linearising con-
troller design and feedback linearisability of smart grids with EVs are discussed in
the following two subsections.

4.4.1 Overview of Feedback Linearisation

The design of feedback linearising controller for efficient power conversion in
smart grids with EVs depends on feedback linearisability of the developed model.
The feedback linearisability is defined by the relative degree of the system and the
relative degree in turns depends on the output functions [38].

The mathematical model of smart grids with EVs as developed in Section 4.2
can be linearised using feedback linearisation when some conditions as described
latter are satisfied. Consider the following nonlinear coordinate transformation
(z: = @,(x;)) for the smart grid with EVs.

T
Zi:[hn Lehy - L}il_lhli hyi  Lghy - L;f_lhzi (4.31)

where | < n and r, < n are the relative degree corresponding to output functions
hii(x) and hy;(x) respectively, Lehi(x;) = % fi(x;) are the Lie derivative of Z;(x;)
along f;(x;) [39]. The definitions of Lie derivative and relative degree are provided
in Appendix I. The change of coordinate (4.31) transforms the nonlinear system
(4.28-4.30) from x; to z; coordinates provided that the following conditions are
satisfied for:

Lg[le,i‘h,» =0; foreitherk; <ri;—1 or ki <ry—1 and by = hy; or h; = hy;

(4.32a)
Le L 'hy #0 or Lg L 'hy #0 (4.32b)
n, =r; = (}"11' + r2i) (4320)

where Lgh;(x;) is the Lie derivative of Ly Lh;i(x;) along g;(x;). Since n; = r;, all
states x; will be converted into new states z;. In this case, the feedback linearised
system is called exactly linearised which can be written as

2,‘ = AiZ,' + Bivi (433)

where A4; is the system matrix, B; is the input matrix and v; is the new control input
for the exactly linearised system.

When (r; + r;) < n;, only partial feedback linearisation is possible, i.e. some
states are transformed through nonlinear coordinate transformation and some are
not. The new states of a partially feedback linearised system can be written as

zi = @i(xi) = [Z 2[]T (4.34)

where z; represents the state vector obtained from nonlinear coordinate transfor-
mation of order ry; + ry; and z; the state vector of the nonlinear (remaining) part of
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order n; — (ry; + r2;). The dynamic of Z; is called the internal dynamic of the system
which need to be stable in order to design and implement a partial feedback linear-
ising controller for the following partially linearised system which can be written as

Z; = Az + By, (4.35)

where 4; is the system matrix, B, is the input matrix and v; is the new linear control
input for the partially linearised system. The developed smart grid model with EVs
could be exactly or partially linearised and the feedback linearisability of this
system is shown in the following subsection.

4.4.2 Feedback Linearisability of Smart Grids with EVs

The feedback linearisability of smart grids with EVs represented by (4.28-4.30)
can be obtained by calculating the total relative degree (7;) of the system. The
relative degree corresponding to the first output function A;(x;) = I can be cal-
culated as

Vdci

Lo i~ hi(x;) = Lghi(x;) = 770 (4.36)

where 7; = 1. Similarly, the relative degree corresponding to the other output
function /;(x;) = I; can be calculated as follows:

Vdci
L;

L L™ hai(x;) = Lghai(xi) = == #0 (4.37)

which indicates that r,; = 1. Therefore, the total relative degree r; = r|; + 12 = 2
and this means that (r; + r5;) < n; as n; = 3. From this, it can be said that a
smart grid with EVs is partially linearised for the implementation of nonlinear
feedback linearising power conversion technique. Therefore partial feedback line-
arisation approach needs to be used in order to design the controller for this system
which is shown in the following subsection.

4.4.3 Partial Feedback Linearisation of Smart Grids with EVs
A nonlinear coordinate transformation can be written as
2,’ = qb[(x,») (438)

where ¢; is the function of x;. For smart grids with EVs, the following coordinate
transformation has been considered.

zy = @pi(xi) = hi(xi) = La (4.39)
and

Zi = Qoi(xi) = hai(xi) = Iy (4.39b)
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Using the above transformation, the partially linearised system can be obtained as
follows:

Ohy;(x;) . R; Ey; Vdci

zZy = %xi = Lihi(x;) + Lghi(x; )u; = _L_ildi + wly; — Ta: + My Z[
(4.40a)

Ohyi(x;) . R; E,i Vdci

Zyi — gx( )xi = Lﬁhz,'(xl') + Lgihz,-(xl-)ui = —(I)Iqi — flqi — Tq —+ Mqi%
(4.40b)

Equation (4.40) can be written in the following form of linearised system:
Zi =y (4.41a)
2o =V (4.41b)

where v}; and vy; are linear control inputs which can be obtained by choosing any
linear control technique and can be expressed as

. R; Eyi Viei
V= — L—ildl' + (,()[ql' — Tl + Mdi Li (442a)
- R; Eyi Vei
Vo = —wlq,- - fi[qi - fi + qufi (442b)

From (4.41), it can be seen that feedback linearisation techniques decouples the
smart grids with EVs. Based on this partial feedback linearisation, the distributed
controller can be design for power conversion in smart grids with EVs. However
the design of distributed controller in smart grids with EVs requires the information
from neighbouring EVs for appropriate power conversion. Since graph theory is
considered for communication among different controllers connected to EVs, a
brief overview of graph theory is provided first and then the distributed controller is
designed in the following section.

4.5 Distributed Controller Design for Smart Grids with EVs

In this section, a distributed controller is designed for the feedback linearised
smart grids with EVs. Since feedback linearisation technique decouples the smart grid
into several subsystems depending on the number of EVs, the distributed controller
can be designed by considering the communication among different subsystems.
The communication among different subsystems can represented by using a directed
graph (digraph) and in this chapter, the digraph is represented through bi-directional
communication among different subsystems.

If a smart grid with EVs is represented by using a digraph G and 4 represents
the adjacency matrix, the Laplacian matrix can be defined as

L=A-Ag (4.43)
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where A = diag(d;) is the degree matrix with d; = >_ .y a;. The adjacency and
Laplacian matrices are used to incorporate the communication in the distributed
controller among different subsystems.

To achieve the control objectives by incorporating communication among
different subsystems, e.g. between different nodes 7 and j, the control objectives for

each subsystem need to be set in a cooperative manner which can be expressed as
o= Zjezv,-“"f (Yi = Y)) + Gi(Yi = Yirey) (4.44)

where e is the tracking error in terms of the local neighbourhood, G is the pinning
gain, Y represents the output vectors and the subscript 7 and j represent the neigh-
bouring subsystems. If an EV is connected at the node 7, then Y, can be written as

Y= [l L) (4.45)
and similarly if another EV is connected at the node j, then
Y, =1y I (4.46)

Now it is essential to obtain the distributed control law for each subsystem which
can be determined by using any linear control technique. But before obtaining the
control law, it is essential to analyse the stability of internal dynamics of each
subsystem which is shown in Appendix II.

If a PI controller is used to achieve e — 0, then the linear control law (in the
vector form) for i partially linearised subsystem can be written as

K;
¥ = C(K,, +S> ¢ (4.47)

where v, = [v,, ¥,]" is the vector of linear control inputs, K, is the vector of
proportional gain, K; is the vector of integral gain and c is the coupling factor. Here
proportional and integral gains can be chosen in a similar way as presented in [29].
The coupling factor ¢ is a quantity obtained from the graph theory which can be
written as [40]

1
¢z

4.48
;Lmin ( )
where Amin = min;eyRe(4;) and 4; is the eigenvalue of L + G with G = diag(G;).
Therefore, from (4.42) partial feedback linearising control law for i sub-
system can be written as

1 -

Mdi = " (LVU =+ Ri[di — wLIq,- 4+ Edi) (4493.)
dci
1

Mqi = — (Lf/zl' =+ C()L[d,‘ + Rilqi + qu') (449b)

Vdci
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This distributed controller is used for power conversion in smart grids with EVs.
The performance of the designed controller in light of power conversion and sta-
bility is discussed in the following section.

4.6 Performance Evaluation

The performance of the designed controller is evaluated on a test smart grid with
four EVs as shown in Figure 4.3 in which vehicles are connected to a residential
area, i.e. single-phase grid supply point. The corresponding single-line diagram is
shown in Figure 4.4. Since the main tasks of EVs are to consume and supply power,
a minimum state of charge (SOC) needs to be maintained in order to complete these
tasks. In this Chapter, the minimum (SOC) is considered as 40 per cent. The
following equation is used to calculate the total available energy of EVs during
discharging [16]:

Sdischarging = Pp x N x SOCy, (450)

where Sgischarging 15 the total available energy for discharging to support the grid, Py
is the kWh of batteries, SOC,,;, is the minimum SOC and N is the total number of
EVs connected to the grid.

The desired amount of energy during the charging is stage of EVs can be
calculated in a similar manner by considering the maximum SOC which is con-
sidered as 100 per cent. The following equation can be used to calculate the
required amount of energy for charging each vehicle:

Scharging = Py x SOCx (451)

Figure 4.3  Test smart grid with EVs
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Load

Grid Point ———» Center L L 5KVA

Figure 4.4 Single-line diagram of the smart grid with EVs

where Sciarging 18 the total available energy for charging and SOC,,., is the max-
imum SOC. In this work, four EVs are connected to the grid and each of them with
a battery rating of 4.4 kWh. Therefore the total available energy for discharging is
7.04 kWh. The other parameters of the battery and grid are provided in the
Appendix III. During the discharging phase, the batteries of EVs are delivering
power to the grid to supply a load of 5kVA in a residential area and this infor-
mation is provided by the aggregator. During the charging mode, each EV will
consume 4.4 kWh power from the grid.

Since the distributed controller is designed in such a way that the controller
designed for each DG unit has the capability to communicate with the controller
connected to other DGs, the communication topology for the test microgrid can be
represented in a manner as shown in Figure 4.4.

The adjacency and Laplacian matrices are calculated based on the commu-
nication topology as shown in Figure 4.5. To evaluate the performance of the
designed controller, the pinning gain for each subsystem is considered as 1 from
which the corresponding coupling factor is obtained as 0.24. The implementation
block diagram of the proposed power conversion scheme is shown in Figure 4.6 for
a single-phase system as overshadowed in the beginning of this section.

From Figure 4.6, it can be seen that the single-phase grid voltage and current are
transformed into phasor quantity and then from phasor quantity to dg-frame for the
purpose of implementing the proposed controller with the developed smart grid model
with EVs. The controller is a combination of a linear PI controller which includes
information from neighbouring EVs and a nonlinear partial feedback linearising
controller. The nonlinear terms in partial feedback linearising controller are used to
cancel the nonlinearities within the model and make the system ready for achieving
desired response with linear controllers. Finally, control inputs are again transformed
into phasor from dg-frame and then from phasor to sinusoidal. Finally, the sinusoidal
control input is used through pulse width modulation (PWM) to the inverter switches
where the switching frequency of the inverter is considered as 10 kHz.
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Figure 4.5 Communication among EVs in the smart grid
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Figure 4.6 Implementation block diagram of distributed power conversion
scheme
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Figure 4.7 Grid voltage during the charging of EVs (Light grey line, proposed
distributed controller; dark grey line, decentralised PI controller)

In this chapter, the performance of the developed scheme is evaluated both for
charging and discharging phase and compared to that of an existing decentralised Pi
controller.

4.6.1 Controller Performance Evaluation During
the Charging Mode of EVs

During the charging mode of EVs, the grid voltage will be disturbed due to the
addition of new loads and frequency will also be disturbed as the batteries of EVs
consume active power. The grid voltage, i.e. voltage at bus-5 is shown in Figure 4.7.

From Figure 4.7, it can be seen that the grid voltage reduce when all EVs are
connected at bus-1, bus-2, bus-3 and bus-4 at t = 1 second. Each of these EVs
consumes 4.4 kWh power to become fully charged. Here the total power consumed
by EVs is 17.6 kWh. However, the consumption of this power varies depending on
the SOC and charging time. However, a certain amount of power will be consumed
by these EVs when they are connected to the grid. The grid voltage should recover
to the steady-state as soon as possible in order to maintain the voltage stability.
From Figure 4.7, it can also be seen that the voltage recovery is much faster with
the proposed controller as compared to the conventional controller. The corre-
sponding frequency response is shown in Figure 4.8.

4.6.2 Controller Performance Evaluation During
the Charging Mode of EVs

During the discharging mode, three cases-(i) controller performance at unity power
factor operation, (ii) controller performance at a power factor other than unity and
(iii) controller performance in case of a line-to-ground fault are discussed in the
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Figure 4.8 Grid frequency response during the charging of EVs (Light grey line,
proposed distributed controller, dark grey line, decentralised PI
controller)

following have been considered to evaluate the performance of the designed
controller.

Case 1: Controller Performance Evaluation at Unity Power Factor

When the power factor of the load is considered as unity, no reactive power will be
delivered into the grid as the grid voltage and current will be in phase with each
other. The 5 kW power will be delivered into the grid and each vehicle is supplying
equal power. At the stage, the current supplying into the load will be 22.72 A which
is shown in Figure 4.9. And this current does not contain any harmonic with the
designed controller as this is a pure sinusoidal signal which is shown by the light
grey line in Figure 4.9. But a conventional proportional integral (PI) controller
which is designed for the unity power factor operation of the smart grid with EVs
contains some harmonics (dark grey line in Figure 4.9).

Case 2: Controller Performance Evaluation at a Power Factor
Other Than Unity

Now if the system needs to operate at a power factor other than unity, the load
voltage and current will not be in phase. In this case, some reactive power will be
delivered into the load. If the power factor is considered as 0.8, the active power
which needs to be delivered into the grid will be 4 kW and that of reactive power
will be 3 kVAr. In this case, the designed controller acts in a similar way as con-
sidered to the previous case (light grey line in Figure 4.10). But the response of the
conventional PI controller will be slower (dark grey line in Figure 4.10) as the
reference active and reactive power have been changed.
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Figure 4.9 Load current at unity power factor during the discharging of EVs (Light

grey line, proposed distributed controller, dark grey line, decentralised Pl
controller)
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Figure 4.10 Load current at 0.8 power factor during the discharging of EVs

(Light grey line, proposed distributed controller; dark grey line,
decentralised PI controller)

Case 3: Controller Performance Evaluation in Case of a Line-to-Ground Fault

When a line-to-ground fault is applied at the load bus, the grid voltage becomes zero
during the faulted period. After the clearance of fault, the grid voltage should settle
down to its original value if the system is stable. If a conventional PI controller is
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Figure 4.11 Load bus voltage with a line-to-ground fault during the discharging
of EVs (Light grey line, proposed distributed controller, dark grey
line, decentralised PI controller)

employed, the system is no longer remains stable for a certain period as the applied
fault is one of the most severe fault and the PI controller cannot act properly. This
scenario is shown in Figure 4.11 through the dark grey line from where it can be
seen that the voltage settles down to another value. In this case, the designed con-
troller maintains the stability of the system which is shown in Figure 4.11 (light grey
line). From Figure 4.11, it can be clearly seen that the designed controller settles the
voltage as soon as the fault is cleared. Thus, the smart grid with the designed control
has the ability to maintain stable operation in case of a severe fault.

4.7 Conclusions

A new dynamical model of a smart grid with EVs has been developed and a dis-
tributed partial feedback linearising controller has been designed for improving the
power quality and stability. The justification, of using the proposed control
approach, has also been provided for through the feedback linearizability of the
developed model along with the inclusion of the stability of internal dynamics. The
designed controller which adopts the flexibilities in communication topology could
be useful in practical applications. Simulation results clearly indicate that the pro-
posed approach significantly improves the power quality as compared to the con-
ventional PI controller and enhance the stability of the system as it is independent
of operating conditions. The proposed controller acts faster than a PI controller
during the changes in operating conditions which saves a huge amount of power.
Future works will consider the design and implementation of such controller by
considering model uncertainties.
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Appendix I: Definition of Lie Derivative and Relative Degree

Lie Derivative: For a given differentiable scalar function A(x) of

x=[x1 x2 x3 - X ]T and a vector field f(x)=[fi /o f5 - fn}T,
the new scalar function, denoted by L/A(x), is obtained by the following operation:

_o

L) = Ly =32

fi(x) (A4.1)

= i
= Ox

which is called Lie derivative of function /(x) along the vector field f'(x).

Relative Degree: If the Lie derivative of the function L}’lh(x) along vector field
g(x) is not equal to zero in a neighbourhood, Q i.e.

LeLyh(x) =0 i<r—1 (A4.2)
and
LeLy'h(x) # 0 (A4.3)

then it is said that the system has the relative degree » in Q.

Appendix II: Stability of Internal Dynamics of Smart Grids
with EVs

Partial feedback linearising scheme transforms the third-order system into a second-
order linear system. The desired performance of external dynamics can be obtained
through the design and implementation of a linear controller. However, to ensure
stability, the control law needs to be chosen in such a way that

lim,—oohi(x;) — 0 (A4.4)

which implies that the state of a linear system decays to zero as time approached to
infinity, i.e. [Z1; Zy -+ Zy ]T — 0; t — oo. For each subsystem considered in
this work, this means that at steady-state

5= 0 (Ad.52)
2y =0 (A4.5b)

Let the remaining nonlinear state be expressed by the following nonlinear function
z; = ¢;(x;). To ensure stability, this needs to be selected in such a way that it must
satisfy the following conditions [41]:

Laip;(xi) = 0 (A4.6a)
Lop(x;) =0 (A4.6b)
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For the developed smart grid model with EVs, the above condition will be satisfied
if the following nonlinear coordinate transformation is considered.

R 1 L; 1 L;
Gi(x)) =2 = —tily + 55+ +>— 13 (A4.7)
2 Vdci 2v Vdci

Thus, the remaining dynamics of smart grids with EVs can be expressed as follows:

Zi=Ldi(xi) = —nifii + Id,f2 qlf3 (A4.8)

Vdci

Since I; = h;i(x;) = Zy;and I; = hyi(x;) = Z2;, the above equation can be written as

3 = —nifis + (A4.9)
Since z;; = 0 and zy; = 0, (A4.9) can be written as

2 = -t (A4.10)
Since f1; = — TLUI“, (A4.10) can be simplified as

=1 (A4.11)
From (A4.7), ‘I’ can be calculated as

1 /1L 1L
I =— b5 — 1) -z A4.12
! T1i (2 Vdci a Ty 2v Vdci ) ( )

If I;; and I,; are replaced with Z;; = 0 and Zy; = 0 respectively, (A4.12) can be
written as

I = ,Lgi (A4.13)
T1i

Equation (A4.13) represents stable internal dynamics of smart grids with EVs and
therefore partial feedback linearising controller can be designed for power con-
version. It is also clear that the proposed partial feedback linearising scheme
divides the dynamics of smart grids with EVs into two parts: one is the external
dynamics as described in Section 4.4, and the other is the internal dynamics which
needs to be stable to design the controller and here is the proof of stability of
internal dynamics.

Appendix III: System Parameters

Battery Parameters: R = 0.4 mQ, 7; = 7200s, Ry = 2 mQ

Grid Parameters: Voltage (rms) =220V, Frequency =50Hz, R=0.1Q
(for each segment) and L = 10 mH (for each segment).
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Chapter 5

Power Control and Monitoring
of the Smart Grid with EVs

M.S. Rahman®*, F.H.M. Rafi* M.J. Hossain* and J. Lu*

Abstract

The usage of electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs)
has increased significantly in recent years due to environmental concerns and hike
in the fossil fuel price. These vehicles possess dual dynamic characteristics. They
act as a load while in G2V (grid-to-vehicle) mode and as a generator while in V2G
(vehicle-to-grid) mode. V2G concept can improve utility grid performance with
regard to efficiency, stability and reliability by offering reactive power manage-
ment and active power control, tracking intermittent renewable energy sources,
load balancing and shifting via valley filling support, peak load shaving and current
harmonics filtering in the output. On the other hand, G2V includes conventional
and fast battery charging that can stress the grid distribution network due to high-
power rating of EV batteries and by injecting harmonics. Sophisticated active and
reactive power regulation as well as state-of-the-art monitoring system is required
to overcome the impacts and to implement successful interfacing. This chapter
discusses the impacts of G2V/V2G concepts on the smart grid active and reactive
power profile and their optimum control strategies. The importance of and the
technologies needed for smart monitoring system in charging/discharging mode are
also reviewed. Simulation results show that controlled implementation of V2G can
significantly contribute to enhancing dynamic performance and stability of the
microgrid under different operating conditions.

5.1 Introduction

It is expected that electric vehicles (EVs) will be a significant part of the connected
load in the future smart grid [1]. Nearly one million hybrid electric vehicles
(HEVs), plug-in hybrid electric vehicles (PHEVs) and battery electric vehicles
(BEVs) will be on the roads of the United States by the year 2015 [2]. The dual
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characteristic of EVs — V2G and G2V modes — makes them suitable for demand
response program and dynamical electrical storage resources through V2G trans-
action [3]. They are generally equipped with large batteries ranging from 7.8 to
27.6 kWh, which are connected to the grid to be fully charged [4]. These batteries
can be charged from distributed generators in the microgrid, e.g. wind turbines and
solar panels during the off-peak time, and supply power back to the grid during
peak time. Robust coordinated controls are needed for charging and discharging
of EVs along with photovoltaics (PVs) and wind generators. With uncoordinated
strategy and power monitoring, this charging can have the following detrimental
effects [5]:

It may augment transformer losses in distribution sides.

It can bring down transformer life by increasing thermal loading.

It can increase voltage fluctuation.

It can enhance harmonic distortions in output current.

Additional infrastructure and investment will be required to tackle the peak
demand.

Several research studies have been conducted for finding the optimum pene-
tration level of EVs into the grid in dual mode. Monitoring power flow variation
and designing plausible control methods have become a priority in recent years.
Various literatures have 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 have tried to quantify the effects by making realistic
assumptions. In this chapter, literatures based on the impacts of EV penetration on
grid power profile and potential ancillary services that EVs can offer are primarily
discussed. Later on, a general discussion on recent trends of EV control strategies
as the smart grid support is presented. In the end, an optimized power monitor and
controller is presented with real-life case studies.

5.2 Impacts of EV Penetration on Grid Power Profile and
Requirements of Its Control and Monitoring

Recently, considerable efforts have been made to investigate the impact of a large
number of EVs in distribution grids. In several literatures, the impact of EV
penetration has been analysed either by simulation or by doing realistic case
studies. In V2G concept, both grid operators and car owners benefit among
themselves, which is a reason behind recent rapid EV development. EVs can
behave either as loads or as generators. Their behaviour pattern depends on several
factors such as the type of charger connections (unidirectional/bidirectional), the
number of EVs being charged in the given vicinity, voltage and current levels,
battery status and capacity, charging duration and geographical location [6, 7]. Fast
charging of these EVs can have a huge impact on distribution grid as a typical EV
load is almost double an average household load [8]. Adding up harmonics
resulting in low-power factor can be a serious problem if the charger does not
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utilize state-of-the-art conversion [9]. EVs, with an adequate intelligent connection
to grid, interactive hardwires and software control, can serve as direct resources or
as spinning reserves during power outage [10—12]. V2G concepts with appropriated
control can improve utility grid performance with respect to efficiency, stability
and reliability by offering reactive power support [13] and active power regulation,
tracking and supporting efficient integration of variable intermittent renewable
energy sources (RESs), load balancing and shifting via valley filling, peak load
shaving and current harmonic filtering [8, 14, 15]. According to Yilmaz and Krein
[16], for maintaining grid reliability and balancing the supply and demand, V2G
concepts can provide higher quality ancillary services like quick frequency and
voltage regulation, load levelling and peak power management and effective
spinning reserve. Most of the existing works have used linear control techniques
which provide optimum performance for the nominal working conditions. How-
ever, these techniques could not ensure stability under large disturbance when
operating points move far away from the nominal operating point. This chapter
presents the utilization of controlled EV penetration with PV and wind turbine and
includes uncertainty in the system model for enhancing robustness.

5.2.1 Voltage and Frequency Regulation

In order to facilitate proper function of the grid, it is required to unremittingly
balance production and consumption of both active and reactive powers, so that
the frequency and voltage amplitude can be closer to their nominal values [17].
Active power can be controlled by controlling frequency, and reactive power
control relies on voltage control of the system [18]. Thus, frequency and voltage
are important factors in determining the power quality of utility grids. Imple-
menting 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. EVs
can be used in this case as they can act as medium-sized generators. In [19] an
aggregator-based revenue model has been proposed. This model is able to provide
regulation up to a certain desired level by organizing EVs. An energy manage-
ment system (EMS) placed at grid side dispatches appropriate regulation signal
within the contracted boundary of the aggregator. Idle EVs respond to the reg-
ulation signal based on the developed algorithm. A proper logic of charging and
discharging of EVs is implanted in the battery charger with a voltage control to
compensate reactive power, which selects the current phase angle to operate in
inductive or capacitive mode of charging [20]. Although penetration of a large
number of EVs for charging batteries from the grid could be a reason for
line overloading and voltage instability at a low voltage network, it can regulate
the reactive power within local vicinity [21, 22]. 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 [23, 24]. This chapter focuses on designing a coordinated
control for RESs with EV in the microgrid.
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5.2.2  Supporting and Balancing of Intermittent RES
Powered Smart Grid

Due to global awareness regarding energy security, fuel diversity and climate
change, the use of RESs for power generation is increasing rapidly. Integration of
RESs into grid has become a necessity, but unpredictability of the availability of
sources has become a prime concern. Currently, the most prevalent RESs are wind
power and solar energy. Solar irradiation is not constant throughout the day, and
solar power cannot be generated in the night. On the other hand, wind power is
more complex due to the unpredictable variations in wind speed. These variations
make it strongly intermittent, which leads to overall system imbalance. A number
of studies have been done to combine EVs with RESs to serve different purposes
such as battery storage, reactive power system and active power control. In [25] an
investigation on the possibility of using V2G concept to overcome intermittency in
wind power is conducted. Guille and Gross [39] proposed a structure using model
predicated control to analyse the positive effect of EVs on wind generator. In [26]
an autonomous distributed V2G control has been proposed for providing distributed
spinning reserve during intermittency. In [27] different strategies of integrating
EVs into wind thermal power plant have been investigated. The authors in [28]
proposed a combination of demand response with wind integration to balance the
power. V2G concept can provide flexibility in power saving. In an RES integrated
smart grid if power generated by renewable sources is high, then without curtail-
ment 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, it can be
supplied to the grid later on, thus creating a flexible power supply.

5.2.3 Controlling and Monitoring via ‘Smart
Charging/Discharging’

It has been mentioned previously that PHEVs or EVs can be used as a dynamic
storage and they can act as both generators and loads. 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 literatures proposed different
methods for smart vehicle charging systems using various algorithms to level the
curve. Takagi et al. [40] proposed an algorithm that can be utilized for load
levelling by using dynamic electricity pricing curve. This curve can optimize an
ideal minimum charge when EV users derogate their electric bill. EVs should be
charged late night due to low demand level during that time. A case study of a
California grid with four million EVs showed that charging load can be met by the
present power system without requiring additional power sources. Mets ef al. [41]
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. [42] 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 by considering 50% simultaneous EV
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Table 5.1 Charging power level for EVs

Criteria Description Power and
current capacity
Level 1 Opportunity charger 1.4 kW (12 A)
(any available outlet) 1.9 kW (20 A)
Level 2 Primary dedicated charger 4 kW (17 A)
19.2 kW (80 A)
Level 3 Commercial fast charger Up to 100 kW

penetration level and contributing 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 by shifting energy demand
[43]. 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 EV is charged in the early evening [44].
In some literatures like [45, 46], 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 an economically feasible
solution in Japan.

Charging power levels for EVs and a compiled comparison between uncoor-
dinated and smart charging are presented in Tables 5.1 and 5.2 respectively [16].

5.3 Hybrid EV Powertrain Architectures

The main challenge of designing an HEV is the control of power flow from various
sources to the load with high efficiency. Power flow control is actually dependent
upon drive cycles. Usually typical HEVs include more electrical instrumentations
than conventional internal combustion engine (ICE) drive vehicles. These include
apparatus like electric machines, power electronics (IGBTs/MOSFETs), con-
tinuous variable transmissions, embedded powertrain controllers, modern energy
storage systems (fuels cells, ultra-capacitors, and flow cells) together with DC/DC
and DC/AC converters. The simplest powertrain configuration is composed of ICE,
generator, pulse width modulation (PWM) converter, PWM voltage source inverter
(VSI), battery, induction motor (IM), transmission linked with wheels. Based on
the placement and arrangement of the components, HEV powertrain configuration
can be classified into three types [48]:

1. Series HEVs
2. Parallel HEV
3. Combination of series and parallel HEV's
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Figure 5.1 Series HEVs powertrain
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Figure 5.2 Parallel HEVs powertrain
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Figure 5.3 Combination of series and parallel HEVs powertrain

These three powertrain configuration and their overall power flow are
illustrated in Figures 5.1, 5.2 and 5.3 respectively [49].

A comparative feature analysis of these three types of powertrain is provided in
Table 5.3 [50].
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5.4 Industrially Used Control, Monitoring and
Management Strategies

To extract optimal benefits from EVs as a smart grid support, a number of control
strategies can be used in a drive train for vehicles with different mission require-
ments. The control objectives of the HEVs are as follows [51]:

Providing driver power demand

Operating each component of the vehicle with optimal efficiency
Extracting regenerative braking energy with high efficiency
Maintaining state-of-charge (SOC) of EV batteries within desired level

The IM drive used in EV and HEV is supplied by a DC source (battery, fuel
cell, ultra-capacitor or flow cell). These DC sources hold a constant terminal vol-
tage. A latched DC/AC inverter along with DC source will provide a variable
frequency and variable voltage as per requirement. The DC/AC inverter consists of
power electronic switches and power diodes. For DC motor control, PWM tech-
nique is widely used, whereas for controlling IM, FOC (field-oriented control) and
DTC (direct torque control) are popular approaches. These control strategies use
traditional proportional-integral-derivative (PID) controllers but control algorithms
like adaptive control, fuzzy control and neural network are also used industrially
[51-53].

5.4.1 EV Induction Motor (IM) Control
5.4.1.1 Voltage and Frequency (Volts/Hz) Control of IM
The equation of IM speed, i.e. n = %f‘“ (1 — ), indicates that the speed of an IM (n)

can be controlled by varying the supply frequency (f;). PWM inverters can easily
provide variable frequency supply with good quality output wave shape. Hence, the
open loop volts/Hz control has become a widely used technique for speed control
of IM drives. But it is not suitable for high accuracy control. The frequency
control requires control in applied voltage as implies the stator flux equation,
i.e. W; = U;/wjy (resistance drop is neglected, which remains constant). Otherwise,
if only frequency is controlled, the flux would change accordingly.

From the stator flux equation we can see that stator flux is inversely pro-
portional to supply frequency, which means an increase in frequency causes the
flux to decrease, thereby decreasing the torque developed by the motor. Conversely
if frequency is decreased, the flux will increase, which may lead to magnetic
saturation. Since in PWM inverters the voltage and frequency can be controlled
independently, these drives are fed from a PWM inverter. The control scheme is
simple, with motor being supplied by three-phase supply dc-link and PWM
inverter.

This drive does not require any feedback so precise controlling is not possible.
As a result it is mostly used in low performance applications. Based on the required
speed, the frequency command is applied to the inverter. The phase voltage
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command is directly generated from the frequency command by a gain factor that
controls the input DC voltage of inverter. By utilizing this method, the speed of the
motor cannot be controlled precisely because the previously mentioned frequency
control only controls the synchronous speed [54, 55]. Depending on different
loading conditions, there might be a small fluctuation in the motor speed. With high
speed, this fluctuation will be negligible. At low speed the frequency is also low, so
if the voltage is reduced then because of the large drop in resistance across the
stator will impact the overall performance of the motor. The relationship between
voltage and frequency at the time of low speed is given by Us; = Uy — kf; where U
is the voltage drop in the stator resistance, Uy the voltage across stator, f; the supply
current frequency and & a constant.

5.4.1.2 Speed Vector Control of IM

The main purpose of a controller designed for IM is to ensure high performance
with minimum loss. In a separately excited DC machine, developed torque can be
controlled by controlling armature current. By doing so and by maintaining the flux
constant, fast transient response can be achieved.

Field-oriented control (FOC) or the vector control of AC machines has a
similar control technique as applicable for separately excited DC machines. Similar
to DC machines, the torque for AC IMs is developed by mutual interaction between
armature current and flux.

But the difference in the AC machines is that the power is fed to the stator
only. The main challenge is to isolate individual current components responsible
for the production of torque and flux. The objective of an FOC is to isolate indi-
vidual stator current components that are responsible for the production of flux and
torque. FOC is obtained by magnitude, phase and frequency control of the stator
current by tuning and controlling inverter output. Because of the controlling para-
meters, i.e. magnitude, phase and frequency, FOC is often referred to as ‘vector
control’.

In order to obtain independent control of flux and torque in IM, the stator
(or rotor) flux linkages phasor is maintained fixed over time in its magnitude. Also
its phase is maintained stationary with respect to current phasor. The FOC structure
can be classified into two different structures:

1. Direct control structure: where flux position is checked and regulated by flux
Sensors

2. Indirect control structure: where flux position is estimated with the measure-
ment of rotor speed

In indirect control structure, IM is represented in synchronously rotating
reference frame, i.e. d-q frame. To obtain this control strategy, controller equations
are derived in d-q reference model. This model is also referred to as ‘dynamic
model of IM’ and can be found in literatures. The block diagram of the FOC used to
control a VSI of an IM is presented in Figure 5.4 [51, 55, 56].
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Generally, a closed loop vector control scheme results in a complex control
structure as it consists of the following components:

1. Two PID controllers: one for flux and torque control and another for speed
control

Decoupling network for voltage and current

Complex coordinate transformation

d-q to a-b-c transformation

Voltage or current modulator

6. Flux and torque estimator

SARE I

5.4.2 Requirement of EV Battery Management and Monitoring

Battery management is important for Li-ion batteries to ensure energy availability,
lifetime and safety of the energy storage system. The major inputs of an electronic
battery management system (BMS) are battery current, voltage and temperature
over time. Battery management is in charge of battery protection and SOC, state-of-
health (SOH) and state-of-function (SOF) estimation. Additional tasks include
controlling the heating/cooling subsystem and the main power switch, ensuring the
isolation of high voltage from the vehicle and implementing isolated communica-
tion with the in-vehicle network.

From an electronic point of view, main challenges are the accurate and syn-
chronous measurement of the battery current and the voltage of the pack cells,
along with data communication over a number of voltage domains and fulfilment
of Automotive Safety Integrity Level-C (ASIL-C) safety requirements. Typical
accuracy targets are 0.5-1% for currents up to 450 A and 1-2 mV and 0.1% for
voltages at cell and pack level respectively. This rigorous demand for voltage
accuracy is mainly driven by LiFePO, compound which is one of the preferred
technologies for automotive applications, as it features a good trade-off among
energy density, costs, safety properties and lifetime with cycle resistance. A very
flat characteristic for the open circuit voltage (Voc) versus SOC stands for this
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battery technology. This makes accurate SOC estimation from voltage measure-
ment very difficult, especially when the SOC is in the range of 20% to 80%. Other
automotive Li-ion chemistries, such as Li-Titanate (which has even better cycle
resistance, fast charge properties but lower energy density) or Li-Mangan, are less
demanding in terms of voltage measurement accuracy than LiFePO, cells. From a
semiconductor component point of view, it is essential to design for integrated error
compensation techniques and accordingly to the ISO26262 design flow. Moreover,
having high-precision production test equipment in place and going for compre-
hensive product qualification is required for an accurate assessment of the product
parameters. Considering a linear and offset free measurement system, the main
error sources in shunt current measurement are the variation of amplifier gain,
shunt resistance and analog to digital converter (ADC) reference over temperature
and time. The error sources in voltage measurement are ADC reference variation
over temperature and time, common mode voltage variation along the battery string
and the tolerances affecting the resistive voltage divider. In BMSs, no re-calibration
is foreseen and full accuracy must be maintained for all the vehicle life. However,
there are physical reasons for long-term drift of the measurement system. Most
significant ones are related to the threshold shift of metal-oxide—semiconductor
(MOS) transistors when biased — mechanical stresses that may induce MOS para-
meter shift and long-term relaxation effects. Comprehensive qualification tests with
the help of highly accurate automatic test equipment resources provide the basis for
good accuracy predictions over lifetime. Pre-aging of the electronics in biased
high-temperature operating environment needs to be considered to minimize long-
term accuracy degradation and to achieve the highest accuracy [57].

5.4.3 Techniques for EV Battery Management

Architectural choices for implementing a BMS can be influenced by the physical
characteristics of the battery and its targeted application. Ten to over one hundred
of high-capacity elementary cells are series-connected to build up the required
battery voltage in high-power applications. The overall cell string is usually seg-
mented into modules consisting of 4 to 14 series-connected cells. It means that a
battery can be considered to be made of three nested layers: namely the elementary
cell, the module and the pack (i.e. the series of modules). Each layer can serve as an
intelligent platform for the effective implementation of a subset of the BMS
monitoring and management functions. This approach leads to a hierarchical
architecture of the BMS. In that hierarchy the most inner layer is the cell mon-
itoring unit (CMU), one for each cell of the string. The middle layer consists of the
module management units (MMUs), one for each module in which the string is
partitioned. The MMU uses the basic monitoring functions implemented by the
inner CMUs and provides higher-level services to the pack management unit
(PMU), which supervises all the battery strings. A dedicated and custom bus can be
used to connect each CMU to the relevant MMU. A shared galvanic-isolated
controller area network (CAN) bus is the preferred choice to implement the com-
munication between the MMUs and the PMUs. The latter also embeds the interface
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Internal Isolated CAN Bus External CAN Bus

Figure 5.5 Hierarchical model of BMS

between the battery and the other control systems of the targeted application. In an
EV, the PMU is linked to the vehicle management system (VMS) through the
external CAN bus or other higher-speed fault-tolerant busses like FlexRay [58].
A high-level hierarchical BMS model is shown in Figure 5.5.

The hierarchical model shown in Figure 5.5 is very flexible, as the BMS
functions can freely be distributed and replicated (in case of redundancy require-
ment) over all the three layers of the platform. An example of the hierarchical
platform is presented later on this section. In that platform, only the two outer
layers are exploited, as the designed BMS embeds an MMU and a PMU for each
battery module. This is a common choice, mainly driven by the fact that providing
each cell with a dedicated CMU can be relatively expensive and can increase the
overall self-discharge rate of the battery in a non-negligible way. However, the
current trend is to build up the battery by series-connecting very high-capacity
cells, instead of groups of parallel-connected cells with smaller capacity. This way
the cost and power consumption of the CMU may become affordable, if compared
to the cost (roughly 400 €/kWh) and self-discharge rate (typical value is 3% a
month) of a very high-capacity cell. The use of the cell layer can bring some
advantages in implementing the BMS monitoring tasks. In fact, the CMU can easily
act as a gauge measuring the voltage and the temperature of the related cell. This
provides the basic support for adding redundancy to this key BMS function in an
effective way. In addition, as the CMU can be embedded in the cell case, it allows
some valuable information, such as the serial number, the lifetime, the number of
cycles to be evaluated and stored into the cell itself. This enables an easy tracking
of the cell history and the potential use in a second market application, such as the
smart grid [59], when the progressive degradation of the usable capacity of the cell
makes it no longer suitable for an EV.
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Protection of battery against overcharge, deep discharge and over-temperature
is usually achieved breaking the battery current flow through the main switch unit
(MSU) contactor. This method can be combined with the possibility of excluding a
segment of the string from the current path by the two-way switch present in each
module illustrated in Figure 5.5. This way the bypassed segmented cells are pro-
tected, while the battery is still capable of delivering power to the load. Further-
more, the insertion of the two-way switches enables the dynamic reconfiguration of
the string.

Mechanism described above also provides a direct method for charge equal-
ization. If a segment reaches the full charge, it can be disconnected from the current
path, so that the charging of the remainder cells of the string can continue.
Depending on granularity of the switch, this method can be applied to a string
segment made up of a single cell [60], allowing charge balancing at cell level.
However, this approach requires a pair of bidirectional switches for each cell of the
battery, which is impracticable due to complexity. Thus, this method seems to be
more attractive if applied to the segment level instead of the cell one. This is
because only one high-current two-way switch is needed per module. Different
approaches have been proposed for charge equalization. A good review of different
balancing techniques is provided in [61]; readers are suggested to have a look on
that literature. A comparison is shown in Table 5.4, where the above-described
method is reported as cell/module bypass. It falls in the category of active balancing
techniques. The extra energy stored in the more charged cells is not dissipated
as heat through a bleeding resistor, as it happens in passive equalization, but
instead is transferred to the less charged cells. Different active balancing techniques
are possible, depending on the way the energy is redistributed among the cells.
However, a really good compromise between circuital complexity of the active
balancing method and achievable efficiency has to be found to make active bal-
ancing competitive against passive equalization. Passive balancing implementation
is really straightforward, because it requires just one controlled switch and resistor
per cell. The most promising approaches seem to be the module-to-cell and the
shared cell-to-cell techniques [62], in which a single DC/DC converter is used to
equalize the charge among the cells of a module. In fact, a single converter can be
designed with a very high efficiency and also the number of the bulky passive
components (inductors and capacitors) is minimized when compared to the
distributed cell-to-cell technique. An interesting implementation of the module-to-
cell employing a flyback DC/DC converter is reported in the next section.

MMU contains the hardware implementation of the charge equalizer circuit,
while the overall balancing procedure is usually supervised by the PMU, which
controls the amount of charge stored in each cell of the string. To achieve this
purpose, the PMU needs to estimate the SOC of each cell of the battery string, that
is, the charge present in the cell divided by its nominal capacity. The latter corre-
sponds to the amount of charge that can be stored in the cell when it is fully
charged. As stated above, this is true only at the beginning of the battery life, as the
actual cell capacity gradually decreases with time. Thus, an accurate modelling of
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Table 5.4 Features of different battery management techniques

Methods Advantages Disadvantages
Passive | Cell-to-heat (one exploiting e Very simple e 0% efficiency
resistor and switch per cell) e Very inexpensive |e Slow
Module-to-cell (charge allocation |e Comparatively e Switch network
from a battery unit to a single simple e High isolation
cell by means of a galvanic- e Good efficiency voltage of the
insulated DC/DC converter) o Fast DC/DC
Distributed (charge e Moderate e Bulky
transfer from efficiency e Complex control
adjacent cells) e Moderately fast
Cell-to-cell | g red (charge e High efficiency |e Switch network
transfer from o Fast
Active cell A to tank, then
from tank to cell B)

Cell/module bypass (a cell/module |e High harmonizing | e High current
disconnection from the current efficiency switches
path) e Very fast and e Complex to

flexible implement

e Decrease
battery
competence
during normal
operation

the aging effect is very important for a precise estimation of the remaining charge
stored in a cell. Assuming that the initial value is known, SOC can be evaluated by
integrating the battery current over time. This method is called Coulomb counting
and is commonly used in low-power applications, as portable consumer devices.
However, Coulomb counting is very sensitive to measurement errors, particularly
those caused by offset temperature drifting of the current sensor, which may lead to
large SOC errors over time, because of the current integration. Another simple
method to estimate the SOC is to make use of the relationship between SOC and
open-circuit voltage (OCV). However, OCV dependence on SOC in Li-ion
batteries is very small, so the measurement of OCV must be very accurate. This
requires the battery being in steady state, a condition that is reached only after a
long time (often several minutes or even hours) with no load connected. Thus, this
approach is unsuitable for real-time SOC estimation in EVs, where the battery is
continuously charged or discharged with high currents. Among other methods
reported in the literature [63], such as discharge tests, internal resistance
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measurement, or neural networks, model-based algorithms (such as Kalman filters
[64] or mix algorithms [65]) seem to be the most attractive for online SOC esti-
mation in EVs. This is because they use onboard noisy voltage and current mea-
surements and they do not require long tuning times as artificial neural networks
do. However, model-based methods require an accurate modelling of the cell
behaviour for all the cell lifetime and in all the operating conditions. This implies
that temperature effects on the cell behaviour must also be taken into account [66].
These techniques for battery capacity monitoring are elaborately discussed in later
consecutive sections. A comparative analysis of different battery management
techniques is given in Table 5.4.

5.4.4 Techniques for EV Battery Capacity Monitoring

EV users need to know their cars’ battery status. For example, they need to know
how much charge is left in their batteries in terms of SOC compared to the fuel
meter present in conventional ICE-driven vehicles. They also need to know when
to recharge the battery or when they need to replace their battery to have optimum
service. They actually need to have a reliable battery capacity monitor to serve this
purpose. The primary objective of a battery system designer is to ensure reliability
of the system by monitoring, collecting and analysing relevant data. To keep off
unexpected charge draining and to avoid sudden system collapse, a better mon-
itoring system is a prerequisite. Apart from this, another objective is to optimize
recharging to maximize battery life cycle performance as battery life cycle is
partially dependent upon the charging duration and patter. To guarantee better
performance and to ensure reliability of the system, a battery monitoring system
should be capable of detecting the available energy and effective capacity as well
as should have the capability to predict the solution. For these reasons, effective EV
battery parameters’ monitoring is a prime focus for optimal penetration into the
grid.

Mainly three types of battery capacity monitoring techniques are used in
industrial sectors:

1. Voltage profiling
2. Coulomb counting
3. Ohmic capacity measurement

5.4.4.1 Voltage Profiling

The most commonly used technique for battery monitoring is measuring battery
voltage to determine how much energy is stored/left in the device. The main
challenge is that voltage profiling requires specific testing arrangements to observe
the relation between battery terminal voltage and its capacity under temperature
and loading variance. Predefined and modelled table of capacity values for exten-
sive range of voltage current and temperature is stored in memory chip. This
technique is suitable for smaller battery applications such as laptops, mobile phones
and tablets.
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The main advantage of this approach is that it requires less cost to implement.
However, the disadvantages are many.

e Restricted application of the capacity table for specific type of batteries.

e The correlation between battery voltage and capacity can only be developed
when the relaxation time of the battery has passed a certain period of charge/
discharge.

e The capacity table loses its validity as battery ages because voltage—capacity
relationship of the battery changes over time.

e Only tested values for a certain level of temperature and load variance can be
precisely monitored and programmed in memory.

e For proper system design, details of the battery parameters, duty application,
user behaviour and user environment need to be realized.

Due to these shortcomings, voltage profiling technique is not an ideal solution
for EV batteries where multiple variables including stochastic parameters have to
be considered Moreover, voltage profiling cannot provide information regarding
battery aging or battery life cycle [67].

5.4.4.2 Coulomb Counting

The basic principle of Coulomb-counting technique is to find out the starting point
of the battery status then track current flow into and out of the battery over time.
This will further ensure how much energy is stored in or drained from the battery.
Similar to the previous method, this technique is also suitable for smaller battery
applications such as portable devices. This technique is also used in some other
larger applications such as recreational vehicles (RV) and marine industries. This
technique can often be identified as a current shunt of Hall-effect coil added to the
negative terminal of the battery to measure accurate current flow.

Coulomb counting has two main advantages: First, it does not require expen-
sive technology, as a result it is efficient to implement, especially in smaller battery
applications. Second, it provides a precise measurement of battery current flow.
Moreover, Coulomb counting overcomes a key limitation of the voltage profile
approach: it is not vulnerable to the errors originated from the voltage-to-capacity
relationship in an environment with dynamic parameters. It means that this tech-
nique can be used for EV batteries.

Nevertheless, important shortcomings remain in this technique:

e Core chemical reactions can cause self-discharge that cannot be measured but
can be a significant factor over time.

e Internal charge and discharge incompetence at different capacity rates is dif-
ficult to precisely compensate for, especially when batteries age.

e Internal charge and discharge incompetence with temperature variance, battery
age and cycling history is difficult to exactly compensate for.

e Surface/shallow discharges (common in many applications) can lead to an
incorrect supposition about total capacity of the battery.
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o This technique updates the total capacity value and corresponding parameters
only if there is a full charge or discharge, which is not practical and is difficult
to detect and measure.

e To avoid accumulation error, which increases with battery age, recurrent
calibration is required.

In order to reimburse the shortcomings, a designer needs to understand the
specific battery parameters and the system response over time with variable range
of conditions and loads the battery will be dealing with. Battery response on pro-
gramme error compensation algorithms such as Peukert’s exponent should be
properly studied before implementation. For these reasons Coulomb-counting
technique is suitable at the early stage of the battery when cycling performance is
unchanged and error compensation algorithms are introduced [67].

5.4.4.3 Ohmic Capacity Measurement
Researchers have developed a number of Ohmic methods to test battery over almost
a decade. The main principle is to find out the internal resistance/conductance/
impedance of the battery which is dependent upon the available capacity of the
battery. It means that if internal resistance of the battery increases, the battery will
deliver less energy or it will lose the capability of storing energy. This relation
between impedance/conductance/internal resistances and capacity is much studied
and accepted in industries. It should be mentioned that this relationship between
impedance and battery stored energy is exact for batteries with similar chemical or
constructional characteristics. This correlation will vary for different batteries. The
limitations mentioned for earlier two methods can be tackled by Ohmic capacity
measurement because it can precisely measure battery characteristics for different
charge and discharge patterns. The most interesting thing about this method is that
it can overcome almost all the shortcomings of previously mentioned methods,
such as aging effects, life cycle and temperature variance. Primarily, this method
tests the battery response towards variable signal, load or charging current. Then by
applying Ohm’s law the internal impedance is measured. Though the basic prin-
ciple of this method is somewhat simple but choosing a proper type of load or
charge applied as an input is a major challenge.

There are three major types of Ohmic measurement. This chapter will discuss
briefly about those types.

1. AC conductance method
DC load—voltage recovery method

3. Large magnitude pulse resistance (LMPR) and stacked large pulse resistance
(SLPR) method

AC Conductance Method: This method, which is also known as dynamic
conductance method, uses a low-amplitude AC signal that varies within a nominal
OCV measured for battery. This signal is applied across battery terminals, and the
voltage response of the battery is measured. With that response, the internal
impedance value is determined. This determined internal impedance is then
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transformed into capacity value by using functional table. This method is well
suited for static batteries, but batteries that operate online or provide support to the
load cannot use this method. These batteries have two types of erratic effects. First,
noise generated from usual alternator and other loads associated with it extends the
frequency and amplitude of the applied signal, which actually obscures the overall
voltage response. Second, due to dynamic loading, the nominal battery voltage gets
lifted up or down, causing distorted response for marginal periods. So the main
limitation of AC conductance method is that it is not suitable for EV application
because of its dynamic and unpredictable behaviour. It is also not a suggested
method for larger batteries. Over many years researchers are trying to somewhat
lessen these shortcomings when measured with a system where noise and dynamic
loading coexist. However, this method is suitable for offline automotive batteries
with large capacity.

The DC Load Method: This method includes retrieval of voltage by applying
some known DC load and observes the output battery voltage to be stabilized at
some low level. After that the DC load is removed and the voltage is retrieved. The
internal impedance then is calculated by dividing the voltage change with load
current. This method has all the advantages that AC conductance method has and in
addition it is really inexpensive compared to AC conductance method. The most
significant attribute of this method is that it can tackle the noise sensitivity problem
of the previous method. In online system, inherited AC noise can be detected
whether the DC load is applied or removed, and the advantage is that the voltage
response is not vulnerable to the noise with frequency higher than usual AC ripple.
These outstanding characteristics make DC load voltage retrieval method appro-
priate for batteries used in dynamic environments such as telecommunications,
UPS and automotive storage applications. These batteries are exposed to electronic
noise but by nature not vulnerable to dynamic loading. These batteries spend
almost 99% of their life cycle fully charged and as a backup. The limitation of
voltage retrieval method is evident when there is a requirement of dynamic loading.
The applied DC load and measured output period are comparatively long (i.e. a
second or more than that). In dynamic application it is expected that momentous
change in duty loading or charging rate will significantly affect the output. Thus,
affected output voltage response can significantly affect the internal impedance
measurement because of the residue error. As a result this method is not an advi-
sable solution for battery capacity monitoring where dynamic loading exists. This
method can be used in telecommunication applications but cannot be used while
they are contributing active duty loading like foreseeing available runtime. An
alternative approach combining AC conductance method and DC load method has
been established for online backup batteries that are tested in float voltage. This
hybrid method uses signals with low-amplitude and high-frequency (approx. 215 Hz)
pulses to produce equivalent voltage response, which is above the VOC of the
battery, and then internal impedance is measured. This method undoubtedly serves
better performance than AC conductance and DC load methods, but limitations
regarding real-time measurement with extremely high dynamic duty loading cannot
be overcome. Apart from this limitation, this method can improve noise-related
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problems that AC conductance method and voltage retrieval DC load method
cannot address.

Large Magnitude Pulse Resistance (LMPR) and Stacked Large Pulse Resis-
tance (SLPR) Method: Another method that is introduced in this chapter is the
LMPR method. This method provides notable performance over previously men-
tioned methods. The basic principle is to apply comparatively large (1 C to 5 C)
load pulses for a minuscule timing (1 ms) and simultaneously measuring the vol-
tage slope. The test current is then measured through known impedance by dividing
with the voltage drop. The internal impedance of the battery is then determined by
dividing the voltage slope across the battery by the test current. The short duration
and large pulse application make this method suitable for dynamic application such
as EV battery management. This method does not rely on the load state of the
battery during the short test. The comparative change in battery voltage due to large
pulse and transient determines the internal impedance. It does not matter whether
the voltage is low due to large series-connected load or the voltage is stepped up
due to the connection of chargers, the only thing that matters is the change in
voltage across batteries in that short duration. This method can overcome the lim-
itations of the AC conductance method and can also tackle the dynamic duty
loading issue of the voltage retrieval method. Thus, the LMPR method is by far the
most suitable method for determining internal impedance of dynamically loaded
battery system. This method is capable of providing fuel gauge indication of
the battery capacity. Moreover, this method has inherent capability to pay off the
battery aging and life cycle capacity loss. Real-time measurement of the battery
capacity and life cycle can be determined by this method by comparing for multiple
capacity cycle. The LMPR method can provide radical improvement in case of
accurate and stable fuel gauge indication. In this method, the primary battery vol-
tage can be ignored due to the large pulse size and small step duration and therefore
voltage slope at the time of active pulse is significant. Nonetheless, in exceptional
cases a large charger or large capacitive load connected to the battery deviates the
values in the LMPR method. The battery voltage will be stepped up the nominal
voltage if a charger is connected with momentous charge (e.g. 0.5 C). During active
pulsation, the total voltage drop (Vj) is composed of V; and V, where V; is the
voltage of the charger and V), is the voltage drop or the battery response to pulsa-
tion. V) is responsible for measuring the internal impedance. Usually V, > V7, so
V1 can be ignored and only ¥, can be used for further calculations. But if the system
requirement is accuracy, then V| cannot be ignored. So this assumption entirely
depends on the system requirement. This error can also be generated by large
capacitive induction across the battery. It means if a large capacitive load is con-
nected across the battery, it can discharge into the load and this absorption of
voltage will change the battery response, which is not desirable. This problem can
be solved by efficient measuring circuitry that can neglect this fringe voltage
response due to capacitance or chargers and measure only the battery voltage, or by
increasing the size of the pulse at the time of low charger/capacitance impact.
Nevertheless, this is not a practical solution for larger systems. An optimum
solution can be the SLPR method. In this method, two pulses are stacked together.
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The first pulse completely saturates the voltage response of the connected loads.
It also generates a new reference voltage. The second pulse detriments the battery
attribution with high certainty. The second pulse is also called the measurement
pulse. The SLPR method has been confirmed to be better in terms of accuracy and
stability in extreme dynamic storage application in testing. This method can
determine in and out current flow of a battery with high accuracy if the small errors
are ignored. This can be done by the measurement of the internal impedance of the
battery over certain time intervals. The calculated current (in or out) can be
determined as the change in restrained capacity (Ah) linked with the two measured
internal impedances divided by the total timer interval. In both LMPR and SLPR
methods, the battery power can be utilized as the main energy source for mon-
itoring. Though it varies with the size of the batteries, the energy consumption is
approximately 40 mAh/day or less for usual automobile battery if sampled over
60 seconds. This range is usually lower than self-discharging rate. An optimum
design will include structured logical firmware that will automatically level the
frequency based on battery activity. It means that whenever the battery is not
actively used the frequency will be scaled back by one in every 600 seconds. The
frequency will be promptly increased up by one in every 10 seconds when there is
fast battery charging.

A lot of other battery monitoring methods are available and used industrially.
Each of these methods has its advantages and disadvantages and suitability of
precise usage. If an application designer requires high dynamic duty loading with
noise tolerant characteristics and accurate under loading, then LMPR or SLPR
method can be a reliable choice. But if we consider inexpensive implementation,
AC conductance or DC loading method would be a preferable choice for EV bat-
tery management [67].

5.5 V2G Communication System

For implementing viable V2G framework, the grid operators, aggregators and
corresponding groups of EV need constant communication among themselves and
their respective components. Existing communication infrastructure can be used for
contracting and command signals that ancillary service providers usually use,
which are mostly based on fibre optic and broadband communications. The
requirements for V2G communications can be identified based on five key factors:
bandwidth, latency, reliability, security and mobility. These can be achieved by
a variety of communication technologies such as Power-line Communications
and HomePlug, Wireless Personal-Area Networking and ZigBee, Interference
Management and Cognitive Radio. A brief introduction of some of these techno-
logies is presented below, and clustered V2G structure and communication between
aggregators are illustrated in Figures 5.6 and 5.7 respectively. In Figure 5.8 overall
control strategies are illustrated.

Power-Line Communication and HomePlug: In PLC high-frequency data sig-
nals are superimposed on top of the distribution voltage for data transmission
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Figure 5.7 Interaction of an aggregator and an EV over cellular network

through existing power-line conductors. Typically, transformers prevent PLC sig-
nal propagating over high-voltage lines, so this technique is suitable for medium
voltage distribution level. Recent implementation of PLC technology has mainly
limited the communication data transfer over residential-side power lines that lead
up to neighbourhood. This has successfully reduced damaging antenna effect from
medium voltage power lines. With this technology command and price signal
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Figure 5.8 Overall smart grid and EV control strategy

can be sent by aggregators to PLC receivers which is actually called HomePlug
and is being deployed in some regions. PLC can also contribute in home energy
management [68, 69].

Wireless Personal-Area Networking and ZigBee: ZigBee refers to a combi-
nation of high-level wireless communication technologies and protocols using
small, inexpensive and low-power digital radios based on IEEE 802.15.4-2006
wireless personal-area network standard. ZigBee operates in dual frequency band,
i.e. 2.4 and 900 GHz, which serves the flexibility to choose most proper frequency
band in noisy radio environment. ZigBee is mainly designed for sensing and
automation application like Home Energy Management. ZigBee has fast trans-
mission rate capacity (approx. 20-250 kbps), which can update data of voltage and
frequency regulation services in about one in every second. Because of its large
range — approximately 400 m — it can be used to cover EV parking lot with
minimum number of transceivers [69].

Interference Management and Cognitive Radio: Since several V2G commu-
nication technologies utilize same frequency band, there could be wireless
interference and congestion in densely populated regions. Therefore, the coex-
istence strategies (i.e. dynamic and distributed channel allocation) need to be
designed and implemented cautiously. Moreover, cognitive radio techniques can
be used for spectrum sharing across different V2G/V2H and home area network
technologies [69].
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5.6 System Model

The aim of this section is to present the dynamic models of the power system
devices under consideration, which are described in the following sections.

5.6.1 Wind Turbine Modelling

The most important components of a wind turbine, as shown in Figure 5.9, are
rotor, drive train and the generator. The wind turbine rotor of radius R; converts the
wind energy supplied to the rotor shaft that rotates at the speed w,,. The power from
the wind relies on the wind speed, V,,, the air density, p, and the swept area, 4,,,.
From the available power in the swept area, the power on the rotor is given based
on the power coefficient ¢, (4, ), which depends on the pitch angle of the blade, 6,
and the ratio between the speed of the blade tip and the wind speed, denoted tip—
speed ratio, 4, = ‘”;,’;R‘ The aerodynamic torque applied to the rotor by the effective
wind passing through the rotor is given as [29]

P 3
Tae = mAwth(ir, 0) Vw (51)

where ¢, is approximated by the following relation [30]:

_ [ w(A—3)
¢, = (044 — 0.01676) sin| ==~ — 0.00184(2 — 3)0

A two-mass drive train model of a wind turbine generator system (WTGS)
is used in this chapter. The drive train attached to the wind turbine converts
the aerodynamic torque, 7y, on the rotor into the torque on the low-speed shaft,
which is scaled down through the gearbox to the torque on the high-speed shaft.
The first mass term stands for the blades, hub and low-speed shaft, while the second
mass term stands for the high-speed shaft, having inertia constants, /4, and H,.
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The shafts are interconnected by a gear ratio, N,, combined with torsion stiffness,
K, and torsion damping, D,, and Dy, resulting in torsion angle ). The normal grid
frequency is /. The dynamics of the shaft are represented as follows [29]:

1

Om == Tue — Ksy — D 2
O = 5 (Tae = Ksy = Do (52)
) 1
Vg = 2H [Kyy — T. — Dgwy) (5.3)
. 1
y =2af (wm - Ngwg) (5.4)

The generator gets the mechanical power from the gearbox through the stiff shatft.
The relationship between the mechanical torque and the torsional angle is given by

Tw = Kyy (5.5)

A transient model of a squirrel cage induction generator (IG) is given by the
following algebraic—differential equations [29, 30]:

1
S Tn— T, 5.6
' o, [ 8 5o
. 1 .
Edr = T/ [Et/ir + (X - X/)lqs] + SwSE‘,V (57)
./ 1 / AN !
E, = 770 [E - (X-X )lds] — sw,E), (5.8)
Vas = Ryigs — X'igs + EJ, (5.9)
Vas = Roias + X'igs + E, (5.10)
=\ [V + V2 (5.11)
where

X' =X, + XX,/ (X, + X,) is the transient reactance

X = X; + X, is the rotor open-circuit reactance

T) = (L, + L) /R, is the transient open-circuit time constant
v, is the terminal voltage of the IG

s is the slip

E/, is the direct-axis transient voltage

E;r is the quadrature-axis transient voltage
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V4 1s the d-axis stator voltage

Vs 1s the g-axis stator voltage

T,, is the mechanical torque

T, = Egigs + Egig is the electrical torque
X, is the stator reactance

X, is the rotor reactance

X, 1s the magnetizing reactance

R, is the stator resistance

R, is the rotor resistance

H, is the inertia constant of the I1G

igs and iy, are d- and g-axis components of the stator current respectively
wy is the synchronous speed

5.6.2 PV System Modelling

The PV system, as shown in Figure 5.10, has mainly two portions: (a) solar energy
conversion and (b) electrical interface with the electrical network (power electronic
inverter).

Different maximum power point tracking (MPPT) systems, such as perturb and
observe (P&0), incremental conductance (IC) and hill climbing, are available to
extract maximum power from the PV array. The MPPT controller generates the
maximum power DC voltage reference for the PV array. The PV array can be
regulated to work on maximum power point (MPP) with or without DC-DC
converter depending on the controller design. The PV array current—voltage
relationship can be written as [31-33]

. Vi Ruin Ny (Vi R
Ipvi = NpilLi — Npilsi [GXP |:api <]\TIZ + —]S\/;Wﬂ -1 ] — EIZ (ﬁ + —]S\l[; l)

(5.12)
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where
1I;; is the current corresponding to light
I, is the reverse saturation current chosen as 9x 107" A
N; is the number of cells in series
N,; is the number of modules in parallel
R; and Ry, are series and shunt resistances of the array
IL,,; is the current flowing through the array
V,vi is the output voltage of the array

qi

The constant a,; = ThT,

where
k;=1.3807 x 10>* J/K is the Boltzmann constant
g;=1.6022 x 10~ C is the charge of an electron
A; s the p-n junction ideality factor with a value between 1 and 5
T,; is the cell reference temperature

The PV generated power is transferred to the loads and the remaining power to
the grid via power electronics inverter. Generally, inverter can be classified on the
basis of operation as follows:

(i) Voltage source inverter (VSI)
(i1)) Current source inverter (CSI)

Although, the CSI inverter has inherently filtering capability over VSI inver-
ters, the latter one is commonly used because of control flexibility in grid tied and
islanded operations.

The inverter control can be classified on the basis of controlled parameter as
follows:

(i) Voltage controlled
(i) Power controlled
(iii)  Current controlled

The PV system exhibits stochastic characteristics because of nonlinear sun
irradiance dependency, and thus implementing linear controller will not describe
the proper stability analysis of the system. Two control loops are designed to make
efficient control operation of the VSI. The outer control loop regulates the DC
voltage reference and the inner control current loop makes the VSI to follow the
active and reactive power reference independently.

The DC voltage regulation control equation can be written as

: 1. ,
vai == (lpvi - ldci) (513)
Gi

The DC current of the PV system and inverted output current can be related with
the inverter switching signals as

igei = 14iKai + IpiKpi + iciKei (514)
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Equation (5.13) can be written as

1

. 1
pr’ :alpv[ - a(

14iKai + IniKpi + iciKci) (5.15)

The nonlinear model of the grid tied inverter with LCL filter can be written as [34]

: Ri 1 V;;vz

j ':__.ai_ ai 2Kat Ki_Kci

ai L L¢ - 31 ( b )

: R; 1 vaz

b = i Kal 2Kl - Kci

Lipi T In iU 76 bi T3 30 (—Kai + 2Kp )

: Ri 1 Vvi

i]cj = __ilci ——eq;t+ s (_Kai - 2Kbi + 2Kci)

Ly; L 31 (5.16)

Vetai = C_ﬁ (l1ai = b2ai) Iy = I (Vegai — €at)
Vi = (i — o) oy =~ (Vo — )

i = ~ \l1bi — 12bi Uy = — \Vepi — €pi

fb G i = Tbi) Ty = Ve — €5

1 . 1

I'/vc ei — CT, (ilci - iZCi) izc,’ = L721 (Vc i ec[)

where K,,;, K;; and K; are the binary input switching signals for a grid tied system.
This system uses phase-locked loop (PLL) to synchronize with the distribution
system, but a stand-alone system uses a separate frequency regulation control loop
instead of PLL.

The system dynamics from (5.15) and (5.16) can be transferred to dg frame
using the angular frequency w; of the grid as [35]

CiVovi = lpyi — 110iKai — 114Ky
Lyjiy g = —Ritvai + wilviivg — Vegai + Kai Vi
Llillqi

Loilyy = +wiLyiivg + Veai — Eai (5.17)

= —Rii1gi — wilvitvai — Vergi + Kyi Vi

Loityy; = —0iLaitzai + Ve — Eqi
CiVepti = 0:CiVgi-Crirai — irai)
CiVepyi = —0iCiVepti-Cpi(i1gi — ingi)

The PLL synchronization angle is utilized in the abc-dq0 transformation and
chosen such that the g-axis of the dq frame is aligned with the grid voltage vector,
resulting in £,; = 0, and the instantaneous real and reactive power delivered to the
grid can be written as
3

s Eaily

3
P,' = EEdi[di and Qi = —2
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5.6.3 EV Energy Storage System (EV-ESS) Modelling

Several battery models are available, such as simple battery model, modified
battery model, Thevenin equivalent battery model, resistive Thevenin battery
model, modified Thevenin battery model and dynamic model. Among these mod-
els, the dynamic model proposed by the author in [36] offers flexible electrical
characteristics analysis for the battery integrated power system analysis. The
electrochemical battery models only represent general electrical equivalent circuits,
making a trade-off between complexity and simulation quality, whereas the
dynamic model represents the correlated relation among battery voltage, SOC,
depth of discharge (DOC), battery temperature and battery current with user con-
venient circuitry model for proper power system analysis.
Batteries are mainly used for

(i) Uninterruptable power supplies (UPS)
(i) Battery energy storage plants (BESP)
(iii)) Electrical vehicles

Battery models are basically bipolar, which can be represented by electro-
motive force and a series of internal impedances such as a Laplace function
variable ‘s’ which is regarded as a linear battery model shown in Figure 5.11.

However, as the battery behaviour is far from being linear and £ and Z are the
dependent functions of electrolyte temperature () and SOC, during the charge stor-
ing mechanism, only a portion of the battery current (/,,) stores in and the remaining
portion passes through another branch known as parasitic branch [36]. The parasitic
branch draws some current without affecting the main battery operation, and
converts the entered energy in its electromotive branch (£,) into another form of
energy. For example, the power loss in the real and especially in the parasitic
impedances takes part in increasing the overall battery temperature making it hot.
This parasitic branch with the linear battery model is shown Figure 5.12.

This battery temperature has significant impact on overall battery performance,
reliability as well as on its lifetime. In conventional general batteries, the charge
efficiency is considered very near to unity. As the parasitic branch takes no part in

Z(s)

E(s)

Figure 5.11 Linear battery model
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Figure 5.13 Third-order battery aggregate model

the main reversible reaction, during analysis this branch is considered as an inactive
portion for analytical simplicity.

The charging and discharging mechanism is electrically represented by several
R-C blocks as shown in Figure 5.13. The number of R-C blocks for the battery
model depends on the application of the battery in different sections. However, to
make the model accurate and simple, it is optimized accordingly with the frequent
current/voltage shapes, considering one or two R-C blocks in the battery model [36].
During the nearly fully charged period, the impedance of the main branch increases
instantly, which causes the parasitic branch terminal voltage and consequently the
current, /,, to rise. This phenomenon is represented by considering one of the R-C
block parameters such as C,, = 0 and R,, = R,,(SOC), which results in R, approaching
infinity keeping pace with the battery full-state approach. The battery SOC calcu-
lation takes into account the battery capacity as a function of electrolyte temperature,
discharge current and voltage at discharge point. The charge relation with electrolyte
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temperature and discharge current can be simplified as having inverse character-
istics. Higher temperature and lower current will draw more charge than constant
temperature and constant discharge current.

Simplified third-order battery model is presented in Figure 5.14. The depen-
dency of the battery parameters on the electrical circuit network is shown in the
following sections [36, 37].

5.6.3.1 Main Branch
The battery capacity dependency can be expressed as

0 &
C(17 e)I,E):constant = CO(I) <1 + _0) 0> ef (518)
' -
where
0y is the electrolyte freezing temperature = —40°C

Cy (1) is the battery capacity at 0°C and an empirical function of discharge
current, which is expressed as
K.C;
Co(I) :—Oa (5.19)
1+ (K. —1)(4)

where
Co=Co(l)
I is the reference current for the battery (nominal battery current)
K. and ¢ are empirical constant coefficients that depend on the battery
reference current /"

Battery SOC represents how full a battery is with reference to the maximum
capacity and how able it is to deliver at the given temperature 6. And, DOC
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represents how full the battery is with reference to the actual discharge regime.
Both SOC and DOC are dependent on the extracted charge as shown below:

— _ Qe _ o Qe
SOC =1 (0,0) =1 KO (5.20)
9
DOC =1 C(Iavg, 0) (5.21)
where
Oult) = Qi + j (D) (5.22)
0

0.(t) is the extracted charge from the battery in a fully charged condition, and
when ¢ = 0 the battery is considered full

Q.iniz 1s the initial value of the extracted charge required for the simulation
simplicity and perfectness

1, is postulated to be a filtered value of real battery current /(¢) during tran-
sient phenomena

1., can be represented as

Iuvg =1
1 1 5.23
t T]

R and C from R-C block can be related with the simulation time constant as
T = Rka (524)

I can be considered equal to /; in this battery model [37].
Main branch resistances can be shown with the dependency on SOC and
DOC as

Ro = Rpo[1 + 4o(1 — SOC)] (5.25)
Ry = =Ry In(DOC) (5.26)
However, the R, value depends on the battery SOC and increases exponentially

during charging while becomes insignificant during discharging operation and is
represented as follows:

exp[AZI(l — SOC)]
1 + exp (4zlx)

Ry = Ry (5.27)
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5.6.3.2 Thermal Model

In general, the electrical equivalent of electrochemical of each electrolyte tem-
perature should be considered while modelling a battery, as each electrolyte has its
own distinctive temperature. To avoid further complexity, uniform temperature
over the electrolyte in the battery is considered and can be represented as

o 0-o,
gdl_Rg g
P e;a, (5.28)
o(t :eini—FJiedl‘
0= 0w+ |~

where
Cy is the battery thermal capacitance
0 is the electrolyte temperature
0;nir 18 the initial electrolyte temperature
R, is the thermal resistance between the battery and its environment
0, is the ambient temperature (temperature of air surrounding the battery)
Py is the source thermal power (heat generated internally in the battery)
S is the Laplace variable

Now, the main branch voltage can be accurately represented as
Eyn=En — Kg (273 + 0)(1 — SOC) (5.29)

where
E, is the OCV at full charge and is constant
K is constant

5.6.3.3 Parasitic Branch

The voltage in parasitic branch can be written as
Vpn =1,R+ LR +E, (530)

The heat generated power P, can be represented by the losses in branch resistance
Ry and R, [38]:

Py =1IRy+ (I, — I})’Ro = R, (5.31)

The nonlinear relation between /, and V), following Tafel gassing—current rela-
tionship is shown for the parasitic branch as

Von 0
Ip = VpnGpO eXp(VLOJ'_Ap(l —@) ) (532)
P

The above relation for /,, is valid up to the recombination limit, and it should not be
overcome to make sure that the battery works in reversible way. The parasitic
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branch helps to understand the battery behaviour at the end of a charge and the
resistance for this can be simplified as

Von — E,
szp[ P
P

The constant parameters and their corresponding values for a lead acid battery are
shown in Table 5.5 [37, 38]. Using the above-mentioned nonlinear models, a
control strategy is developed in the next section.

Table 5.5 Third-order battery model constant parameters

Constant parameters Value

Battery capacity:

Co 261.6 Ah
K. 1.18

0, —40°C

€ 1.29

0 1.40

I 49 A

Main branch circuit:

T 5000 s

K 0.580e > V/°C
Roo 2.0 mQ

Ao —0.30

A —8.0

Eno 2135V

Rio 0.7 mQ

Ry 15 mQ

Ar —8.45

Parasitic reaction branch:

E, 1.95V
Gpo 2pS

Vo 2 mQ

A, 2
Thermal model:

Cy 15 Wh°C
Ry 0.2 °C/W
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5.7 Problem Formulation and Control Strategy

In this section a coordinated control strategy is proposed for controlling DFIG, PV
and V2G (which is modelled as a battery). Both active and reactive powers of DFIG
are controlled in order to control the frequency and voltage. The control strategy is
shown in Figure 5.15. In general P"ff will be the predicted MPP based on wind
speed. P and Q¢ will be controlled using PI controllers shown in Figure 5.15,
which are designed centrally. The desired active and reactive powers are realized
by controlling i, and ;.. To achieve the reference reactive power, the checker
block checks the available capacity for i, with respect to iy for a converter with a
25% rating of the DFIG. It is unlikely that the set power references and the actual
load will balance in a practical system. Droop controllers are proposed in this
chapter for the energy storage systems to balance the load and generation. In short,
the control strategy is to have one centralized controller and multiple droop con-
trollers [47, 70] to achieve stable operation in both grid-connected and islanded
modes and three-phase fault mode.

prof _+ Reference PI >
W A Calculator Ve
P m
rof Reference p—» Checker 4 PI —»
w _ Calculator ref B v
ldr dr
oy i

Figure 5.15 Control for DFIG

A PV unit with a battery (represented as a current source) is shown in
Figure 5.16. In general P’ “ will be the predicted MPP based on solar radiation and
P, ¥ and Qp”f will be controlled using PI controllers. In the voltage control mode of
PV units, P, and Q, are controlled by the amplitude of the voltage source converter
(VSC) terminal voltage. The error signals Ppref - P, and Qpref — 0, when fed to the
controller produces d- and g-axis components of the VSC current at their respective
reference values, which are again processed to get reference voltage components.
These two signals are then divided by v, to generate K; and K, for the PWM.

EV battery can be charged/discharged in a coordinated way by utilizing the
proposed controller in Figure 5.17. Depending on the SOC, user requirement, load
variation and grid status, the reference power for the battery controller will be
generated. The controller will track the reference dynamically and control char-
ging and discharging of the battery. P;eafﬂ can be increased or decreased to any
desired value while PI controller will stabilize the system dynamically. In appli-
cations where constant current charging and discharging occur consecutively,
power disruption is caused. This disruption can be smoothened by changing the
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Figure 5.17 EV battery charging/discharging controller

power accordingly. When battery is charged in constant current mode, the voltage
of the battery will gradually increase causing ramp-up power rate. Conversely,
when the battery is charged in constant voltage mode, the battery current will
gradually decrease causing ramp-down power rating. By utilizing these ramp-up
and ramp-down rates both constant current and constant voltage modes can be
attained [71].

To maintain a stable DC bus voltage and to interlink between DC bus and AC
bus (i.e. point of common coupling (PCC)), a neutral clamped VSC with controller
is used (Figure 5.18). Measured three-phase voltage and currents are converted into
dq frame. V4, and I, are fed to a current regulator where a reference [Zf is also fed.
Ia’,ff is generated from the voltage regulator. The main task of the voltage regulator
is to stabilize the DC bus voltage. A predefined reference DC bus voltage is fed to
the voltage regulator. Measured DC bus voltage is compared with the reference DC
bus voltage and then controlled by a PI controller.
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5.8 Simulation Results

To understand the contribution of coordinated V2G integration, a simplistic test
microgrid is considered for simulation purpose. Reference [72] is followed for the
test microgrid configuration. The system consists of a PV panel of 100 kW and a
9 MW DFIG wind farm connected with utility grid. A 200 kW DC load is con-
nected at the DC bus terminal and a 2 MW, 10 kVar AC load is connected at the AC
bus terminal. The PV unit is connected to the system via the VSC. The stator of the
DFIG is connected directly to the grid and the rotor via a VSC. The PV module
utilizes MPPT algorithm to extract maximum power. Here IC method is used for
MPPT purpose. To represent V2G system, a battery bank with output voltage 500 V
is connected at the DC bus terminal. The test microgrid is illustrated in Figure 5.19.
In the following sections, simulations for three-phase fault at PCC (AC bus) and
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intentional islanding are carried out and the contribution of V2G during these phe-
nomena is observed.

5.8.1 Severe Three-Phase Fault

The objective of this case study is to demonstrate that coordination of EV can
improve stability by maintaining frequency and voltage within statutory limits and
by sharing load between PV and DFIG WT during a severe three-phase fault in a
grid-connected mode. A three-phase fault is applied on PCC at 3 seconds and
cleared after 0.5 second. Figures 5.20 and 5.21 show pre- and post-effect of
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Figure 5.20 DC bus voltage before (a) and after (b) EV ESS introduction (severe
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Figure 5.21 Supplied power from PV before (a) and after (b) EV ESS introduction
(severe three-phase fault)
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Figure 5.23 Active power of wind generator at the time of three-phase fault

coordinated EV ESS on DC bus voltage and supplied PV power during the fault.
Supplied power by EV ESS, DFIG wind turbine active and reactive power profile
during severe three phase fault are shown in Figures 5.22, 5.23 and 5.24 respec-
tively. It’s evident from the results that EV can effectively control and improve the
impact of the fault.

5.8.2 Intentional Islanding

In this case study, an intentional islanding is demonstrated. Before islanding, the
microgrid was working in a grid-connected mode, PV and WT were supplying
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100 kW and 9 MW respectively and the remaining power was imported from the
grid. At # =3 seconds, an intentional islanded command is applied to the PCC with
0.2 second duration. Figures 5.25 and 5.26 show pre- and post-effect of coordinated
EV ESS on DC bus voltage and supplied PV power during islanding. Consumed
power by EV ESS, DFIG wind turbine active and reactive power profile during
intentional islanding are shown in Figures 5.27, 5.28 and 5.29 respectively. It is
evident from the results that EV can effectively control and improve the islanding
effect.
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5.9 Conclusions

In this chapter, ongoing smart grid power control and monitoring schemes in the
presence of EVs have been discussed. Different EV battery monitoring and man-
agement techniques along with control strategies for optimum V2G implementation
have been depicted. Furthermore, a coordinated control of PV, DFIG and EV
aggregator is proposed and simulated in test microgrid under severe environment.
The simulation results have validated the viability of optimum V2G implementation
in the smart grid power control and monitoring and have proven that coordinated EV
penetration in the smart grid with V2G concept can be an outstanding footstep
towards efficient power delivery.
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Chapter 6

PEV Charging Technologies and V2G on
Distributed Systems and Utility Interfaces

Domagoj Leskarac*, Chirag Panchal*,
Sascha Stegen* and Junwei Lu*

Abstract

The rapid expansion of plug-in electric vehicles (PEVs) has led to the requirement
for advanced charging and power delivery techniques. Smart transformers, AC and
DC fast charging techniques have the ability to connect a vehicle to the distribution
network at very high power levels. If this connection is not properly utilised, a
detrimental impact on the distribution network could occur. By utilising the
vehicle-to-grid technique alongside smart scheduling for charging, PEVs can sup-
port the distribution network. Improving the compatibility between different types
of electric vehicles and the distribution grid can be achieved by diversifying
charging methods to a multi-platform charging solution. Advanced wireless char-
ging methods can allow PEVs to travel long distances without stopping or requiring
a charging station. This chapter will discuss different types of charging technolo-
gies and the utilisation of vehicle-to-grid support on a distributed network.

6.1 Introduction

6.1.1 Overview

As petroleum-based fossil fuels become more expensive to mine and the issues of
climate change become more predominant, change in international regulations,
such as the Kyoto Protocol (1997) and local government legislation, has forced
traditional internal combustion engines (ICE) to subsequently become more
expensive to keep running [1, 2]. Most European countries and Australia agreed to
binding targets to reduce carbon emissions and adjust energy consumption habits.
To create a sustainable transportation system, vehicles must substantially reduce
the fuel consumption and decrease emissions. This can be achieved by utilising
electrified powertrains which can be combined with ICEs to create hybrid electric

*Qriffith University, Queensland, Australia
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vehicles (HEV), which meet the KYOTO and national set efficiency and emissions
targets [3]. By integrating substantial storage into a HEV, and a connection to the
mains power grid, the capability of travelling greater distances without the need to
run the ICE increases. This in turn creates the plug-in hybrid vehicles (PHEV)
sector. PHEV have the potential to not only reduce fuel consumption and emis-
sions, but also reduce the dependence of oil [4]. By further increasing the energy
storage component it is possible to completely remove the ICE to create a purely
battery electric vehicle (BEV), or electric vehicle (EV). The differences between
the topologies are visualised in Table 6.1.

ICE vehicles and EV-based vehicles are perceived to be two separate
achievements in history, but historically, the ICE vehicle and EV were developed
alongside one another (Table 6.2). The success of the early EVs, such as the 1888
Flocken Elektrowagen, was hindered by the lack of high-density energy storage
solution. By the turn of the century, inventors, such as Ferdinand Porsche, began
combining the electric motor developments with the ICEs to produce the first
hybrid drive vehicles. Even with the assistance of an ICE, these types of vehicles
were extremely heavy, complicated and expensive. This in turn allowed the
ICE-based vehicles popularity to dominate the market. By the early 1900s, Ford’s
Model T was the most common vehicle, second only to the horse-drawn carriage.
This hold on the market held its course until the introduction of the first mass-
produced hybrid vehicle, the Toyota Prius. The Prius had many advantages over its
predecessors: lightweight construction materials, microprocessor control, safety
features and most importantly improved battery technology. The Prius was in many
sights taking a turn away from purely ICE-powered vehicles. Elon Musk, the CEO
of Tesla, took further advances in battery storage technology (Lithium-based
batteries) to develop the first high-performance pure EV — the Tesla Roadster. This
vehicle was capable of reaching and exceeding equivalent ICE-powered vehicles of
its time. Michael Mauer, continuing on with Ferdinand Porsche’s original research,
developed one of the most advanced hybrid drive vehicles in the world.
The Porsche Spyder 918 captures Ferdinand’s concept of a hybrid vehicle and
transforms it into a performance machine of the 21st century. Vehicles with energy
storage and the ability to connect to the electrical grid; such as PHEVs and EVs,
will be commonly referred to as plug-in electric vehicles (PEVs) in this chapter.

PEV are projected to reach 2% of the global market by 2020 [5], and potentially
reach 25% of the U.S. (California) new car sales market by 2020 [6]. This increase
in PEV can only be possible with the reduction of energy storage cost, with some
estimations placing the cost for energy storage down to $300 kWh in 2020 from
approximately $600 kWh in 2014 [5]. This, however, will only increase the potential
for more PEV growth. Such PEV penetration will result in a growing requirement to
provide sufficient charging stations in diversified locations to keep the vehicles
adequately charged (grid-to-vehicle (G2V)) (Figure 6.1(a)). Depending on location,
PEV may resemble scattered dynamic loads in cases such as residential premises, or
large dynamic loads in areas such as parking lots. Large dynamic loads can cause
issues to the distribution network if charging is not managed at appropriate rates
even with relatively low levels of penetration, whereas scattered dynamic loads will
require a larger penetration to cause the same level of disturbance to a network.
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Table 6.1 Topology comparison between different vehicle drivetrains

Vehicle type

Illustration

Description

ICE

Single drive through
ICE

Liquid hydrocarbon
fuel supply

Series-hybrid

Electric drive
through an electric
motor

Battery energy
supply with grid tie
options. Liquid
hydrocarbon fuel and
generator to extend
range

Parallel-hybrid

Dual drive options
through electric
motors and ICE
Battery energy
supply with grid tie
options. Liquid
hydrocarbon fuel for
higher velocity
driving

Series-parallel
hybrid

Dual drive options
through electric
motors and ICE
Battery energy
supply with grid tie
options. Liquid
hydrocarbon fuel for
higher velocity
driving

Battery electric
vehicle

Electric drive
through an electric
motor

Large battery energy
supply with grid tie
options
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Methods available to kerb this issue involve implementing smart charging techni-
ques via means of an aggregator [7, 8]. Such an aggregator will control the charging
characteristics of all compatible PEVs connected on the same network.

6.1.2  Vehicle-to-Grid Concept and PEV Communication
Requirements

Having the ability for PEV to charge and discharge on a distribution network may
prove to be extremely beneficial. This concept is referred to as vehicle-to-grid
(V2G) connectivity and can be seen in Figure 6.1(b) and (c). The capability of
providing energy back to a grid is extremely beneficial for distribution networks
especially those with nearby renewable energy production [12—-15]. With large
populations adopting air-conditioning systems in developed countries, summer
peak loads may exceed the rated capacity of the distribution network. In cases
such as these, energy distributors generally switch on additional generators, com-
monly diesel or gas, to supplement the load. These generators are generally quite
expensive to operate and are not generally located at the source of energy
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consumption. With a controlled V2G network, these generators will have a lesser
role in supplying power to the grid during peak times. The PEVs connected at the
time could be used to supplement the load over the peak period of energy con-
sumption at the load. This in essence will reduce the overall loss of energy trans-
mission, which increases with energy consumption and distance to and from the
generator and load. A V2G network is not only beneficial to a grid during the
several peak days of the year, but can be beneficial throughout a working day by
flattening consumption curves and shifting daily peaks. This could in turn reduce
energy prices by reducing uncertainty within a network.

There are a number of different types of EVs which are not only driven by
batteries, but rather alternative energy storage means, such as fuel-cell electric
vehicle (FCEV) [16]. These vehicle technologies do not utilise batteries as their
primary energy storage system, but are capable of releasing electricity at will,
resulting in potential for V2G connectivity. The internal topology of an FCEV will
resemble that of a series-hybrid, but without the ICE and generator, rather a fuel cell
stack. Even though an FCEV is mentioned in this chapter, other types of hydrogen-
powered vehicles could have topologies similar to those described in Table 6.1. In the
case of the FCEV shown in Figure 6.1(c), the FCEV may not have a large physical
internal battery, but if a connection to the grid was possible, energy can be produced
by the fuel cell and exported to the network. This will in turn simulate a battery pack
comparable to that of a pure EV. These vehicles can be utilised purely as EVs with
V2G connectivity for grid support. Benefits can be seen not only to the distribution
network in terms of grid support, stabilisation and load shifting, but also to the sup-
plier of the stored energy. Figure 6.1(b) illustrates the case where a PEV is capable of
bidirectional power flow. Bidirectional power flow will allow a PEV to charge and
discharge onto a network as required. Charging from a network may be as a result of
topping up the charge capacity, or in response to the production of renewable energy
systems (RES). The combination of both G2V and V2G capabilities will prove to be
extremely useful once large-scale RES and PEVs become a common occurrence.

As distributors will no longer require switching on additional high-cost gen-
erators, distributed or local energy storage from PEV has the potential to return a
profit. The lure of a profit may seem beneficial to some users, but improper man-
agement of V2G functionality may present some risks to the internal storage of the
vehicle. Charge control management is a necessity for all V2G-enabled PEVs, with
set rate and depth of discharge limits for V2G functionality. These precautions
must be taken to prolong the life expectancy of the PEV batteries. This brings
communications into the spotlight. Communications between the grid and a PEV is
crucial in ensuring the V2G concept, and PEV as a whole is successful. A basic
level of communication can improve the network substantially enough to reduce
the impact of large clusters of PEV in a localised area and improve grid stability
simultaneously. To minimise the effects and potentially prevent an overload
situation on a distribution network, PEV charging must be monitored and con-
trolled [17]. Such monitoring and control systems should include an intelligent
two-way communications system between the on-board energy storage and energy
distributor. This type of communications system will enable the network to cope
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with multiple PEVs by manipulating charge and discharge characteristics of PEV
along with only allowing charging during specific off-peak times of the day [18].
Expanding on the intelligent control mechanisms of charging a G2V, a V2G
implementation could offset peak demand loads.

6.1.3 Distributed Generation and the Smart Grid

Figure 6.2 represents typical power characteristics of commercial office building
combined with a characteristic curve of a PV system. Figure 6.2(a) describes the
typical characteristics of a solar installation with intermittent cloud cover, whereas
Figure 6.2(b) shows cloudless production characteristics. As can be seen, there is
large variability in the production of energy with intermittent cloud cover and a
predictable curve during a cloudless day, but with both production characteristic
curves exceeding the building supply at peak PV production. The building load is
constantly varying around a characteristic path, determined by the time of day, with
the most dramatic changes occurring during early morning and late afternoon. In the
case of this building, the characteristics can be correlated with the building’s auto-
mated air-conditioning and lighting systems switching on and off. By connecting PEV
onto this network, either a destructive or a constructive characteristic can be obtained.
A destructive PEV would simply increase the maximum real power consumption,
whereas a constructive PEV has the capability of reducing peak demand. This is
achieved by peak load shifting, and in the case of Figure 6.2, excess PV absorption.

A small-scale PEV network with limited depth of discharge for V2G purposes
(Figure 6.2(a)) has the potential to reduce and essentially flatten the peak daily load

Solar Production and Building Load Comparison Chart

(a)

Small Scale G2V and V2G Medium Scale G2V and V2G

PEV Discharge PEV Charge

Real Power

PEV Charge

Solar PV \ PEV Discharge

Power

Reactive
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I
%
I

Time

Figure 6.2 Overlay of office building load power characteristics alongside PV
production and PEV characteristics. (a) Intermittent clouds on the
PV production with a small-scale G2V and V2G performance.
(b) Cloudless day PV production with a medium-scale G2V and V2G
performance
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of the building [19]. Increasing the size of the available energy, either through an
increased number of PEV or through an increase in the depth of discharge allow-
able for V2G purposes (Figure 6.2(b)), greatly increases the peak load shifting
effect. With large PEV penetration, the daily load cycle can be represented by a
constant load. This would benefit both the energy distributors in providing a static
load and the consumers with the reduction in energy prices.

This concept will allow a PEV’s on-board energy storage to be utilised not only
as a consumer of energy, but also as a supplement to the grid, commercial building
or a household during times of peak energy demand. In turn, this would stabilise the
energy consumption characteristics of a grid, as noted in Figure 6.2. This supple-
ment will ease the pressure from distributed generators and potentially help rectify
some of the issues caused by RES. Optimising such a system and providing a
method of communication between the stored energy and grid is a major necessity
to construct an efficient V2G system. To maintain a working life of PEV batteries,
limits should be in place. These limits would ensure that battery charge is main-
tained at a level where the vehicle still has a reasonable range. By limiting the
discharge on the batteries, their life cycle can also be prolonged.

The formation of a microgrid or a smart grid is a necessity to contain the
projected growth of PEV penetration on a distribution grid. A microgrid is defined
as a distributed resource island system by IEEE standard 1547.4 [20]. By this
definition, a microgrid is capable of self-sufficiently producing enough energy to
sustain a localised distribution network as an independent island. A smart grid is as
of yet undefined uniformly by major organisations, but the different definitions
have several common elements [21-25]. Therefore, a smart grid can be defined by
including characteristics described in Table 6.3.

A microgrid has the main, centralised power plants supported by smaller
power plants, which are decentralised across the distribution network. In some

Table 6.3 The smart grid characteristics

Sensors Has the ability to measure load and generator characteristics

Digital communications Enables a network to be observed and relay information
regarding grid integrity

Control Has the ability to act upon varying load and generator
capabilities

Automated Has the ability to self-regulate autonomously and dynamically

Integrated generation Accommodates and facilitates RES, PEVs and energy storage
systems

Robust and efficient Provides multiple sources of generation to loads, following the

most efficient path

Reliability, security and ~ Provides clean and consistent power free of harmonics at unity
quality power factor (PF)

Marketable network Generates a sustainable network which can adapt in the long term
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cases, these power plants are installed by the energy distributors to maintain energy
supply and stability. In other cases, consumers install small power plants to power
small sections of load in the case of a power outage [26]. In the case of distributed
generation or energy storage, energy can be delivered at the point of use, therefore
increasing overall efficiencies on functioning transmission networks [27]. Dis-
tributed generation is a major component in a microgrid and in smart grids, where
energy can be produced independently to that from the major power plants. Not
only can distributed generation provide power to a local network during a disaster,
but improvements can be made to the entire distribution network in terms of sta-
bility and reliability [26].

With the current trend of implementing renewable energy resources (RES)
onto buildings and in large-scale environments, the multiple generation points push
a traditional network into a situation where it can no longer maintain stable power
delivery [1]. The concept of a smart grid revolves around an advanced and
controlled method of energy delivery, production and consumption, where each
generator, load and distributor has adjustable characteristics depending on each
other’s requirements [28]. Depending on location, existing infrastructure and finan-
cial incentives, different levels of a smart grid can be created. A smart grid can be
achieved by utilising a power quality stabiliser, static synchronous compensator
(STATCOM), communications systems, distributed generation and energy storage in
conjunction with a smart controller to manage energy flow. Several of these systems
can be combined into single units that can be utilised as off-board DC charging
systems for PEVs [2, 29]. These systems have the potential to create distributed-
STATCOMs (D-STATCOMs) that ensure power factor correction (PFC) for large
variable reactive loads, which has been proven to be useful in maintaining unity PF
and improving power stability [30]. Applying this across a distribution network has
the potential to create the backbone infrastructure of a sophisticated smart grid.

The use of high-frequency (HF) pulse width modulation (PWM) in modern day
appliances and power supplies not only has caused a similar effect with regard to
PF, but also includes a large issue with HF harmonics or total harmonic distortion
(THD) [31]. This can be attributed to the high operating frequencies and non-linear
current consumption of PWM converters. THD on a network can cause abrupt
pulses and noise, causing sensitive electronic equipment to malfunction or be
permanently damaged [32]. By integrating a D-STATCOM capable device onto a
network, these issues with PF and THD can be rectified, reducing overall power
consumption and increasing the life expectancy of appliances.

6.1.4 Charging Diversity and Utility Interfaces

Connecting PEVs to a utility grid can occur with two electrical energy transfer
methods, contact and contactless [33—35], both with optimum use case scenarios.
Contact charging can provide a quick and simple solution to ensuring the PEV is
adequately charged while stationary. On average, a commuter vehicle will remain
parked for approximately 20-22 hours in a day [7]. During these times, the energy
storage capacity of an PEV can be charged through means of RES such as PV.
Charging an PEV during this time could offset the energy fluctuations from solar
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modules due to intermittent clouds, if solar production data could be obtained.
Three locations have been identified where the predominant charging of PEVs will
occur, including, but not limited to, areas such as homes, streets and parking lots.
Upon newly released standards, each area will have different levels of charging
capabilities, dependant on existing local infrastructure and charging requirements.
The electrical infrastructure around these charging locations will be capable of
supporting a relatively small PEV penetration. To support the projected PEV pene-
tration by 2020, one estimation predicts that approximately 20 billion dollars will be
spent globally to upgrade the electrical infrastructure [36]. The wireless charging
method could also be utilised while the vehicle is in motion or stationary [37]. All
charging stations must conform to newly released standards governing plugs, com-
munication, voltages and level of charging capacity. Managing PEV charging
characteristics as individual entities and as a part of large systems will be a crucial
task to ensure grid stability. This topic will be discussed in detail in Section 6.6.

6.1.4.1 Communication between PEV and Utility

Wireless communication between an PEV and a utility network is a must. Commu-
nication between an PEV and a consumer is also required to keep the consumer up to
date with his/her vehicle’s current state of charge. This will become more important
when the consumer enables the V2G functionality, to ensure there is enough energy
storage within the vehicle for the upcoming trip from the user. With the current trend
of wireless payment methods becoming increasingly popular, payment of energy
used by the PEV can be achieved in the same or similar manner [16, 38].

6.1.5 Local, Central and Distributed Generation

There are two main energy storage configurations, central storage and local storage,
each with their positives and negatives. Figure 6.3 illustrates two scenarios on the
same medium voltage (MV) distribution network, depicting central storage on
the left and local storage on the right. In this network, an assumption of eight
residential dwellings with a total of three units of PEV energy storage is taken.
Assuming that each low voltage (LV) distribution network has a normalised energy
distribution, centralised storage has several benefits that make it a viable option as a
supportive supply system for the LV network. Its benefits range from a lesser cost
for infrastructure development required to support the energy storage to an ease of
maintenance, as all storage devices are in the same location. PEVs may help
increase the available energy storage, creating temporary centralised (a large PEV
car park) and localised (home charging station) environment.

Energy storage on utility grids, specifically centralised storage shown in
Figure 6.3, has been in use since the 1990s to help manage power demand [14]. The
energy storage used is dependent on the location (suburban or semi-rural) of
installation and load requirements. If a large area is available, alternative energy
storage techniques can be utilised. Installations of this nature occur predominantly
to deal with summer peak loads on networks where station transformers are not
capable of supplying the required peak power for prolonged periods of time.
Depending on the scale of storage implemented and location, power outage
durations could be reduced or not be rectified entirely. As the energy storage will
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Figure 6.3 Energy storage configurations — left: centralised storage;
right: localised storage

be located away from the end users, the transmission losses need to be considered
when designing the system. The transmission lines which feed the loads also need
to be considered. If these lines cannot carry extra power to supplement peak loads,
infrastructure upgrades may be required.

Local storage can be defined as a single entity in a network that contains
storage, which is shown in Figure 6.3. Like a central storage solution, many ben-
efits to a grid can be achieved by local storage. As the storage is concentrated at the
point of consumption, efficiency gains in transmission can clearly be achieved.

With RES installations such as solar PV predominantly being installed on resi-
dential premises, energy storage of the excess production can be directly fed into the
local storage solution [39]. The stored energy can then be sold to neighbours during
peak load times, increasing the cost benefit to households with energy storage solu-
tions. This power sharing technique will almost always be more efficient than
increasing power production from the non-renewable power plants down the trans-
mission network. The use of PEVs as energy storage devices can become proble-
matic when state of charge (SOC) requirements comes into play. The SOC of an PEV
should not dip below the average commuter travelling distance or to a point where
the battery pack degrades. This may result in a useful battery size of only 10-20%
from maximum charge. By implementing energy storage with power flow manage-
ment systems in localised or centralised configurations, peak loads, off-peak RES
excess power production, transmission reliability and power outage issues can be
mitigated [12, 14]. This can cause an intestinal islanding effect, where some loads are



170 Vehicle-to-Grid: Linking Electric Vehicles to the Smart Grid

not affected by a local or feeder fault [28]. Smart control of PEV energy storage
combined with RES can create the beginnings of an integrated smart grid network.

6.2 Current PEV Charging Standards

Standards refer to influential groups or bodies which govern PEV charging tech-
nologies and ratings. Table 6.4 describes current legislation which governs PEV
charging capacities, plug types, communication protocols, voltages ratings and
safety requirements [40—44].

Table 6.4 Organisations and relevant standards associating to PEV

Organisation Relevant standard(s) Standard definition
Society for Automobile J1772 Conductive connector
Engineers (SAE) J1773 Inductively coupled charging
12847, 12836, J2931  Communications
J2864 Power quality
J2293 Energy transfer systems
J2344, J1766, 12578  Safety considerations
Institute of Electrical and 1547 Grid tied connections
Electronic Engineers P1809 Electric transport infrastructure
(IEEE) P2100 Wireless power and charging systems
P2030 The smart grid technologies
National Electric 625 EV charging systems and safety
Code (NEC) 626 EV parking space characteristics
National Fire Protection 70 National electrical code
Association (NFPA) 70B Electrical equipment maintenance
70E Electrical hazards
Underwriters Laboratories 2231 EV supply circuits safety
Inc. (UL) 2251 Plugs, receptacles and couplers for EV
2202 EV charging system equipment
2594 EV supply equipment
Deutsches Institut fuer 43538 Battery system specifications
Normung (DIN) EN 50620 EV cable requirements
VDE 051011 Safety requirements for batteries
International TC 21 Cells and batteries
Electromechanical TC 64 Electrical installations and protection
Commission (IEC) TC 69 EV and electric industrial trucks
TC 22/SC 3 Electrical and electronic equipment
61851-2-3 EVs conductive charging systems
Japan Electric Vehicle C601 Plugs and receptacles for EV charging
Association (JEVS) D001-002 Battery characteristics
D701-709 Test procedure of batteries
G101-105 Quick charging systems
G106-109 Inductive charging system
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6.2.1 Socket Types

There are still several sockets in use [42] to charge on-board energy storage. These
sockets in some instances differ due to the different types of power being delivered,
but more often than not are referenced to the geographical location. For example, the
Australian Standard for PEV sockets and plugs relates the socket to the amount of
power draw. The maximum parameters are in reference for voltages not exceeding
500 V AC and a rated current not exceeding 63 A for three-phase connections. For
single-phase connections a maximum of 70 A can be utilised [42]. As the diversity of
standard single-phase voltages varies between 100 V and 240 V between 50 Hz and
60 Hz (Table 6.5), differences between connectors must be realised. The most
common and current standards around the world regarding PEV plugs can be
visualised in Table 6.6. Only three-phase and DC plugs are shown in Table 6.6, as
the single-phase connectors are simply that of the country of origin. DC charging can
benefit over AC power delivery as voltages and currents are not dependent on geo-
graphic locations. This in turn creates a stable voltage platform to where all PEV can
normalise. The common methodology between all the plug types is power delivery
and communications between the vehicle and the charger or grid connection. The
communication interface can be noted by two smaller contacts on either side of the
main power contacts. The communication interface allows for enabling charging
currents, state-of-charge identification and fault detection [43].

The limiting factor for power delivery will either be the grid connection or the
plug interface. Expanding to include two types of energy transfer, AC and DC
currents, will allow for much greater power and energy transfer. A combined AC
and DC plug (Table 6.6) shows a combined DC/AC charging option, which can
utilise two energy delivery methods to increase power delivery to the PEV.

Table 6.5 Current global voltage ratings and frequencies

Continent Voltage range Frequency Exceptions
North America 100-130 V 60 Hz

220240 V 50 Hz Greenland
South America 220240 V 50 Hz

220-240 V 60 Hz

100-130 V 60 Hz
Africa 220-240 V 50 Hz

100-130 V 60 Hz Liberia
Europe 220-240 V 50 Hz
Asia 220-240 V 50 Hz

220-240 V 60 Hz

100-130 V 60 Hz

100-130 V 50 Hz East Japan

Australia/Oceania  220-240 V 50 Hz
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Table 6.6 International socket types for PEV charging systems

Power type Type 1 Type 2 GB/T

AC (3 phase)

SAE J1772/IEC 62196-2 1IEC 6219-2 GB/T Part 2

DC
IEC 62196-3 1IEC 6219-3 GB/T Part 2/TIEC 6219-3
Combined AC e
and DC < j

IEC 6219-3 IEC 6219-3

6.3 Contact-Based PEV Charging

Two distinct methods are used to charge PEV: the direct contact method and the
wireless method. The direct contact charging method includes two subset power
types of AC and DC. AC charging varies between single-phase and three-phase
networks, while the DC charging type relies on a single charging voltage. Both AC
and DC charging methods utilise a voltage control method for charging PEV, where
the voltage source is maintained and the current supply varied [45]. Focusing on
contract charging brings upon several different charging topologies. These include
AC methods, DC methods, and a combination of the two along with a wireless
interface. Each method has varying charging characteristics which depend on
location of use and power requirements [45]. As PEV’s energy storage is typically
in the form of a battery, a DC charging supply is required. The most common outlet
is in the form of AC, which results in the need for energy conversion equipment,
internal or external to that of the PEV.
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Figure 6.4 Simple rectifiers utilised for G2V: (a) unidirectional; (b) bidirectional

6.3.1 Rectifier Topologies for G2V

The simplest form of a charging mechanism for PEV’s incorporates the unidirec-
tional AC/DC converter; Figure 6.4(a). In this converter topology, four diodes and
filters are utilised to rectify the AC waveform with a single MOSFET switch to
control frequency. To be able to create a bidirectional converter, multiple MOSFET
switches must be used such as in Figure 6.4(b). In this configuration, the removal of
the diodes allows current to flow to and from the battery supply. This configuration
allows for a single stage conversion process assuming the battery voltage and grid
supply have an appropriate or similar voltage rating.

6.3.2 Inverter Topologies for V2G

Typical inverters utilise the half-bridge converter, which is a combination of a buck
and a boost converter. One key feature of a half bridge converter is the ability to
allow power to flow in both directions — from source to load and from load
to source. This circuit has the capability of changing current flow from positive
through zero to negative, while always maintaining a positive input voltage.
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By connecting this circuit to a DC motor, single-quadrant controls can be obtained.
By varying the duty cycle of the switches, speed control of a motor can be obtained
[46]. In the half-bridge, the AC voltage which would be produced will be in the
order of a peak-to-peak equalling (ideal case) of the input voltage.

Two major methods are used to convert DC to grid stable AC — the transformer-
based inverter and the transformerless inverter. Both systems require the use of
switching to convert the DC input to AC. Depending on the switch and switching
mechanism, different types of wave outputs could be achieved. The simplest output
wave is the square wave with sharp edges, which can be achieved by utilising the
topology outlined in Figure 6.5(a). A square wave output is not desirable when used
in transformers or applied back onto the grid. The sharp edges introduce harmonics
onto the underlying sine wave, thus distorting it relative to the amount of power
supplied. Harmonics in a system can cause an efficiency reduction and distort
the carrier waveform. By introducing multiple MOSFET type switches, as in
Figure 6.5(b), a modified sine-wave or quasi sine-wave can be created and therefore

(a) DC/AC Converter — Unidirectional

50 Hz Switching 50 Hz AC Grid
vy 2

Filters

C: DC Source nE 4}% G:V V acd

DC/AC Converter — Bidirectional

(b) 50 Hz PWM Switching 50 Hy AC Grid
LYY YN, z Tl
Filters
L4
> >
ik ZEE -
+
(D DC Source = 6_{, V_ac2
L -
spk 2k
YY)

Figure 6.5 Simple inverters utilised for V2G: (a) unidirectional; (b) bidirectional
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a reduction in the harmonics can be achieved. Implementing multiple switches to
control high and low power flow is a necessity to achieve a controlled bidirectional
inverter. To improve the efficiency of the inverter, adjusting the duty cycle of the
switches to generate a momentary zone where no power is being delivered creates
the zero-voltage switching phenomenon; Figure 6.6. To achieve a pure-sine wave,
adequately sized inductors and capacitors must be used to filter the sharp switching
edges.

6.3.2.1 Traditional Transformer-Based Inverter

The full bridge is connected to either a low frequency or an HF transformer which
will either step up or step down the voltage to be converted to mains AC. Typically,
modern transformer-based inverters utilise a PWM control to create the grid
frequency, though in some cases transformers are situated on the mains AC
conversion side. The operating frequency of the mains grid is either 50 Hz or 60 Hz;
depending on location. This results in the physical size of the transformers being quite
large, as the necessary magnetising inductance is dependent on frequency. The use of
such transformers is not appropriate in PEV's due to the weight and size of the device.

6.3.2.2 Transformerless Inverter

Transformerless inverters operate similarly to the transformer-based inverters; how-
ever they utilise switching converters to buck or boost the panel DC voltage to an
acceptable mains voltage. By incorporating a full-bridge converter and enabling zero
voltage switching, isolation can be provided without resorting to a transformer [47].
Traditionally transformerless inverters had issues with high cost, as the necessary
high voltage solid-state switch-gear — commonly insulated-gate bipolar transistor
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(IGBT) or metal-oxide semiconductor field-effect transistors (MOSFETs) were not
cost effective at the time. The reduction of cost between these switch types has lead
this technique to become a more viable alternative to traditional transformer-based
inverters. By removing the transformer, several kilograms in weight savings and
inverter size reduction can be achieved. The advanced switching techniques which
are implemented on modern systems have the ability to operate at higher voltage and
current ranges compared to a more traditional transformer systems. Efficiencies of
transformerless inverters can easily exceed that of the traditional topology, even with
the addition of numerous additional switching stages.

Since transformerless inverter technologies can utilise a full-bridge topology to
generate the low-frequency mains AC waveform, some PF correction techniques
could be implemented. With the introduction of standard AS4777.2 [48],
PV inverters must operate between a PF range not limited to unity. This gives
distributors the ability to approve inverter technologies such as the transformerless
to PF correct and support voltages on the networks [48].

6.3.3 DC/DC Converters

Common DC/DC converters utilise HF switching components to control output vol-
tage and current. The voltage can either be of a higher order or lower depending on the
application. The process of reducing or increasing DC voltage is done through a
similar circuit, which are known as buck and boost converters respectively. A repre-
sentation of a DC/DC buck converter is illustrated in Figure 6.7(a), where a single
MOSFET switch and diode are utilised to reduce the voltage through the inductor. The
ability to increase and decrease the voltage of a DC supply can be done by integrating
both the buck and boost converter topologies together to form a half-bridge converter;
Figure 6.7(b). The half-bridge can operate in two quadrants, however if four-quadrant
control is required, two half-bridge converters can be utilised to create a full-bridge
conversation stage. The full-bridge converter has a capability of operating in all four
quadrants. Four-quadrant control, in the case of an electric motor, implies that the
converter has the ability to accelerate and brake in the forward direction and accelerate
and brake in the reverse direction. All of the DC/DC converters can be controlled by
changing the duty cycle of the switching and adjusting the operating frequency.

6.3.4 Full-Bridge Converters with STATCOM Capabilities

To increase the capabilities of DC/DC converters, the full-bridge topology can be
used. Figure 6.8(a) describes a unidirectional converter which utilises a diode-based
rectifier to return to a DC source. Figure 6.8(b) illustrates the required topology to
achieve bidirectional power flow between the load and the source. This structure
can be applied to an electrical network where accuracy and tuning are required in
multiple power flow directions [49]. Depending on the application, it may be bene-
ficial to combine a DC transformation method with an AC transformation method.
By doing so, benefits between both systems can be achieved, such as HF operation
(improved efficiency and size reduction) and isolation. Utilising a full-bridge struc-
ture, a peak-to-peak voltage waveform of twice the input voltage can be obtained
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under ideal circumstances. PF correction is a necessary implementation of the
transmission network. Depending on the location, size and level of PF correction
required, different techniques can be implemented. These techniques include
switching inductors or capacitors onto the network to correct the PF by means of
mechanical or electronic switches. Relatively simple control can be achieved by
creating a SVC device. To achieve four-quadrant control, a STATCOM device can
be used. A STATCOM inherently will be more complicated, but will allow for
greater control of the reactive power. In a three-phase system, load balancing can be
achieved simply through VAR control [50]. If a common DC bus is available, load
balancing can be achieved through means of an integrated circuit control system.

6.3.5 Internal STATCOM

Power IGBT, MOSFETs and now SiC MOSFETs are proving to become contenders
to a now traditional static volt-amp-reactive compensation (SVC) technique [51].
STATCOMs benefit over SVC devices in their response time for reacting to a change
in PF or balancing between loads. This is because STATCOMSs can operate internally
at much higher frequencies over SVC devices, thus resulting in sub-cycle analysis and
mitigation of upcoming issues [52]. Commonly STATCOMs are based on the voltage
source inverter (VSI) topology, with some based on the current source inverter (CSI)
topology [53, 54]. VSI topology converters convert DC into a single- or three-phase
output, where the voltage, amplitude, frequency and phase can be controlled [54, 55].
CSI topologies have advantages in harmonic filtering and require smaller DC energy
storage components compared to a VSI topology [55]. VSI topologies have a greater
advantage though, as the topology can allow the coupling transformer to form part of,
or completely form, the inductance required for the AC filter. When STATCOM
functionality is available as part of a charging system in a PEV, a number of benefits,
including grid stability management, can be achieved [56]. As there is a large
potential to have multiple PEVs charging simultaneously, the grid stabilisation effect
can be amplified. This is because multiple PEV STATCOM controllers and topolo-
gies can be implemented together to share support, or partially the reactive power
requirements in relation to the network requirements [57]. STATCOMs require
symmetrical capacitive and inductive ranges to compensate reactive power and a
real energy storage component to cover all four-quadrants; described in Figure 6.9.
PEV’s have an inerrant advantage as they already have a large real power storage
system implemented in their battery banks. This makes V2G systems favorable for
dynamic four-quadrant grid support systems. A STATCOM has the added ability to
control the output current independently to the AC system voltage [53]. The DC
component of the PEV can be utilised as the voltage source, and can control the real
power output of the device and accept DC inputs from RES.

6.3.6 PEV On-board Charging Designs

There are many different positions for a charging system to be implemented on a
PEV. The most common location is as a separate unit rectifier which can accept
single- or three-phase power to charge the on-board energy storage. Depending on the
type of motor used in the PEV, another location for AC charging can be by the motor
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driver unit. If the motor is a three-phase induction machine which operates close to
three-phase voltages, the motor driver can act as a rectifier as well as the driver for the
motor. To achieve this, the motor driver has to be capable of bidirectional power flow.
DC charging typically occurs through the use of an external AC/DC converter, which
supplies power to the PEV as a potential which can be directly placed across the
internal PEV DC bus. Figure 6.10 illustrates these charging mechanisms. Charging
protection circuitry is placed along every point where charging can occur. This pro-
tection includes overcurrent, voltage, frequency and short circuit protection. These
protection protocols are omitted from this diagram, but are included on a typical PEV.
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6.4 Smart Transformer for Charging Station in a Microgrid

A traditional electrical grid consists of several static and active components which
transport energy to a number of loads from a single point of generation. In this type
of network, the generator is controlled by the demand from the load [1]. In a typical
power network, there are several large generators producing electricity at a pre-set
voltage and frequency, only varying power output on energy requirements. From
these large generators, energy is transported through the extra high voltage, high
voltage and MV distribution infrastructure. As the majority of consumer’s appliances
operate at LV distribution network, the distribution transformer must be able to
supply sufficient real and reactive-to-diverse loads [58]. A typical distribution
transformer will have an average capacity between 50 kVA and 500 kVA with
single-phase voltages between 110 V and 240 V and a frequency of 60 Hz and 50 Hz,
depending on geographic location (Table 6.5). This relatively low voltage and high
power capacity can result in large resistive losses on the transmission network. This
coupled with unbalanced, reactive and high harmonic distortion loads reduce the
efficiency of distribution by approximately 6—7%. Figure 6.11 illustrates the tradi-
tional distribution network with both AC and DC loads. To supply DC loads, addi-
tional AC/DC converters are required. These converters add another step to the
electric conversion process, ultimately reducing the overall efficiency of the network.

With the pending increase of PEV on distribution networks, the requirement for
high-power and higher efficiency transformers is a necessity. Supplying both AC and
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Figure 6.12  Utilisation of smart transformer on distribution and charging network

DC (PEVs) loads will become a normal function for these transformers. Not only will
the transformers have to cope with an increased load, but with the onset of more RES
on the network, the potential to feed back into the MV distribution network. A smart
transformer is thought to have the capability of providing such benefits as a replace-
ment to the traditional transformer distribution network. The smart transformer will be
capable of supplying both DC and AC loads, accepting reverse power flow from those
loads and energising MV transmission network — shown as /1 kV AC grid connection
in Figure 6.12. The smart transformer concept utilises solid-state converters,
described in sections 6.3.1 to 6.3.4, to remove the necessity of a low-frequency (50—
60 Hz) transformer. The removal of such transformers results in reduction in size and
weight and can increase the efficiency of the overall conversion process [51]. By
having internal points where there is a DC bus, DC power can be exited from the
transformer as its own supply. Incorporating four-quadrant power controlling full-
bridge converters with STATCOM functionality (sections 6.3.4 and 6.3.5), in the
smart transformer, reactive power, harmonics and load balancing compensation can
occur [56]. The topology of a smart transformer is shown in Figure 6.13.

6.5 Contact Charging Safety Considerations
6.5.1 AC Charging

AC charging techniques are relatively easy to accomplish, due to the historical AC
transmission network. With AC transmission, a zero-crossing point of the power
wave is present, at which point an arc will simply self-extinguish.
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6.5.2 DC Charging

Direct contact DC charging has been problematic in the past, majorly due
to inadequate fault-sensing equipment and switchgear. Recent developments in
silicon microelectronics and integrated circuit design have allowed for DC to return
as a major player in energy transmission. Thyristors, IGBTs, MOSFETs and
modern-aged silicon carbide (SiC)-based MOSFETs have allowed DC switchgear
to enter the high-voltage power networks. Modern SiC MOSFETs have the cap-
ability of efficiently switching upwards of 2 kV in a relatively small form factor.

6.5.2.1 DC ARC Faults

A DC arc can be described as a sudden current flow over an air gap between two
conductors, or a single conductor to ground. Just like an AC arc, if not extin-
guished, the arc can cause fire or even explosions depending on the environment
[59]. A DC arc differs in many characteristics over an AC arc. An AC arc has a
point in time where no power flows, also known as the zero-crossing point. This
in combination with an appropriate open contact resistance is generally enough to
cause the AC arc to extinguish. A DC arc does not have a zero-crossing point,
rather a constant potential, if constant power is available [59, 60]. There are many
causes for DC arcing, but in reference to an EV, two types of arcing are
most common: a series arcing and a parallel arcing. Both types of DC arcs are
difficult to detect but can be dangerous if not mitigated. Series arc faults generally
occur inside a loose conductors or broken wires, due to corrosion or poor instal-
lation [60]. When an arc occurs, a semi-conductive layer of copper oxide is
formed. This layer forms a location for an arc to occur but not adversely affect
series battery voltage or current.

Standard inverter technologies of single phase can mitigate a series arc from
becoming too extensive. They do this by comparing maximum open circuit voltage
to that of the maximum power point voltage. If the voltage drop over the arc gap
becomes greater than that of the open circuit voltage, then the inverter switches the
string off [59—61]. This is only possible for single-phase inverters with a relatively
low string input voltage. A parallel arc occurs between two parallel conductors of
different potentials. Parallel arc faults to ground occur due to a short where
the negative cable is grounded and insulation of the positive cable is damaged.
Cross-shorting parallel arc faults occur when conductors of different potentials
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cross and short. Numerous methods including RF sensing and detailed voltage
measuring are used to detect such a fault in a system, but these methods commonly
lead to false alarms. Faults can reach in excess of 1,000 °C, which in any case can
cause fires. Methods to mitigate DC arcing faults should be implemented on every
system, even if false alarms are given to reduce this risk.

6.6 Wireless Charging Systems for PEV

6.6.1 Wireless Power Characteristics

Contactless charging methods have the potential to integrate into infrastructure
easier when compared to contact charging solutions. This is because there are only
a small amount of developed wireless charging systems (WCS) and therefore little
variance between countries. The term wireless in wireless power transfer (WPT)
and WCS refers to the absence of a physical (copper) connection from the energy
supplier — typically an electrical grid — to the load. Instead of free flowing electrons
charging a battery through a cable, electromagnetic (EM) energy in the form of
magnetic or electric fields are used to bridge the charging gap.

WCS have become one of the famous and innovative technologies in the last
decade for various applications, both low power and high power. Low-power WCS
include wireless biomedical devices [62] and compact electronic products such as
smartphones [63—65], while high-power WCS include concepts for EVs [66] or
BEVs [67] and PHEVs [68]. Currently, three important factors — high cost, limited
range and limited power transfer — are preventing EVs to become more user-friendly
[67]. In order to make WPT technologies more accepted, the disadvantages must be
rectified and the inherent advantages promoted. A major advantage of WCS 1is the
ability to increase the range of EVs without substantial impact on the weight or cost.

To transmit energy, a WCS utilises a standard power supply (mains/battery
energy storage) and converts it to the necessary voltage/current/frequency to allow
for wireless power transfer to occur. Figure 6.14 illustrates this process in the form
of an induction charging method for a PEV. In this illustration, the mains AC power
is converted into DC using AC/DC rectifiers, filters and PFC circuitry. The filtered
DC is fed into HF AC converters to convert the DC into an appropriate HF AC
source for the primary winding. To reduce losses and improve performance,
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Figure 6.14 Basic diagram of a wireless charging system for PEVs
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primary and secondary compensation circuits should be employed. As the primary
and secondary windings are inherently separated by an air gap defined by minimum
vehicle ride height legislations, typically 100 mm, the energy transfer character-
istics are typical to that of an air-core transformer. A varying current in the primary
winding creates magnetic field which generate varying electromotive force (EMF)
or voltage in the receiver coil. On the receiving side, the PEV power conversion
starts at the secondary winding. The HF AC voltage is rectified and filtered into a
DC source and then transferred to the battery management system (BMS). This
device includes the battery charger, protection circuits and SOC information. From
this point onwards, DC power can be directed into the battery banks. In general, the
receiver coil is installed underneath the car at a distance from the ground, while
other electronics are inbuilt into the car.

Efficiency is the Achilles-heel of a traditional WCS. Advanced WCS tend to
utilise methods of controlled feedback loops to more accurately provide energy
transfer details to increase efficiency. Figure 6.15 illustrates an advanced closed
loop for WCS. In comparison with traditional WCS, the feedback has two impor-
tant features: dual internal charge controllers and wireless communication systems.
By providing two charge controllers, one on the transmitter and another on the
receiver, the charging characteristics can be managed on both sides of the wireless
transfer medium. In-built wireless communication systems allow communication
between the source and receiver with a number of different parameters. These
parameters include power transfer, efficiency, charging level, load level and control
parameters. The information exchange can be employed utilising universal wireless
communication protocols such as Wi-Fi, Bluetooth and near-field communication
(NFC). The placement and isolation of communication devices from the internal
WCS high voltage are one of the challenging tasks for a designer, but it is solved
with the help of technology advances.
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6.6.2 Methods of Wireless Power Transfer

Three major WCS are in use today: capacitive, magnetic gear and EM field transfer
[69, 70]. Each WCS has both desirable and not so desirable aspects of their energy
transfer techniques, particularly in reference to PEVs.

6.6.2.1 Capacitive Wireless Power Transfer

CWPT technology has been utilised to transfer power wirelessly through the use of
capacitive coupling. A basic block diagram of CWPT is presented in Figure 6.16. This
diagram illustrates where the electric field is utilised to transfer power. CWPT can
transfer power through metal barriers [71-73] even if there is a strong magnetic field
interference [74]. In addition, this method can transfer power and data over a same
network with minimal electromagnetic radiation [75]. This technology has advantages
such as simple and light-weight design, easy structure of couplings, low cost and
position flexibility [73, 75-77]. Due to the nature of the CWPT, the capacitive cou-
pling between the two transfer plates diminishes exponentially with respect to dis-
tance. This results in a limited power transfer density [77]. As a result, this technology
would be largely ineffective in transferring large amounts of power to PEVs due to the
typical air gap of 150-200 mm [69]. To combat this issue, three basic techniques can
be utilised: operation at HF (kHz to MHz), utilisation of a high-voltage power source
and reducing the coupling impedance. First two techniques can be easily achieved, but
reducing the AC coupling impedance is difficult and problematic. Utilising an
inductor-capacitor (LC) series resonant circuit will improve the coupling efficiency,
but the LC resonant circuit is extremely susceptible to minor changes to coupling
parameters. This is because the LC resonant circuit must be tuned to a specific value to
reduce the AC impedance, which is directly relative to the distance and position
between the primary and secondary coils, along with power draw [77]. Due to these
factors, research for CWPT-based products for PEVs has not yielded promising
results. CWPT technology though has mostly been suitable for low-power applications
such as chargers for wireless toothbrush and cellular phone charging pads [70, 78, 79].

6.6.2.2 Magnetic Gear and Permanent Magnet—Based Wireless
Power Transfer

Magnetic gear and permanent magnet (PM)-based wireless power transfer is a

technology which utilises mechanically assisted magnetic forces to transfer

power from the source. The basic block diagram of magnetic gear and PM-based

wireless charging system is shown in Figure 6.17. In the transmitter side, a rotating

cylinder-shaped PM rotor is driven by an external rotor which induces current into
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Figure 6.17 Basic diagram of magnetic gear and permanent magnet—based
wireless power transfer

transmitting winding. This in turn generates an electromechanical force in the PM.
The transmitting winding can be installed either at certain air gap or inside a hollow
rotor. At the receiver side, a similar rotor is positioned within a specific air-gap
distance. The generated magnetic field through the Transmitting Magnetic is also
received by the Receiving Magnet. As a result, the receiver magnet rotates
synchronously with the transmitting magnet. The receiver operates as a generator
and delivers power to the rectifier and battery through other charger and protection
circuits [69, 70]. Li [80] proposes the first magnetic gear and PM-based WPT
prototypes, which were developed for two different applications. First prototype
was demonstrated to transfer 1.6 kW of power with 150 mm air gap for PEVs and
the second was developed to transfer 60 W power with 100 mm air gap for medical
implants. Both prototypes were able to transfer power with the efficiency of 81% at
150 Hz. Another magnetic gear and PM-based WPT was proposed to transfer 6.6 W
output power and 1 W supplying with 30 mm distance from the skin for the
biomedical implants [81].

6.6.2.3 Electromagnetic Field-Based Wireless Power Transfer

WPT can also be possible in time-varying electromagnetic fields: near-field (6.1) or
far-field (6.2). Transferring large amounts of power through the far-field is a
challenging task, as the far-field requires line of sight to be able to transfer any
meaningful power [82]. In addition, transferring large amounts of energy over large
distances may generate health and safety issues. This is due to the concern
regarding high-power and HF wireless transmissions producing strong electro-
magnetic fields. Unlike the far-field, rear-field-based technologies can transfer
sufficient power with higher efficiency over shorter distances in non-radiative
regions for PEVs [69, 70]. There are two main types of near-field-based WPTs:
inductive power transfer (IPT) and resonant inductive power transfer (RIPT).

A
Nield = — 6.1
eld = 5 (6.1)
2D?
Fﬁeld:T (6.2)
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Figure 6.18 Basic diagram of inductive power transfer
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Figure 6.19 Basic diagram of series-parallel resonant inductive power transfer
(RIPT)

6.6.2.4 Inductive Power Transfer
Transferring energy through inductive coupling methods is not a new idea, rather an
ongoing idea originally conceived by Nikola Tesla in 1914 [83, 84]. Since then many
experiments have been performed and many designs have been proposed for indus-
trial, public and private uses [85, 86]. The basic block diagram of IPT is shown in
Figure 6.18. IPT consists of two transmission coils: one transmitting coil and one
receiving coil, also known as primary winding and secondary winding. When an
alternating current is applied to the primary coil, a continually varying magnetic flux
field is generated on the transmission side. In the receiver side, this continually
varying magnetic field induces electrons to flow in the direction of the varying field,
resulting in a current potential. The coils operate at a self-resonant frequency. This
AC potential is converted to DC using rectifier and utilised to provide a power to a
battery or electronics products. IPT has been an immerging method to transfer power
wirelessly in various applications such as electric toothbrush, mobile phones and early
PEVs in the power ranges between milliwatts and some kilowatts. For example, GM
EV1 [1996] and Chevrolet S-10 [1997] [87] are IPT-based PEVs where the charging
primary coil (paddle) of the Magne Charger is placed at the centre of the receiver coil.
This design is able to charge contactless with a power rating of 6.6 kW or 50 kW [70].
Disadvantages of traditional IPT include their limited transfer distances, poor
efficiency and lower power transmission capacity. The efficiency and power
transfer level can significantly drop if there is a misalignment or an increase in
distance between the transmitter and receiver [88]. In practical applications, the
distance and power requirements may vary depending on applications. For exam-
ple, PEVs require to charge their battery bank wirelessly with the power of several
kilowatts and from the distance of 150-200 mm.

6.6.2.5 Resonant Inductive Power Transfer

Nowadays, the resonant inductive power transfer (RIPT) is the most famed WPT
technology for PEVs and BEVs. As shown in Figure 6.19, it is also known as
coupled magnetic resonant IPT. This technology was developed from the original
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designed by Nikola Tesla. In comparison with IPT, this technology uses a
resonance function to transfer power efficiently from the source to receiver.
The resonant transfer occurs when the transmitter and receiver coils have same fre-
quency and characteristic impedance. At this stage, the coupling becomes most
efficient; therefore energy transfer becomes most efficient. The coils can be either
loosely or strongly coupled. In comparison with strongly coupled, loosely coupled
magnetic resonance can operate at larger distances but transfer energy at lower
efficiencies and cause high electromagnetic emissions [89, 90]. The efficiency pro-
blems can be solved by utilising compensation networks and employing advanced
tools called high-quality resonators. Electromagnetic emission problems can be
solved by using well-combined magnetic materials and core structures [66]. The
power transfer mostly depends on a number of factors including air gap, WPT effi-
ciency, coupling factor and quality factor [91-93]. Other factors also affect the power
transfer ability, including coil alignment, coil design, ferrite material and structures.

o Air gap: the distance between the transmitter and receiver. If the distance
increases between the transmitter and receiver, the air gap becomes too large.
The air gap is proportional to the power loss.

o  WPT efficiency: The ratio of received power at the secondary winding and
the transmitting power from the primary winding is called efficiency (). The
efficiency can be measured from primary coil to secondary coil or for the
entire system. It can be calculated using (6.3).

P
n= <P"“’> x 100% (6.3)

in

where P,,; is the output power at the receiver and P;, is the input power at the
transmitter.

o  Coupling factor: The magnetic field generated by the transmitting coil is received
by the secondary coil. The coupling factor (k) depends on the amount of magnetic
field received by the receiver coil. The value is normally lies between 0 and 1. The
value of 0 states none of the magnetic field receiver, while 1 states that the entire
magnetic field is received at the receiver side. The advantages of higher coupling
factor include higher transfer efficiencies and a reduction in heat and other losses.
The coupling factor can be calculated using (6.4).

L
ALy - Ly
where L,, is the mutual inductance, L, and L, are the primary (transmitter coil)
and secondary (receiver coil) inductances.
e  Quality factor: The ratio of reactance components and resistance of the
inductor is called Quality factor (Q). The resistance of the inductor depends on

many other parameters such as core loss, skin effect and other resistances. It is
also known as Q-factor. Quality factor can be defined using (6.5).

Q_XL_a)~L_2n-f-L
"R R R

k = (6.4)

(6.5)
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Figure 6.20 Relationship between resonant frequency and Q-factor

where Xj is the reactance and R is the resistance of inductor, and f'and L are the
frequency and inductance of the inductor.

As shown in Figure 6.20, higher Q-values can be optimised at the resonant
frequency. When the switching frequency becomes equal to resonant frequency,
the maximum power transfer occurs. The resonant frequency can be calculated
using (6.6).

1
e

The resonant frequency depends on self-Inductance (Lg) of the secondary
winding and capacitance (C;) of the secondary compensation circuit of the coil. But
it may be difficult to find the same resonant frequency for different shapes and sizes
of the transmitter and receiver coil.

The PF in traditional IPTs is highly dependent on the load and inductances of the
primary and secondary windings. The impedance of the source becomes more induc-
tive with increasing frequency, resulting in smaller inductors, but this has an adverse
effect on the PF. The PF will approach zero as the frequency approaches infinity, which
has a significant effect on power transfer efficiency. This is the major drawback of
the traditional IPT. To overcome this problem, the traditional IPT requires capacitive
compensation networks in primary as well secondary windings. As shown in
Figure 6.21 [66, 90, 94], there are four basic topologies of compensation networks:
series-series (SS), series-parallel (SP), parallel-series (PS) and parallel-parallel (PP).

The parameters and characteristics of different types of resonant compensation
topologies defined by Figure 6.21 are presented in Table 6.7 [94-96]. An important

(6.6)



190  Vehicle-to-Grid: Linking Electric Vehicles to the Smart Grid

Primary Secondary Primary Secondary
Compensation Compensation Compensation Compensation

b
Y
«>
«>

“«gr
Yy
«—>
«—>

(a) (b)
r
I |
| |
| bEvad LEvad |
Lol ey My l |
1Cp— }L > > ols | ==Cq | |RL
: : <+ <+ : :
|
Lo L
Primary (c) Secondary Primary (d) Secondary
Compensation Compensation Compensation Compensation

Figure 6.21 Four basic compensation networks: (a) series-series; (b) series-
parallel; (c) parallel-series; (d) parallel-parallel

Table 6.7 Parameters and characteristics of four different topologies

Topologies Primary Secondary AC Efficiency Frequency PF change
compensation compensation source change effects on
capacitance capacitance effect on flexible
<) () efficiency frequency

SS Cp =t T Co= 1 Voltage High Low High

SP C,= m Co= g Voltage Low High Low

_ 1 _ 1 ; :

PS G, = a1, Cs = m HVor  High Low High

? current
PP Cp=—1+ C=—+1— HVor Low High low

o} (L* JZTZ) current

benefit of using primary compensation network is that it reduces the source
apparent power (VA) ratings by operating at unity PF. The secondary coil com-
pensation increases power transfer efficiency. The capacitors in both compensation
networks; primary and secondary, store and supply reactive power to and from the
IPT windings. This reduces the reactive power draw from the source supply, also
resulting in a reduction of HF harmonics. In addition, the resonant frequency could
be controlled and changed by the compensation networks. RIPT operates in
kilohertz frequency ranges which can bring additional benefits such as lower
electromagnetic interference (EMI), reduced size of the components and higher
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overall efficiency. By implementing PFC tuning circuitry, the resonant frequency
of the IPT can be at unity PF whilst providing the maximum power transfer point at
the height of an average vehicle [70]. This method can provide the maximum
transfer efficiency for both the distribution network and vehicle.

6.6.2.6 IPT Coil Structures

Winding structure is very important in transformer and inductor design. In WPT,
the air-core transformer concept is utilised to transfer energy from the transmitter to
the receiver. In order to improve the performance, different types of winding
structures have been proposed such as spiral, square, hexagonal and fractal, as
shown in Figure 6.22. These structures have been used to design WPT devices for
low- and high-power applications such as mobile phones, laptops, medical implants
and PEVs. Coils that have the capability of being created on a printed circuit board
(PCB) (Figure 6.22(a—c) and (g—h)) can be manufactured in a bifilar (multi-layer)
design. This design would increase the inductance of the coils without increasing
size or adding much weight [97, 98].

The spiral circular structure (Figure 6.22(a)) [99, 100] has proved to be a
valuable coil design first described by Nicola Tesla in the 1800s. As there are no
sharp edges, induced eddy currents between the windings are left to a minimum. To
change the magnetic field lobes, the central diameter size can be adjusted; decreased
or increased. Decreasing the central diameter size will cause a sharp spike in mag-
netic field distribution contained by the central diameter. This can provide excellent
coupling between the primary and secondary coils of a WCS, but only if the
alignment is correct. By increasing the central diameter size, a larger central flux
distribution field will be created. This field will be at a lower magnitude compared
to that of a smaller central diameter, but alignment will be less of an issue.
This though allows for greater misalignment protection. Figure 6.22(b) [99, 100]

(©)

(2 (h)

Figure 6.22 Different coil structures: (a) circular; (b) square; (c) hexagonal;
(d) double D; (e) hybrid circular; (f) hybrid square; (g) fractal 1—4
ratio; (h) fractal 4—16 turn ratio
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illustrates a square inductor topology. This topology can benefit when placed in an
array due to the flush fitting sides. The parallel lines between the turns mutually
benefit one another, increasing the inductance of the topology. The sharp turns
around the corners generate eddy currents, which in turn heat up the corners. This
effect increases the impedance of the windings and therefore is not extremely
suitable for high-power applications. For low-power applications, the hot-spot effect
is not so severe, and the benefit of combining this structure in an array is desirable to
reduce primary and secondary coupling misalignments.

Figure 6.22(c) illustrates a hexagonal spiral winding structure. This structure
has benefits over other designs when it is placed in an array. A circular coiled array
will have zones between the coils where no energy is being transmitted. A square or
rectangular structure inherently has sharp turns around the edges, which can cause
eddy currents to be induced onto the edges, reducing efficiency and increasing
temperatures. The hexagonal structure removes the dead zones and reduces the
angles between turns, increasing the WPT and improving efficiency. This type of
structure has been extremely popular for portable devices [63]. In order to improve
performance and power transfer, in comparison with traditional circular coils, dou-
ble D—shaped coils were developed (Figure 6.22(d)). This topology combined with
quadrature structure (coils within coils) has been proposed to decrease misalignment
loss, support large air gaps and improve overall efficiency. Additional advantages of
this topology includes high power delivery with low EMI, higher coupling, superior
XY tolerance and easy interoperability with other manufacturers’ charging pads
[101, 102]. Figure 6.22(e) and (f) illustrates advanced hybrid structures in circular
and rectangular spiral windings. Xun and Hui propose these topologies for planar
contactless battery charging [103]. In this design, the primary coil’s magnetic field
is supported by that of smaller internal spiral windings. This combination of coils
generates a magnetic flux distribution which is uniform in magnitude. Fractal-based
HF planar WPT transformer designs (Figure 6.22(g) and (h)) have the capability of
providing a charging platform that is not dependent on the position on the secondary
coil [104]. This can be done by increasing the ratio of the number of fractals to the
point where number of magnetic field lobes created by the structure is sufficient to
ensure WPT in any charging orientation.

6.6.2.7 Ferro-magnetic Core Material and Structures

In WCS for PEVs, the power transfer between transmitters to receivers is from several
watts to hundreds of kilowatts to charge the battery bank. The magnetic flux which is
generated in this power ranges would be significantly high. If there is no shielding, the
magnetic flux can spread to multiple directions. It not only reduces the coupling
efficiency between two windings, but also may bring health and safety related issues.
In order to solve this problem, magnetic cores can play a significant role in wireless
charging systems for PEVs. There are two main functions of the ferromagnetic
material. First, the ferromagnetic structure can provide a controlled path and guide for
magnetic flux to flow from the primary windings (transmitter) to secondary windings
(receiver). It also creates a well-defined magnetic path length for the magnetic flux. In
addition, it increases not only mutual inductance but also self-inductance of two or
more magnetically coupled coils [105, 106]. As a result, ferromagnetic core materials
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Figure 6.23  Near-field measurements of HFHPD-WPT prototype (a) without and
(b) with ferrite core at secondary side

provide excellent shielding by reducing magnetic flux leakage around the primary
and secondary coils. As an example, a 60 W HF high-power density (HFHPD) WPT
was developed to demonstrate the magnetic flux distribution and leakage, with and
without a ferromagnetic core [97, 98]. A condition of with and without magnetic
material at the secondary (receiver) side is presented in Figure 6.23. Figure 6.23(a)
shows near-field measurement of the HFHPD-WPT prototype without and with fer-
rite core at secondary side. Figure 6.23(b) displays the magnetic flux distribution
when the magnetic material is utilised at the secondary side. This illustrates the flux
leakage at the sides of the core material. To validate the results, the finite element
method (FEM) was employed in no-load and load conditions, as shown in Figure 6.24
[97, 98]. In order to minimise the magnetic flux leakage to avoid EMC problems,
U-shaped magnetic ferrite material was proposed. As shown in Figure 6.25, the
U-shaped edges capture the magnetic flux and divert it to the secondary winding to
increase the magnetising impedance of the system. It helps to improve magnetic flux
distribution and reduces stray flux [97, 98].

The selection of a core material depends on size, weight, temperature rise, core
loss, flux density, permeability, operating frequency and cost. Different ferrite
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OHO::

Figure 6.26 Different ferrite structures: (a) circular,; (b) square; (c) hollow
circular; (d) circular arranged ferrite bars; (e) E or ETD core;
(1) U-shaped; (g) T-shaped; (h) modified E-core

shapes and sizes have been used in many static and dynamic applications in
transmitter side as well receiver side as a pick-up module. Some of the examples of
ferrite structures such as circular, square, hollow circular, circular arranged ferrite
bars [34] [107], E or ETD core and U shaped [97, 98, 106] which are utilised in
WCS for PEVs are presented in Figure 6.26.

As shown in Figure 6.26(g) and (h), T and modified E-core shaped ferrite cores
have been proposed to develop the Shaped Magnetic Field in Resonance (SMFIR)
technologies. These core structures have been utilised in static and dynamic WCS
for PEV busses and trains [33, 106, 108—110].

There are numerous ferromagnetic materials which can be used as core
materials for WCS. These typically have higher permeability figures around
1,000-2,500. Softer magnetic materials such as manganese zinc (Mn-Zn) and
nickel zinc (Ni-Zn) are most suitable because they have higher magnetic relative
permeability. In addition, they meet operating frequency ranges from kilohertz to
megahertz, where the WCS for PEVs typically operates [91].

Skin Depth

When designing an HF transformer, HF losses must be investigated and considered.
These losses primarily include the skin effect losses and the proximity effect. The skin
effect determines the relative surface area of a conducting wire when exposed to a
high switching concentric magnetic field [30]. As the frequency increases, the induced
electromagnetic fields increase, causing non-uniformity within the current path.
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This in turn increases the eddy currents within the conductor, effectively reducing
the current flow through the conductor to a thin skin at the surface. This is repre-
sented in the form of (6.7) [91, 92, 111].

s— P 6.7
Vear 6.7)

where 0 is the skin depth, p is the resistivity of conductor (1.68 x 10™% Qm), u is
the permeability and /" is the oscillating frequency.

The proximity effect is caused when an HF current carrying wire is in the
proximity of another wire — the current carrying wire inducing an electromagnetic
current into it. As in a planar transformer, both wires would have current flowing
through them, causing eddy currents to circulate through both conductors. This
effect can have the potential to dramatically reduce the overall efficiency of a
transformer. To curb this effect, adequate spacing between the conductors must be
considered in the design [91, 92, 111].

Winding Resistance

Winding resistance is one of the important factors in the coil design because it
determines the efficiency and power transfer capability of the wireless transformer.
It can be calculated using (6.8), where the conductor resistivity and total length of
the conductor are divided by the cross-sectional area of the conductor [87].

Rpc = (6.8)

p-l
A
where Rpc is the DC winding resistance, p is the resistivity of conductor
(1.68 x 10~® Qm), I is the total length of the conductor and A4 is the cross-section

of the conductor.

Overall, the designing process of WCS for PEVs depends on many
factors, such as air gap, efficiency, WPT methods, size, cost and several others.
Table 6.8 shows the summary of different methods for WCS for PEVs [66, 69, 86,
112, 113].

6.6.3 Standards of Wireless Charging Systems for PEVs

In WCS for PEVs, it is important to consider issues related to design and safety to
create user-friendly technology. This technology must require complying with
international standards in order to prevent any instant long-term health and safety
issues on human being, flora and fauna. As shown in Table 6.9 [114-119], many
international and national organisations such as International Electrotechnical
Commission (IEC), Society for Automobile Engineers (SAE), Institute of Electrical
and Electronic Engineers (IEEE), International Commission on Non-lonizing
Radiation Protection (ICNIRP) and Japan Electric Vehicle Association (JEVS) are
working to develop standards of WCS for PEVs.

The standards define three main areas: WCS design, communication and
safety. These standards could help design and rectify the dilemma related to this
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Table 6.9 International standards of WPT for PEVs

Organisation

Relevant
Standard(s)

Standard definition

Society for
Automobile
Engineers (SAE)

SAE J2847/6

J2836/6

J2931/6

UL2750
12954

Wireless charging communication
between PHEV and the utility grid

Specific requirements of
communication between the
on-board charging and wireless
EV supply equipment (W-EVSE)
for detection, charging process
and control

Digital communication for wireless
charging between EVSE, its utility,
advance metering infrastructure
(AMI) and home area network (HMI)

Wireless charging safety

Wireless charging frequencies

Transmitter and receiver positioning

Power transfer efficiency

EV’s speed by power levels in
dynamic WCS

Institute of Electrical
and Electronic
Engineers (IEEE)

IEEE P2100.1

C95.1-2005

(C95.7-2005

(C95.3.1-2010

Wireless power and charging systems

Safety level with respect to human
exposure to radio frequency (RF)
EMFs from 3 kHz to 300 kHz

Radio-frequency safety programmes
from 3 kHz to 300 GHz

Measurements and computations of
electric, magnetic and EMFs with
respect to human exposure to such
fields from 0 Hz to 100 kHz

International IEC TC69/JPT Part-1 General requirements of WPT
Electromechanical 61980-1 system for EV
Commission (IEC) TC69/JPT Part-2 Specific requirements for
61980-2 communication system between
EV and infrastructure in WPT
system for EVs
TC69/JPT Part-3 Specific requirements for the
61980-3 magnetic field power transfer
Japan Electric JEVA  G106-109 General requirements, manual
Vehicle connection, software interface for
Association inductive charging system for EVs
International ICNIRP ICNIRP 1998 Guidelines on electric and magnetic
Commission field exposure limit or restriction
on Non-lonizing in occupational and public areas
Radiation (0 Hz-300 GHz)
Protection ICNIRP 2010 Updated guidelines on electric and
(ICNIRP) magnetic field exposure limit or

restriction in occupational and public
areas (1 Hz—100 kHz)
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technology. In the WCS design standards, the organisations will announce
the power transfer levels between the transmitter and receiver, charging pad
installation positions; parking and road, efficiency, operating frequency, minimum
ground clearance and compatibility with other manufactures.

The Society of Automotive Engineers (SAE) has recently announced initial
operating power level international standards (SAE TIR J2954) for WPT, which is
presented in Table 6.10 [116]. Power classes have been divided into three power
levels which depend on applications with greater than 90% efficiency (grid to
battery input) and 85 kHz central frequency band ranging from 81.38 kHz to
90 kHz. The power classes 3.6 kW and 19.2 kW will be utilised in low-duty vehicle
charging at home or fast charge points respectively. The 150 kW power class is
defined for use in commercial vehicles such as busses.

Standards for electromagnetic compatibility (EMC) and electromagnetic inter-
ference (EMI) have been announced by IEEE C95.1, C95.7-2005, IEEE C95.3.1-
2010 (3 kHz—300 GHz) and ICNIRP [1998, 2010]. Utilising these standards, several
organisations such as the FCC, ANSI and NCRP have created electric and magnetic
field exposure guidelines for occupational (controlled) and general public (uncon-
trolled) environments. These standards provide a specific absorption ratio (SAR)
measurement and assessment methods for body parts and limbs with respect to radio
frequency electromagnetic fields. For example, ICNIRP suggests non-ionising
radiation protection limits for occupational (100 uT) and general public (27 uT) for
the frequency range 3—100 kHz [120]. Table 6.11 [114, 121, 122] describes several

Table 6.10 SAE TIR J2954 international standards of WPT for light-duty
electric vehicles

WPT power class

WPT1 WPT2 WPT3
Maximum input WPT 3.6 kW 19.2 kW 150 kW
power ratings
Application Low-duty vehicle Low-duty vehicle Bus

fast charge

Table 6.11 Examples of safety certificates or compliance for industry-based
prototypes of WPT

Industries/Organisations Safety certificates/compliance/evaluation
OLEV, KAIST ICNIRP (62.5 mG at 20 kHz)

WiTricity FCC regulation, IEEE and ICNIRP

EVATRAN Plugless Power Idaho National Laboratory (INL), FCC, ICNIRP
WAVE FCC regulation, IEEE and ICNIRP

fvww.ebook3000.con)



http://www.ebook3000.org

PEV Charging Technologies and V2G on Distributed Systems 201

commercial or university-based organisations which have performed safety analysis
tests for their prototypes to measure exposure limit of electromagnetic fields in
human environments, complied with international standards for EMC/EMI.

6.6.4 Application of Wireless Charging Systems for PEVs

Depending on their applications, WCS for PEVs can be segregated into the two
fundamental scenarios to charge the battery bank into the car: static WCS and
dynamic WCS.

6.6.4.1 Static Wireless Charging System
Static WCS for PEVs can bring many benefits to users. Unlike a wired charger, the
static wireless charger does not require any physical connection with the car. It
means that it completely performs autonomous function by utilising minimum
driver’s participation. It can easily remove the hassle of the PEV users who forget
to plug-in their cable to charge the vehicle. In addition, it can significantly improve
the trip hazard and electric shock by removing additional cables and cords. The
static wireless charging system for PEVs is illustrated in Figure 6.27. Like other
WCS, it consists of transmitter and receiver parking charging pad, charging module
and level indicators. Most suitable areas to install the static wireless charging
system is the parking areas in home and at shopping centres and by park‘n’ride
initiatives. This technology is no longer in its infancy and is being adopted by
companies on a global scale. These companies include Evatran, Momentum,
WiTricity and many more that have proposed or developed commercial products
for PEVs, as shown in Table 6.12.

WCS charging time may vary depending on level of charging, SOC and
energy storage system capacity. To improve the performance in terms of range
of PEVs, a large battery bank or numerous replacement batteries are required.

Solar or
Wind

Wireless Power Receiver Unit

Battery

Power Electric
Regulator Inverter Motor

Secondary
Winding

Ferrite
[0 Shielding
)

:
YV e Pandng i

1 Parking

Grid Single-Phase or Power Primary
" 3-Phase 71| Converter | Windings

Wireless Power
Transmitter Unit

Figure 6.27 Static wireless charging system for PEVs incorporated with RES
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One method which can be utilised to overcome the range limitation without
installing a large battery bank is the utilisation of the quasi-dynamic WCS. This
type of WCS can be installed at traffic lights or high traffic start-stop lanes in
urban areas to allow wireless enabled motorists to charge while they are in
motion. This method is more convenient for commercial battery operated vehicles
such as busses and taxies in terms of cost and time savings. This method may
require an advanced monitoring system [123]. In addition, this technology can
easily be incorporated with ERS such as solar and wind and quite easy to install
on the existing infrastructure framework [124].

6.6.4.2 Dynamic Wireless Charging System

Dynamic or in-motion wireless charging system is one of the potential future
technologies to extend the range of PEVs without increasing mass and cost of the
vehicle due to large battery bank requirements, as shown in Figure 6.28. They have
been also known as ‘Roadway Powered EVs’ (RPEVs) or ‘On-Line EVs (OLEV)’
[141]. In the design of dynamic or in-motion WCS, the primary transmitter is
installed on the road way with high-density traffic with a high-voltage three-phase
AC or DC power supply. The secondary coil/receiver is fitted underneath of the
vehicle. By only switching on the charging coils as the PEV travels across them, the
PEV can be charged while in motion [142]. This type of installation has the cap-
ability of reducing battery bank requirements in the dynamic wireless PEV by
approximately 20% (1/3—1/5) in comparison with traditional PEVs [70]. This
design could be utilised in a specific locations and pre-defined high traffic routes
[143]. The operational frequency of the dynamic charging is normally very low in
kilohertz range [109, 144, 145].

Even though this type of concept has its benefits, there are still some draw-
backs and challenges with design. First, the main coil requires special embedded
power tracks underneath the roadway in order to charge the vehicle. To meet this
requirement, initial infrastructure cost would be very high. Second, it may be
difficult for some wider or narrower vehicles to drive on the transmitter tracks, as
this size discrepancy could create misalignment with the receiver and transmitter
coils, reducing efficiency. An issue may arise as multiple WCS enabled vehicles
commence heavy charging simultaneously. If the infrastructure network is not
sufficient enough, power capacity may result in some vehicles running out of
power mid-trip. Even with some drawbacks, the benefits of the dynamic wireless
charging system can easily be noted. The utilisation of such technology is
applicable in many applications, such as personal rapid transport (PRT), light rail
and medium rail systems, PEV buses and cars. Table 6.13 provides some of the
prototypes which have been developed by industries and research universities for
dynamic WCS. A recent and advanced system of the 100 kW OLEV prototype
which operates at 20 kHz frequency, developed with 80% efficiency and 200 mm
air-gap, has been demonstrated. This technology has great potential, but some of
the health and safety related issues need to be considered before a wider adoption
of the technology is conducted. These factors will be discussed and analysed in
section 6.6.5.
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6.6.5 Wireless Safety Considerations

WCS for PEVs has the ability to remove the requirement of cables for conventional
chargers but it may bring additional exposure to non-ionising electromagnetic
fields (EMFs) [159], so it is necessary to define safe operating region in both
normal and abnormal conditions. The abnormal conditions mean that a human or
animal is underneath the vehicle while the PEV is charging, self-inflicted or forced
[66]. It may be difficult to identify the ‘radiation zone’ for the specific WCS not
only underneath the car but in areas around it. In addition, an investigation needs
to be conducted on the effect of such charging devices onto patients with
implantable electronic devices in their body, and their health and age status
[160, 161]. The safety considerations of WCS for PEVs have concerns in three
main areas: EMF exposure, electric shock and the risk of fire on objects in the
charging path [88, 162, 163].

In the high-power WCS (200 kW or up to 200 A), there would be chances to
exceed voltage potential between the primary and secondary windings. In order
to prevent exposure to the human and fauna, it would require covering or shielding
to the exposure areas in environmental conditions such as desert, heat, rain and dry
weather, and absorption and seismic activities. Another hazard which is associated
with high power transfer is the fire because of leakage, insulation fault or any other
electrical failure. Furthermore, fire safety is one of the potential hazard for high
power transfer WCS because high current flow or excessive heating may create
potential threat as the WCS is mostly installed underneath the ground in public
areas [88, 162, 163].

The electric shock and risk of fire can be eliminated with proper design and
precaution. However, EMF issues change for a WCS depending on the power level
and resonant frequency of the system. The requirements of the power transfer in
WCS for PEVs are from some kilowatts to hundreds of kilowatts. In order to pro-
vide sufficient power at the secondary, receiving, side the WCS needs to generate
strong magnetic field which can only be produced by applying high current at the
primary, transmission, side. For this operation, the inductive charging unit should
have a sufficient size to tolerate the high currents and provide strong magnetic
fields in comparison with acceptable misalignment [164]. The nominal air gap
between the primary and secondary windings of WCS for an PEV is between
150 mm and 280 mm due to the varying heights of a vehicle [165, 166]. Due to the
larger air gap between the two windings and in case of misalignment, the leakage
fluxes would be high without any proper shielding or protection. The leakage flux
increases as the power requirement of the WCS also increases.

Another important issue regarding EMF is the operating frequency. Many
experiments have been performed to analyse EMF exposure of the WCS for PEVs,
which operates between kilohertz to megahertz ranges. It is known that every fre-
quency has a significant impact on two important factors: EMC and EMI [167].
The experiment results indicated that the WCS could generate large amounts of
EMI at HF [37, 164, 168]. It is necessary that this technology must be investigated
to solve the dilemma of the effect of electromagnetic radiation on human beings,
flora and fauna.
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The advances in the investigation can bring more freedom to design and support
the in international standardisation for this technology [169, 170]. The human
exposure guidelines have been announced by IEEE C.95.1 2005 [171], ICNIRP 1998
(0 Hz-300 GHz) [172], and ICNIRP 2010 (0 Hz-100 kHz) [173]. There are many
other international organisations which provide standards for different areas of the
human body with regards to EMF exposure, which are elaborated in section 6.6.3.
Many experiments have been performed to investigate the best operating frequency
ranges and design parameters to reduce these adverse effects. For example, the
3.3 kW static WCS for PEVs at 145 kHz frequency, which was developed by
WiTricity, examined a human leg using FEM simulation at around 600 mm distance.
Their measured electric field and SAR values were generalised to the basic public
EMF exposure restriction levels [166]. Another Level 2, 6.6 kW WCS for PEVs at
greater than 90% efficiency was demonstrated and their EMF exposure limits meet
the international standards for average body exposure in public zone. The human
body template was used to record average four measurement points in validation of
the measured results [68]. A prototype of 100 kW dynamic WCS for OLEV, which
had 62.5 mG electromagnetic field (EMF) exposure at 200 mm air gap and 20 kHz
frequency, was demonstrated [ 109, 144]. In order to bring wide acceptance, WCS for
PEVs require easy to use international standards to provide environmental safety.

6.7 Conclusion

For plug-in electric vehicles to become successful, infrastructure, methods and
types of charging must be diverse enough to appeal to the consumer. The devel-
opment of advanced off-board charging stations and wireless charging stations can
help the issue of charging diversification, and also help support the electrical grid.
This can be achieved by using charging techniques such as in smart transformers
with bidirectional power flow and four-quadrant power factor correction. Com-
munications between vehicles and the distribution grid via such a smart transformer
can allow for V2G support to occur. Such support not only is useful for the dis-
tribution grid, but also can provide monetary incentives to the owner of the PEVs.
This is possible due to the on-demand energy generation inherent to battery storage
systems. The converter systems that are used in electric vehicles must be high
power, efficient and extremely light to increase performance and driving range.
This creates incentives for the utilisation of existing internal parts, such as the
inductors on the AC motors, to assist in the power conversion process.
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Chapter 7

Economic, Social and Environmental Dimensions
of PHEYV in the Smart Grid

Christopher J. Bennett*, Markos Katsanevakis™
and Rodney A. Stewart*

Abstract

Overcoming the technical hurdles to implementing plug-in hybrid electric vehicles
(PHEV) technology into the smart grid is only one aspect of this disruptive tran-
sitional process. To ensure the rapid diffusion and efficient integration of PHEV in
the smart grid, a range of governance, economic, social and environmental
dimensions must also be considered and challenges addressed. Providing a robust
governance framework is paramount, as it will drive both positive and perverse
industry behaviours. Such frameworks must provide a set of rules and incentives to
promote a stable market environment for PHEV roll-out over the long-term.
Importantly, a well-designed governance framework will underpin the necessary
economic thrust for a PHEV market to get established and grow. Such business
drivers are sometimes not immediately obvious and are hard to quantify under
current market conditions, such as quantifying the monetary benefits of distributed
PHEV for the purpose of grid peak demand management and control. The eco-
nomic drivers of PHEV are largely related to the capacity and related cost of energy
storage and the provision of distributed power systems for resupplying them as
required. Social dimensions are often multi-faceted and complex, but without con-
vincing consumers that PHEV is a necessary transformative technology that is also
economically and environmentally superior to traditional transportation methods,
PHEV will never gain sufficient traction. Moreover, many people are still not con-
vinced that the battery systems used in PHEV, which are mostly composed of
Lithium, are sustainable. Proven cradle-to-grave environmentally friendly sourcing
and life cycle management strategies for PHEV batteries is essential to ensure that
this technology is acknowledged as a better solution than traditional liquid and gas
transport fuels. To seize the full suite of opportunities and benefits available from
PHEV technology, all of these intertwined challenges must be addressed in an
integrated manner. Untangling these issues and many others and then formulating
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multi-pronged strategies to overcome them in a concurrent fashion is a challenge, but
one which must be undertaken in order to progress PHEV diffusion in society
globally. This chapter seeks to unpack these four non-technical dimensions to PHEV
diffusion. It will look at the opportunities and benefits related to each dimension
along with the associated challenges and strategies to address them.

7.1 Introduction

While PHEV represent a significant opportunity for society, there are a range of
economic, social and environmental barriers that need to be addressed before it
becomes the predominant transport technology. The economic, social and envir-
onmental dimensions are complex, multi-faceted and interrelated.

In the economic dimension, decision makers need information on how PHEV
will affect people’s behaviours, what would influence the uptake of electric vehi-
cles and what would be the impacts on infrastructure such as the electricity grid.
With this information, decision makers can then craft implementation frameworks
that better consider the regulatory requirements as well as price incentives to
achieve the best outcome for society and owners of electric vehicles. To do so,
questions needs to be asked, such as what effects will PHEV charging from the
electricity network have? What incentives can be put in place to minimise adverse
impacts? And, what benefits can be yielded through EV proliferation and how can
this proliferation be achieved? Using economic theory, these questions are
answered under two key concepts: Smart Electric Vehicle Charging and Electric
Vehicle as Distributed Energy Resources.

The social dimension concerns itself with the attitudes and beliefs of indivi-
duals in society and PHEV. When individuals, potential owners and consumers of
PHEYV, concern themselves with a mode of transportation they consider their needs
and wants against the knowledge that they have at hand. Questions of convenience,
trust of the technology, safety and risk enter their minds. In turn, industry decision
makers should take into account whether or not PHEV will fulfil the potential
owner’s want for autonomy (travel where and when they want to travel), which
they have come to expect since the introduction of the car. Understandably, owners
will be concerned about PHEV purchase costs, servicing and maintenance
requirements and costs, resale value over time, and life cycle ownership costs.

The environmental dimension addresses the environmental impacts that PHEV
have from cradle to grave in comparison to vehicles currently available on the market.
It is essential that PHEV be weighed up against conventional and other new transport
technologies, and its environmental credentials assessed in terms of air quality,
greenhouse gas emissions, pollutant runoff, battery waste management, to name a
few. If the rollout of PHEV will provide better long-term conditions for human health
and the environment, then it may be considered over conventional transport tech-
nologies even if it has a higher life cycle cost. The first section of this chapter
addresses the critical economic dimensions of widespread PHEV implementation.
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7.2 Economic Dimension

At present, the greatest challenge to the societal uptake of PHEV is economic in
nature. On an aggregated level, the direct cost of the vehicle to consumers, the costs
endured by electricity network operators and the costs of managing waste are all
factors. Analysis of the charging operations of PHEVs, the ancillary functions that
PHEVs can provide and the associated control systems are required in order to
reduce costs and, in turn, yield greater benefit. PHEV charging may have a range of
impacts on the electricity network due to the anticipated variability in PHEV
charging, how rapidly PHEVs charge and when they are charging. Potential
ancillary functions are ‘supporting the grid’, which acts to distribute energy
resources, potentially mitigating negative economic effects or providing net bene-
fits to network operators. In the event that PHEVs became cost-neutral compared to
conventional combustion engine vehicles, additional waste management infra-
structure would be required to deal with the increased quantity of battery waste.

The residential LV distribution network’s load has two main characteristic
profiles: summer and winter (illustrated in Figure 7.1 [Bennett ef al., 2014a]). The
load profile for summer is such that the lowest loads are experienced during late
night and early morning. From early morning onwards, the network load gradually
increases until the peak demand period is approached. There is a large increase in
load during peak demand periods, typically occurring between 5 p.m. and 9 p.m.,
dependent upon the specific network. The winter load profile also experiences the
least demand during late night and early morning. Conversely, two peak demand
periods occur between 8 a.m. and 10 a.m., and 5 p.m. and 9 p.m. Peak demand
periods have the greatest effect on the design and network augmentation schedules
of the network, such that the network must accommodate these periods so no
failures occur. In turn, significant investment is made to the network to ensure
continuous operation for proportionally brief operational periods (Nelson et al.,
2011 & Simshauser ef al., 2011). The widespread uptake of PHEVs in residential
areas would have a profound influence on network infrastructure. If PHEVs were to
charge during peak demand periods, networks would run closer to full capacity,
possibly warranting network augmentation (Lemoine et al., 2008; Putrus et al.,
2009 & Qian ef al., 2011). As a significant portion of the cost of electricity derives
from its transmission and distribution, a consequence would be an increased elec-
tricity cost to consumers. Thus, the utility of PHEVs to owners would decrease, and
those not owning them would be subsidising network augmentation. To avoid this,
the design and operation of PHEVs should be such that they are not economically
negative. This can be achieved by PHEVs supporting the grid. A number of pos-
sibilities for PHEV support of the grid are pending quantitative research prior to
implementation:

e smart charging of PHEVs
e PHEVs as distributed energy resources
the use of PHEVs to utilise pre-existing solar PV generation



226
160 -
140 -
120 -

100

Load (KW)
£
|

60 —

40 -

20

Vehicle-to-Grid: Linking Electric Vehicles to the Smart Grid

T T T T T T T 1
2 3 45 6 78 9

—_

(a) Summer Load Profile

160
140
120
100

—~

80

Load (KW

60

40 ~

20

23 24

T T T T T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20 21 22
Time (Hours)

T T T T
5 6 78 9

(b) Winter Load Profile

1
23 24

T T T T T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20 21 22

Time (Hours)

Figure 7.1 Summer and winter load profiles

7.2.1 Smart Electric Vehicle Charging

Smart charging of PHEVs entails charging in a way that does not detrimentally
affect the grid. An example of smart charging would be restrictions on when
PHEVs can be charged. A second example is charging PHEVs from energy sources
not directly connected to the electricity grid. Curtailing PHEV charging periods
could be enacted through tariffs, regulatory dicta or network operator commu-

nications systems.
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Figure 7.2 Value of electricity versus time

Time of use tariffs and a demand management technique require that the price
of electricity is proportional to its value at different points throughout the day
(Strbac, 2008; Deilami ef al., 2011 & Qian et al., 2011). Figure 7.2 displays the
value of electricity over time. As discussed, network design and augmentation are
dependent on the load experienced during peak demand periods. As the load in
peak demand periods approaches network capacity, network augmentation may be
required. In turn, as supplying the capacity to meet peak demand dictates the price
of electricity, time of use tariffs would set the highest price of electricity during this
period. Late night and early morning would have the lowest price as these times
experience the lowest demand. Price throughout the rest of the day would change to
reflect the intersection of demand and supply curves. As consumers respond to
price signals beyond the elastic region, they will alter their behaviour to consume
electricity and charge PHEVs in accordance with their willingness to pay (Lemoine
et al., 2008). Price sensitive consumers will shift their non-essential electricity
consumption to periods in which the price is low. Non-price sensitive consumers
will pay for electricity according to its value, so will be paying for the capacity
required of the network to supply electricity during peak demand periods.

Figure 7.3 presents the results of implementing a time of use tariff. Included
are electricity supply and morning and evening electricity demand curves. The
original price of electricity curve is set at 58 price units. The intersection of the
demand curves and the original price curve establishes the original consumption
quantities in the morning (Q,,;) and evening (Q.). In the scenario presented, the
time of use tariffs are set at the value of electricity for the morning and evening
periods — that is, the intersections of the demand curves with the supply curve. This
sets the new consumption quantities for the morning (Q») and evening (Qey).
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Figure 7.3 Time of use tariff

Allowing the price of electricity to reflect its value means that in the morning the
quantity of electricity consumers will increase from Q,,; to Q. In the evening,
electricity consumed will decrease from Q.; to Q.. Time of use tariffs are set to
reflect the value of electricity at different times, flattening the load profile.

Regulating PHEV charging from the electricity network by restricting the
periods in which they are allowed to charge could support the grid. If restrictions
were implemented, they would be during peak demand periods such as 8 a.m. to
10 a.m. in the winter load profile and 5 p.m. to 9 p.m. during summer and winter load
profiles. Consumers would be obliged to shift vehicle charging to periods of low
demand. Benefits of supporting the grid would be the greater utilisation of electricity
network infrastructure during non-peak demand periods, or customers finding
alternative ways of charging PHEVs. These would mean that network operators and
generators would be able to recover costs of network investments over greater per-
iods, reducing the marginal cost of supplying electricity. Figure 7.4 presents the
change in marginal cost (MC; to MC,) for a given investment, in which total cost
does not change and units produced increases. A neutral effect of the regulatory
approach is that PHEVs will not contribute to load during peak demand periods.
A drawback of this approach compared to time of use tariffs is that customers lose
autonomy. Some consumers may prefer to pay a higher price for electricity during
peak demand periods and charge their vehicles. Some instances may necessitate
PHEV charging during these periods to fulfil important tasks or attend emergencies.
The loss of autonomy may be mitigated by commercial charging stations.

Through the installation of a network communication system, the network
operator would have to include EVs into its portfolio of load management practices.
In some networks, this would include ripple control of electric hot water systems and
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Figure 7.4 Marginal cost of supplying electricity

pool pumps (Deilami ef al., 2011). As the electricity network demand approaches
capacity, the network operator may opt to engage in remedial measures such as load
shedding. In turn, PHEVs would be prevented from charging and contributing to
demand as the network approaches capacity. Additional uses of a network commu-
nication system may include remote scheduling of PHEV charging and the use of
PHEVs to store excess generation. Similar to possible regulations, the network
operator may dictate that PHEVs are charged during non-peak demand periods,
reducing the marginal cost of generating and distributing electricity. Unlike the reg-
ulatory approach, the network operator would be free to experiment and discern the
optimal scheduling arrangement, which produces the best outcomes for the customer
and the electricity network. Instances occasionally occur in which there is excess
generation over demand; in such circumstances, PHEVs can absorb excess genera-
tion. The inclusion of PHEVs in the portfolio of load management practices and their
operation would be at the discretion of the network operator, and its obligation to
ensure the stability of the electricity network and prevent brown or black outs.

7.2.2 PHEVs as Distributed Energy Resources

PHEVs have the potential to act as distributed energy resources (DERs) due to their
energy storage capabilities. The use of PHEVs as DERs would yield functionality
similar to more conventional grid-based energy storage technologies, such as fixed
batteries (Brooks, 2002; Andersson ef al., 2010 & Peterson, 2010). Differences
between the two technologies reside in the operational control and how economic
value is created.

The conventional operation of energy storage is such that during low demand
periods, energy storage systems absorb energy generated and discharge it during
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peak demand periods (Mohd et al., 2008). This conventional operation is known as
‘peak shaving and valley filling’, illustrated in Figure 7.5. This can be achieved by
time-of-day heuristics or more advanced methods involving the use of load fore-
casts, and the optimisation of charge and discharge schedules with the use of this
information. The use of PHEVs to perform this function adds a greater degree of
complexity to the control operation, due to PHEVs’ discharge of energy into the
grid. The use of PHEVs as energy storage means that there will be no fixed energy
storage capacity, and the network operator or control system will have no prior
knowledge of when a customer will use their PHEV or when it would be available
to discharge energy into the grid. To use PHEVs adequately for energy storage, a
number of systems would need to be created, such as load forecast models, energy
storage availability forecast models, discharge schedule optimisation and dynamic
discharge optimisation.

The development of the necessary forecast models fall under two categories,
depending on whether the system is deterministic or non-deterministic in nature.
Load on the electricity network follows a deterministic pattern, with weather
accounting, temporal and autoregressive variables accounting for much of the
observed variance (Bennett ef al., 2014a & Bennett ef al., 2014b). In turn, load
forecast models are usually deterministic, and can be developed through techniques
such as regression, autoregressive models with exogenous variables and machine
learning techniques (neural networks and support vector machines) (Bennett et al.,
2014a & Bennett et al., 2014b). These techniques have benefits and drawbacks.
Regression is the simplest technique to use, yet requires a priori data analysis to
identify the type of relationship for which to programme a variable. Autoregressive
models require information about future load on the network to be found prior to
demand, through identifying periodic patterns. External variables can be included
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with autoregressive models, to increase accuracy. Machine learning techniques are
able to identify non-linear relationships between dependent and independent vari-
ables. A drawback of machine learning techniques is that they require extensive
computational resources.

Energy storage capacity available as DERs would be categorised as a non-
deterministic system (Fluhr ef al., 2010 & Qian et al., 2011). There is no way to
know the behaviour of customers in advance, or the availability of PHEVs to be
used according to direct relationships with exogenous variables. Consequently,
forecasting available energy storage capacity would rely on estimating the avail-
ability of a certain number of PHEVs and their capacity (Fluhr ez al., 2010 & Qian
et al., 2011). To do this, a stochastic modelling technique (or techniques that are
similar) would be required, to develop energy storage capacity forecast models. As
demonstrated in Figure 7.6, a stochastic model is used to produce a probability
distribution of a random variable (availability of energy storage capacity) as a
function of historical time series data, random variables and deterministic influ-
ences. The values in the probability distribution coinciding with the highest
occurrence probabilities establish the range of likely values that a scheduling
algorithm should consider and optimise therein. Variables in forecasting what
constitutes available energy storage capacity include:

the number of PHEVs available

the charge state of the available PHEV

the phase of the electricity line the PHEV will be attached to
for how long the PHEV will be available

Optimising the discharge schedule and operating the system in real time adds
complexity, requiring in-depth investigation before implementation.
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The reduction in peak demand from the use of energy storage reduces the load
on pre-existing infrastructure, in effect increasing network capacity. Economic
value is created when installation of energy storage is more cost effective than
network augmentation. The benefit of using PHEVs rather than installing fixed
energy storage systems is that the costs of providing energy storage infrastructure is
born by the PHEV owner rather than the network operator. The network operator
yields value in the reduction of load via network augmentation deferral, without
associated costs. The feasibility of PHEVs as DERs depends on the consistency of
the PHEV’s availability in supporting the grid. It is reasonable to expect that PHEV
owners will oppose the use of their vehicle as a DER without compensation greater
than the associated costs of allowing the use of their PHEV. To increase the
reliability and availability of energy storage capacity, owners of PHEVs should be
incentivised or compensated. Ways to do so include the creation of bidirectional
time of use tariffs, or static feed in tariffs.

Bidirectional time of use tariffs require that the price offered throughout the
day for both electricity consumption and power discharge (feed in tariff) reflects
the value of electricity at the respected time (Brooks, 2002; Peterson, 2010 & Lopes
et al., 2011). There would be a trade-off for the PHEV owner between the use (or
potential use) of the vehicle and earning revenue from the use of PHEVs as a DER
(Lopes et al., 2011). The use (or potential use) of the vehicle would be the owner’s
opportunity cost. If the discharging portion of the bidirectional tariff outweighs
the opportunity cost and the cost of charging the vehicle, an increased energy sto-
rage capacity would be available for discharging. As the value of the opportunity
cost to owners will fluctuate based upon external variables, the network operator
may have to offer higher tariffs during different times of year, to achieve the
desired energy storage capacity.

A static feed in tariff would operate similar to residential solar PV feed in tariffs.
For a given amount of energy discharge into the grid, the owner would be receiving a
fixed amount of money in return. The tariff should be offered for a specific duration,
as an incentive to customers to invest in energy storage devices. A potential draw-
back of this tariff regime is that the tariff may not reflect the actual value of the
system installed. In turn, it is more costly for this regime to exist than the conven-
tional network augmentation scheme. Additional regulations would be required to
ensure that energy storage systems discharge into the grid when load is high.

Figure 7.7 presents the result of a static feed in tariff, or the partial result of a
bidirectional tariff implementation. The figure includes the electricity supply curve,
the evening electricity demand curve and the original fixed price. The intersection
of the original fixed price represents the quantity of electricity PHEV owners that
are willing to supply, Qg;. The intersection of the evening demand curve and the
supply curve represents the willingness of PHEV owners to supply a quantity of
electricity, Qg,. The increase in quantity supplied from Qg; to Qg suggests that the
benefit yielded to owners was greater than the opportunity cost of not supplying
electricity to the grid. Based on the principles of supply and demand, the imple-
mentation of a compensation arrangement will increase the reliability of energy
storage capacity.
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Figure 7.7 Compensation to EV owners

7.3 Social Dimension

A number of social challenges need to be addressed before the widespread diffu-
sion of PHEV can be realised in advanced economies. Outlines of some of the key
challenges follow.

7.3.1 Convenience

Since the advent of the car, urban dwellers have utilised the convenience of owning
one or more vehicles per household, available for use at any time of day. The Internal
Combustion Engine (ICE) and its reliance on liquid petrol or gas has meant that this
transport option is always available, as long as fuel supplies (and the finances to
purchase them) are available, almost always the case in advanced economies. The
proliferation of petrol stations means that even in a geographically large country such
as Australia, with one of the lowest global population densities, rarely will 500 km be
travelled without the presence of a petrol station. Further, fuel tanks deplete after one
to two weeks (based on average consumption and filling times of five to ten minutes).
For workers and families in advanced economies, the ICE vehicle is a convenient
means of travelling within and between destinations at any time.

The PHEV offers the same opportunity for travel but possesses some techno-
logical limitations at present, which reduce the convenience of the PHEV if com-
pared to ICE technology. First, the price, frequency and length of charging are
much higher. Long charging times are particularly inconvenient when travelling
long distances as they force motorists to stop frequently, after travelling around
300-500 km. Further, motorists must wait while their vehicle charges. Conversely,
motorists of conventional vehicles occasionally drive for up to 14 hours per day in
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one sitting, with only short rest breaks. ‘Battery swap’ stations have been con-
sidered and could result in much quicker stops for long-distance travellers, but the
costs and warranty aspects of such systems requires further assessment and testing
(Mak et al., 2013). Further, rapid battery charge technology is being researched and
could reach develop such that charging can occur at high c-rates (i.e. ratio between
capacity of the battery bank and rate of charge) (Mak et al., 2013).

Installing PHEV charging infrastructure is a commonly discussed barrier to the
widespread adoption of PHEV. This ‘chicken and egg’ scenario will continue to
prevent a greater adoption of PHEVs in many cities. If there is no market for PHEV
charging, there is no incentive to build charge stations; if there are not sufficient
PHEV charge stations, consumers will be reluctant to transition to driving PHEVs.
Only strong believers in the benefits of PHEVs will suffer the inconvenience, with the
majority only moving to PHEVs if they offer similar convenience as ICE vehicles.
Alternatively, the average person will transition if the price of petrol reaches a point
where ICE vehicles are no longer financially viable. For the building of charging
stations, initial government support is required, in the form of subsidies, taxation
relief and technology standardisation enforcement (such as charging plugs and elec-
trics) (Steinhilber ef al., 2013). A worst-case scenario would be if the power elec-
tronics of different vehicles and stations were incompatible (Khan & Khan, 2013).

7.3.2  Uncertainty, Trust and Equity

For all major technology transformations, the designer and merchant must be able
to dispel consumer uncertainty and generate a level of trust (Ziefle et al., 2014).
This is particularly difficult when a new technology competes with a proven
technology (such as the ICE vehicle) largely viewed as safe, reliable and under-
standable. Before trust and loyalty can be established for PHEV technology,
uncertainty must be reduced for the following issues:

o After sales service and cradle-to-grave maintenance of PHEVs. Vehicles
require continual maintenance and repair. PHEV manufacturers and dealers
should provide buyers with long-term warranties and access to service centres.
As the greatest area of uncertainty for PHEVs is the ‘true’ reliable life of
batteries, long-term warranties of eight or more years are required, to instil
trust in consumers as well as trained and competent technicians to service
PHEVs reliably (Heymans et al., 2014).

e PHEYV battery technology lifespan, redundancy and refurbishment costs. 1f
battery technology has a reliable life of only five to eight years, and the
replacement of battery packs after this period is substantial (30% of a new
vehicle purchase price), the second-hand market for PHEVs will be very poor.
The costs of installing new or refurbished battery packs should be low enough
to ensure that PHEVs have a life in the second-hand car market, a key feature
of the traditional ICE vehicle market, in which sellers would expect around
half of the original car value back after approximately five years.

e  Proliferation of charge stations and points. Purchasers of PHEVs will want
to see that they can charge their vehicles reliably for a range of circumstances.
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This includes short-, medium- and long-distance travel scenarios. Charge stations
will not be constructed until there are a viable number of PHE Vs to support them,
and PHEVs will not be purchased until there are sufficient charge stations and
points for customers. Consumers also require sufficient information on where
charge points are located, and mobile applications — such as PHEV Charging
Station Locator and Plugshare — are being offered in the United States.

Further, to avoid public backlash against PHEV technology, there must also be
social equity considerations. A key aspect of PHE Vs is that they require charge points/
stations, at home or work. This means that a range of urban planning considerations for
cities and regions must be considered requiring incorporation of either short or long-
charge technology. With existing multi-residential buildings, how will limited charge
points be assigned to residents? Within the workplace, who will have access to parks
with charge points? How are these assigned — on a first-in basis, according to level in
the organisation, the necessity to charge or other considerations? A range of equity
issues regarding charging access will present should PHEVs become commonplace.

7.3.3  Perception of Poor Safety

Consumers have a few safety concerns about PHEVs. Such concerns can be
addressed easily through appropriate testing and compliance. However, although
isolated, safety incidents involving PHEVs are more newsworthy than ICE vehicle
safety incidents, so are more likely to influence perceptions of PHEVs negatively.
Below are consumers’ main safety concerns:

e  Battery system catching fire. A number of cases have been reported in which
the Lithium Ion batteries commonly used in PHEVs catch on fire (Lu ef al.,
2013). These have often been blamed on vehicle accidents that compress the
space in which batteries are contained (Lu et al, 2013). Incidents are not
necessarily frequent but they are reported widely in the media, as this is a
relatively new technology, meaning that public perception is affected. Exten-
sive laboratory and field testing is being undertaken to ensure the long-term
safety of PHEV battery systems.

o  Safety related to PHEV low noise. Early PHEVs and hybrid vehicles were criti-
cised for their lack of noise (their engines are silent), as pedestrians could not
hear them coming, thereby leading to pedestrian incidents (Cocron & Krems,
2013). This was especially problematic for the visually impaired who rely on
noise to determine whether a vehicle is coming (Cocron & Krems, 2013).
A number of standards have been introduced to ensure that PHEVs and hybrid
cars emit noise so that they can be heard by pedestrians. This issue is being
worked on, and should not be an ongoing impediment to the adoption of PHEVs.

7.3.4  Public Perceptions and Overcoming Resistance to Change

If charge facilities and technologies (especially the charge rate) improve, a PHEV
could provide a similar or better travel experience for most daily commuters. How-
ever, the perception still entrenched in many peoples’ minds is linked to earlier PHEV
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technologies that were expensive to purchase, had poor resale value and limited
range. A successful PHEV market will flourish when these perceptions diminish
through successful city-scale PHEV roll-outs, rapid improvements in technology and
through educating the risk-averse consumer. A key platform for improved percep-
tions of PHEV technology is information and social marketing of the benefits of
PHEVs. Independently produced information on PHEV performance compared to
ICE for a range of key performance indicators (charge time, cost of ownership,
environmental aspects, travel distance etc.) relevant to consumers should be provided.

People are often resistant to change, so it is important that PHEV promoters
transition people in a subtle manner. PHEVs are still considered a revolutionary
technology by the mainstream population, not just a logical transition for vehicles.
Manufacturers have used a number of strategies to transition people from one
technological generation to the next.

7.4 Environmental Dimension

Motivation for replacing conventional cars with PHEVs can originate in ever-
increasing fuel prices, as well as environmental concerns associated with sustain-
able living, such as the desire to improve air quality in urban areas by replacing
conventional vehicles and their pollutants. Gas emissions from hybrid or purely
electric vehicles can be significantly reduced or totally absent, a fair statement
when only the exhaust pipe of the PHEV is considered, excluding harmful emis-
sions resulting from the thermal electricity generation necessary for charging
PHEYV batteries. The aforementioned example is indicative of narrow examination
of the matter; therefore, to study the environmental impact thoroughly, the effects
of batteries, fuel, lightweight materials, electricity generation and so on should be
included. Further, the examination should include the life phases of the vehicle and
the outcome should be compared to the environmental impact caused by vehicles of
different technologies. The above are taken into consideration during a life cycle
assessment (LCA); therefore, this principle is discussed in this section.

7.4.1 LCA for PHEVs and Consideration of Further
Automotive Technologies

For a comprehensive assessment of PHEVs as entities, beyond the utilisation period
of the vehicle, phases such as extraction of raw materials and recycling, reuse or waste
management should be included in the LCA. This is so a full account of the lifetime
environmental effects resulting from components incorporated in vehicles can be
taken. Such components (apart from batteries) can be electric motors and power
electronics. Common to different automotive technologies are the chassis, wheels, car
interior and so on. The phases of a complete LCA, from cradle-to-grave, are presented
in Figure 7.8 (Renaldi ef al., 2013; Messagie ef al., 2010; Humphreys et al., 1996).
The examination of the LCA phases and the comparison of the results between
pure PHEVs, hybrid and conventional vehicles are of great importance in ascer-
taining the environmental impact for each technology. Another outcome from the
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Assembly Process Utilisation
Manufacturing of End-of-life
Components Recycle, Reuse
Raw Material Waste
Extraction Management

Figure 7.8 Life cycle assessment phases

LCA is to identify whether negative environmental effects have shifted from the
utilisation phase to other life cycle periods. In terms of information to include in the
assessment, a cradle-to-grave approach should be considered (rather than a cradle-to-
gate, which does not account for the utilisation and end-of-life phases), containing
material consumption, energy consumption and emissions during periods such as
those presented in Figure 7.8. In terms of fuel, the well-to-wheel process should be
followed to include impact related to fuel production, distribution and consumption
in the vehicle. In addition, the environmental effect from the generated power
intended for charging PHEV batteries should also be factored into any assessment.
A more detailed description of the information can be found in Humphreys ef al.’s
study (1996). The stages concerning electrical energy production for PHEVs,
namely, fuel production and transportation, electricity generation, transmission and
distribution, battery charging and PHEV operation should be included. For a con-
ventional vehicle, the aforementioned stages are adapted to crude oil extraction and
transportation, oil refining, gasoline transportation, vehicle fuelling and operation
(Renaldi et al., 2013; Messagie et al., 2010; Humphreys et al., 1996).

7.4.2  Environmental Impact Comparative Assessment

The outcome of the LCA for different vehicle technologies can be expressed
through the following (Renaldi et al., 2013; Messagie et al., 2010; Humphreys
et al., 1996):

air acidification
eutrophication
human health
greenhouse effect
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For batteries — and particularly for the Lithium Ion (Li-ion) type found in
cutting edge technology PHEVs — the extraction of Lithium can be harmful to the
environment, and in the case of the Nickel Metal Hydride (NiMH) type, mainly
available in obsolete PHEVs. Therefore, recycling must be performed to mitigate
the extent to which nickel influences air acidification. As long as battery recycling
is performed, PHEVs have a lower acidification impact than hybrid and conven-
tional vehicles, but without recycling, the impact is significantly increased.
By end-of-life, a hybrid vehicle without battery recycling would pollute more than
a conventional vehicle. In general, Li-ion technology is more environmentally
friendly and less threatening to the human health than NiMH technology. In the
case of extensive aluminium use, there is a higher threat of ozone depletion,
mainly due to the extraction and production phases. Conversely, when a battery
reaches end-of-life it can be reused or recycled, so its overall environmental
impact from cradle-to-grave can be reduced significantly. The assessment should
also include total materials utilised, energy consumed and environmental resi-
duals, for a comparison between PHEVs and conventional vehicles (Renaldi ef al.,
2013; Messagie et al., 2010; Humphreys ef al., 1996).

In terms of eutrophication, conventional types of vehicles (diesel and petrol)
have the highest impact, while PHEVs have the lowest, originating mainly from the
production of the Lithium battery. To compensate for the weight increase caused by
the batteries, the lightweight materials used in PHEVs achieve their target only if
the utilisation phase of the vehicle is concerned, as their usage balances energy
consumption and related greenhouse gas emissions. However, to create a thorough
image of the environmental impact of the lightweight materials, the production/
manufacturing phase should be included. If magnesium and carbon fibre materials
have been used, they have a more detrimental effect on human health than con-
ventional steel. PHEVs’ impact on human health is still lower than conventional
vehicles, and it is a combination between raw material extraction, manufacturing
process and vehicle assembly, along with tires’ and brakes’ wear and tear. On
contrary, the ICE vehicle’s negative effect on human health is related to fuel pro-
duction, distribution and consumption, along with raw material extraction, vehicle
assembly and so on (Renaldi ef al., 2013 & Messagie ef al., 2010).

Petrol and diesel vehicles have the highest impact on greenhouse gas emis-
sions, mainly due to their fuel consumption. Petrol produces the highest amount of
greenhouse gases, reflected in the well-to-wheel phases — fuel production, dis-
tribution and consumption. In hybrid vehicles, emissions are reduced due to
improved fuel consumption, but the impact is still considerable. Messagie et al.
(2010) discusses that PHEVs have the lowest negative impact.

Further components necessary for the operation of PHEVs — such as electric
motors and power electronics — contribute to the total environmental impact of the
vehicle in terms of greenhouse emissions. These are estimated to be approximately
2 and 3 per cent of total emissions (Renaldi et al., 2013).

Another aspect associated with PHEVs is the generation of electricity to be
used in the vehicles, and its environmental impact, depending on its origin. For
instance, in the future where energy with be sourced from a range of non-renewable
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and renewable sources, PHEVs are more environmentally friendly than petrol
vehicles. The more that renewable energy sources (RES) are integrated and utilised
to power PHEVs, the more emission free the transportation will become. Con-
versely, a small conventional vehicle with improved fuel efficiency can have a
lower environmental impact (such as on the greenhouse effect) than an oversized
PHEV powered solely by coal- or oil-fired thermal units. Further, in the case of
thermal generation, capacity should be added by the utility, in order to supply the
excess demand of PHEVs. The additional emissions must be registered in the LCA
of the PHEVs, and also included should be emissions accruing from the utilisation
of different types of units and variation in dispatch to supply the demand of PHEVs
(Messagie et al., 2010; Humphreys et al., 1996).

7.4.3  Global Metal Reserves, Production and Pricing Data
Related to Vehicle Batteries and Electric Motors

Another dimension related to the environment which needs to be explored is the
adequacy of metal reserves required in the manufacturing process of EVs. Such
metals are mainly related to the batteries and electric motors of the vehicles and in
order to estimate the longevity of the different battery technologies, the resources
and in turn reserves have to be examined as well as the treatment of batteries by the
end of their life cycle has to be discussed.

The reserves of the three main metals utilised in batteries are presented in
Table 7.1 (Chatzivasileiadi ef al., 2013) while the remaining period for each of
them based on the reserves over the current annual demand for each is also pre-
sented. It can be seen that the reserves of Nickel and Lead are running out but to the
contrary, reserves of Lithium are expected to last for a considerable period of time.
The values illustrated in Table 7.1 may change in the future particularly in case of
Lithium and Nickel due to factors such as technological improvements, discovery
of new reserves and recycling of the metals. These factors are expected to sig-
nificantly affect the remaining period of the materials towards an increase as well
as to limit their environmental impact.

The evidence provided in Table 7.1 regarding the extended period of Lithium
reserves is confirmed by Kesler ef al. (2012) where it is deemed that resources are
adequate to cover the current demand and even beyond the twenty-first century

Table 7.1 Global metal reserves (Chatzivasileiadi

etal, 2013)
Metal Reserves  Annual Remaining
(ktons) demand (ktons) period (years)
Lithium 13,000 34 382.35
Nickel 80,000 1,800 44.44

Lead 85,000 4,500 18.88
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provided that recycling of the batteries takes place. In the same work it is stated that
the existing global Lithium resources are maintained in four main forms as follows:

Pegmatite
Brine

Unusual rocks
Unusual fluids

According to Kesler ef al. (2012), the Lithium resource in pegmatites is
identified at 3.9 Mt, the Lithium resource in brine is expected to be 21.6 Mt while
the Lithium in unusual rocks and fluids adds up to 5.4 Mt. At this stage the attention
needs to be brought on the fact that the expected resources have to be processed in
order to be converted into reserves so Lithium can be produced at a reasonable cost.
This observation has been made by Kesler ef al. (2012), and it has been supple-
mented by the statement that examination of a number of other parameters has to be
performed in order to find out about the feasibility of the conversion, for instance in
case of brine deposits, brine constituents such as potassium and magnesium among
others would prevent from processing.

Another challenge associated with the Lithium resources in brine which has to
be addressed, is that 70 per cent of the resources are located in four countries
namely Argentina, Bolivia, Chile and China translated to a strategic advantage on
their behalf. On the other hand, the Lithium resources in pegmatites are more
scattered among different countries Kesler et al. (2012), this could be translated
into reduced market domination of a small number of countries over others which is
however partially true when considering that the expected resources in brine
account for the two-third of the total global resources. According to Goonan (2012)
the issue of market domination of a few countries is even more intense as it is
reported that 75 per cent of the global Lithium resources exist in just three countries
i.e. Argentina, Bolivia and Chile while low-cost resource is also available in China
and the United States.

In terms of Lithium based battery chemistries, the chemistries of Lithium (Li)
Nickel (Ni) Manganese (Mn) Cobalt (Co) Oxide (O,) i.e. LiNiMnCoO, and
Lithium Cobalt Oxide i.e. LiCoO, present the highest energy density as it is pre-
sented in Goonan (2012), with 100-170 Wh/kg and 100-150 Wh/kg in accordance
indicating that apart from Lithium, the expensive Cobalt and Nickel are present for
the first battery type and Cobalt for the later battery type.

In terms of recycling, the main motivation in order to be performed is the
expectation of retrieval of the high cost Cobalt and Nickel while secondarily comes
the retrieval of Lithium which accounts for <3 per cent of the production cost for
most of the Li-ion batteries. Due to the high price of Cobalt, Sony since 1992 has
established a collaboration with another entity in order to retrieve it from Li-ion
batteries which have reached their end-of-life (Goonan, 2012).

Battery recycling data from the United States indicated that the recycling level
was proximate to 20 per cent while up to 2006 Li-ion batteries were not considered
to be a hazardous waste. Batteries which have reached their end-of-life in the
United States are likely to be still in possession of their owners, e.g. at homes, or
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disposed through the municipality’s waste management system, e.g. landfills
(Goonan, 2012). The expectation for higher recycling level of Li-ion batteries is
considerable as it is related to the increase of utilisation of vehicles equipped with
batteries as it should follow the effective recycling system applied to lead-acid
batteries. If comprehensive recycling of EV batteries takes place, the recovered
Lithium could be sufficient for 50 per cent of the Lithium demand in batteries by
the year of 2040 (Goonan, 2012).

The alternative battery type which has been used in vehicles, i.e. the NIMH
type in the Toyota’s hybrid vehicle, the Prius, contains four different rare earth
elements which are Lanthanum (La) 60 per cent, Praseodymium (Pr) 20 per cent,
Neodymium (Nd) 10 per cent and Cerium (Ce) 10 per cent (Eriksson ef al., 2011).
Furthermore it also contains Ni, Co, Mn and possibly Aluminium (Al).

So far the discussion focused on batteries; however, EVs are also equipped
with permanent magnet electric motors. These motors also contain rare earth metals
which namely are Nd in 75 per cent, Pr in 25 per cent as well as Dysprosium (Dy)
and Terbium (Tb) in very small quantities. The very small quantities in Dy and Tb
are used in order to improve characteristics of the magnet such as temperature
stability and coercivity (Eriksson et al., 2011). There can be found two common
types of permanent magnets one is with Neodymium, Iron (Fe) and Boron (B) i.e.
NdFeB and the other is with Samarium (Sm) and Cobalt i.e. SmCo, however the
NdFeB type outperforms the later type in terms of magnetic energy density there-
fore it is preferable in vehicle applications (Eriksson ef al., 2011).

In order to find out about the global reserves and production in rare earths, the unit
of rare earth oxide (REO) is utilised which is the total amount of rare earth elements
existing in a mineral (Eriksson e al., 2011). According to Figure 7.9, China is the world
leader in REO reserves with 55 million metric tons while the second and third places
in the world, for individual countries, are occupied by Brazil and the United States
with 22 million metric tons and 13 million metric tons, respectively, in accordance
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30,000,000
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Figure 7.9 REO global reserves in 2013 (U.S. Geological Survey, 2014)
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Figure 7.10 REO global production per country in 2013 (U.S. Geological
Survey, 2014)

(U.S. Geological Survey, 2014). The size of the reserves as it has been presented for
2013 is determined by two main criteria, the first is related to the production cost and
if the process is cost-effective, while the other criterion is the extraction/process
potential provided by the today’s technology (Eriksson ef al., 2011).

When production is concerned, once again China has dominated over the
second country as it can be seen in Figure 7.10 with production to have reached
100,000 metric tons against 4,000 metric tons produced by the United States. In
turn the countries India, Russia and Australia can be identified to be in a production
range between 2,900 and 2,000 metric tons which is vastly lower than the pro-
duction leader (U.S. Geological Survey, 2014). Considering the nearly exclusive
role of China in the REO production, it is in the position to control market prices
and to vary its exports by enacting quotas; this gives a strategic advantage to the
country which has been used to exercise pressure on Japan when a disagreement
between the two countries occurred related to maritime boundaries. This action has
concentrated the attention of companies around the globe whose products rely on
these supplies (Massari ef al., 2013).

In the context of market control which has been discussed above and towards a
market operation with higher degree of independency, several research centres have
taken action towards the discovery of artificial substitutes for rare earth elements. In
the United States for example, the Department of Energy (DOE) through its funding,
it supports the University of Delaware in a joint effort with Hitachi and General
Electric (GE), towards the development of strong magnets which will be based on
nano-composites instead of rare earths. In Europe, although mineral resources are
very low, still it is attempted a reduced dependency on the market by intensely
supporting the “urban mining’ concept which allows significant amounts of rare
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Table 7.2 Prices for rare earth metals
(Metal-pages, 2014)

Metal Price ($/kg)
Lanthanum (La) 9.6
Cerium (Ce) 10
Praseodymium (Pr) 150
Neodymium (Nd) 83
Samarium (Sm) 25
Terbium (Tb) 825
Dysprosium (Dy) 475

earths to be retrieved by performing recycling of hi-tech wastes with the significant
advantage that this source of rear earths is already there (Massari et al., 2013).

Regarding the current market prices (December 2014) for the different rare
earth metals, which concern this work, are provided in Table 7.2 (Metal-pages,
2014). Furthermore, in the U.S. DOE report (2010) and U.S. DOE report (2011) are
presented two figures with the short-term and medium-term criticality related to the
supply risk for each metal. Combining the two sources, the highly priced metals of
Table 7.2 can be correlated with the metals subjected to high supply risk. Particu-
larly Tb and Dy which are priced in 825$/kg and 475$/kg in accordance are also
identified to be the metals with the highest supply risk in the U.S. DOE report
(2010) and U.S. DOE report (2011).

7.5 General Method for Developing PHEYV Scheduling Systems

7.5.1 Introduction

This following section outlines a general method for developing scheduling systems
for PHEV in the electricity network. The aim of scheduling systems is to coordinate
the charging and discharging of PHEV. To minimise the impacts that PHEV have on
the electricity network, scheduling systems should aim to promote charging during
low load and charge during high load (peak demand periods). In the residential low
voltage distribution network low load periods occur late at night, early morning and
the middle of the day. Daily peak demand occurs during the early evening. In
commercial networks low load occurs during late night and early morning, and peak
demand occurs during the middle of the day to early afternoon. The load in this
circumstance is defined as what the load would be absent the effects that charging
and discharging has on the network. For the scheduling systems to operate efficiently
a number of subcomponents are required including load forecasting (LF), energy
storage availability forecasting (ESA), initial scheduling (IS) and an online control
system (OCS). The LF provides information about future load states such that low
load and peak demand periods can be identified and quantified. The amount of
PHEV connected to the network is up to the discretion of PHEV owner entailing that
the precise amount of energy from the PHEV battery banks available for grid support
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Figure 7.11 General PHEV scheduling system flow chart

is unknown. Since the actions of people in the aggregate are able to forecast with a
reasonable degree of accuracy, the amount of energy storage available may also be
able to be forecast. The ESA estimates how much energy storage will be available
(number of electric vehicles connected to the electricity network) for supporting
the grid. The IS uses the load profile forecasts and the energy storage availability
forecasts to create an initial schedule for the day. The OCS receives the schedule at
the start of the day and throughout the day analyses recent historical load and the
activity of PHEV to mitigate scheduling error.

Figure 7.11 displays a general flow chart for forecast based PHEV scheduling
systems. For each time interval (f) the scheduling system receives historical load
data. Previous PHEV charge and discharge actions are removed from the load data.
The load data is then filtered to remove noise from the underlying moving average
to prevent scheduling errors. Filtering can be conducted by a variety of techniques
such as Kalman flitering, Fourier Transform filtering and seasonal exponential
smoothing. If the time interval is the start of the day, the system calls the LF, ESA
and IS subcomponents. The forecasted load profiles and the forecasted energy
storage availability are passed to IS in order for an initial schedule to be calculated.
The calculated schedule is then passed to the OCS that adjusts the schedule in real
time throughout the day in response to local conditions to mitigate scheduling error.
As an example: if there is less energy storage available than what was initially
anticipated, the OCS will reduce the amount of energy discharged into the elec-
tricity network. If there is more energy storage available, the OCS may increase the
amount of energy discharged into the network. After schedule adjustments have
been made, the schedule for the current time interval is dispatched to the PHEV
connected to the electricity network.
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7.5.2 Developing Load Forecast Models

The time series modelling technique is one most common technique used in the
electric power industry to forecast load. Time series models can either be univariate
or multivariate. The structure of univariate models is such that the variable being
forecast is a function of temporal lags of the same variable. Multivariate models are
structure such that the dependent variable being forecast is a function of both
temporal lags of the same variable and independent variables. In the load forecast
space independent variables may include temperature, humidity, day of the week
and time of the year (Bennett ef al., 2014a; Bennett et al., 2014b). Equation (7.1)
displays a general univariate model and (7.2) displays a general multivariate model.

Byi—i + By (7.1)
1

Ve =

m

1
)4 q

Y= Byei+ Y axi+phy (7.2)
=1 =

where y is the variable being forecast, 5 is a coefficient, 3, is a constant, ¢ is the
time interval, i is the temporal lag, m is the number of lagged y variables in the
function, x represents independent variables, j is the particular independent variable
and ¢ is the total number of independent variables.

Univariate time series models fall under the general model called autoregressive
integrated moving average ARIMA(p,d,q). The ‘p’ represents the number of discrete
differences the time series has undergone. Discrete differencing is engaged in when
the presence of a unit root is detected by a unit root test such as the Dicky-Fuller test.
The presence of a unit root means that if an exogenous shock occurs its effect
permeates through the rest of the time series. The ‘d” is the number of lagged variables
in the model. The ‘g’ represents the number of lagged error terms are in the model.
Multivariate models fall under the ARIMA with exogenous variable definition
(ARIMAX). From the establishment of the definitions, the first stage in the develop-
ment of a univariate model is to determine the significant periodic patterns in the time
series. This can be done using the autocorrelation function, partial autocorrelation
function or a Fourier transform. The autocorrelation function is presented in (7.3):

1 20— u) s — )
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where r is the correlation between time series vectors Y, and Y,_;, Y; is the original
time series, Y;_; is the time series with / lags, u; is the mean of Y;, u,_, is the mean of
Y, 1, o(Y;) is the standard deviation of Y,, o(Y;_;) is the standard deviation of ¥, |,
m is the length of ¥; and M is the maximum number of lags being investigated.
From here a threshold of significance is required to be calculated (7.4) and lags
greater than the threshold are to be included in the model.
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where z is a statistic derived from the Student’s ¢-distribution, o is the level of
significance and m is the length of Y,

With the significant lags in the time series identified and a function established
the coefficients of the model are now required to be calculated. The most common
approach is to use least means squared regression as seen in (7.5):

p=x"x)"xTy (7.5)
Xi1o o Xip

X=| 1 (7.6)
me e xm’p

Y = [yl ym]T (77)

where B is a column vector of coefficients of length p, X is a matrix of observations
where each is row is a new observation and each column pertains to a different
variable, Y is a vector of dependent variable observation, m is the number of
observation and p is the number of variables in the function. The output of the
model is as follows:

Y =Xp+e (7.8)

Y=1[y - bl (7.9)

where Y is the vector of predicted values and e is the error term. The calculation of
Y allows for the determination if there is autocorrelation in the error term (Durbin-
Watson test) and the calculation of accuracy statistics. The Durbin-Watson test is
calculated using (7.10):

Z;’;l(e’ - et*l)z
d= s
Zz:1et

where d is the Durbin-Watson statistic and e is the error for forecast at time ¢ where
the vector of error terms from the model is calculated by Y minus Y. d; and d,, are
critical Durbin-Watson statistics. If d is less than d; then the error is positively
autocorrelated and if (4-d) is less than d; the error is negatively autocorrelated.
If d is greater than d; and less than d, there is likely to be no autocorrelation. If
autocorrelation is identified the model calculated is required to be altered. Running
the autocorrelation function on the error vector will indicate whether there are
repeating patterns. If the presence of repeating patterns is identified the model can
be adjusted to take the patterns into account.

Once the model has been adjusted to take into account autocorrelation in the
error term and non-stationary processes accuracy statistics can be calculated.
Common accuracy statistics include the coefficient of determination (R”), standard
deviation of model error or root mean square error (RMSE), mean absolute error

(7.10)
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(MAE) and mean absolute percentage error (MAPE). These accuracy statistics are
calculated by using the following set of equations:

% 1(2_2’ (7.11)
t=1

where u is the mean of Y. The R’ statistic ranges from 0 to 1. A value of 1 entails
the model has a perfect fit with the observed time series. Conversely, a value of 0
entails the model does not represent to the observed time series. The closer the
value is to 1 the better the fit.

RMSE = \/W (7.12)

The RMSE statistic can be used to add a confidence interval to forecasts made
using the model. The greater the RMSE the less accurate the model is. The con-
fidence interval can be calculated using (7.13):

|
_
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where CI is the confidence interval. For a forecast y and for a level of significance
a, the forecast is between the upper and lower limits of  — CI and y 4 CIL
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where MAE is the mean absolute error and abs() is the absolute function. The
greater the MAFE the less accurate the model is.

S abs((v — /)

m

MAPE = (7.15)
where MAPE is the mean absolute percentage error. The greater the MAPE the less
accurate the model is.

Further testing can be conducted by splitting the time series into a model
development set used to estimate the coefficients and a validation set. The validation
set is not used in the model development stage. The validation set’s input variable
data are inputted into the developed models and resulting in a set of forecast for the
validation set. The new forecasts can be compared against the validation set’s
dependent variable observations and accuracy statistics can be calculated. The new
accuracy statistics give a better indication of the performance of the model.

To forecast a range of values in the future recursive or rolling forecasting is
used. To demonstrate this, a hypothetical model is established in (7.16):

Ve =Bt + B2+ Bsyi-aa + By (7.16)
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The model is univariate with three significant lags identified by the auto-
correlation function. The autocorrelation function identified a significant period
being a 24 hour cycle. In order to forecast the next time interval ¢+ 1 without
knowledge of y, the forecast j, is rolled into the model:

Vegr =BV + Boye-1 + Bavi—23 + By (7.17)

The forecast j, replaced the observation y, ;. To forecast further into the
future the pattern of rolling forecasts into the model is repeated. As an example,
forecast up to 24 hours ahead using this model, the final forecast in the series is in
the form of

Viss = BV + By + By + By (7.18)

For the purpose of forecasting load profiles and energy storage availability the
recursive forecasting method can be used. A drawback of this method is that if
significant forecast error is made, the error will permeate throughout the entire
forecast period resulting a high likelihood that there will be a significant deviation
from the actual load that is to occur in the future. To mitigate this, more forecast
can be made throughout the time period allowing for the incorporation of new
observations.

7.5.3 Initial Scheduling

For a IS to be developed the power electronics that the PHEV scheduling system
applies to must be first emulated. Thus models of PHEV battery banks, inverters
and the local electricity network are to be included within the IS. The models are
not required to be exact replications; they only are required to approximate the
system. The models constrain the system such to prevent issues including the
exceedance of design ratings and operation of battery banks such that the charge
drops below the depth of discharge (DoD) or breaches maximum charge limits
(MC). From here, the goals of the scheduling system, and subsequently the IS,
govern the rest of the structure surrounding the power electronics components. As
an example, a goal may be that the scheduling system only dictates the discharge
from battery banks and does not coordinate the charging. PHEV owners may
charge their vehicles at will during the day. Using the assumption from the example
an algorithm for initial scheduling is provided:

1. The LF and ESA provide load profile forecasts to the IS.

Peak demand periods are identified in the load profile forecasts.

3. For the peak for each peak demand period is reduce according to the amount of
energy that is available for the specific period. This provides an initial dis-
charge schedule.

4. The initial schedule is dispatched to the OCS.

Referring to Figure 7.5 the area between the peak and the level at which the
peak is reduced to is equivalent to the amount of energy storage available con-
strained by the specifications of the power electronics of the system.
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7.5.4  Online Control System

The goal of the OCS is to mitigate scheduling error that may occur due to forecast
inaccuracy. There are two main types of scheduling error. The first is a mismatch
between the actual peak load and the observed peak load. This would lead to an
inefficient discharge schedule that may not sufficiently reduce peaks. The second is
an occurrence of insufficient energy to discharge into the electricity network across
the peak demand period. A method of mitigating scheduling error is

1. For each time interval the previous time interval’s load and available energy
storage data is collected and used to update load and energy storage availability
forecasts.

2. A simulation is run with the new data to determine if the initial schedule is not
sufficient.

3. If the schedule is not sufficient the amount of energy being discharged into the
network is either increased or decreased.

7.6 Conclusion

The chapter provides a summary of the barriers and opportunities of widespread
PHEV. Specifically, it examined the economic, social and environmental dimensions
of PHEV. The economic dimension discussed how PHEV could have a potential
negative impact on the electricity network if there was unregulated battery charging
and discharge. The major problem being the requirement for additional distribution
infrastructure to cope with the increased demand for energy created through PHEV
operation as well as the associated power quality issues. Social issues could arise if it
was perceived that PHEV owners were being subsidised by electricity consumers.
One solution recommended herein was to restrict PHEV charging by technical or
regulatory means. A second type of solution was proposed through the use of price
incentives which would allow owners to use their PHEV at will but also pay
according to their use. The social dimension covered individuals’ likely take-up
of PHEV according to their attitudes and beliefs. For the rollout of PHEV to be
successful, car designers through to city planners need to make PHEV and the
necessary infrastructure to support it as equally convenient to current transport
options. Some strategies to achieve this include making PHEV servicing and main-
tenance convenient, providing infrastructure for PHEV owners (i.e. charging or bat-
tery swap stations), addressing safety concerns and providing the right information to
society to change perceptions. The environmental dimension alluded that PHEV have
the potential to yield environmental gains over conventional vehicles. PHEV tend to
perform better in terms of reducing local air pollution. PHEV proliferation means that
there will be substantial battery waste issues over time, which mandates the proper
reuse and recycling of batteries and the invention of more advanced battery tech-
nology that will minimise environmental impact. PHEV charging from the electricity
network means that there is still a reliance on fossil fuels in most cities; hence, there
are minimal effects on reducing or abating greenhouse gas emissions unless city
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electricity generation has a reasonable proportion of renewables. Addressing the
complete spectrum of economic, social and environmental dimensions of PHEV is
paramount before this technology will push aside the age of the ICE.
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